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Summary 
Energy retrofit of existing buildings is mainly an endeavor to reduce energy consumption. 
Interior insulation retrofit of masonry falls among retrofit measures in this regard. However, 
interior insulation of masonry may give rise to hygrothermal risks in the structure. Thus, 
hygrothermal analysis of solutions for such retrofit becomes paramount. Such analysis often 
involves hygrothermal simulations of models that represent the retrofit scenario. Unfortunately, 
analysis of this kind can be complex and often suffers from lack of information, like limited 
access to the material properties involved, or it suffers from inaccurate understanding of the 
acting moisture transfer mechanisms. Uncertainties thus exist that practitioners should be aware 
of. 

The objective of this thesis is to provide a contribution to modeling techniques and to provide 
an insight that highlights modeling uncertainty. This with a focus on modeling bare brick 
masonry exposed to driving rain in the context of interior insulation retrofit. 

The work spans small- and large-scale experiments, analytical work on material property 
modeling methods, and hygrothermal modeling and simulation. In the experiment work, a focus 
is given moisture absorption along the brick-mortar interface, which is an important aspect of 
rain absorption of bare brick masonry. The information gathered on such absorption is further 
investigated by hygrothermal simulation. 

The work includes establishing a hygrothermal model for 2D and 3D analysis, where different 
parameters and modeling choices are investigated. A 3D analysis is of particular interest 
regarding beam ends embedded in the masonry, a detail vulnerable to moisture damage in 
interior insulation retrofitting of masonry. 

A smart vapor barrier (SVB), which provides an inward drying potential during warm weather, 
while preventing interstitial condensation during cold weather, is given special attention since 
little data has previously been gathered on the performance of SVB as a measure in combination 
with interior insulated masonry. 

Simplified modeling of hydraulic conductivity (liquid permeability) is explored to ease 
engineering applicability through prediction based on the capillary absorption coefficient and 
retention curve. This is done in the framework of a bundle of tubes model that is supplemented 
with a liquid film model, with the latter covering surface diffusion. 

A large-scale laboratory experiment, including varying configurations of interior insulated 
masonry wall structures, is presented, and assessed for performance by the varying of 
parameters. In addition, it provides a scenario with accompanying performance results with 
which to compare hygrothermal simulations against, for a check of realism of simulation 
results. 
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Specifically, the work provides: 

 Experiment-based results from large-scale testing of interior insulated masonry, 
exposed to severe wetting through driving rain events in a cold climate and to 
subsequent drying in a warm climate. 

 Insights into analytical derivation of a prediction expression for the capillary absorption 
coefficient of an imbibition setting. 

 A novel prediction expression of the capillary conductivity at capillary saturation. 

 A simplified practical conductivity model for the full moisture range that is assessed for 
a wide range of porous building materials. 

 An assessment of modeling choices and their impact on hygrothermal simulation 
results, which underpins perspectives on uncertainty and sensitivity. 

The work culminates in the following findings: 

 The proposed model for hydraulic conductivity is on par with a method of calculating 
the conductivity from simplified prediction of capillary diffusivity. However, the 
proposed model is believed to be more realistic in form, not risking unphysical trends 
in the conductivity curve. 

 SVB is seen to provide a significant contribution to the drying potential registered at the 
interior masonry (masonry-insulation interface). For the beam end, on the other hand, 
the contribution of SVB seems insignificant. 

 Brick-mortar interfaces are found to significantly increase absorption along the interface 
planes of bare brick masonry, and to enable substantial localized leak-like infiltrations 
or permeations in the masonry. This can lead to rapid distribution of moisture to the 
interior masonry surface of one-brick-thick masonry, when the masonry is exposed to 
severe rain events. 

The work highlights perspectives on complexity, uncertainty, and sensitivity that can support 
practitioners and researchers in hygrothermal modeling of bare brick masonry, smart vapor 
barriers, embedded beam ends, and interior insulation retrofit of masonry. 
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Preface 
This thesis presents the outcome of my PhD research work carried out from August 2013 to 
August 2023 at the Department of Civil and Environmental Engineering. at the Norwegian 
University of Science and Technology (NTNU), The research has been conducted in a stand-
alone PhD position titled Energy Efficient Buildings, with the position being financed by the 
Faculty of Engineering under its strategic research area (Forskningsområde 15) on Energy 
Efficient and Functional Buildings (Energieffektive og funksjonelle bygninger). Although the 
position has not been part of any larger research project, the accompanied laboratory 
investigations have been supported by The Research Council of Norway through the Center for 
Research-based Innovation “Klima 2050” (Grant No 237859). 

The path towards this thesis has not been straightforward. Originally intended as a four-year 
project, including one year of scientific/teaching assistance work, the work ended up spanning 
ten years mostly due to a pressing need at the department to man the teaching of courses in fire 
safety engineering. Since I in 2013 already was the scientific assistant within fire safety 
engineering in buildings, my mandatory teaching was assigned to take over the parts having 
been taught by professor Per Jostein Hovde, who retired at that time. The teaching load that 
followed showed to be much more than the one year assigned in the PhD plan. In 2017, with 
the untimely passing of Professor Harald Landrø, who was responsible for the fire safety 
courses, the department made me a temporary assistant professor for two years, having the sole 
responsibility for administrating and teaching the fire safety courses at the department, teaching 
a course at NTNU in Ålesund and supervising master students in the field of fire safety. 
Although the work was very rewarding, it led to a corresponding extension to the PhD plan. At 
the same time over these years the focus of the PhD research had somewhat shifted. The original 
intention of the research had been to investigate hygrothermal performance of interior 
insulation retrofit, with an aim of arriving at advice on best practice to avoid moisture damage 
issues. However, I early on started to realize the difficulty in achieving novelty in research with 
such a focus, with the principles already well known, and furthermore with the difficulty in 
arriving at somewhat generalized advice. Overall, there are too many highly scenario-specific 
parameters that impact hygrothermal performance for such a focus to be very fruitful. Instead, 
the focus turned towards research into improvements of methods and tools, and input to such, 
used to analyze hygrothermal scenarios of interior insulation retrofit. Such a fucus could be less 
scenario specific. This included a focus on hygrothermal simulation tools and their “practical” 
use. Nevertheless, the context continued to be energy-efficient and moisture-safe retrofitting of 
brick buildings with interior insulation. 
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Guide for the reader 

Article-based thesis 
This thesis is article-based; thus, it centers on the enclosed collection of articles, while providing 
context, expanded methodology, and additional scrutiny. Even though the thesis to some extent 
can be read independently of the articles, it heavily refers to them. That is, the thesis tries to 
avoid repeating the articles, except for the essentials and the main findings. Thus, the thesis is 
not an alternative to the articles. It is recommended that one glance at or read the articles when 
they are referred to in the thesis for the more precise account of the specific topics they address. 
For an overview of the articles and the relation between the articles please refer to Section 3. 

Accounts of the process  

The thesis is not a traditional research report, although it in part has that purpose. The thesis 
also includes accounts of the processes or background leading up to the choices that have been 
made and the work that has been done. The reason this is included is because the thesis is also 
viewed as a documentation of the educational process and function of the PhD work. 
Furthermore, the processes have not always been optimal for the research paths, and 
consciously documenting this as well can give room for additional learning. The thesis reflects 
that knowledge and understanding have been acquired as the work has progressed, and the 
thesis also reflects the accumulation of insight from the beginning of the thesis and onwards, 
especially with the progression through Section 1 (Introduction), followed by Section 2 
(Theoretical background), and subsequently Section 3 (Research questions). Due to this, the 
objectives in Section 1 are formulated to be wider, while the research questions in Section 3 are 
more precise. 

Abandoned path of research 
In addition to the article topics the thesis summarizes an abandoned path of research (Section 
4.2.3-4.2.5). This is included to explain a detour in the research that did not lead to findings that 
were substantial enough to publish in an article. Furthermore, it is to provide the conclusions 
of that work, and to explain why it did not lead to substantial enough findings, so that if someone 
attempts something similar in the future, they can draw on some lessons and hopefully avoid a 
repeat of associated pitfalls. 

Parameters in expressions 
Many physics expressions are included in the thesis. Parameters are explained, with units, 
where they first appear. 

Appendixes 
The thesis’ appendixes explain the hygrothermal model that was established for the research, 
in addition to document validation benchmark results for the model. 
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1. Introduction 

1.1. General context 
In a world that struggles with climate and environmental issues related to energy production 
and consumption, a reduction in certain energy needs could slow down the ever-growing 
demand for more energy, smooth transitions between energy production forms, and alleviate 
markets that are often strained from demands and politics. Heating of buildings constitutes one 
area in which reduction of energy needs can provide a significant contribution in this regard [3, 
4]. Especially in the Nordics, the building stock has a high heating requirement during the 
winter-half of the year. To remedy this, newer building regulations have continuously been 
incorporating stricter requirements for reducing and avoiding heat losses in new buildings. 
Simultaneously one gets a “side-effect” where non-energy-renovated older buildings seemingly 
pose a great potential for reducing energy consumption [4], that is, when comparing to what 
theoretically can be achieved with added insulation thickness, improvement of windows, 
increased airtightness, and installment of ventilation with heat recovery, to mention a few key 
measures. In practice, however, renovation of an existing building is often not a straightforward 
process but rather complex, e.g., [5, 6]. Depending on how much of the existing building and 
its appearance that is protected, or which should be kept or preserved, technically ideal or low 
risk energy-saving measures are often not applicable, for instance, measures like adding exterior 
insulation, airtightness, and weather protection, including eliminating heat bridges. Thus, 
higher risk and more technically complicated solutions must be considered, measures like 
interior insulation and moisture handling concepts. Nevertheless, a significant potential for 
reducing energy consumption persists [5, 7, 8]. Improving indoor comfort and the standard of 
the building space, thereby improving the utilization and market value of the building, also 
drives a demand for renovation. This includes removing cold drafts from surfaces, ventilation, 
and air leakages, as well as modernizing otherwise inconvenient or outdated building space. 

Reuse of buildings also ensures preservation of buildings, as an alternative to them becoming 
obsolete and neglected, or abandoned to the point of deteriorating [9], or ultimately being torn 
down. Energy-renovation can also avoid additional energy-consumption associated with new 
construction, compared to reuse and preservation, as well as potentially having a beneficial 
financial and environmental dimension. 

1.1.1. Retrofit of masonry buildings 
A significant portion of buildings that are candidates for energy renovation consists of masonry 
buildings built in the period 1850-1950 [5, 10]. Many of these masonry buildings constitute city 
environments, architectural styles, aesthetical expressions, and historical heritage that are to 
different degrees given status of preservation and protection. Preserving heritage value is an 
important consideration in energy renovation projects [6, 11]. 

Interior insulation retrofit is often considered in energy renovation of existing buildings with 
protected facades. However, even though considered, interior wall insulation may not always 
be an imperative measure [12], with other measures being easier and less risky to implement 
when considered in combination with an overall assessment of energy saving, comfort, and 
health potentials. Hygrothermally, in cold temperate climates, interior insulation of masonry is 
a much riskier solution than exterior insulation design. With interior insulation, the masonry 



 2  

temperature is lowered, which can change the frequency and consequences of freeze-thaw 
cycles experienced by the masonry, and lead to frost damage [13, 14]. Furthermore, the added 
insulation decreases the U-value of the building envelope, lowering the outward heat flux, 
which reduces the evaporation potential of moisture from the masonry [15]. The moisture 
content of the masonry can therefore be significantly higher than before interior insulation was 
applied [16]. A higher moisture content may result in more frequent exceedance of critical 
moisture contents for frost damage and, furthermore, increase the thermal conductivity of the 
masonry, letting cold creep deeper into the structure by lowering its thermal resistance [16]. 
With interior insulation, embedded wooden beam ends that support building floors will 
experience colder temperatures and higher relative humidity (RH) conditions, causing increased 
risk of deterioration [17]. Adding interior insulation also adds interior vapor resistance, 
especially since the insulation is not applied alone but is accompanied with an interior finish 
with or without a vapor retarder or barrier. With increased interior vapor resistance, a drying 
potential to the interior during warm exterior climate conditions is also decreased [18]. As a 
result, high RH may also be experienced in the interior structure, for instance heightening the 
risk of mold [19]. Interior insulation might also make thermal bridges susceptible to increased 
condensation risk [11].  

Consequently, if interior insulation retrofit is considered, there is a great need for making sure 
that the solution being chosen is on the safe side of what otherwise could result in moisture- 
and frost-related damage. 

1.1.2. Research into interior insulation retrofit 
Hygrothermal performance studies have received much scientific attention. These studies often 
involve monitoring in situ performance [19-26] or constructed field test performance [27-33] 
to local climate exposure. Assessment of performance in relation to damage criteria, e.g., by 
means of damage indexes (frost index, mold index), has also become common among such 
studies [19, 21, 22, 25, 28-30, 32, 33]. 

A limitation with hygrothermal performance studies is that it is often difficult to generalize the 
results. There are many influential parameters or factors that impact hygrothermal performance, 
which from a non-detailed perspective include: local climate, building design, building 
surroundings, façade orientation, façade design and weather exposure, masonry wall design, 
brick and mortar materials, masonry condition and craftmanship, insulation material, and 
retrofit solution design. Furthermore, execution of retrofit measures depends on the overall 
(societal) context of the specific renovation project [11]. Delving into details, regarding the 
substance, behavior, physics, and modeling of all these aspects adds even more complexity, e.g. 
[34-37]. 

Nevertheless, hygrothermal performance studies provide important case studies that in sum 
generate understanding of how to approach interior insulation retrofit. Furthermore, case studies 
can be used as measurement datasets to which validate and improve hygrothermal simulation 
efforts. 

Another set of studies are laboratory studies. These studies either address specific aspects of 
moisture transport mechanisms in an investigation of a specific masonry wall structure [38], in 
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context of applying interior insulation, or they address the more holistic performance of interior 
insulated masonry [39, 40]. Different from the field and in situ studies that are exposed to real 
world exterior climate, the laboratory studies are often exposed to more simple, synthetic 
climate sequences. However, there are exceptions where real-world climate exposure is 
imitated in the laboratory [40, 41]. With a simpler climate exposure, wall performance behavior 
or detailed behavior might be easier to interpret. However, actual performance in existing 
buildings is not revealed. 

Hygrothermal simulation studies can approach performance prediction, or attempt confirmation 
or replication of in situ or field studies [21, 32, 42], or prediction or replication of laboratory 
studies [39-41]. Additionally, simulation studies can investigate variability or sensitivity by 
varying inputs [18], or investigate performance differences between solution alternatives [43, 
44]. To accommodate similar aims, such studies can be expanded with probabilistic studies to 
more extensively investigate result sensitivity to parameter variation [45-47]. Some simulation 
studies also address the impact of model simplifications, for instance, differences between 1D, 
2D and 3D [48-50]. Hygrothermal simulation, if the models prove reliable, can provide valuable 
help in analyzing what kind of interior insulation solution that should be chosen in an interior 
insulation retrofit project. However, although hygrothermal simulation has become easy to 
execute, it remains somewhat difficult to achieve quality (e.g., trustworthy accuracy) and to 
avoid challenging uncertainty. While simulation models are simplified to some ideal structure 
buildup and material interaction, the conditions in existing buildings are far from ideal. This 
due to imperfect craftmanship, complicated geometric details or geometric unevenness, in 
addition to complex material properties and interactions. It is therefore often difficult to 
replicate structure behavior in a simplified model, e.g., [42]. In such a perspective it is of interest 
to point out that many, if not most, simulation studies are conducted post-measurements (a 
posteriori) and thus often include some model calibration to measurement results. Far fewer 
simulation studies are conducted prior (a priori) to measurements, although there are a few, e.g., 
[39]. 

1.2. Contextual background of the thesis 
This section includes a more specific background to underpin the thesis research trajectory and 
focuses therein. The background is written from a perspective of what scientific literature was 
available in the years 2015-2016 when the origins of the thesis’ focus (scenario of Article II, 
IV and VI) were formed. 

1.2.1. Interior insulation options 
Stopp et al. [51] laid out the four principal options for interior insulation: 

1. vapor barrier on warm side of insulation (vapor open, non-capillary insulation material) 

2. humidity dependent vapor retarder/barrier on warm side of insulation (vapor open, non-
capillary insulation material) 

3. capillary active insulation material 

4. vapor tight insulation material 
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A humidity-dependent or smart vapor barrier (SVB) functions by providing low vapor 
permeability at low RH conditions and high permeability at high RH conditions. It can thereby 
utilize the seasonal changes to the thermal gradient through a building envelope. An illustration 
of SVB functionality is provided in Fig. 1. Cold exterior weather causes a substantial positive 
thermal gradient towards the interior, thus causing decreasing RH in direction of the interior, 
putting the SVB at low RH conditions. This due to the RH’s relation to saturation vapor 
pressure, which increases greatly with temperature. Warm exterior weather will lessen, remove, 
or reverse the thermal gradient, thus putting the SVB at moderate to high RH conditions 
dependent on exterior temperature and whether moisture is present in the building envelope. 
SVB functionality and performance are very product dependent, with several products existing 
on the market. 

 

Fig. 1 SVB functionality when applied to interior insulated masonry. Vapor tight during 
winter and vapor open during summer. Typical illustrative profiles for vapor pressure 
and temperature are included. Figure assumptions include a significant over-hygroscopic 
saturation of the masonry, and a temperate climate with summer temperature close to but 
below indoor temperature. 
 

A capillary active material utilizes a difference in capillary pressure over its thickness to enable 
capillary transport of moisture in the opposite direction of vapor transport during winter 
conditions. That is, with an interior surface that dries out, thereby providing high capillary 
suction, it can draw moisture from the exterior of the insulation material, which experiences 
increased moisture content or interstitial condensation with resultant lower capillary suction. 
More detailed description can be found in [36, 52]. 

All the four options have potential advantages and disadvantages that are dependent on the 
circumstances of the setting in which they are applied. This is elaborated a bit further in the 
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next four paragraphs, while Table 1 summarizes general issues and the expected functionality 
of the four insulation options. 

The traditional vapor barrier avoids interstitial condensation; however, at the same time it 
prevents inward drying, thus risking moisture issues from driving rain and other infiltration 
moisture sources. Furthermore, it can be susceptible to summer condensation or high RH 
conditions exterior of the barrier during warm summer conditions [53, 54]. 

SVB reduces or avoids interstitial condensation during winter conditions, while it allows some 
inward drying during summer conditions [55]. However, for masonry the inward drying might 
be insufficient if the masonry absorbs too much wind driven rain or is susceptible to other 
infiltration moisture sources. Furthermore, during cold exterior climates (winter) SVB 
utilization may experience challenging moisture issues, for instance at wooden beam ends [45], 
when the SVB behaves relatively vapor tight, since the measure itself does not contribute in 
improving the moisture conditions under such circumstances. Additionally, SVB requires an 
interior finish with low vapor resistance. 

The capillary active insulation material aims at countering vapor diffusion from the indoors 
with inward capillary moisture transport, while simultaneously alleviating moisture 
accumulation from wind driven rain, by evaporation to the interior. However, since its 
functionality facilitates a moisture content in the insulation layer that is substantially higher 
than for the dry state, the thermal resistance becomes reduced [36, 45]. Furthermore, increased 
humidity can be experienced at the interior wall surface and indoors, which can be potentially 
problematic [36], and it gives limitations to interior-finish solutions [43]. 

A vapor tight insulation material avoids interstitial condensation; although, for rigid panels it 
can be vulnerable to air and vapor leaks if not properly sealed [39, 51]. It prevents inward 
drying, and thereby risks moisture issues in the masonry structure and is risky if wooden beam 
ends are present. Some typical closed cell materials benefit from not adsorbing moisture, 
thereby keeping a near dry thermal resistance [45]. 

Solutions without inward drying capability might perform sufficiently for structures not 
exposed to or with minimal exposure to driving rain [36], whereas inward drying capability 
could be needed when there is significant rain exposure, e.g., [56]. Driving rain exposure has 
been found to be a significant challenge in several interior insulation retrofit assessments [17, 
21, 57, 58]. Assessing the scientific literature, accounts of SVB performance seem to be lacking 
in context of interior insulation retrofit of masonry. A smart vapor retarder (SVR) (SVRs having 
less vapor resistance than SVBs) is partially addressed in a probabilistic simulation study [45]; 
however, the study only addresses cold exterior conditions (heating season), and thus does not 
capture SVR performance for inward drying. Capillary active insulation is, on the other hand, 
given much attention, including in ongoing research [36, 43, 56, 59-63] (2016 perspective). It 
can, of course, be that the scientific community deems capillary active insulation to be a more 
viable or capable solution than smart vapor barriers; however, it is hard to find studies having 
conclusively discarded smart vapor barriers as a solution of merit. Furthermore, there is also a 
technological development that plausibly will provide even better SVR/SVB products in the 
future. Thus, it would be of interest to have more studies incorporating smart barrier 
functionality and performance to acquire more data. For reference, on fictitious interior 
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insulation retrofit solutions, the current author did conduct a simple 1D simulation / sensitivity 
study [64]. This included simulations with both mineral wool (MW) + SVB and calcium silicate 
(CS), the latter as a capillary active insulation material. The results of that study indicated that 
CS outperformed MW + SVB; however, SVB also indicated some benefit by lowering RH 
during winter compared to MW with and without a traditional vapor barrier. Still, the study was 
neither much sophisticated in modeling the SVB and masonry, nor in addressing the 
ramifications of differences in thermal resistance between MW and CS. 

Table 1 Principal interior insulation options – Expected functionality. 

Issues Vapor barrier Smart vapor 
barrier/retarder 

Capillary 
active 

Vapor-closed 

Thermal resistance preserves preserves diminishes  preserves 

Inward drying prevents allows allows prevents 

Interstitial 
condensation 

avoids  avoids/reduces allows/handles avoids 

Summer condensation may appear avoids avoids depends 

Humid interior surface avoids avoids may appear avoids 

Interior finish and 
furnishment 

minimal issue gives 
limitation 

gives 
limitation 

minimal issue 

 

1.2.2. Masonry structures and hygrothermal simulation challenges 
Masonry from the period 1850-1950 typically implies load bearing masonry, with walls in this 
category being one brick thick or more. A great variety exists in design, from massive walls to 
hollow walls containing different cavity patterns.  

Driving rain is a well-known challenge for masonry walls [57], either in form of regular 
moisture absorption, or in form of leaks through cracks or imperfect bonding in the masonry. 
Protection against rain penetration or infiltration has traditionally included: 

 Increasing wall thickness, which implicitly adds internally a mortar collar joint that 
provides capillary and vapor resistance [65]. 

 Adding air cavities, which reduce penetration/infiltration pathways, and which 
potentially can provide some venting air circulation if allowed for by design. 

 Providing external render [57, 62], which can act like a capillary retarder and remove 
infiltration pathways. 

 Designing cornices, ornated sills and parapets [66], which act as overhanging cover. 

Modern efforts to improve protection against rain typically involve replacing old exterior render 
with water repellent render with low vapor resistance, or applying hydrophobization treatment 
[57]. Bare brick masonry is, however, challenging due to infiltration pathways that can follow 
porous, poorly bonded, or cracked brick-mortar interfaces. Rain penetration has been observed 
to worsen by leakage through brick-mortar interfaces in [65]. Additionally, the bricks can have 
a quite large capillary absorption capacity, capable of absorbing and distributing large amounts 
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of moisture during rain events. The masonry may therefore struggle to dry out between periods 
of rain; a situation which becomes worse with interior insulation. 

Although infiltration pathways along the brick-mortar interface constitute a known issue, few 
studies have investigated this. More extensively studied is the brick-mortar transverse interface 
resistance [48, 67-69], in contrast to the increased permeability along the interface [65]. A 
question also arises on how to model such moisture infiltration. 

A complicated detail in masonry structures is the embedded beam end that is due to its position 
especially susceptible to moisture risk. Direct attention to the beam end performance has been 
given in several studies [17, 20, 21, 57, 62, 70] when it comes to interior insulation retrofit. 
These studies include 2D hygrothermal simulations and assessments. However, the beam end 
is an inherent 3D detail and a 3D hygrothermal problem [17]. Although thermal simulations of 
the beam end have been done in 3D [71], the combined heat and moisture (hygrothermal) 
simulations are more demanding and difficult in 3D.  

1.2.3. Material properties 
Access to sufficient material property data is a challenge for hygrothermal simulation efforts. 
The data need to be representative for the specific physical retrofit project in focus, which 
simulations are applied to for analysis and support. A hygrothermal model requires several 
fundamental properties such as vapor permeability, capillary conductivity, moisture retention, 
density, specific heat capacity, and thermal conductivity [72]. Among these, all except density 
are moisture dependent. Nevertheless, heat capacity is usually approached with a simple 
weighing relation of the heat capacity of the bulk dry material and the contained water (moisture 
content) [73]. For the remaining properties, moisture dependence can be quite complex (further 
visited in Section 2.1). Temperature dependence is also an issue; however, it can be largely 
accounted for by temperature dependence in more fundamental physical parameters of water 
and gas kinetics, and the residual material-specific temperature dependence is often neglected. 
Physical identification of properties involves test procedures and use of laboratory equipment 
of varying sophistication. This can limit widespread availability of testing, especially at the 
high end of sophistication. It thereby limits a more thorough/advanced identification of material 
properties to well-equipped laboratories with experienced personnel, something only research 
projects or a select few retrofit projects have resources for.  

Depending on access to laboratory resources, experience, and time, the different options 
available for identifying material properties for use in hygrothermal simulation can be listed as 
follows. 

1. Measure material properties. 

2. Find similar materials in material databases or in scientific studies, and assume they are 
representative for materials in a project. 

3. Predict properties through property models. 

4. Approximate or calibrate properties through an iterative simulation effort or parametric 
sweep, and evaluate against “goodness of fit” to experiment measurements. 

5. Combinations of 1-4. 
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An alternative to finding similar materials, can be to apply generic materials that are synthesized 
from clustering techniques and parameter correlation assessments; comprehensively described 
by Zhao et al. [74, 75]. Generic materials can help in situations with limited knowledge of 
specific materials [75]. 

Iterative simulation or parametric sweep, evaluated against experimental measurements, is of 
course only applicable if experimental measurements are available, either in situ monitoring 
prior to a retrofit project or if a limited experiment is conducted with material samples from the 
set-for-retrofit building or by non-destructive measurement means on the building. For instance, 
simulating a masonry structure, Panico et al. [76] conducted a parametric sweep to 
optimize/identify material data by calibration to in situ monitoring. The parametric sweep 
calibration was further supplied with validation to different, more recent monitoring data. 

Due to an often lack of ease in gathering property data by laboratory measurements, much 
attention has been given to simplify prediction and approximation of property values by means 
of different modeling approaches, e.g., [77-79]. Such modeling can identify “hard-to-come-by” 
properties by applying easier available property parameters as input. There can be benefits to 
further develop such modeling. On one hand, this can further simplify or ease model 
implementation, while on the other hand, it can improve accuracy or even include more 
advanced features, e.g., account for more dependences. Depending on intended use of material 
property models, requirements of accuracy and complexity may vary. 

1.3. Problem formulation 
On the background of Section 1.2, the scope of the present thesis will be limited to vapor open 
insulation with SVB, modeling of bare brick masonry with beam ends, and possible 
simplifications regarding identifying material properties for hygrothermal simulation. 

Unknown issues and questions are elaborated in the following. However, not all of the 
following are included in the subsequent objective(s). 

1.3.1. Smart vapor barrier 
As already mentioned, scientific accounts of SVB are lacking for interior insulation retrofit of 
masonry. Not much is documented regarding SVB performance regarding the inward drying 
potential. Will an SVB both improve drying at the interior masonry surface and at the beam 
end? How to model the SVB and its functionality? Is the SVB a promising or sufficient measure 
for interior insulation retrofit? 

1.3.2. Bare brick masonry and beam ends 
It can be especially challenging to assess bare brick masonry due to the possibility of increased 
permeability or presence of infiltration pathways along brick-mortar interfaces. What is the 
performance of bare brick masonry exposed to driving rain? Which rates of absorption can be 
expected in joints due to the brick-mortar interface? What are the indications of poor brick-
mortar interfaces? Does joint finish affect absorption? How to model bare brick masonry with 
increased permeability and presence of infiltration pathways? How does the beam end fare 
regarding moisture content, when embedded in severely wetted masonry, concerning wetting 
and drying? Is it practical to model beam ends in 3D? What is the impact on results when 
modeling beam ends in 3D compared to 2D? 
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1.3.3. Simplifications in identifying difficult material properties 
With certain material properties being difficult and resource demanding to gather, then property 
modeling for property prediction is one approach. However, even with modeling there likely 
are assumptions, guesses, estimates, or simplifications that must be made to keep laboratory 
measurements or simulation efforts within practical reason. Are there simplifications that 
reasonably can be made? How reliable is property modeling compared to measurements? What 
uncertainties are introduced with property modeling? How do uncertainties impact 
hygrothermal simulation results? Is hygrothermal simulation reliable enough with the 
uncertainty of not having all properties measured? 

1.4. Objectives 
Inspired by the problem formulation in Section 1.3, more precise objectives are formulated. 
This is outlined by an aim of future usefulness of the work, a main objective to specify the 
overarching pursued production output of the work, and sub-objectives to specify pursued 
deliveries. All is intended to be in context of interior insulation retrofit of masonry, although 
there might be wider applications. The following objective and sub-objectives are intended to 
cover the overall objectives and pursuits of the thesis, whereas the more specific research 
questions that are answered by the enclosed journal articles are summarized in Section 3. 

1.4.1. Aim 
Provide scrutiny, insight, and methodology that can improve understanding, and ease and 
improve application of analysis and hygrothermal simulation tools. 

1.4.2. Main objective 
Provide contribution to modeling techniques in support of hygrothermal simulation. 
Furthermore, provide insight that highlights modeling uncertainty, and which guides the ability 
to more confidently predict experimental results of bare brick masonry exposed to driving rain. 

1.4.3. Sub-objectives 
Based on the problem formulation in Section 1.3 sub-objectives have been narrowed down to: 

Smart vapor barrier  
1) Gather more information on the performance of SVB through experiment and 

simulation efforts. 

Brick-mortar interface 
2) Determine contribution to moisture uptake by the brick-mortar interface in bare brick 

masonry. 

Hygrothermal modeling 
3) Establish a hygrothermal simulation model in a multi-physics software, providing the 

option of controlling all hygrothermal physics formulas, climate boundary formulas, 
and material property formulas. 

4) Assess determination of the liquid transport property of masonry materials, as input for 
hygrothermal modeling, when direct measurements are not an available option. 
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1.5. Scope in context, and limitations 
The larger context of hygrothermal performance related to interior insulation retrofit of masonry 
is illustrated in Fig. 2, wherein the thesis focus areas are highlighted in bold.  

 
Fig. 2 Scope in context - Scope focus marked in bold. 
 
Including an embedded beam end, makes what is illustrated in Fig. 2 a clear 3D problem 
regarding heat and moisture transport. Additionally, the brick-mortar system is also a 3D 
composition of head joints, bed joints, and collar joints. Thus, pursuit of 3D functionality should 
be an aim regarding hygrothermal modeling. Furthermore, the central moisture source in focus 
for bare brick masonry is driving rain. Although rain intensity can vary greatly, a hygrothermal 
model should also handle heavy rain exposure, which can create sharp moisture front 
propagation into the masonry. This can be numerically demanding in 2D and 3D models, which 
therefore warrants attention. 

1.5.1. A comment on the starting point and development of scope 
Energy efficient and moisture safe retrofitting of brick buildings with internal insulation has 
been the working title of the research. However, the research direction and focus have evolved 
over time. It was early on perceived that there are too many influential parameters, or 
combinations of parameters, to generalize what would entail moisture safe retrofitting. With 
numerous parameters affecting climate environment and exposure, and furthermore 
constituting structure design, material use and interaction, hygrothermal strategy, and 
workmanship, including additional uncertainty of existing buildings, then moisture safe 
retrofitting is more easily approachable when addressed case specific, i.e., when many of the 
parameters can be narrowed down. Consequently, the focus shifted. It became more interesting 



 11  

to address how to improve tools and understanding, which can be applied when analyzing (case 
specific) hygrothermal designs. 

1.5.2. Topics not included in the scope 
A few topics that are not included in the scope, but which are central in an overall context of 
interior insulation retrofit of masonry, are for clarity and reference listed in Table 2. 

Table 2 Central topics not included in the scope, with references to where more on these 
topics can be found 

Topic Refer to, 
e.g.: 

Considerations on decision making for energy renovation and interior 
insulation retrofit. 

[11] 

Probabilistic hygrothermal analysis of interior insulation retrofit. [47] 

Rain exposure of masonry facades, including deposition, adherence, and 
absorption. 

[66, 80] 

Future climate – changing climate exposure of masonry buildings. [81] 

Damage mechanisms (frost or mold) and damage indexes. [13, 82, 83] 

Hysteresis of masonry materials. [84, 85] 
 

1.6. Terms, abbreviations, and definitions 
Regarding definitions and distinctions, the following terms require some comments on their use 
and intended meaning. The terms (moisture) infiltration, penetration and permeation might 
seem like synonyms, and sometimes they are indeed used to explain each other in dictionaries, 
specifically when describing the process of something passing into or through a substance. 
Nevertheless, the thesis tries to uphold the following subtle distinction (while knowing it is not 
following any standard convention). 

Infiltration – A process of moisture moving into the structure, without specifically addressing 
how this process occurs. Furthermore, structure here implies the masonry wall with an interior 
insulation system. Here, the infiltration mainly addresses moisture appearing inside the 
structure, interior of the masonry, implying that one or more infiltration pathways exist through 
the masonry. 

Penetration – A process of moisture passing through a structure entity. Here, mainly attributed 
to moisture penetrating the masonry, but without description of how the penetration appears. 

Interpenetration – A process of moisture passing through a part of the structure entity (the 
masonry) up to a point where the conditions for penetration or ease of penetration changes. 

Permeation – A process of moisture passing through a substance with the implicit 
understanding of moisture diffusion or diffusive spread of the moisture, thereby increasing the 
material moisture content (in the masonry) and with the moisture appearing as damp patches 
on the interior masonry surface when it reaches that far.  
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Several abbreviations are used in the current thesis. Corresponding terms and definitions are 
listed in Table 3. 

Table 3 Definitions of terms and abbreviations 

Term 
Abbre-
viation Definition 

Based on 
or inspired 
by source 

Calcium silicate CS Insulation material of calcium silicate, a highly 
capillary active insulation material. Must not be 
confused with calcium silicate bricks (sand-based 
bricks). 

 

Effective 
thermal 
conductivity 

ETC Thermal conductivity dependent on level of 
saturation. Units: [J/(m∙K)] 

 

Initial rate of 
absorption 

IRA Measured absorbed water through a surface area 
for the first minute of partial immersion. Units: 
[kg/(m2min)] 

[86] 

Lime-cement LC Lime-cement mortar, a type of mortar consisting 
of specified portions of lime and cement. 

 

Moisture design 
reference year 

MDRY Typically, the 90th percentile of year severity in 
terms of moist climate exposure. I.e., severe 
climate with 10-year return period. No fully 
agreed upon determination exists. Synonyms 
include “moisture reference year” (MRY) or 
“hygrothermal reference year” (HRY).  

[87, 88] 

Mineral wool MW Glass or stone wool. Can span a wide range of 
densities. 

 

Partial 
differential 
equation 

PDE Differential equation being multivariable, 
containing partial derivatives with respect to the 
temporal and spatial variables: t,x,y,z. 

 

Relative 
humidity 

RH Ratio of vapor pressure to saturation vapor 
pressure. Units: [-] 

 

Smart vapor 
barrier 

SVB Vapor barrier with resistance dependence on RH, 
with sd > 10 m at low but realistic RH. 

[89] 

Smart vapor 
retarder 

SVR Vapor retarder with resistance dependence on 
RH, with sd < 10 m at low but realistic RH. 

[89] 

  



 13  

2. Theoretical background 
Regarding interior insulation retrofit of masonry buildings, several PhD theses [90-98] have 
been published over the last few years. These include a range of extensive literature reviews, in 
addition to descriptions of the research and findings of the theses. Extensive repetition or 
overlap of these reviews does not elicit much purpose. Instead, the literature review of this 
chapter will focus on the three main topics identified and condensed through sections: 1.2 
Background, 1.3 Problem formulation and 1.4 Objective. For reference, a list of the recent 
relevant theses on interior insulation of masonry is provided in Table 4, with the focus of each 
highlighted. 

Table 4 Recent theses on interior insulation of masonry 

Author of 
thesis Ref. Year Country Title and focus 

Kloseiko, 
Paul 

[98] 2022 Estonia Hygrothermal performance of masonry walls 
retrofitted with interior insulation in cold climate 
Thesis focus: Capillary active insulation, properties 
and modeling, including in situ monitoring and 
simulation. 
Review focuses: Performance and damage criteria. 

Gutland, 
Michael 

[97] 2022 Canada Evaluating uncertainty in hygrothermal modelling 
of heritage masonry buildings 
Thesis focus: Hygrothermal masonry modeling and 
uncertainties, including spatially stochastic and 
fracture modeling. 
Review focuses: Hygrothermal modeling in general, 
damage mechanisms, fracture modeling. 

Soulios, 
Vasilis 

[96] 2021 Denmark Hygrothermal performance of hydrophobized brick 
and mortar – Energy renovation through internal 
insulation – Can hydrophobization improve 
moisture safety? 
Thesis focus: Hydrophobization, material testing 
and hygrothermal performance. 
Review focuses: Hydrophobization. 

Jensen, 
Nickolaj 

[95] 2021 Denmark Robust solutions for internal retrofitting solid 
masonry walls in historic buildings with regards to 
hygrothermal performance 
Thesis focus: Field measurements, simulation 
calibration, fungal growth. 
Review focuses: Heat, air and moisture transport, 
interior insulation solutions, measures improving 
hygrothermal performance, decay and risk 
assessment, categorized state-of-the-art overview. 
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Marincioni, 
Valentina 

[94] 2020 UK A probabilistic approach for the moisture risk 
assessment of internally insulated solid walls 
Thesis focus: probabilistic assessment of capillary 
active wood fiber insulation performance, including 
case studies and simulations. 
Review focuses: Interior insulation in general, 
probabilistic moisture risk assessment, probabilistic 
methods, material property function models. 

Calle, 
Klaas 

[93] 2020 Belgium Renovation of historical facades: the rescue or the 
kiss of death? 
Thesis focus: Material variability and clustering, 
absorption and interface resistance, rainwater 
infiltration, probabilistic sensitivity analysis. 
Review focuses: Historic brick and mortar 
production and quality, material properties and 
hygrothermal simulation in general. 

Ruisinger, 
Ulrich 

[92] 2019 Germany The hygrothermal behaviour of joist ends in 
internally insulated buildings 
Thesis focus: In situ measurements, hygrothermal 
simulation in 2D and 3D, determination of material 
properties. 
Review focus: Beam ends in masonry, including 
airtightness at beam end. 

Hansen, 
Tessa 

[91] 2019 Denmark Hygrothermal performance of internal insulation in 
historic buildings 
Thesis focus: In situ hygrothermal performance, 
quantification of wind driven rain and absorption, 
hydrophobization, material characterization. 
Review focuses: Risk assessment, wind driven rain 
quantification, hydrophobization. 

Odgaard, 
Tommy 

[90] 2019 Denmark Challenges when retrofitting multi-storey buildings 
with interior thermal insulation 
Thesis focus: Potential for energy reduction, 
hygrothermal performance in field and in situ 
experiments. 
Review focuses: Historic Danish masonry 
buildings, hygrothermal conditions, damage models. 
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2.1. Hygrothermal material properties – moisture dependence 
The following review will not be exhaustive in terms of covering all expressions or models that 
have been proposed for description of material properties. Instead, it will focus on the modeling 
paths perceived to have the largest consensus/application in scientific works (on building 
physics, regarding masonry or porous materials, with inputs from soil physics), while 
simultaneously being simple enough for widespread application. More advanced modeling 
approaches or significant alternative approaches will only be briefly mentioned for reference. 

Vapor permeability and thermal conductivity are not given much attention in the thesis 
research; nevertheless, they will be addressed for better overview and “completion” of the topic. 

2.1.1. Sorption isotherms and retention curves 
Moisture retention can be expressed in form of several different cumulative distribution 
functions, including for instance log-logistic, Weibull, lognormal and Van Genuchten form 
[99]. Use of Van Genuchten has become widespread in building physics, e.g. [49, 100, 101]; 
nevertheless, a weighed sum of Gauss distributions has also been proposed [77] to be similar 
in performance to Van Genuchten [84]. Only Van Genuchten will be further described. In its 
general form the Van Genuchten expression is given as Eq. (1); however, it is more often 
expressed as Eq. (2) thereby becoming a two- instead of three-parameter expression. This 
change was proposed by Van Genuchten [102] to obtain closed-form estimates of capillary 
conductivity [103]. The change is not needed unless the retention function is applied to the 
analytical Van Genuchten - Mualem conductivity model [102]. 
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where w [kg/m3] is moisture content, wcap moisture content at capillary saturation, cw [Pa-1] a 
characteristic coefficient related to pore size, pc [Pa] capillary pressure, and nw and mw 
distribution shape coefficients [99].  

The simplification from Eq. (1) to (2) comes at the expense of some flexibility loss in describing 
distributions [99]; however, with the benefit of having fewer parameters to identify. 
Nevertheless, unimodal Van Genuchten expressions like Eq. (1) and (2) are inaccurate in 
describing hygroscopic and capillary moisture retention for materials [104, 105]. Expressing 
the Van Genuchten expression as multi-modal, Eq. (3) [103], instead of unimodal, can mitigate 
some of the flexibility loss and inherent inaccuracy. 
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where lw,i is a weighing coefficient equal to the share of pores associated with corresponding 
inflection point in the cumulative pore size distribution, i.e. Σ lw,i = 1, cw,i inverse of pc at the 
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inflection point, where pore size and capillary pressure is related through the Young-Laplace 
equation [85]. 

A beneficial property of the Van Genuchten model is that its derivative is continuous and goes 
asymptotically towards zero at higher and lower capillary pressures [103].  

Carmeliet and Roels [106] proposed an additional simple fitting term to be combined with the 
Van Genuchten expression, Eq. (4), to better account for adsorption in the hygroscopic region. 
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where wlim would be the limiting, critical water content between the hygroscopic and over-
hygroscopic region; however, the actual wlim value could be expected to deviate from the critical 
moisture content, being a more arbitrary fitting parameter [106]. Furthermore, ϕ = exp(-pc/( 
ρwꞏRwꞏT)) and nw,0 is a fitting exponent. 

The first term in Eq. (4) is a Freundlich type expression, a better fit to be combined with the 
Van Genuchten term than the Brunauer, Emmett, and Teller (BET) theory that is often used to 
describe sorption and desorption in the hygroscopic region [107]. Numerous other expressions 
for sorption in the hygroscopic range also exist, some summarized by Feng et al. [108]. In 
contrast to the Freundlich type expression in Eq. (4), which has one fitting parameter nw,0 (not 
counting wlim), it is likely other expression variants, having more fitting parameters, could 
generate more accurate fits in the hygroscopic region. However, since highly detailed 
expressions for the hygroscopic region are seldom used in combination with the retention curve, 
and since the multi-modal retention curve can be given (extra) modality to cover the 
hygroscopic region, no further detail on expressions for sorption curves in the hygroscopic 
region will be provided here. 

Combining Eq. (4) with multi-modality gives Eq. (5). Illustration is provided in Fig. 3. 
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It is widely accepted that not only is the capillary moisture content mobile, but also the adsorbed 
moisture that gives rise to a surface film [99]. Thus, in order to distinguish between moisture 
content associated with different forms of liquid transport, which occur simultaneously (surface 
and capillary diffusion), there is a need to separate moisture content into two parts. Basically, 
at low to moderate moisture contents, small pores are filled, enabling capillary transport, while 
larger pores are non-filled but do have adsorbed water films ensuring film flow (surface 
diffusion) [109, 110]. Since Eq. (4) and (5) are expressions to be empirically fitted to 
measurement data [102, 107], they are not readily separated into an adsorptive part and a 
capillary part. Many expressions have been proposed for splitting moisture content into parts 
for use in transport models. Lebeau and Konrad [109] separated the two:  
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where θ [m3/m3] is the volumetric water content separated into capillary θc and adsorptive θa 
parts. The adsorptive expression is given as [109]: 
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where θ0 is the adsorptive moisture content at a matric head of -1 m, hm [m] is the matric head 
and hm,dry is the matric head at oven dryness, often assumed to be -105 m [109]. 

In combination, Eq. (6) and (7) ensure that adsorbed moisture is replaced by capillary moisture 
at lower capillary pressures, see Fig. 3 a) where the capillary moisture content is taken as the 
retention curve with the adsorptive moisture content subtracted. The curve that Eq. (7) provides 
is logarithmic-linear, where presumably θ0 can be treated as a fitting parameter as implied in 
[109]. However, Eq. (7) may be difficult to align with multimodal versions of Eq. (3) or Eq. (5)
, or for certain ranges of nw,0 in Eq. (5). 

Some retention models, e.g., [111, 112], uphold the adsorptive moisture content for the whole 
capillary pressure range, that is, the film-bound moisture content is not replaced by capillary 
moisture as capillaries are filled. Instead, in saturated pores, the film and the remaining volume 
(then being the “free” capillary moisture content) are summated, see Fig. 3 b). Whether such a 
model is applied instead of a model that replaces adsorbed moisture with capillary moisture, 
[109, 113], depends on choice of hydraulic conductivity model. For instance, in addition to the 
forementioned models [111, 112], some fractal models [110, 114] apply summated adsorbed 
film and “free” capillary moisture for a saturated pore structure. 
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a) b) 

Fig. 3 Illustration of alternative handling of adsorptive and capillary retention 
contributions with a) capillary moisture replacing adsorbed moisture in saturated 
capillaries, and b) summated adsorptive and “free” capillary moisture content in 
saturated capillaries. Overall retention (black line) illustrates Eq. (5). 

2.1.2. Vapor permeability 
Some researchers [115] have in an isothermal setting [104] accounted for vapor transport as a 
vapor conductivity contribution to unsaturated moisture permeability, i.e., added it to hydraulic 
conductivity as function of capillary pressure. However, more commonly vapor transport is 
handled separately from liquid transport, expressed as vapor diffusivity. This is more 
straightforward since diffusive vapor flow is governed by gradients in vapor pressure. Still, 
such an approach must account for dependence to material moisture content, as vapor flow will 
be replaced by liquid flow as pores become filled with water. In soil science, vapor permeability 
has been scaled to a moisture dependent empirical tortuosity for air content in the pore space 
[104], whereas, in building physics, the most popular expression (e.g. [48, 73, 83, 116]) for 
such dependence stems from a mechanistic pore model proposed by Grunewald and Häupl [77, 
117], given by Eq. (8).  
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where δv,a [kg/(m∙sPa)] is the vapor permeability for vapor in stagnant air, μdry [-] vapor 
resistance coefficient, θ relative moisture content θr = (w - wdry) / (wsat - wdry) ≈ w/wsat, p 
volumetric fraction that is parallel pore domain [79], i.e., theoretically 0 ≤ p ≤ 1. 

Eq. (8) combines Schirmer’s equation [118], see Eq. (122), and a scaling expression from the 
serial-parallel pore model [77]. Derivation and principles of the pore model can be found in 
[77, 79, 84]. In Eq. (8), vapor permeability of a porous material is correlated to vapor 
permeability of stagnant air by the vapor resistance coefficient. The parameter p is material 
dependent [77]. Grunewald et al. [77] provides a procedure for calculating p, Eq. (9), from the 
premise that the maximum vapor permeability occurs at a (moisture content) transition point 
whereafter the liquid moisture flux exceeds the vapor diffusion flux. Furthermore, this involves 
setting the derivative of Eq. (8) equal to zero, to find its maximum, which leads to Eq. (9) [77]. 
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where θr,tran is the relative moisture content at a transition where liquid moisture flux equals 
vapor diffusion flux. The transition point can be found by iteration [77]. This approach limits p 
to values 0 < p ≤ 0.5 since values above 0.5 will not for any θr,tran give a curve maximum. θr,tran 
= 0 gives p = 0.5, and θr,tran = 1, which is implausible, gives p = 0. 

After following the ramifications of the serial-parallel pore model for liquid conductivity 
Scheffler and Plagge [79, 119] disputed that p could be a constant. They instead argued it should 
be a function of moisture content and proposed Eq. (10) to be used. In doing so a material will 
hardly have any parallel liquid transport at low moisture content when there is virtually no 
liquid continuity, and parallel transport will increase with higher moisture content [119]. 

 sp
rp
  (10) 

where ηsp is a parameter to adjust the serial-parallel relation of the pore model. The parameter 
is material dependent and should be calibrated to an experimental drying test [119]. 

Consequently, Scheffler and Plagge arrive at Eq. (11) [79] for representing vapor permeability 
as dependent of moisture content. 
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Among identified simulation studies on masonry, only Zhao and Plagge [120] are found to 
apply the Scheffler and Plagge model, which they apply for vapor permeability of sandstones. 
The Grunewald and Häupl model is generally applied, although most often without specific 
determination of p, instead applying the same values as are used in Hamstad benchmark 1 and 
4 [121] with p = 0.497. One exception is Vereecken and Roels [48], who apply p = 1 for mortar, 
while p = 0.497 is still applied for brick. They provide no details on how p was determined for 
mortar. Hamstad benchmark 3 and 5 apply p = 0.2 for different materials. 

To put these approaches into perspective, p is calculated according to the Grunewald and Häupl 
approach in Table 5 for three bricks and one mortar. Results for two bricks are fairly close to 
the p = 0.497 stemming from the Hamstad benchmarks. One brick is a bit lower with p = 0.480. 
Mortar is lower with p = 0.333. Effects of different p-values can be seen in Fig. 4 a). 
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Table 5 Calculation of p from the source data used in Article V, one iteration 
Step Parameter Brick 

Scheffler 
Brick 
Carmeliet 

Brick 
Derluyn 

Mortar Derluyn 

 μdry 13.5 48.3 31.5 379 

Step1 Guess p 0.5 0.5 0.5 0.5 

 Guess θr,tran 0.04 0.04 0.04 0.04 

 Resultant ϕ** 0.988 0.989 0.9923 0.82 

Step 2 Calc. 2xKv
* 4.9E-16 1.37E-16 2.11E-16 1.45E-17 

Step 3 θr,tran
** 0.040 0.010 0.012 0.33 

 Resultant ϕ** 0.988 0.916 0.94 0.77 

Step 4 p 0.480 0.495 0.494 0.310 

Step 5 Calc. 2xKv
* 4.9E-16 1.27E.16 2.0E-16 1.36E-17 

Step 6 θr,tran
** 0.040 0.010 0.012 0.32 

Step 7 p 0.480 0.496 0.495 0.333 
* 2xKv to compare to material total conductivity whereat the phase dividing function equals 0.5, see 
[77]; the expression for Kv can be found in Article V. 
** Readings from similar spread sheet setup as used to calculate the hydraulic conductivity in Article V. 

 
Following the Scheffler and Plagge approach, p is no longer a constant to be identified. Instead, 
the serial-parallel functions can be compared graphically in Fig. 4 b). Scheffler and Plagge [79] 
explain that the maximum of the function is a consequence of serial liquid shortcuts for the 
vapor transport, in addition to local higher vapor pressures in the pore space. They furthermore 
point out that varying ηsp (for this expression) has minor influence, especially seen in context 
of the fact that liquid conductivity spans a logarithmic scale while the scale (axis) in Fig. 4 is 
linear. Although Scheffler [84] identifies ηsp values ranging up towards 3 [79] to be applied in 
the serial-parallel model for capillary conductivity, Scheffler suspects such high values make 
the vapor permeability unreliable or gives maximum vapor permeability at too high moisture 
contents, thereby bringing inconsistency to the serial-parallel model. Consequently, Scheffler 
[79] made a choice to set ηsp = 1 for vapor permeability. Zhao and Plagge [120] do not reveal 
what ηsp-values they applied for different sandstones. 
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a) b) 

 
Fig. 4 Relative vapor permeability as function of relative moisture content for values of p, 
a), and for p replaced with Eq. (10) for values of ηsp, b). Dashed lines give p = 0.497 and p 
= 0.33, respectively. 

2.1.3. Liquid conductivity 
The term hydraulic conductivity is interchangeable with liquid conductivity. While hydraulic 
conductivity is widely used in the field of soil physics, the field of building physics more 
commonly applies liquid permeability. However, for the latter Kl needs to be specified with 
units [kg/(m∙sPa)] or equivalently [s] not to be confused with liquid permeability kl [m2], see 
Appendix A.2. 

Among moisture transport mechanisms hydraulic conductivity is significant or dominant in 
non-dry, unsaturated to saturated porous materials. Hydraulic conductivity consists of film flow 
(surface diffusion), typically dominant at lower moisture contents, and capillary flow, dominant 
at intermediate to higher moisture contents, e.g. [109].  

In the building physics community, determination of hydraulic conductivity has mainly 
involved combining capillary conductivity with a liquid contribution in the hygroscopic region, 
implicitly seen from a decline in vapor resistance. Vapor conductivity can be calculated 
according to Eq. (12) [79, 115]. Thus, the liquid contribution to hydraulic conductivity can be 
calculated as the difference in wet and dry vapor conductivity found from respectively applying 
μwet, ϕwet and μdry, ϕdry in Eq. (12). The parameters correspond to the measurements and setup 
of the cup-tests (dry-cup and wet-cup). Scheffler and Plagge [79] provide a clear illustration of 
the process.  
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In the soil physics community, capillary conductivity is combined with film conductivity. Thus, 
models respectively for capillary and film conductivity are combined, e.g., [109]. 

Capillary conductivity over the unsaturated range can be determined generally in two principal 
ways: 1) modeled and scaled to saturated conductivity [77], or 2) calculated from moisture 
diffusivity [122]. The latter is either calculated from measurements of moisture front profiles 
with, for instance, the Boltzmann transform method [123], or with models calculating the liquid 
diffusivity function from the capillary absorption coefficient [78, 124]. 
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Liquid conductivity calculated from moisture diffusivity 
An extensive and detailed review of liquid diffusivity models is provided by Scheffler [84]. 
Only a brief description will therefore be provided here. 

A simple approximation to the liquid diffusivity is often taken as Eq. (13) [124]. This expression 
is generalized with the constant 3.8 and with the assumption that the diffusivity is exponentially 
linear and spans three orders of magnitude (the number 1000). Thus, the expression is not very 
precise for every material.  
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where Dw,abs [m2/s] is the liquid diffusivity function aligning with an absorption (imbibition) 
experiment, Aw [kg/(m2s1/2)] capillary absorption coefficient. In extension, Ramirez et al. [125] 
applied Eq. (14). 
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where the γ [-] coefficient was identified by matching moisture transport simulation, with Eq. 
(14) as input, to the imbibition experiment from which Aw was determined. For brick and 
mortar, Ramirez et al. [125] found support for the coefficient being 3.8 during absorption, while 
it could deviate from this in a desorption scenario.  

A similar expression that is incorporating more material dependence was proposed by 
Carmeliet et al. [78], with Eq. (15) and Eq. (16) [78, 84, 126]. Similarities can be seen between 
Eq. (13) and the right hand side version of Eq. (16). 
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where f(F) is a function of F, where F is a material dependent parameter, Dw,II refers to the 
second regime of liquid diffusivity corresponding to capillary diffusivity (based on capillary 
absorption experiment) while a first regime corresponds to diffusivity in the hygroscopic and 
intermediate range (based on drying and vapor resistance experiments) [78].  

The relation between liquid conductivity and diffusivity is given by Eq. (17) [122]. 
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where dw/dpc is the moisture capacity, i.e., the gradient of the retention curve. 
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Liquid conductivity 
Modeling of capillary conductivity can be approached with different sophistication. The most 
applied approaches are bundle of tubes models and network models. A plausible alternative to 
modeling the conductivity is to train artificial neural networks to predict the conductivity from 
sets of input data [127, 128]. 

With simplistic representation of the pore system, bundle of tubes models have been widely 
applied [77, 79, 129]. These models envision simple parallel capillaries of different radii 
traversing a porous medium, for which an overall conductivity is calculated. To arrive at 
realistic values for the unsaturated range, the models are typically corrected for tortuosity [130] 
and scaled to measured saturated conductivity [77], to circumvent the complexity of the true 
pore system. 

Network models adopt a more realistic representation of the pore system by allowing 
interconnectivity between capillaries in either a 2D or 3D lattice [131] or a node network [132, 
133] system. The pore system is represented with different scales of lattice that are 
interconnected [131], creating pore throats and dead ends [133]. Percolation theory is applied 
to calculate or simulate the conductivity at different capillary pressures [134]. Despite improved 
realism, a drawback with network models is the laborious process of mapping the pore structure, 
determining scales, and conditionally simulating permeabilities [84]. Network models for 
porous building materials have been proposed in [115, 133]. 

Only bundle of tubes models will be further described due to the thesis objective of approaching 
simple methods. Furthermore, more elaborate background or historical development of such 
models is described in [84], and will not be addressed here. 

Grunewald et al. [77] established a hydraulic conductivity model on the basis of the bundle of 
tubes model by Burdine [135]. The basics involve that flow in a capillary can be approximated 
with the Hagen-Poiseuille equation (see Article V for details). The total flow of a bundle of 
capillaries can be found from integrating over the pore radius distribution or, with help of the 
Young-Laplace equation, integrating over the moisture retention curve. However, since the true 
pore structure is much more complex than the bundle-of-tubes simplification, such an 
integration would not give the flow seen in practice for a real material. Therefore, it is necessary 
to include a relation to a measured value. With a measurement of the saturated (effective) 
conductivity, Keff,sat, it is then possible to scale the unsaturated capillary conductivity as [77]: 

    c rel eff ,satK K K   (18) 

where the relative function Krel, Eq. (19), provides a way to circumvent the unknown correction 
that otherwise must accompany the integral of the Hagen-Poiseuille equation over the bundle 
of tubes. Thus, as a relative function only the integrals remain, which integrate a function of the 
capillary pressure [77]: 
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Scheffler [84] argued that a serial-parallel mechanistic model derived in Grunewald et al. [77] 
for vapor diffusion, with dependence to moisture content, should also be incorporated for the 
capillary conductivity, thus causing a change to Eq. (18). Additionally, Scheffler pointed out 
that Keff,sat is not equal to Kc,sat, thus a correction coefficient is required to scale down the 
effective conductivity determined in the over-capillary range to become the conductivity at 
capillary saturation. These two changes to Eq. (18) results in [84]: 

    c l cap eff ,sat rel c,satK f K K , for       (20) 

where ηcap is a correction factor, fl(θ) the mechanistic serial-parallel pore model, with θ = w/wsat, 
given as: 
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While Eq. (21) is associated with the liquid transport of the serial-parallel pore system behavior, 
the vapor counterpart is found as part of Eq. (11). 

Scheffler [84] proposed and demonstrated procedures to determine ηcap and ηsp, which are 
acting on Eq. (20). 

In addition to Scheffler [79, 84], Zhao and Plagge [120] provide another study in where the 
Scheffler model is applied on heavy materials (sandstone masonry). 

Film models 
Carmeliet and Roels [115] observed that their proposed multiscale network model did not 
accurately predict the liquid conductivity in the (upper) hygroscopic range. It should have been 
higher than what was determined from reduction in measured vapor resistance factors in this 
range. They ascribed the deviation to surface diffusion, effective pore cross section reduction 
(for capillary flow) due to molecular adsorption, and microscopic phase change phenomena. 

Lebeau and Konrad [109] established a film model to account for surface diffusion. Their model 
is derived from assessing the forces that bind moisture to pore walls, in so creating a liquid film. 
From addressing the ionic-electrostatic and molecular disjoining pressure components, a film 
thickness can be derived for input into the Navier-Stokes equation used for a volumetric flow 
rate over a film cross section. From this volumetric flow rate, a moisture flux can be calculated 
when integrating over the bundle of tubes pore structure, resulting in an expression wherein the 
film conductivity can be identified. 
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Peters [111] argued that the approach of Lebeau and Konrad would not account for all the soil 
and fluid properties involved, such as surface roughness, surface charge, ionic strength of fluid 
and more. Thus, a material dependent correction might be needed. Instead of trying to solve the 
exact physics, Peters proposed that the conductivity trend can be approximated since it is highly 
linear on a log-log scale of conductivity vs. matric head. Resultantly the film conductivity can 
follow a function of matric head, adsorptive saturation degree, and the material dependent 
gradient coefficient. Overall, this amounts to a simplification when the gradient coefficient can 
be assumed to be -1.5. 

Diamantopoulos and Durner [136] addressed the importance of corner flow (as a surface flow, 
neglecting general surface flow), and provided a hydraulic conductivity model for inclusion of 
corner flow in equilateral triangular capillaries. Similarly, Zheng et al. [113] combined 
capillary-, film- and corner-flow in determination of the hydraulic conductivity, while 
additionally attempting to compensate for impact on flow from pore surface roughness. 

Absorption, redistribution and drying 
A complicating aspect with accurate determination of hydraulic conductivity is the 
phenomenological difference between absorption, redistribution and drying of moisture in 
porous materials. For instance, absorption tests usually involve putting a dry porous material in 
contact with free liquid water, which gives radically more sudden wetting than that typically 
experienced by driving rain. With few exceptions, absorption events on building facades 
typically have slower wetting, or the porous materials already have some degree of wetting by 
initial moisture content. Such a difference in absorption may, for instance, affect microscale 
temperatures, dynamic contact angles (including curvature of the capillary meniscus), and air 
entrapment.  

Dynamic effects were investigated by Janetti and Jansen [137] in terms of operating with 
dynamic contact angles in imbibition scenarios. They pointed to experience from experimental 
investigations having shown an increase in contact angle with increasing meniscus velocities. 
Furthermore, when applying dynamic contact angles in simulation of imbibition processes, it 
became possible to approach material behavior that deviate from traditional diffusion theory 
expressed with a single function of the Boltzmann variable λ = xt-0.5. They noted that accurate 
understanding and representation of dynamic effects could be relevant for wind-driven rain on 
building facades [137]. For ceramic and calcium silicate bricks Carmeliet and Roels [115] found 
significant difference between drainage and wetting permeability in the high saturation range, 
and they ascribed it to air-entrapment phenomena. 

It has been postulated and demonstrated for some materials that hydraulic conductivity can be 
approximated with a single curve with reasonable accuracy for both absorption and drying 
[115]. Carmeliet and Roels [115] demonstrated that hydraulic conductivity can be 
approximated to a single curve (log-log, conductivity as function of capillary pressure). Their 
results showed good prediction in simulating both drying and absorption moisture fronts in 
ceramic brick and calcium silicate. Applying one curve appears to have become conventional 
wisdom, e.g., [85]. Feng and Janssen [85] state that liquid diffusivity calculated from a single 
liquid conductivity curve can become process dependent (implying accounting for hysteresis) 
by respectively applying the adsorption and desorption retention function. Nevertheless, there 
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are also examples of experiment measurements that seemingly are difficult to bring to 
agreement with one single curve. For instance, through simulation, Van Belleghem et al. [138] 
found that an adjusted (lowered) conductivity curve provided a better fit to moisture distribution 
profiles for a drying experiment than the original conductivity curve. The original curve was 
established from x-ray measurements of capillary uptake [139]. However, such deviation could 
perhaps be attributed to uncertainty related to material heterogeneity, and measurement 
methods and protocols, something that has been reported to cause a significant spread in 
measured properties of the same material [72]. 

Nevertheless, another phenomenon might also be involved. Inconsistencies between 
absorption, redistribution and drying might be closely linked to hysteresis. Hysteresis, which 
comes from Latin for “coming short”, with the essence meaning of lagging behind, addresses 
when a system state is dependent on situational history. In building physics, hysteresis primarily 
addresses differences in the moisture retention during adsorption and desorption, where the 
desorption “lags” behind, i.e., moisture is drained at higher capillary pressures or at lower RH 
than observed when wetting a material. Whereas, regarding liquid conductivity, hysteresis has 
been attributed to air-entrapment during absorption [115], geometric non-uniformity of pores 
[136], (unspecified) dynamic hysteresis effects [115], and contact angle hysteresis [84, 115, 
136], i.e., differing advancing and receding contact angles. 

However, hysteresis is fairly complicated to implement into hygrothermal simulation programs 
for simulation of dynamic conditions, see Scheffler [84]. 

Regarding the drying phenomena, drying progresses along a two-phase drying curve. In the 
first phase, liquid moisture is continuously provided to the evaporation surface by capillary 
action, in so sustaining a saturated vapor pressure at the surface. Transition to the second phase 
occurs when this is no longer sustained, where vapor diffusion gradually takes over as the 
governing transfer mechanism [140] over a growing distance from the surface. The first phase 
is accompanied with surface cooling from the evaporation, providing significant decrease in 
surface temperature, whereas for the second phase evaporation slows down giving less decrease 
in surface temperature [140]. Moisture flux from the surface in the first phase is linear under 
constant conditions (vapor transfer coefficient and surface temperature), whereas in the second 
phase it is non-linear governed by the diffusion process. 

Comparing to a drying experiment, Van Belleghem et al. [138] observed that simulation results 
deviated when concerning moisture content and moisture distribution profiles after when drying 
entered the second drying phase (decreasing drying rate period [72], when exterior surface RH 
falls below 100 % RH). They argued that since this occurred in the second phase, it indicated 
that material properties were fairly correct at high moisture contents, but not necessarily correct 
at lower moisture contents. They then adjusted each in turn: vapor resistance factor, retention 
curve, and hydraulic conductivity curve. Adjusting the vapor resistance had insignificant 
impact. Adjusting the retention curve improved moisture content results, but not distribution 
profiles, whereas, adjusting the conductivity curve improved both. Hence, they argued that the 
largest deviations were caused by the conductivity curve. As mentioned above, the unadjusted 
material data originated from x-ray measurements of a capillary uptake experiment [139], 
whereas it was applied by Van Belleghem et al. on drying. 
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On the other hand, Zhao et al. [140] demonstrated that with well measured material properties, 
in combination with iterative adaption of the thermal transfer coefficient and with determination 
of the vapor transfer coefficient from experimental results, the drying process of calcium silicate 
and ceramic brick samples can accurately be simulated in an axial-symmetric 3D hygrothermal 
model. 

2.1.4. Thermal conductivity 
It is important to account for the moisture dependency of thermal conductivity since this can be 
quite significant for a range of materials [141, 142]. A temperature dependency is usually less 
pronounced [141], but can also be accounted for, by either simple approximation [143] or 
sophisticated calculation [144]. For low-hygroscopic materials, the moisture dependence 
becomes especially relevant for hygrothermal scenarios with capillary absorption or interstitial 
condensation that can significantly raise the moisture content. Highly hygroscopic materials 
can, on the other hand, also experience significant impact in the hygroscopic moisture region. 
For low density, non-capillary insulation materials, it might be limited how much moisture they 
can retain before drainage occurs, thus the whole moisture range might not be relevant, unless 
limited, localized accumulation of drained moisture is also addressed. Nevertheless, significant 
impact from moisture content can also be seen for such materials at moisture contents below 
occurrence of drainage. Hydrophobic insulation materials or materials with a closed cell pore 
structure might, however, remain fairly unaffected due to low moisture retention.  

Fairly simple approximations are usually applied for moisture dependence in the field of 
building physics. For building materials, the relation to moisture content is often approximated 
to be linear. Table 6 shows examples of a few equivalent linear expressions with some 
references to where they are used. 

Table 6 Equivalent thermal conductivity expressions with linear moisture dependence 
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[124] [73, 83, 98, 
145] 

[116, 121] [146] 

where λ0 [W/(m∙K)] is the dry thermal conductivity, a and b are fitting parameters of varying 
units, λsat [W/(m∙K)] thermal conductivity at saturation. 

However, thermal conductivity does not necessarily have a linear relationship to moisture 
content. Non-linearity for some insulation materials has been shown by Jerman and Cerney 
[141] and Abdou and Budaiwi [147]. Liu et al. [148] discovered non-linear trends in 
measurements of concrete, brick, aerated concrete, and foam concrete. Furthermore, non-linear 
trends are seen in measurements done by Koci et al. [142] for both high performance concrete 
and solid clay brick, while aerated concrete shows a fairly linear trend. An even more apparent 
non-linearity is seen for mineral wool and EPS in that study. 

It can be beneficial to have a good idea of the moisture dependence relationship one may expect 
for a material in order to keep the number of measurements to a minimum. For instance, when 
presuming a linear relationship, one only requires the dry and saturated conductivity values, 
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whereas when presuming non-linear relationships, an increasing non-linear complexity will 
increase the number of needed measurements. Accuracy requirements for the moisture 
dependent thermal conductivity will, of course, also influence the number of measurements that 
the curve fitting should be compared to. Applying mathematical expressions that give smooth 
curves will presumably provide more realistic intermediate values compared to if one only 
relies on simple linear interpolation between measured values. 

Simple non-linearity can be approximated by expanding to a second order expression, Eq. (22)
, as done in [141, 147] for some insulation materials. Seemingly, this can also provide fairly 
good approximations to a range of insulation materials found in the WUFI material database 
[143]. 

   2
0 1 2w a u a u     (22) 

where u is either w/ρw or w/ρs, a1 and a2 are fitting parameters. 

In contrast Liu et al. [148] assigned a power expression, Eq. (23), in simple non-linear fitting 
to their measurements. 
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bw au    (23) 

where b is a fitting exponent that Liu et al. [148] determined to be < 1 for all the materials they 
investigated. 

However, not all materials or porous media follow simple trends, at least not accurately, as 
indicated by some materials in [40, 142, 148, 149]. In scientific disciplines other than building 
physics moisture dependence of thermal conductivity is addressed to a much larger extent; 
plausibly attributed to difficulty in measuring moisture dependent thermal conductivity in 
undisturbed soils or sediments, or due to limited access to equipment or measurement sites, e.g., 
[150]. Thus, prediction of the effective thermal conductivity (ETC) has become extensively 
studied. The following briefly gives a few examples. 

A more advanced thermal conductivity model was provided by Ghanbarian and Daigle [149] 
and demonstrated on numerous porous soils over the unsaturated range. This model 
incorporated percolation theory in form of taking into account the critical moisture content at 
which the first significant continuous (high) conductive paths are established through the 
material. Below the critical moisture content there is less macroscopic conductivity. 
Furthermore, it incorporates an effective medium approximation to homogenize a heterogenous 
material consisting of low and high conductivity components. When formulated as saturation 
dependent thermal conductivity, it can be expressed as Eq. (24).  
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where θcr is the critical moisture content, ts a scaling exponent. Eq. (24) needs to be solved as a 
second order equation and is therefore a bit cumbersome, and implementation of it might be 
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best suited to be tabular; however, it provides more flexibility than simpler expressions for 
thermal conductivity. Even though this expression has a model background, it remains to be 
fitted to experimental data as it does not fully predict the thermal conductivity curve shape. 
That is, θcr and ts become fitting parameters. 

In Fig. 5 a) it can be observed that Eq. (24) can provide an alternative to Eq. (23) that may 
improve fitting to a couple of the materials measured by Liu et al. [148]. Measurements on 
wood fiber boards [40] are in Fig. 5 c) also provided with curves produced by Eq. (24). The 
expression is, however, a bit rigid, not able to independently of each other adjust gradients 
before, at, and after the critical moisture content. 

a) b) 

 
Fig. 5 a) Moisture dependent increase in thermal conductivity for foam concrete, type A 
(black) and B (red). Measurements and solid lines, Eq. (23), from Liu et al. [148]. Dashed 
lines, Eq. (24), manually fitted for demonstration, and superimposed. b) Moisture 
dependent thermal conductivity for wood fiber boards, type hard (red) and capillary 
active (pink) from [40]. Solid lines, Eq. (24), manually fitted for demonstration, and 
superimposed. 
 

A plausible alternative to pure curve fitting of measurements is prediction of the unsaturated 
thermal conductivity, i.e., prediction of ETC. Among other approaches, numerous fractal 
models have been made for ETC prediction in the field of soil science, e.g., [151-153]. 
Nevertheless, fractal models have also been applied to, for instance, autoclaved aerated concrete 
[154] and concrete [155]. These apply fractal theory for materials that adhere to self-similar 
fractal scaling laws, and they apply fractal dimensions to represent the material structure [152]. 
They are further combined with different perspectives or considerations from thermo-electric 
models (serial and parallel resistance models) and bundle of tubes models [151, 153]. A serious 
drawback with some current fractal models is the seemingly over-simplistic inclusion of 
particle and pore scale distributions, or pore system geometry. Furthermore, although being 
predictive, fractal models may still rely on adjustment of parameters to improve fit to 
measurements. 
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2.2. Smart vapor barrier 
In the literature, terms like smart, adaptive, moisture adaptive, or humidity dependent are found 
and used in combination with membrane, retarder or barrier for this kind of product [55]. What 
has become the most prevailing term used is smart vapor retarder (SVR), or the similar smart 
vapor barrier (SVB). From here onwards a distinction is applied that SVB and SVR, 
respectively, have a high sd-value > or >> 10 m and a relatively low sd-value < 10 m at dry 
conditions, inspired by [89]. 

It has been argued that SVRs could promote significant drying towards the interior in structures 
restricted to low or no drying towards the exterior [55]. Compact (wood frame) roofs have for 
this reason been subjected to much of the research into application of SVRs or SVBs, but also 
(compact) wood frame walls have been covered. Some of these studies are listed below for 
reference: 

 Field testing studies of SVR in roof [156] and wood frame wall [53] configurations, 
and SVB in a wood frame wall [157] configuration. 

 In situ investigations of SVR [158] and SVB [159, 160] in roof configurations. 

 Laboratory studies with SVBs in roof [55, 161] and wood frame wall [162] 
configurations. 

In wood frame walls it has been demonstrated that an SVR (sd = 0.09-4.3 m) could avoid high 
RH or summer condensation elsewise experienced with a polyethylene vapor barrier, in the 
warm half of the year, although at the expense of having slightly more condensation / moisture 
accumulation in the wall structure during winter [53]. Dark exterior colors, to take advantage 
of sunshine absorption, have been proposed to increase inward drying for roofs during summer 
conditions [160]. 

In more recent years, SVBs/SVRs are also seen applied in physical studies of interior insulation 
of masonry. Vereecken and Roles [38] applied SVR with mineral wool in an investigation of 
airtightness and convective air transport to wooden beam ends. The studied masonry wall test 
assembly was exposed only to cold external climate and no driving rain, thereby not yielding 
conditions for inward drying through the retarder. No explicit assessment of the retarder 
function or performance was included. 

Kopecky et al. [30] conducted an investigation over several years of a masonry test wall with 
SVR (sd = 0.3-5 m) and mineral wool. The wall was exposed to the climate of Prague, Czech 
Republic, in addition to an artificial driving rain event due to the low driving rain load of the 
local climate. After the artificial rain event (mid-July) the wall had approximately 1.5 months 
of warm weather before the colder autumn and winter. The study did not include any similar 
wall assembly to compare SVR performance, and the SVR impact was not assessed. 

De Mets et al. [31] monitored a masonry test wall with SVR or SVB? (sd = 0.3-20 m, limits not 
reached under normal conditions) and mineral wool, exposed to the climate of Limelette, 
Belgium, with a total driving rain load 447 mm/m2. Specific effect of the SVR was not 
addressed. Nevertheless, comparing mineral wool with SVR to capillary active insulation, a 
small positive benefit was seen using the latter. The choice of insulation solution was by itself 
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deemed insufficient to ensure moisture safe conditions for wooden beam ends, thereby 
promoting the need for additional measures.  

Keskküla et al. [25] applied SVR (sd = 0.3-5 m) between two layers of 50 mm reed panels 
interior of a masonry fire wall that included a ventilated air cavity. The climate exposure was 
in Tartu, Estonia, during a particularly warm winter. However, the in situ study was 
complemented with hygrothermal simulations. It was concluded that the reed panel solution 
could not be used without SVR after comparing to results from such a setup. 

Martel et al. [26] conducted an in situ study of a masonry wall with SVB (sd < 14 m?) in 
combination with polyurethane foam insulation. The climate exposure was Herefordshire, UK, 
over 8 years. The study compared the insulation solution with and without exterior hydrophobic 
brick cream treatment. Considerably lower moisture contents were seen in the treated part of 
the wall. Performance of the SVB was not specifically assessed. 

An issue exists that studies including SVBs/SVRs often lack clarity concerning the 
measurement conditions in determination of physical properties [163]. In order to arrive at 
property functions of SVBs or SVRs, extensive testing is needed to cover a reasonable range of 
the RH conditions that can be encountered.  

Fechner and Meißner [164] measured 5 samples for 14 different RH gradients with some 
measurements done for two flow directions. Olaoye et al. [165] measured 5 samples each for 4 
dry-cup and 4 wet-cup tests, resulting in measurements at 8 RH levels, enough to generate a 
vapor resistance curve for the SVB between 20 – 85 % RH [166]. Yoshinaga [163] measured 4 
SVBs, two at 11 levels of RH and two at 6 levels of RH for two flow directions, with three or 
more samples tested at each RH condition. It was argued that the change in vapor resistance 
could be understood by measurements at 6 RH levels; however, it was also concluded more 
data was needed on vapor resistance in the range 60 – 70 % RH, where large changes in 
resistance occur. 

In simulation studies, the RH conditions that are experienced by the SVR/SVB are usually 
either simplified to be the mean RH of the RH at both sides when the resistance is modeled as 
an interface resistance [164], or the range of RH spanning it when modeled as a physical layer 
with meshing, e.g., [166, 167]. 

Fechner and Meißner [164] proposed that a model for calculating sd-values should take into 
account the RH gradient, not only a weighted arithmetic average RH. Consequently, they arrive 
at a two-part function where the second part is a curve-fitted second order polynomial function 
of the gradient. Olaoye et al. [165] suggested adjusting the design vapor resistance curve μ(ϕ) 
by comparing the harmonic mean of the design vapor resistance curve (over the cup-test RH 
interval) to the experimental resistance result, from several instances of cup-tests, until the 
resistances align. Since the humidity continuously varies across the SVB the vapor diffusion 
will encounter the whole range of vapor resistance corresponding to the range of RH between 
the boundary RH-values. In this way, the SVB can be modeled as a physical layer included in 
model meshing, which was demonstrated by Olaoye et al. [166].  

Yoshinaga [163] argued for considering directional dependence in the vapor resistance of 
SVBs, demonstrating that directional difference could be quite substantial. If the SVB has 
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directional dependence, the vapor flow direction should meet highest resistance during winter 
and lowest resistance during summer [163]. 

2.3. Hygrothermal modeling of masonry composite 
Due to the complexity in analyzing performance of interior insulation retrofit of masonry (see 
Section 1.1.1 and 1.1.2) application of hygrothermal simulation models have over the last 25 
years gradually become widespread. An issue with simulation models is that they are 
simplifications of reality. Sometimes greater simplifications can be adequate, for instance, 
applying a 1D model to what can be assessed to be a fairly 1D scenario with 1D transfer 
mechanisms. Other times, a 2D model or even a 3D model might be necessary to capture 
multidimensional mechanisms. For brick masonry, which is a brick-mortar composite where 
brick and mortar can have widely different properties, including anisotropic properties, then 
moisture transport can be three-dimensional. Nevertheless, depending on the overall masonry 
configuration (e.g., of structure layers) and whether localized moisture distribution or holistic 
moisture performance is sought, different degrees of simplification can be deemed adequate. 
Furthermore, there are still limitations to software and computational capacity that make 3D 
models less accessible. 2D models, and sometimes 1D models are, therefore, still mostly 
utilized. A 1D model is, however, only able to capture successive layers across a wall, whereas 
a 2D model can capture some of the parallel interaction between brick and mortar crossing the 
wall, either as a vertical or horizontal cross section. Masonry structures including a beam end 
detail cannot be simplified to 1D but can to some extent be simplified to 2D.  

Among 2D studies it has become common to simulate interior insulated masonry with interface 
resistances between brick and mortar, e.g., [17, 21, 70]. Nevertheless, resistances are just as 
often neglected or omitted, e.g., [32, 49, 168]. Effects of a brick-mortar interface on moisture 
transport along the interface are, however, not found having been included in any simulation 
studies, except for at smaller geometric scales [169]. The presence and effect of interface 
resistance are nevertheless somewhat unclear, especially regarding at what conditions 
(absorption, drying) it operates [48, 170], whether it is directional (material A→B or B→A) 
[168, 170], and whether it is dependent on the moisture driving potential (e.g., varying with 
capillary pressure) [168]. Furthermore, determination of the resistance value is a difficult issue. 
Several studies have investigated modeling of interface resistance between brick and mortar 
[48, 67-69, 125, 168, 171, 172]. 

Regarding other moisture transport mechanisms, Kehl et al. [57] modeled interior insulated 
masonry with and without laminar air diffusion. Additionally, potential air diffusion or 
convection around the beam end has been a concern in some studies [38, 173, 174].  

2D modeling of interior insulated bare brick masonry can be found in a few studies, typically 
1.5- to 2-brick-thick walls, [17, 21, 32, 70], whereas 3D modeling of bare brick masonry 
including mortar joints has not been found. However, 3D modeling has been applied on bare 
homogeneous brick masonry [175] and for masonry with external render [49, 176], or 
additionally, including air transport but without driving rain exposure [174]. 

Regarding modeling hydrophobization as a measure that lowers the capillary absorption of 
masonry, Hansen et al. [177] modeled the effect of hydrophobization surface treatment in 1D 
by replacing the outer 5 mm of a brick with an altered material having Aw/15 to that of the 
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brick, in order to replicate difference from hydrophobization seen in Karsten tube results. 
Similarly, Soulios et al. [178] modeled a hydrophobized layer of 2.4 mm at the brick exterior 
in 1D with adjusted Aw and μ values, reduced and increased with a factor of 356 and 1.15, 
respectively, from the untreated brick. Whereas Jensen et al. [32] reduced the Aw-value with a 
factor of 1000 for the exterior 10 mm of the masonry. 

Most studies investigate retrofit scenarios not the masonry modeling itself; however, there are 
a few studies specifically investigating the modeling of masonry, e.g., [48, 49, 169]. 

Vereecken and Roels [48] investigated the impact of representing masonry as a homogenous 
brick layer. They compared such a representation to masonry composite representations 
including head and bed joints, with and without brick-mortar interface resistance. The different 
modeling setups resulted in changes in moisture distribution, with bed joints without interface 
resistance acting like a buffer for moisture absorption along the brick during imbibition, 
whereas with interface resistance the moisture front in the brick closely resembled that of 
homogenous brick. With interface resistance, head joints had larger impedance on the moisture 
front. A homogeneous simplification resulted in a faster moisture front. 

In contrast to imbibition simulation, an alternating wetting and drying simulation following a 
real weather sequence showed that a homogeneous simplification would underestimate 
moisture stored and distributed inwardly in the mortar bed joints [48]. This was attributed to 
slower drying performance of mortar in addition to it promoting redistribution along the bed 
joint. In contrast, a homogenous brick layer would allow easier drying between rain events. In 
an alternating wetting and drying setting, interface resistance adds negligible overall impact on 
moisture response, i.e., even though the resistance ensured less moisture transfer from brick to 
mortar, it also resulted in more difficult drying from the mortar joint. The modeling by 
Vereecken and Roels did not address potential increased moisture transport along the brick-
mortar interface. In perspective, regarding an in situ study, Hansen et al. [42] argued a 
homogeneous lime mortar layer better represented masonry performance than a homogeneous 
brick layer in 1D simulations, when comparing to measurements and 2D simulation. 

Zhou et al. [49] compared simplified 2D and 3D masonry modeling to more detailed 2D 
modeling. The structure investigated was a 1.5-brick-thick wall with exterior render and a 
continuous collar joint located 0.5 bricks from the exterior. It also included a beam end inserted 
0.5 bricks into the masonry from the interior. The simplified models consisted of modeling the 
masonry with vertical layers of render and mortar (collar joints), respectively, and neglecting 
horizontal bed joints. They found the simplified 2D and 3D models were reasonably close to 
the detailed 2D model in results, and they concluded that 2D simulation could be a suitable 
alternative to 3D for predicting mold risk at beam ends. 

For bare brick masonry, Gutland et al. [169] compared modeling including a fracture pathway 
for moisture along the brick-mortar interface to modeling the brick-mortar composite with bulk 
properties only. With the fracture, effects on moisture transport both along and across the 
fracture could be included. They demonstrated that fracture inclusion could increase both 
absorption and drying. The fracture modeling was approached by transforming Navier-Stokes 
flow between plates to liquid conductivity assigned to a fictive fracture material. The retention 
curve was assigned with help of the Young-Laplace equation identifying the capillary pressure 
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at which the fracture would retain moisture. Additionally, the vapor resistance was assumed to 
be as stagnant air. Various interface resistance values were applied between the brick/mortar 
materials and the fracture. With this modeling approach, Gutland et al. set out to meet some 
general issues of earlier fracture modeling, which are: 

1. Too demanding regarding material geometric analysis and model discretization for 
application to larger wall sections. 

2. Applied only to fractures in homogeneous materials, not between materials. 

3. Focused on wetting absorption, thereby not including drying. 
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3. Research questions and relation between articles 
The enclosed articles are categorized as laboratory investigations, hygrothermal modeling, and 
physics model derivation. The relation between the articles, including the progression of the 
research, is illustrated in Fig. 6, and it is further elaborated in Section 3.1 - 3.4 together with 
more introduction of the articles. 

 

Fig. 6 Relation between articles 
 

The research questions that are provided in each journal article are summarized in Table 7. The 
questions provide insight into the research objectives of the articles. For the full account of the 
investigations into these research questions and the conclusions made, the reader is referred to 
the articles. Table 7 contributes as context to the following introduction of the articles and their 
relation, provided in Section 3.1 - 3.4. The conference articles do not have directly articulated 
research questions on such a form, and they are therefore not represented in Table 7. 

Table 7 Research questions covered by the journal articles 
Topic Research questions Article 

Moisture 
performance of 
masonry wall 

1) To what extent will masonry variations, in brick type and 
masonry thickness, influence moisture uptake and drying 
performance? 

II 

2) Will inclusion of a SVB significantly improve drying 
performance? 

II 

Hydraulic 
conductivity 

3) Is it feasible to predict the capillary conductivity at capillary 
saturation? 

V 

4) Can the Scheffler-Plagge model for K(pc) be simplified by 
scaling to conductivity at capillary saturation instead of at 
saturation? 

V 

5) Can the overall procedure for determining K(pc) be simplified 
and made more practically feasible, for when only a necessary 
minimum of material property test data is available. 

V 
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6) For such a model, how is the prediction performance for K(pc) 
when assessing a wide range of porous building materials 
described in previous studies? 

V 

Hygrothermal 
simulation 
modeling 

7) When applying modelled hydraulic conductivity what are the 
consequences of uncertainty regarding the following material 
properties? 

 Capillary absorption coefficient  

 Retention curve 

VI 

8) What impact do modeling choices or simplifications have on 
simulation results? Aspects that herein will be investigated 
are: 

 Reading position of results in simulation model compared 
to sensor location in physical experiment. 

 Isotropic vs. anisotropic wood properties for beam end. 

 Including increased permeability along the brick-mortar 
interface in mortar properties during rain events. 

 Presence of a particularly “leaky” mortar joint, due to 
lower brick-mortar interface quality, and distance of such 
a joint to the sensor. 

 2D simplification compared to simulating in 3D. 

VI 

9) What effect is seen from modeling a smart vapor barrier 
compared to no barrier or traditional barrier? 

VI 
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3.1. Laboratory experiments 
Article I investigates water absorption in brick, mortar, and the composite of the two. One 
objective was to investigate a hypothesis of a relation between the water absorption coefficient 
and shear strength; however, shear strength is not a focus of this thesis and is not addressed any 
further. The important aspect from Article I that has further been utilized is the theory on 
identifying the absorption coefficient. Article I became a springboard for further laboratory 
work (Section 4.2) identifying absorption coefficients for bricks and mortar joints, and mortar 
joint interaction with bricks by the brick-mortar interface. The work that started with Article I 
culminated in material properties listed in Table 2 and Section 2.2. of Article II and material 
description in Article VI, Appendix A, used for hygrothermal simulation. The Aw-values are 
further used as input in the capillary conductivity model of Article V, utilized in Article VI. 

 
Article II investigates wetting and drying behavior of masonry wall segments of different 
configurations, with the objective to investigate how different configurations affect this 
behavior. In addition to its standalone objective, it provides an experiment dataset for 
comparing hygrothermal simulations to, which is pursued in Article VI.  

3.2. Hygrothermal modeling 
Article III addresses the potential of hygrothermal modeling and simulation in 3D using 
COMSOL. It describes the basics of moisture and heat transport equations as PDEs, and it 
presents results of applying the 3D model to Hamstad benchmark I and II. Article III served as 
a steppingstone to Article IV model-wise. Although Article III applies an early version of the 
COMSOL model and is thereby outdated on the benchmarking, it serves as a demonstration of 
the 3D potential, a potential which is further demonstrated in Article VI. 

 
Article IV presents a comparison between using a model in COMSOL and WUFI for a 
complete climate exposure using a moisture design reference year (MDRY). Thus, sub-models 
for shortwave and longwave radiation were included in the COMSOL model. Nevertheless, 
radiation models are on the side of the thesis topic and are only summarized in Appendix A.7.3. 
The key aspect of Article IV is the solution of more efficiently dealing with issues of RH as a 
dependent variable. Similar to the solution of modeling capillary pressure, which is spanning 
several orders of magnitude, on a logarithm format, to avoid these orders of magnitude, the RH 
can be modeled on a logarithm format to overcome the issue of many decimal places of RH 
when approaching saturation. This is of particular importance when dealing with driving rain 
absorption. Article VI applies the logarithmic expression for modified RH, proposed in Article 
IV. Furthermore, the COMSOL model version of Article IV includes modeling of humid air 
properties in the air cavity in the beam end pocket, which is also included in the model version 
used in Article VI. Modeling of the SVB is, however, different in Article IV and Article VI, 
with the latter modeled dependent on RH on both sides, while the former modeled dependent 
on local RH and modeled together with the interior gypsum board for simplicity. Modeling with 
RH on each side is more directly relatable to laboratory testing of the SVB, and hence assumed 
preferable. 
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Article VI investigates the impact of different modeling choices. It incorporates information 
gathered from Article I and II to approach modeling of increased rain absorption through mortar 
joints, compared to what the mortar itself allows for. The hydraulic conductivity model from 
Article V is applied to generate hydraulic conductivity curves for brick and mortar. 
Furthermore, Article VI builds further on the learnings from the work of Article III and IV, in 
improving modeling in COMSOL. 

3.3. Capillary absorption 
Article V investigates modeling of the hydraulic conductivity, with capillary conductivity 
approached with a bundle of tubes model. The article demonstrates prediction of the capillary 
conductivity at capillary saturation, which is used as basis for scaling the rest of the capillary 
conductivity curve. The approach outlined in Article V provides a more realistic curve than 
when transforming a liquid diffusivity curve to a liquid conductivity curve. That is, one assures 
a monotonically increasing curve with increasing moisture content. The method in Article V is 
applied for input data in the simulations of Article VI. 

3.4. Hygrothermal simulations 
Article VI highlights uncertainty caused by both unknown material properties and modeling 
choices, and the article explores the impact of this uncertainty. Often one is unable to 
completely map all material properties and one thereby has to supplement measured properties 
with properties that are taken from standards, estimated, modeled, or found from similar 
materials. Examples of this are investigated with regard to sensitivity when having non-
measured retention curves and hydraulic conductivity curves. Regarding modeling choices, this 
includes choices on result reading positions compared to sensor location and extents, modeling 
mortar joints to account for increased absorption along brick-mortar interfaces, presence of 
leaky joints, isotropic vs. anisotropic beam end properties, and 3D vs. 2D representation of the 
beam end. Furthermore, the effect of SVB is investigated compared to no vapor barrier and 
traditional vapor barrier. Article VI draws from the experience gathered in all the foregoing 
articles, Article I-V, in establishing the study. 
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4. Research methodology and procedural account 
The purpose of this chapter is not to repeat the methodology described in each article. Instead, 
it is to supplement the information found in the articles with additional background information 
and additional information not having been included in the articles or which has not been 
possible to publish in additional separate articles. The chapter may also cast light on reasons 
for the direction of the research. Furthermore, a shift in research direction is addressed in 
Section 4.2. Additionally, the chapter goes a step further than the articles in documenting the 
quality and thoroughness of the research methodology. 

There are potentially several ways to classify articles according to research methodology. 
However, in the present thesis, one can differ between empirical (Article I, II) and conceptual 
(Article III, IV, V, VI). 

4.1. Review of literature (Article II, V, VI, and Thesis) 
Literature reviews can fulfill several purposes, to which different review forms can be 
categorized. However, term definitions vary in the literature body, and purpose and practice are 
debated. A distinction is often made between systematic literature review (SLR) and non-
systematic. From one point of view, systematic reviews follow a disclosed review procedure or 
protocol to make the review transparent and repeatable, whereas a non-systematic review is a 
subjective process of discovery, evaluation, and selection, formed by exposure and experience 
[179]. Different forms of review focus can be organized under these two overarching 
approaches. However, in a more nuanced view SLR does not have a sole claim on being 
systematic, see [180]. Being systematic does not necessarily imply procedures, protocols, and 
repeatability. With a looser perspective on systematic, one may list some different literature 
review forms as done below. Still, many more obscure forms and variations arguably exists 
[181]. 

 Traditional literature review, i.e., state-of-the-art review for identifying research gaps 
and needs [180]. 

 Systematic literature reviews in search of addressing specific research questions [180]. 

 Scoping literature review, i.e., mapping body of literature on a topic in terms of extent, 
nature, and characteristics [182].  

 Descriptive review, i.e., summarizing and clarifying knowledge of a “recent” 
development [181]  

 Critical review, i.e., scrutinization of relevant and significant research (e.g. ideas, 
arguments, findings), including highlighting revision needs, supported by clear 
argumentation [183]. 

Following this list, for the current research, a traditional literature review in form of state-of-
the-art has been the dominant approach; however, elements of a “systematic” literature review, 
in addressing specific research questions, and a descriptive and critical literature review have 
also been applied. Neither the thesis nor the articles further specify or distinguish between the 
forms having been used in different review sections. 
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The process of reviewing literature has involved searching for relevant keywords on the topics 
worked on in scientific literature search engines. Subsequent of finding relevant sources 
(articles, book chapters, and doctoral theses) two additional steps have systematically been 
taken: 1) going through the reference lists of these sources to identify additional relevant 
sources, 2) identifying scientific literature where these sources have been referenced later on. 
Additionally, the overall body of published research by some researchers has been identified 
when deemed relevant. 

Before utilizing references to relevant literature, the quality has been considered, including 
consideration of publishing level and scientific merit or standing. The extent of consideration 
has been adapted to the end-use application of each reference, with extra scrutiny for references 
that affect research outcome and conclusion. 

4.2. Laboratory testing – small scale 
This section deals with material measurements, including individual bricks, mortar joints, and 
brick-mortar composed pillar samples. 

4.2.1. Statistical treatment – general remarks 
In experimental investigation, statistical treatment or analysis is in general important in order 
to determine whether or not correlations according to some hypotheses exist. Basically, this 
deals with the risk of rejecting a true null hypothesis (no correlation), a Type I error, or 
accepting a non-true null hypothesis while there actually is a correlation, a Type II error. 
Additionally, statistical treatment can be used to analyze data distributions and to decide 
statistical parameters describing distribution spread or skew, and so on, for instance, deciding 
standard deviation. 

When addressing statistical treatment aimed at testing hypotheses, then sample size is a central 
issue. A too small sample size will limit sensitivity for correlation detection, causing failure to 
detect weak correlations. Furthermore, a sample size can be too small for viability of statistical 
treatment all together. A too large sample size is, on the other hand, unnecessarily resource 
demanding or too excessive to provide any additionally useful sensitivity, or it risks detection 
of noise from aspects or factors not benefitting the hypothesis investigation. Nevertheless, too 
large sample size is not an issue in the present work. Rather, the issue is whether one is able to 
arrive at sample sizes adequate for statistical treatment. 

Statistical treatment could have been relevant for the experimental work and subsequent 
analysis in Article I and II; however, neither of these involve enough samples (specimens or 
sensor readings) for statistical treatment. Hence the focus regarding statistical treatment will be 
relevant for the following documentation of work presented here in the thesis, and which is not 
included in the articles. Furthermore, this is addressed to document that this issue was 
considered and to provide learnings for future research. 

4.2.2. Sample size considerations 
There is no generalized minimum value for the number of samples needed for statistical 
analysis. The number of samples one should seek depends on: type of statistical analysis, 
intended confidence levels, and sought accuracy level. 
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For the laboratory work encompassed by this thesis the minimum number of samples needed 
were considered from three angles: 1) Perspective of the t-distribution, 2) Kolmogorov-
Smirnov test for normality [184], and 3) Central limit theorem. With 1) the number can vary 
depending on sought confidence and accuracy, as described in [185], while for 2) it becomes a 
question of necessary resolution for the test, where a resolution of ≥ 20 samples are preferable 
from a practical perspective, whereas for 3) the assumption of normality in general requires ≥ 
30 samples. 

Considering the practical issues of sample preparation, 30 samples was deemed too demanding, 
while 20 samples could be achieved in certain cases. Otherwise, a minimum of 10 samples were 
sought, after assessing [185], to have reasonable confidence in the mean and to calculate a 
meaningful standard deviation, within the theory of the t-distribution. 

Cases of sample preparation: 

 Brick properties (Thesis Section 4.2.3 and Article II): 20 samples (for each of 3 brick 
types, hence 3x20 samples). 

 Mortar (joint) properties (Thesis Section 4.2.3): 4 samples (for each of 4 variants, hence 
4x4 samples, 8 for each mortar type, see Table 8). 

 Mortar (joint) properties (Article II): 10 samples (less than 20 due to complicated 
production procedure, see Fig. 7 c), and needed to be made for two brick types, i.e., 
2x10 samples). 

 Brick-mortar interaction properties and correlation detection: aimed at 20 samples, but 
resulted in fewer, see Section 4.2.3. 

 Vapor permeability: 5 samples according to EN ISO 12572 [186]. 

 Sorption: 5 samples (minimum 3 according to EN ISO 12571 [187]. 
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a) b) 

 

c) d) 

 

e) f) 

 
Fig. 7 Sample preparation, a) bricks with epoxy paint, b) brick with perforated plastic 
cover at an ensured distance to brick surface, c) mortar joints produced between cotton 
bandages and bricks, d) mortar joints with epoxy paint drying, e) pillar construction with 
tool to ensure constant joint thickness (Set 3), f) pillar specimens with epoxy paint. 

4.2.3. Investigations of the brick-mortar interface and absorption (Article I and Thesis) 
The laboratory study reported in Article I was supposed to act as a preliminary study, to be 
followed by further investigation. This laboratory work was conducted by two master students 
who started an investigation into a plausible correlation between the capillary absorption 
coefficient and shear strength, measured on a masonry pillar consisting of three bricks with bed 
mortar joints in between. This work was ongoing before the current PhD work became involved. 
However, with this preliminary laboratory result available, but not published, it became an 
opportunity to incorporate it into the PhD work, and to further build on it. First by writing a 
conference paper on the matter, before following up on the work and learnings with additional 
laboratory investigation. 
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The writing of the conference paper involved reanalyzing all the results of the preliminary 
laboratory study in a more precise spread-sheet setup, taking into account the theoretical 
framework of Bomberg et al. [188]. These updated results were then presented in the conference 
paper (Article I). 

Although the results of Article I were implying there could be a correlation between the 
capillary absorption coefficient and shear strength of masonry, the results were based on too 
few samples for statistical analysis. Also, a severe weakness was that perforated bricks had 
been used instead of solid bricks (see Fig. 8 a) and b)), creating inaccuracy and large uncertainty 
in whether the results could be trusted. Furthermore, there were a few lessons from the 
preliminary laboratory work which should be improved upon. 

a) b) 

c) d) 

 
Fig. 8 Examples of a) perforated brick, b) solid brick, c) flush joint, d) concave joint. 
 
A new laboratory investigation was undertaken to increase number of samples tested, and to 
improve the experiment procedure to reduce sources of error, unreliability, and inaccuracy. 
Improvements that were made were: 1) using solid bricks only, 2) prewetting of the bricks, 3) 
adding punctured plastic cover on top surface and more carefully adding epoxy paint on the 
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sides to avoid evaporation loss during testing, see Fig. 7 b), 4) conducting the brick laying more 
carefully. A selection of pictures from sample preparation are provided in Fig. 7. 

In addition, weight measurements were done at shorter time intervals after the specimens were 
lowered into the water. Furthermore, more accurate geometric measurements were taken. 
Observations of the moisture front permeation of the opposite surface were also noted down. 

Materials applied were a high initial rate of absorption (IRA) brick (IRA of 4.5 kg/(m2min) 
declared, 5.1 kg/(m2min) measured), a lime mortar (CAL 148), and a lime-cement (LC) mortar 
(LC 35/65, % of lime and cement, respectively). Measured material properties are given in 
Table 8. Capillary absorption was not tested for a long enough time to determine wcap for the 
mortar joints. Vapor permeability was not tested for the mortar joints; however, it was tested 
for the brick. Mortar joints were given two different finishes, i.e., half was given flush and 
concave finish, respectively (see Fig. 8 c) and d)). Flush implies a non-compacted, straightly 
smoothed surface finish, while concave implies a compacted finish, formed as a concave 
channel in the joint exterior. 

Table 8 Material properties. Measured average and standard deviation. Based on 20 
samples for brick, 4 samples each for flush and concave mortar joints, for both mortar 
types. 
Material Brick  CAL 148  LC 35/65 

 Average Std.  Average Std.  Average Std. 

Weight [g] 2481.98 17.88 

F
lu

sh
 jo

in
ts

 

- -  - - 

Density [kg/m3] 1760.91 8.37 1771.53 10.94  1806 5 

Aw [kg/(m2ꞏs1/2)]a 0.267 0.026 0.0168 0.00231  0.0130 0.00097 

Wcap [kg/m3]b 284.6 4.04 - -  - - 

δv [kg/(mꞏsꞏPa)]c 1.963E-11 3.636E-13 - -  - - 

Weight [g]   

C
on

ca
ve

 jo
in

ts
 

- -  - - 

Density [kg/m3]   1768.21 5.54  1832 8 

Aw [kg/(m2ꞏs1/2)]a   0.0168 0.00184  0.0100 0.00165 

Wcap [kg/m3]b   - -  - - 

δv [kg/(mꞏsꞏPa)]c   - -  - - 

a Refer EN ISO 15148 [189] (measured through brick face). b Taken as the hypothetical transition 
between capillary absorption and diffusion of trapped air. c EN ISO 12572 [186] 

 
Unfortunately, several specimens were lost due to poor bonding, even with brick prewetting 
and more careful brick laying. These specimens fell apart after curing, during preparation and 
testing. This complicated arriving at a number of specimens sufficient for analysis. To arrive at 
a number of specimens that could be analyzed, three rounds of masonry pillar production was 
undertaken, giving three sets of specimens, summarized in Table 9. Given the laborious task of 
making specimens, and the space and time requirements for storing and testing them, the 
number is nevertheless low for statistical analysis and too low for proper statistical analysis. 
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After Set 1 it was decided the number of variations should be limited, to only further focus on 
LC mortar and flush joint execution. This finally resulted in 14 intact specimens from 3 
production sets. 

Table 9 Sets and number of specimens 
Mortar type Joint type Number of specimens (lost specimens) 

  Set 1 Set 2 Set 3 

Lime mortar (Cal 148) Flush 6 (1) 0 0 

 Concave 6 (1) 0 0 

LC-mortar (LC 35/65) Flush 6 (3) 6 (5) 10 (0) 

 Concave 6 (2) 0 0 

 
An imbibition investigation included several measurements of the pillars. The thinking was that 
not only the absorption coefficient but also the seep-through process of moisture could reveal 
possible poor brick-mortar interfaces, which could be compared to shear-testing results and 
observations on type of failure mechanism and on location of fracture surface. Furthermore, it 
was hypothesized regarding whether mortar remnant on the fracture surface could have 
correlation to shear strength. The following were therefore measured: 

 Weight measurements at different times during partial submerging, Fig. 9 a). 

 Identifying time of 1st, 2nd, 3rd, etc., up to 6th seep-through of damp patches on the 
opposite surface. 

 Identifying location of seep-throughs, (at which mortar joint, which brick-mortar 
interface, or at which brick), Fig. 9 b). 

 Shear strength, Fig. 9 c). 

 Fracture location and mortar mud deposit, Fig. 9 d). 
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a) b) 

 

c) d) 

 
Fig. 9 Testing of brick-mortar pillar specimens. a) absorption testing, b) seep-through 
observation, c) shear strength testing, d) observation of fracture location and form. 

4.2.4. Results and summary on absorption and shear strength (of the brick-mortar 
interface) 

Results from investigating the potential relation between the absorption coefficient and shear 
strength for specimens are plotted in Fig. 10. No particular correlations are discernable in either 
Fig. 10 a) or b). However, it can be said the specimens with the highest shear strengths do not 
have the highest absorption coefficients. For lime mortar with flush joint, Fig. 10 a), one could 
easily plot a correlation; however, that would be highly questionable since all those specimens 
only have minor changes in shear strength, and the specimens for lime mortar with concave 
joints show no trend. In Fig. 10. b), it can be pointed out that a relatively low shear strength is 
observed for both the lowest and highest Aw-values, or in other words, the whole range of Aw-
values are observed for specimens with low shear strength. 
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a) b) 

 
Fig. 10 Specimens plotted for Aw-τ relation: a) set 1 and 2, b) all 14 LC-mortar, flush joint 
specimens from set 1-3. 
 
Seep-through observations from Set 3 are provided in Fig. 11, together with performance in 
terms of absorption coefficient and shear strength. Such accurate observations of seep-through 
were only done for Set 3. It was not possible to find any correlation between observation of 
seep-through location at joint interface, time of seep-through, and Aw from Fig. 11. Specimen 
5 and 8, which have relatively low Aw-values, do show a late full seep-through time. However, 
so does specimen 7 with a moderate Aw. Furthermore, specimen 4 and 6 with relatively high 
Aw-values do not show a particularly quick, full seep-through, although specimen 4 has the 
earliest seep-through, but this is in the brick. Specimen 4 has very low shear strength, but so do 
specimens 5 and 8, which have low Aw-values. The highest shear strength is seen in specimen 
2, which performs moderately in terms of seep-through occurrences. 

 
Fig. 11 Overview of seep-through location (joint interface or brick) with times of 
occurrence. Aw [kg/(m2s0.5)] and τ [N/mm2] of each sample are provided for correlation 
assessment. 
 
No correlation is seen between fracture location and observed location of seep-through (Fig. 
12). In fact, most fracture locations did not show any seep-through, with only 4 of 10 fractures 
locations (including specimen P2-1OP, see Fig. 9 d)) showed seep-through. However, those 4 
fracture locations do correspond to the first seep-through times of those specimens. 
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Fig. 12 Fracture location (color) vs. first 3 seep-through times and location for Set 3 
(numbers in min). 
 
Correlation between extent of mortar mud deposit left on the fractured surface, Fig. 13, and 
shear strength was investigated with Fig. 14. Mortar mud deposits were qualitatively classified 
from subjective assessment of observed fracture surfaces by assigning classes (marginal, 
moderate, heavy) and values (scale 1-9) as presented on the y-axis in Fig. 14. No apparent 
correlation was found. 

a) b) 

 
c)  

Fig. 13 Degree of mortar mud deposit on fracture surface of bricks after shear testing. 
Examples a) marginal (1), b) moderate (5), c) heavy (8) 
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Fig. 14 Observed mortar mud deposit extent vs. shear strength results. 
 
Finally, the results are summarized in Table 10, including fracture locations. Overall, no 
correlations were detected from comparing fracture location and range in shear strength in 
Table 10. 

Table 10 Overview of fracture location in pillar specimens, associated number of 
specimens, shear strength range, mortar mud deposit amount on fracture surface, and 
absorption coefficient range. 
Fracture location Number τ-range 

[N/mm2] 
Mortar mud deposit [-] Aw-range 

[kg/(m2s0.5)] 
Top, upper joint 3 0.074-0.192 Marginal – moderate (1-5) 0.258-0.304 

Bottom, upper joint 8 0.069-0.173 Marginal – heavy (1-7) 0.250-0.279 

Neither top not 
bottom, upper joint 

1 0.284 Moderate (5) 0.252 

Top, lower joint 14 0.061-0.238 Marginal - heavy (1-8) 0.220-0.312 

Bottom, lower joint 2 0.080-0.098 Moderate (4-5) 0.261-0.284 

Neither top not 
bottom, lower joint 

0 - - - 

 

4.2.5. Conclusion of investigation on brick-mortar interface 
The following conclusions were made: 

 No correlation between the water absorption coefficient and shear strength was found. 

 No correlation between visual observation of seep-through, through interface or brick 
respectively, and shear strength was found. 

 No correlation between seep-through location and fracture location (and fracture form) 
was found. 



 50  

 No clear correlation between seep-through times, including locations, and absorption 
coefficients was found. 

 The brick-mortar interaction significantly increases the water absorption rate compared 
to the absorption rate estimated from an area-averaged absorption of the two materials. 
This supports a hypothesis of additional moisture absorption along the brick-mortar 
interface. 

If there is a correlation between the water absorption coefficient and shear strength, the 
correlation signal is weak and is easily drowned by the variability of water absorption in the 
brick. Thus, if such a correlation should be investigated again, it is paramount that the individual 
bricks are tested for their absorption coefficients and sorted in categories by value of those 
coefficients. This to ensure that all bricks used, to compose brick-mortar pillars in a set, have 
equal or comparable absorption performance, to eliminate noise, uncertainty, and 
incomparability. 

It might also be plausible that the mortar used, operates over a too low and short interval of 
shear strength capacity for there to be an observable correlation. As seen in Fig. 10, most results 
gather in the lower range of shear strength, and these are shear strength values that are rather 
low in general, when compared to more cement-based mortars. Thus, different or nuancing 
findings might be plausible with a higher-strength mortar. 

Due to the conclusions made, and with the work and results considered unsuited and insufficient 
to be published, further work on this topic was terminated. This research thus became a dead-
end in terms of the thesis. It would have been too risky (uncertain) for the PhD project to tread 
further down this research path. Consequently, focus was shifted towards testing masonry wall 
segments with interior insulation in a climate simulator. 

  



 51  

4.2.6. Investigation of material properties 
During the laboratory work several material properties were measured. Listed in Table 11, for 
reference, the basic material properties were measured in accordance with relevant standards. 

Table 11 Standards applied for measurements 
Property Symbol 

in thesis 
Standard Comment 

Volume (net)  EN 772-3:1999 Used for calculating the net dry density 
Density (net 
dry) 

ρs EN 772-13:2000 / 
EN 1015-10:2000 

 

Initial rate of 
absorption 

IRA EN 772-11:2011  

Capillary 
absorption 
coefficient 

Aw EN ISO 
15148:2003 

 

24 h water 
absorption 

(wsat) EN 772-21:2011 Was found to be unreliable 
approximation of saturated moisture 
content, presumably due to significant 
amount of entrapped air. 

Sorption w(ϕ) EN ISO 
12571:2013 

 

Vapor 
permeability 

δv EN ISO 
12572:2001 

Only the wet-cup was measured due to 
the practice in the laboratory, although 
the dry-cup is more suitable for 
applicability in hygrothermal simulation 
models. 

Shear strength τ EN 1052-3:2002  
 

4.3. Large-scale testing of masonry wall segments in climate simulator 
(Article II) 

This section will summarize the large-scale laboratory experiment setup and methods. The 
description will try not to be a direct repeat of what is found in Article II. Instead, it will provide 
a more superficial description, but which is supplemented with some additional perspectives on 
the experiment design, aims, methodology, and uncertainty over what is found in the article. 
For more specific details on materials, construction, structure, instrumentation, and climate 
sequence the reader is referred to Article II. 

4.3.1. General 
A test wall composed of nine individual masonry wall segments, Fig. 15 a), was constructed to 
investigate differences in hygrothermal performance from variation in masonry and interior 
insulation system configuration. The nine segments were given configurations so that there 
always were at least two segments only having one varying parameter. The exception is Seg. 2, 
which acted as a non-insulated reference segment that consequently was without an interior 
insulation system. Two series of the experiment were planned with two intentions in mind: 1) 
investigate experiment repeatability, and 2) focus on mineral wool in Series 1 and other 
insulation materials in Series 2. Although both series were run, and data gathered, it was 
unfortunately not possible to address the other insulation materials in the work on this thesis. 
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The reasons for this were that analysis of segment performance turned out to be more 
complicated than anticipated, repeatability between series was difficult to achieve, and because 
the topic of Article V was stumbled upon in the meantime, thereby leading to a shift in research 
priority. Therefore, the other insulation materials, which were aerogel blanket and phenolic 
foam board products will not be addressed in this thesis. 

a) b) 

 

Fig. 15 a) Test wall divided into 9 wall segments, b) cross sections of brick wall segments 
of 1.5- and 1-brick thickness, respectively. 

4.3.2. Design, objectives, and time constraints 
The experiment was designed as a parameter sensitivity investigation, with parameters varied 
being: 

 Brick type – varying between a high IRA brick, perceived to resemble brick qualities of 
existing bricks from times prior to 1950, and a moderate IRA brick representing modern 
brick design for better handling weather exposure. 

 Masonry thickness – 1-brick-thick and 1.5-brick-thick. 

 Insulation thickness – varying between 50, 100 and 150 mm. 

 Vapor barrier – SVB and traditional vapor barrier in polyethylene. 
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The experiment would make use of a climate simulator that can create exterior and interior 
climate exposure. The insides of the climate simulator chambers are pictured in Fig. 16. Further 
description is provided in Article II. 

a) b) 

Fig. 16 Climate simulator consisting of two chambers, a) exterior side with water spray 
nozzles and lamps, b) interior side with space for monitoring equipment. Also showing 
ventilation systems at the ceilings. 
 
The intention, in addition to studying the impact of the parameter variations above, was to 
investigate the drying potential towards the interior. This included investigation of the drying 
potential regarding embedded beam ends, with the presumption that beam ends represent one 
of the most moisture-critical types of elements in interior insulation retrofit. 

To enable clear detection of SVB contribution to inward drying, the thinking was that the 
masonry should undergo severe wetting, thereby ensuring high RH exterior of the SVB when 
warm exterior temperature was imposed for drying to take place. Then the SVB functionality 
should ensure low vapor resistance. Although this thinking generally should hold, it turned out 
that heterogeneity in the masonry obscured this, as the wall segment with traditional vapor 
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barrier, which was to work as a comparison, from sensor readings, seemingly distributed much 
less moisture to the interior than the SVB-fitted counterparts. 

With the experiment designed with severe rain wetting, this would become an issue for the 1.5 
thick wall segments. Although it was known from previous work in the laboratory [39] that 
heavily wetted masonry takes long time to dry out, it was believed the time could be shortened 
by drying the masonry after construction and between series by keeping it inside the climate 
simulator at a high temperature (35 and 30 ℃, exterior and interior respectively). However, 
even this took long time and pressed the allotted time with the climate simulator. Thus, how 
long the drying period of the experiment series could be run was limited. The climate sequence 
had a duration of 3340 h or 146 days. After brick laying, the curing and subsequent drying took 
almost 7 months; nevertheless, there was indication from the poor repeatability between Series 
1 and 2 that an initial moisture content likely had been present for Series 1. Consequently, Series 
1 might not have started completely dry as intended. Thus, a lesson from this experiment is that 
no less than a year should have been scheduled for the preparation and running of Series 1 after 
construction. This relates to the segments of 1-brick thickness. For the 1.5-brick thickness, even 
longer times would be required, including a longer drying period in the climate sequence. The 
1.5-brick-thick segments did not dry out in time for Series 2. This especially affected Seg. 1, 
and therefore Seg. 1 did not participate in Series 2.  

4.3.3. Configurations, structures, and materials 
Nine wall segments were constructed into a large steel frame. Fig. 15 a) shows the final product. 
Cross sections of the 1- and 1.5-thick segments and their placement into the steel frame structure 
are seen in Fig. 15 b). Wood girts and studs fix in place the segments that are in a row, with 
insulation removing heat bridge influence from the steel on the masonry. Configurations of the 
parameters previously listed are provided in Table 12, with configuration changes in Series 2 
listed in Table 13 for reference and clarification, even though the different insulation materials 
in Series 2 are not addressed in this thesis. 

For both the moderate and high IRA segments a LC mortar was used (LC 50/50/610 with 
numbers corresponding to lime/cement/aggregate mass ratios of binder content). It has been 
pointed out, the importance of finding a mortar that compliments the brick for good brick-
mortar bonding [65]. This was not attempted here. Instead, a common LC mortar was used, but 
which still should resemble mortar properties of existing buildings more than newer masonry 
mortars or pure cement mortars. 
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Table 12 Configuration overview of wall segment characteristics in Series 1 
Segment 1 2 3 4 5 6 7 8 9 

Moderate IRA brick  - - - - -    

High IRA brick -      - - - 

Wall thickness [bricks] 1.5 1 1.5 1 1 1 1 1 1 

Reference segment -  - - - - - - - 

Insulation thickness [mm] 50 - 50 50 50 150 50 100 150 

Interior gypsum board 
finish 

 -        

Polyethylene vapor barrier - - - -  - - - - 

SVB  -   -     

 

Table 13 Altered configuration overview of wall segments in Series 2 
Segment 1 2 3 4 5 6 7 8 9 

Mineral wool batt - - - -  - - - - 

Phenolic foam board - - -  - -   - 

Aerogel blanket - -  - -  - -  

Insulation thickness [mm] - - 20 50 50 40 50 50 60 

Interior gypsum board 
finish 

- -        

Smart vapor barrier - -      -  

 

4.3.4. Instrumentation and construction 
The segments were equipped with Sahlen sensors, RH sensors, and beam end resistance 
moisture meters. The Sahlen sensor contains a thermistor and a resistance moisture meter based 
on birch wood. It is a practical sensor for monitoring moisture conditions in the high RH 
interval, where RH sensors are unreliable, or in structures where moisture conditions are 
expected in the over-hygroscopic region. A drawback with the Sahlen sensor is that when 
placed inside the masonry, its result is difficult to compare to hygrothermal simulations. This 
because, in practice, one needs to include a Sahlen sensor dummy (sensor geometry and 
material properties) in the simulation model for result reading (this has not been attempted in 
the current thesis). Otherwise, one will miss the delay that occurs in the experiment, due to not 
having capillary contact between the birch wood and the mortar. An additional issue is the 
conversion of results by aligning the retention curves of birch wood and mortar, to identify 
moisture content of mortar. This process gives rise to some uncertainty due to retention curve 
uncertainty of the respective materials. RH sensors provide limited usefulness when built into 
the masonry since they are unreliable close to vapor saturation and provide low to 
indistinguishable variation in result when very close to saturation. Thus, what they detect will 
be the arrival of over-hygroscopic conditions with rain events. Additionally, they become useful 
again (although sometimes fail) when the drying closes in on or enters hygroscopic conditions. 
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Sensor placement during brick laying for both Sahlen and RH sensors is depicted in Fig. 17 c) 
and d), whereas Fig. 18 shows an overview of all sensor locations.  

Prewetting of the high IRA bricks had been found important (Section 4.2.3) for improving 
brick-mortar bonding, and it presumably limits infiltration along the brick-mortar interfaces. 
Consequently, the high IRA bricks were prewetted for 10 min before bricklaying, Fig. 17 a). In 
contrast, the moderate IRA bricks were only brushed with water, i.e., each course was brushed 
with water before next one was laid upon it. Fig. 17 b) shows brick laying of the high IRA 
bricks before final brushing of the mortar to make a smooth finish. Fig. 17 c) and d) show brick 
laying of moderate IRA segments. Beam end pockets are visible in Fig. 17 e). Brushed surface 
of high and moderate IRA segments are shown in Fig. 17 f) and g), respectively, with the final 
finish of high IRA segments, after having dried, seen in Fig. 17 h). 
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a) b) 

 

c) d) 

 

e) f) 

 

g) h) 

 
Fig. 17 a) prewetting of high IRA bricks, b) brick laying of high IRA brick segment, c,d) 
brick laying of moderate IRA segment, with c) Sahlen and RH sensor placement and d) 
Sahlen sensor placement outside beam end pocket, e) interior finish of high IRA masonry 
with beam end pockets, f) exterior finish of high IRA masonry, g) exterior finish of 
moderate IRA masonry, h) exterior with mounted gutters between rows. 
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After finishing a wall segment, it was covered with polyethylene plastic to prevent evaporation 
to the surroundings. All segments were finished after 10 days, including a three-day-weekend 
pause, after which they were left curing for one month. To ensure that the mortar had sufficient 
access to moisture during curing, wall surfaces were sprayed once a week with water, 
approximately 150 ml/m2. After the one month, the plastic was removed to allow for drying to 
the climate of a large laboratory test hall. The hall held a temperature of approximately 18 °C 

for the entire period. For the first two months of drying, the hall held a low level of RH, < 30 
%, due to the cold winter conditions outside at the time. 

 

  
 Seg 7 

 
Seg 8 
 

Seg 9 
 

 
Seg 4 interior view 

  
Seg 4 
 

Seg 5 
 

Seg 6 
 

  

 Seg 1 Seg 2 Seg 3 
Fig. 18 Interior view of Seg. 4 and cross section overview of segments including sensor 
locations. 
 
Spruce beam ends were inserted into the beam end pockets Fig. 19 a), with an asphalt sill gasket 
underneath to act as a capillary break. A 10-20 mm thick airgap was ensured between the beam 
end and the rear of the pocket. The distance variation is due to the uneven surface inside of the 
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pocket. Thus, the distance is at least 10 mm. Airtightness was particularly important to achieve 
due to the ventilation mixing conditions inside of the climate chamber. The chamber attempts 
to create a well-mixed atmosphere to create uniform conditions. Therefore, the airflows exterior 
and interior of the wall segments become rather windy. However, no air pressure difference 
was imposed. Airtightness was approached by sealing the SVB to the beam ends with tape, and 
with clay filling, ensuring no gap between the gypsum board and beam end. 

a) b) c) 

Fig. 19 Close up of a) beam end pocket, b) exterior side of spruce beam end, with mounted 
resistance moisture meter pins, c) frame around insulation with sealant between frame 
and masonry for airtightness. 

4.3.5. Conditions, events, and observations while running the experiment 
To supplement the information and observations mentioned and discussed in Article II and VI 
more pictures are provided in Fig. 20. A view of the rain events is provided in Fig. 20 a), to 
give an impression of the water mist conditions that are generated due to water spray nozzle 
functionality. The water spray provides a fine droplet spray that is not typical in real world rain 
events. 

During Series 2 there occurred some malfunctions that created near 100 % RH conditions in 
the interior climate chamber. These occurrences produced heavy condensation on metal 
surfaces in general, since those surfaces held the lowest temperatures, Fig. 20 b). Although 
condensation was not particularly seen on the wall segments, RH sensors in Series 2 clearly 
registered these occurrences (see Article II). 

After rain events, spread water droplets could be seen for a (short) while on the bricks, Fig. 20 
c). Limited absorption capability is thereby indicated at local positions on the bricks. 

With Article VI addressing moisture permeation along the brick-mortar interface, Fig. 20 d) 
and e) give two additional pictures of this occurrence with the masonry in Seg. 2. 
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a)  

 b) 

 
c)  



 61  

 d) 

 
e)  

Fig. 20 A selection of pictures showing conditions, events, and observations while running 
the experiment: a) rain events creating a water mist in exterior chamber, b) malfunction 
causing 100% humidity and severe condensation on metal surfaces in the interior climate 
chamber (prior to Series 1), c) water droplets visible on exterior surface of high IRA 
bricks after 1st 20 min rain event, d) and e) darker areas outline moisture permeation in 
Seg. 2 after 1st 40 min rain event. 

4.3.6. Uncertainties with the climate exposure 
In the climate simulator 16 water spray nozzles are located 1 m from the exterior surface of the 
wall. The nozzles are arranged to create a relatively uniform wetting of the wall surface; 
however, nozzles will have different alignments towards each of the nine segments. An equal 
uniform wetting of each segment can therefore not be guaranteed, although a posteriori 
investigation found no transparent correlation between nozzle locations and sensor results. 
Droplet sizes are in the range of 15-35 μm. Degree of runoff is outside the research scope and 
has not been measured. It can therefore not be assumed that the applied intensity, i.e., the water 
flux, is fully absorbed by the masonry. 

A temperature buffer is required by the simulator to prevent frost issues with its components; 
therefore, it will not allow water spray to be turned on when the temperature in the exterior 
chamber is below 10 °C. If the climatic sequence operates with lower temperatures than this 
the temperature must be raised above 10 °C for each rain event. 
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The temperature of the water spray is not controlled. The water comes from an intermediate 
water tank between the simulator and the laboratory building water system, which results in a 
water temperature that starts at the same indoor temperature as that of the laboratory hall (18 
°C) and falls as the cold water of the water system is mixed into the water tank. Thus, for short 
rain events the rain temperature will keep an indoor temperature, while for long rain events it 
will fall over time towards the temperature of the water system. 

For exterior climatic sequence temperatures that are kept below 11 °C, regular daily defrosting 
of the ventilation system is needed, a process which interrupts the climatic sequence for, 
normally, less than half an hour. 

4.3.7. Other uncertainties 
Article II gives a discussion on uncertainties and possible causes for the poor repeatability 
between the experiment series. This will not be repeated; however, in general there is often a 
lingering uncertainty regarding human error somewhere along the experiment procedure, which 
can manifest itself as repeatability issues. For instance, this can be failing to time the duration 
of rain events properly; however, there is no specific suspicion of this having been the case.  

Other issues that may have resulted in an increased variation in masonry performance is the 
consistency of craftmanship during bricklaying; however, the bricklaying was done by an 
experienced mason to reduce such uncertainty. Nevertheless, the mortar compaction in joints 
may vary, especially for head joints and collar joints. Prewetting of bricks may also result in 
some uncertainty as the moisture uptake during prewetting can vary due to entrapped air and 
variation in pore structure, even though the prewetting duration was fixed. Furthermore, the 
prewetting may not have been substantial enough, since it only resulted in an average moisture 
uptake barely reaching the lowest moisture content advised by Brocken [67], see Article II. 

A shortcoming of the experiment in the climate chamber was that there was no collection and 
weighing of runoff water during rain events. Such a measurement would have been of great 
help to assess the moisture absorption of the masonry, control potential differences between the 
experiment series, and evaluate the degree of conservativeness of simulation efforts (Article 
VI). 

4.4. Analytical work 

4.4.1. Analysis (Article II) 
Analysis of the laboratory results on the masonry wall segments showed to be much more 
complicated than anticipated. The results showed a large spread, and result-correlations to the 
parameters being varied were to a large degree not apparent or could be doubted. With a low 
sample size (number of segments compared) a correlation needs to be highly convincing 
(consistent) to not be drawn into doubt. Thus, a more comprehensive and thorough quantitative 
analysis was needed in addition to the mere visual and qualitative comparison of segments 
performance, visualized through graphs. 

Due to the low sample size, traditional statistics was ruled out. Instead, a semi-quantitative 
approach was chosen, involving ranking segment performances through indexes. The benefit 
would be to identify relative overperformance and relative underperformance among the 
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segments. This could more objectively reveal and document potential correlation trends than 
what subjective interpretation of graphs could. 

Indexes were made, inspired by the FIRGRA (Fire Growth Rate) index [190] used for 
classifying reaction to fire of building materials and products, in the field of fire safety 
engineering of buildings. The essence of the FIGRA index is to reveal information about two 
threat-conditions: I) A large fire is worse than a small fire, and II) a rapid fire growth is worse 
than a slow fire growth [191].  

Similarly in the case of a masonry performance, regarding wetting, Iw) more wetting is worse 
than less wetting, and IIw) rapid wetting is worse than slow wetting. Additionally, regarding 
drying, Id) more drying is better than less drying, and IId) rapid drying is better than slow 
drying. 

This resulted in the development of what was named the Moisture Growth Rate Index (MGRI) 
and the Moisture Decline Rate Index (MDRI), as described in Article II. 

4.4.2. Model development (Article V) 
The origin of work described in Article V can be summarized as follows: 

1) Applying the standard approach of calculating the liquid conductivity from 
mathematical transformation of liquid diffusivity showed to have an issue, i.e., the 
resultant conductivity trend becomes unphysical when close to saturation (see article). 

2) As an alternative the model of Scheffler [84] on modeling capillary conductivity was 
deemed of interest; however, it required the over-capillary saturated conductivity, which 
was unknown for the materials in question, and a coefficient determined from iterative 
hygrothermal simulation of absorption experiments. Thus, the model was not readily 
applicable. 

3) This led to an idea that the capillary conductivity at capillary saturation perhaps could 
be predicted just like the capillary diffusivity at capillary saturation can be predicted, 
i.e., predicted from the capillary absorption coefficient. 

4) However, to achieve this there needs to be established a correlation between the 
capillary absorption coefficient and the capillary conductivity at capillary saturation. 
This led to an investigation into analytical expressions for the capillary absorption 
coefficient and the capillary conductivity (summarized in the article). 

The model development approach consisted mainly of four parts: 1) Establishing understanding 
of the physics, and the model-simplifications of the physics that are involved, to ensure correct 
implementation. 2) Ensuring sound mathematical derivation, i.e., follow each derivational step 
to ensure that the mathematical operations are correctly executed and that nothing is lost in the 
process. 3) Running the model in a spread sheet to evaluate model behavior, and the feasibility 
and correctness of the conductivity curve results against curves reported in the scientific 
literature. 4) Debugging and correcting the model when irregularities were detected. 

Additionally, a consideration was given limitations, in support of limiting the number of 
influential factors and model complexity.  
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4.5. Hygrothermal simulation 
This section addresses the process and methodology in developing the simulation model. 

4.5.1. Reasons for choice of software 
The path towards landing on a software and model to use has to some extent come into existence 
as it has been traveled. Back in the spring of 2014, with COMSOL being easily available at the 
university and with local introduction courses into COMSOL, there was an interest in the 
research group to become familiar with COMSOL’s potential for hygrothermal building 
physics modeling. WUFI was the only other hygrothermal simulation software being used at 
the research group at the time, and it was deemed to have too little access to the physics 
expressions to give high research flexibility. DELPHIN was a considered alternative to 
COMSOL; however, it was not yet acquired by the research group at the time. In retrospect, 
DELPHIN would have been an easier choice than COMSOL, especially since DELPHIN over 
time has had the most extensive utilization and development in the scientific community within 
building physics. In 2014, COMSOL did not have a ready module for building physics. Such a 
module was included in COMSOL a couple of years later; however, when it was included, it 
was not optimized for driving rain. Therefore, a hygrothermal model built in COMSOL from 
scratch, through the COMSOL PDE interface, was continued for the current thesis research. 
With WUFI being most familiar, the modeling in COMSOL was approached following [124] 
with RH as the dependent variable. Choosing RH as the dependent variable led to a series of 
complications that had to be solved. RH as the dependent variable is inconvenient when 
addressing highly capillary cases, such as driving rain scenarios in particular, since the true 
driving potential is capillary pressure. Hence, capillary pressure would have been a more direct 
variable for operation with high moisture content and rapid rain wetting, which is the direction 
the research moved. The direction the research would take was, however, not known when work 
on the COMSOL model began. 

4.5.2. Development of the hygrothermal simulation model 
A model development process may ideally for instance follow something along the lines of the 
v-model [192, 193], where overall functionality specification (addressing end use purpose of 
model), sub-model functionality specification, and component specification are established as 
having links to their verification and validation counterparts. 

In the present work, the process of establishing design specifications has unfortunately not been 
that systematic. Instead, the model has been developed continuously with more functionality 
included as more simulation scenarios have been sought undertaken. Results of early design 
and design aims have lingered throughout the development. This, for instance, is the 
explanation for why the model has kept RH as the physical dependent moisture variable instead 
of capillary pressure, and furthermore, why it was continued down that line. To better 
accommodate heavy driving rain, this led to the making of an artificial natural logarithm 
expression of RH as the dependent variable numerically solved for (Article IV and thesis 
Appendix A.6), instead of adopting the more common approach with natural logarithm of 
capillary pressure. 
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Table 14 Stages of model development (model derived and explained in Appendix A) 
Stage Functionality specification established  Utilization scenarios 

1 Basic hygrothermal model coupling heat and moisture 
transfer.  

In general 

2 Three dimensionality. Hamstad#1 and #2 
benchmarks in 3D 
(Article III) 

3 Driving rain absorption (capillary conductivity based). Hamstad#4 benchmark 

4 Driving rain absorption (capillary diffusion based). Comparative simulation 
study (Article IV) 

5 Smart vapor barrier (based on average experienced RH). Comparative simulation 
study (Article IV) 

6 Humid air gap (behind beam end), humid air properties. Comparative simulation 
study (Article IV) 

7 Shortwave and longwave radiation models (Section 
A.7.3). 

Comparative simulation 
study (Article IV) 

8 Air diffusion, i.e., coupling heat, air and moisture 
transfer (Section A.3). 

Hamstad#3 benchmark 

9 Improved driving rain absorption (hydraulic 
conductivity based). 

Simulation study (Article 
VI), based on Article V. 

10 Smart vapor barrier (based on dual sided RH exposure). Simulation study (Article 
VI) 

11 Allow for unphysical supersaturation of humid air 
(expanded range of RH), as a simple approach to avoid 
dealing with surface condensation. (Section A.6.2) 

Simulation study (Article 
VI) 

 

During the whole process, algorithms had to be revised and updated several times to incorporate 
new understanding, remove errors in algorithms, or to improve faulty or insufficient 
performance of algorithms. 

4.5.3. Verification and validation of the simulation model (Article III, IV, and Thesis) 
In the development of a simulation model, one requires verification of the model’s logical, 
mathematical, and numerical correctness, and validation that it is meeting its intended 
predictive performance. Simulations only provide value if their results can be trusted [194]. 
Therefore, confidence in a model must be established. This can be achieved through 
documenting the verification and validation of the model. The verification and validation 
procedure is of utmost importance for successful numerical modeling [195]. 

Verification involves checking that model equations are solved correctly and accurately, that 
coupling of the physics functions correctly, that model algorithms adhere to the intended and 
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correct logic, that the algorithms are implemented correctly in the model system, and that 
numerical solving of the model system operates correctly and accurately [194, 196, 197]. While 
verification approaches the mathematics and coding, validation approaches the physics [194]. 

Validation addresses whether the model physics appropriately replicate nature [198], i.e., 
whether it accurately represents the real world, with respect to the intended use of the model 
[199]. Validation ultimately involves comparing model predictions to experimental results and 
observations [194, 197, 198].  

An important perspective of model validation is that it does not reveal whether a model works 
properly. Instead, a validation test reveals whether a model works improperly [195, 196]. 
Accumulatively passing validation tests generates trust in a model, due to the tests not rejecting 
it [198]. Validation should be done simultaneously with model building, which is an iterative 
process [200]. Statistical tests should ideally be applied in validation; however, if not realistic, 
graphical plots can, for instance, instead be used [200]. Several validation techniques are 
presented by Sargent [200]. Since validation techniques are problem dependent [200], only the 
perceived relevant ones from Sargent are summarized below: 

 Tracing: behavior of a model entity is traced / followed through the model to determine 
whether it is correctly handled, and that necessary accuracy is obtained. 

 Historical methods: 

o Rationalism: logical deduction of a valid model from model assumptions. 

o Empiricism: every assumption and outcome must be empirically verified. 

o “Positive Economics”: some future must be predicted by the model. 

 Multistage validation: a combination sequence of historical methods. 

 Parameter variability (sensitivity): Ensuring that the same sensitivity or response is seen 
in the model as expected in the real system. 

 Comparison to other models: comparing to other already validated models. 

 Predictive validation: model is used to predict system behavior, and the two are then 
compared. 

 Sub-model testing: validation of sub-models. 

Of these validation techniques, comparison to other models is mainly used in the present work. 
Sub-model testing and parameter variability, although not capable of fully validating model 
performance in the present work, have in the work presented in Article VI been used indicative 
of reasonable model performance.  

Verification of the model has been done by repeated and meticulous debugging and double-
checking of model algorithms, including their derivation. Equations and algorithms have been 
checked in spread sheet format to check that they produce the expected trends and values, when 
compared to the known functions and values of the physical variables and material properties 
they describe. This applies, for instance, to all the material property functions listed in Appendix 
B, to check that their temperature dependence works as intended. Furthermore, generated 
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solutions of equations and algorithms have been sampled from the simulation results to verify 
that the solutions have arrived at realistic values.  

Validation of the simulation model has been done through: 

1) Benchmarking the Hamstad Benchmarks 1-5. Appendix C presents the benchmarking 
of Hamstad #1 – #5 benchmarks. (A benchmarking of the Hamstad #1 and #2 
benchmarks with an early model version was presented in Article III, with only partial 
success, see Section 4.5.4.) 

2) Comparative simulation study in Article IV, where the COMSOL model was compared 
to the WUFI model. 

Note that, from some perspectives, benchmarking is perceived to fall under the realm of 
verification since it does not involve comparison to experiments that the model is intended to 
be used for, e.g., [197].  

Specifically regarding hygrothermal simulation models, they should not only be validated for 
RH since RH is a temperature dependent parameter; thus, validation for RH should always be 
accompanied with validation for temperature [201]. Although, Article VI is not a validation 
article, the principle of assessing RH and temperature in combination is followed there.  

Extensive or specific validation of all model functionality has not been possible within the scope 
of the thesis work. For instance, specific validation with scenarios involving humid air voids or 
a smart vapor barrier is not included. Nevertheless, verification that the mathematics and 
algorithms calculate as intended is conducted. 

4.5.4. Correction of a model mistake present in Article III and IV 
A mistake was unfortunately present in the model version applied in Article III and IV. In 
conversion of the time-derivative of the moisture content, the temperature dependence of the 
capillary pressure was overlooked. 

That is, in Article III and IV the derivative of the moisture content was calculated as Eq. (25) 
with the moisture content differentiated directly for RH. This would only be valid for an 
isothermal situation. 

Differentiation for a non-isothermal case must, however, also differentiate for temperature as a 
variable [202]. Therefore, following Eq. (26), the moisture content is expressed as a function 
of capillary pressure, with the latter a function of both RH and T.  

 w wdw dw d

dt d dt




  (25) 
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dw p dp ,T dp dp Tdw dw dw d dT
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This is further expanded on in Appendix A.4.1, including for a more complex moisture content 
function, being a function of both RH and capillary pressure. The benchmarks presented in 
Article III have been repeated with the corrected model. Consequently, the fluctuations seen in 
Article III benchmark 1 disappear, and the results shift somewhat, when respectively comparing 



 68  

Fig. 3 and 4 in Article III with Fig. C.1.2 and Fig. C.1.12. It was also discovered that the 
simulation result of benchmark 1 is highly sensitive to timestep size. Therefore, compared to 
Article III, smaller timesteps are applied for results in Appendix C.1. 

4.5.5. Analysis by hygrothermal simulation (Article VI) 
Analysis by means of hygrothermal simulation is the methodology applied in Article VI. The 
analysis approaches uncertainty and sensitivity related to modeling choices by varying choice 
alternatives. Additionally, some sensitivity analysis is included related to material property 
uncertainty in order to assess the range of result variation from such uncertainty. The study 
includes additional reflection through a discussion on some other sources of uncertainty related 
to the simulation effort. Finally, a broad discussion is included on conservativeness in such 
modeling, as a method to provide and promote perspectives that may trigger ideas among 
researchers for further research and development of modeling approaches for hygrothermal 
simulation. 
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5. Main findings 
This section is limited to the journal articles, since the conference articles are more like 
steppingstones towards the journal articles and are deemed not to constitute main findings. 

5.1. Large-scale experiment, Article II 
In Article II, the impact of parameters, such as masonry thickness, brick type, insulation 
thickness, and vapor barrier solution, is experimentally investigated. 

Masonry thickness and insulation thickness will not be given emphasis since the findings on 
those parameters were fairly in line with expectations and confirm findings from other studies: 
specifically that lower RH and moisture content, respectively, are experienced at the masonry 
interior and at beam ends with thicker masonry, e.g., [18, 21, 203], and slower dry out is 
experienced with increased insulation thickness, as expected considering the increased vapor 
resistance and slightly lower masonry temperature [32]. For instance, increased insulation 
thickness slightly worsens a mold index in [21]. 

Emphasis will, however, be given to brick type and SVB. Relative performance among masonry 
segments is summarized in Table 15. The calculation of the values is explained in Article II and 
is not vital to repeat here; however, what is important is their relative difference in terms of 
overperformance (white), underperformance (black) and average (gray). Overperformance 
respectively indicates lower and slower wetting, or larger and faster drying, while 
underperformance indicates the opposite. One can clearly see a difference between brick types, 
with more overperformance for the moderate IRA brick (Seg. 7-9) and with more 
underperformance for the high IRA brick (Seg. 4-6). One exception is the wetting experienced 
by the RH sensor on the interior of the masonry, which were more severe for the moderate 
compared to the high IRA segments. Beam end wetting (B sensor) also did not show a 
consistent difference between moderate and high IRA segments. Regarding drying internally in 
the masonry (SO and SI sensors), virtually no difference was detected between the moderate 
and high IRA segments; however, a weakness with this observation was the lack of SI sensors 
in Seg. 8 and 9. Drying on the interior of the masonry and at the beam ends was however much 
better for the moderate IRA segments than for the high IRA segments. 

There were some surprises in the results, especially the combination of the relatively high 
moisture uptake experienced in the masonry itself (SO and SI sensors) for Seg. 5 while the same 
segment showed relatively low wetting at the masonry interior and at the beam end. Since the 
only design difference between Seg. 4 and 5 was the former having SVB and the latter a 
traditional polyethylene barrier, this complicated evaluation of SVB performance. 
Complicating it further, the drying (moisture decline) rate at the masonry interior and at the 
beam end showed to be greater for Seg. 5 than for Seg 4. Thus, SVB performance could not be 
determined from evaluating Series 1. 
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Table 15 Relative performance of segments: black represents underperformance, white 
overperformance, gray fairly average 

 Segments 4 5 6 7 8 9 

w
et

ti
ng

 
SO moisture cont. 0.98 1.15 1.23 0.93 0.65 1.06 
SO growth rate 1.00 1.23 1.34 0.87 0.44 1.12 
SI moisture content 1.30 1.25 1.22 0.73 X X 
SI growth rate 1.51 1.46 1.42 0.54 X X 
B moisture cont. 1.14 0.96 0.98 1.09 0.94 0.90 
B growth rate 1.33 0.86 0.96 1.30 0.79 0.76 
RH moisture cont. 1.01 0.84 1.03 1.06 1.03 1.04 
RH growth rate 0.96 0.77 1.05 1.10 1.06 1.07 

dr
yi

ng
 SO decline rate 0.99 1.01 0.96 0.98 1.00 1.05 

SI decline rate 0.98 0.98 0.84 1.00 X X 
B decline rate 0.46 0.69 0.38 1.31 1.29 1.88 
RH decline rate 0.66 0.73 0.21 1.66 1.46 1.28 

 

Smart vapor barrier performance was evaluated further by comparing Series 1 with Series 2 of 
the experiment. With Series 2 having replaced the traditional polyethylene barrier with SVB 
for Seg. 5, a clear comparison was expected. Unfortunately, however, repeatability 
discrepancies between Series 1 and 2 made such a comparison highly uncertain. (Description 
and discussion of the repeatability issues will not be repeated here, refer to Article II.) 
Comparison between the polyethylene barrier and SVB is given in Fig. 21, by showing sensor 
readings for the RH sensor and beam end sensor, refer Section 4.3.4 and Fig. 18. Climate 
simulator malfunctions in Series 2 unfortunately obscured the comparison even further, making 
it impossible to compare Series 1 and 2 for the wetting of Seg. 5, or for SVB performance in 
the cold period. For the drying period after the onset of higher temperature, the RH curve of 
Series 2 is seen to lie much lower than that of Series 1. However, this cannot be ascribed to the 
SVB because of the repeatability issues. Nevertheless, a somewhat similar drying trend is seen 
in both RH4 and RH52nd, both showing an (early) sharper drying trend than RH5. Thus, it is 
somewhat likely this could be ascribed the SVB. A similar trend is hard to see for the beam 
end, although there is a slightly sharper drying trend in B4 and B52nd than in B5 towards the 
end of the warm period. 
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Fig. 21 RH and beam end sensor readings for Seg. 4 Series 1 (SVB) and Seg. 5 Series 1 
and 2 (polyethylene and SVB respectively). Numbers (1)-(4) identify climate simulator 
malfunctions (Series 2 only), where interior RH briefly approached or touched 100 %. 
Before it was corrected, an incorrect setting also caused the temperature to fall again after 
the onset of the warm period in Series 2. 
 

5.2. Hydraulic conductivity modeling, Article V 
In Article V a methodology for generating hydraulic conductivity curves is established. 

The findings of Article V show that it is possible to simplify the capillary conductivity model 
of Scheffler and Plagge [79], expressed in Eq. (20), by implementing the capillary absorption 
coefficient instead of measurements of effective conductivity at saturation. However, with 
simplification there is loss of accuracy and increased uncertainty. Thus, a simplification needs 
to be beneficial in terms of balancing reduction in resource demand and complexity, with loss 
in accuracy and certainty. Furthermore, such loss needs to be acceptable for what the simplified 
model is applied to. In addition to the simplification, it is shown that the Scheffler and Plagge 
model can be expanded to include a film conductivity model. In the article a film model by 
Lebeau and Konrad [109] is applied. 

The following, including Fig. 22, summarizes the findings in terms of what is achieved with 
the simplified model when comparing to the Scheffler and Plagge model. 
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Fig. 22 Overview comparison between the Scheffler and Plagge model and the proposed 
simplified model 
 
Main benefits of the proposed model are: 

 Replaces Keff,sat with Aw, with the latter easier to measure. 

 Avoids ηcap, a scaling coefficient that is identified through iterative simulation of 
capillary absorption experiments. 

 Includes film conductivity. 

Main drawbacks of the proposed model are: 

 Less accurate determination of Kc,cap. 

 Needs to distinguish between retained moisture θ and capillary retained moisture θc to 
attribute correct moisture content to film and capillary conductivity. 

 Introduces an additional coefficient ηϕ to shift contributing weight of Khyg and Kfilm + 
Kc in the hygroscopic region. 

Overall Article V describes and presents the methodology of generating hydraulic conductivity 
curves. This can be summarized with Fig. 23, which shows that from an input of wcap, wsat, Aw, 
w(pc), and three μ(ϕ)-values one can generate a hydraulic conductivity curve 
prediction/approximation. It was found that this methodology was on par with the method of 
calculating the capillary conductivity from transformation of the common simple prediction of 
capillary diffusivity. Nevertheless, compared to the diffusivity approach, it is believed the 
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proposed model generates more consistent curves avoiding unphysical behavior in materials 
having strong non-uniform pore scales. 

Brick – Derluyn model dataset 

 

wcap = 130 kg/m3, wsat = 209 kg/m3 

Aw = 0.1032 kg/(m2s1/2) 

μ(ϕ=0.33) = 31.5, μ(ϕ=0.7) = 27.9, 
μ(ϕ=0.91) = 11.5 

Source [139] 

 

 

Fig. 23 Input to the model (left) and generated, predicted curve (right) compared to the 
curve reported in the source. 
 

5.3. Hygrothermal simulation uncertainty, Article VI 
In Article VI, a study is presented that highlights modeling uncertainty and sensitivity to 
hygrothermal modeling choices. The study applies a 2D hygrothermal simulation model to bare 
brick masonry with interior insulation retrofit, which includes an embedded beam end and SVB. 
Only the findings deemed most interesting in light of the thesis (sub-)objectives are further 
addressed here. Refer to Article VI for the full account. 

A conservative approach is taken to the driving rain, only limiting the rain absorption to the 
minimum of rain flux and the absorption capacity of brick and mortar. Additionally, the model 
incorporates lumping of mortar properties and the expected increased absorption along the 
brick-mortar interface. The intention with such a conservative approach was to arrive at results 
enveloping experiment results, since the experiment results have a large spread in behavior. 
Thus, the modeling did not try to replicate specific results with a low error of deviation. 
Nevertheless, conservative results were not achieved when focusing on the early response to 
rain events of RH sensors on the interior of the masonry, seen from the experiment, Fig. 24. 
Neither the long dry out time of beam ends seen in the experiment were seen from the 
conservative modeling approach. However, at the same time, the conservative model did arrive 
at a moisture content in the masonry that was higher than in the experiment, thus 
underestimating and not replicating a distinct drying trend seen in the experiment. From 
observations of rapid rain permeation, an implementation of modeling with “leaky” mortar 
joints did, however, approach the rapid RH sensor response seen in experiments. Furthermore, 
applying a 3D model instead of a 2D model significantly delayed the drying of the beam end, 
Fig. 25, thereby giving a conservative enveloping result, and additionally a more matching 
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trend, when comparing to the experiment. This indicated that the rain absorption in general 
could be too severe while simultaneously leak-like intrusions were underestimated in the 2D 
base model without “leaky” joints.  

 
Fig. 24 Inclusion of a “leaky” joint. With a “leaky joint” a more rapid response is seen for 
the RH sensor. RH drying trend is underestimated. Dry-out time of the beam end is 
underestimated in this 2D simulation. Experiment results as grey dashed curves, 
simulations as colored lines. 
 

 
Fig. 25 Comparison between 2D and 3D simulation with initial conditions after final rain 
event. In 3D, a higher moisture content is seen in the beam end, in addition to a longer 
dry-out time, now being conservative. 
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SVB performance was also investigated. Simulation with SVB was compared with simulations 
with highly decreased and increased vapor resistance, respectively performing like no-vapor 
barrier and a traditional vapor barrier. As seen in Fig. 26, the RH reading shows a significant 
impact of the SVB, while the beam end reading shows an insignificant impact with only a minor 
difference at the end of the warm period. This corresponds with the findings of Article II. 

 
Fig. 26 SVB performance comparing different reinforcements of the vapor resistance, i.e., 
1.0sd implies expected SVB performance, 100sd acts like a traditional polyethylene barrier 
and 0.01sd acts like no vapor barrier. 
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6. Discussion 

6.1. Quality issues / significant limitations 
This section discloses and discusses some quality issues and/or limitations of the different 
studies presented in Article II, Article V, and Article VI. 

6.1.1. Large-scale laboratory experiment 
In retrospect, there are some shortcomings with the setup of the large-scale experiment. The 
heterogeneous behavior of the bare brick masonry structure under heavy rain exposure was 
clearly underestimated in the planning of the experiment. Thus, too much attention was given 
parameter variation in the experiment design, thereby ending up with too many configurations, 
instead of limiting the experiment to a narrower focus on a few parameters. Consequences of 
this resulted in: 1) results of parameter variation were obscured by noise from the moisture 
transport behavior of the masonry, 2) the investigation of parameter variation suffered from 
poor correlatability since the compared configurations had none or too few equal copies to more 
substantially confirm or disconfirm correlations or reliability of findings, and 3) sensors were 
squandered on configurations and measurements that did not fit into, or only played a minor 
role in, the final focus and analysis of Article II and VI. 

Additionally, the largely failed repeatability between Series 1 and 2 of the experiment 
complicated the intended comparison and investigation, which then partially contributed to a 
shift of focus, abandoning further investigation of Series 2. 

It is perceived that rain exposure of bare brick masonry exacerbated the complexity of such an 
experiment due to the unpredictability of localized moisture infiltration and distribution that 
such masonry can experience. Thus, a study without or with less severe rain exposure, or with 
external render, could have fared better. Nevertheless, also the inclusion of 1.5-brick-thick 
masonry was in retrospect misplaced due to the long dry-out times and the limited available 
run-time of each experiment series. 

Lessons learned from the shortcomings: 

 Keep number of parameter variations to a few, also ensuring comparison of equally 
configured samples. 

 Expect large variation in masonry behavior for bare brick masonry segments under 
severe rain exposure. 

 Ensure sensor redundancy, i.e., several sensors distributed over the masonry of a wall 
segment, intended to measure the same but which can detect the variability of the 
masonry behavior. 

 Plan for extra run-time for experiment series, to give a substantial buffer for potentially 
encountered long dry-out times, especially for thicker wall structures. 

6.1.2. Hydraulic conductivity model 
The assessment of the hydraulic model in Article V shows a fair predictive performance of the 
model for certain materials while showing rather bad predictive performance for a few others. 
However, the prediction performance is highly dependent on the range of saturation level or 
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capillary pressure that is in focus. A discussion of the prediction performance at capillary 
saturation and possible reasons for cases of poor prediction at capillary saturation is provided 
in Article V, and it will not be repeated. However, a discussion will be provided on prediction 
performance at low saturation (high capillary pressure). As mentioned in Article V regarding 
film flow, no compensation/correction is provided for nanoscale. However, this is an issue for 
liquid transport at nanoscale in general. At nanoscale, the material hydrophilicity or 
hydrophobicity, liquid confinement in pores and pore crevices, and pore surface roughness can 
affect molecule orientation, structuring of the fluid, adhesion forces, no-slip tendency at pore 
wall, and, not at least, the fluid properties such as density and viscosity, and possibly also 
surface tension and contact angles, see, for instance, [204-206]. As mentioned in Article V, 
Nikitsin and Backiel-Brzozowska [207] propose a correction factor for viscosity for r < 1 μm. 
Lebeau and Konrad [109] (origin of the film model) separate calculation of the film 
conductivity into two expressions, one for film thicknesses δ ≥ 10 nm and another for δ < 10 
nm, in order to accommodate effects on the viscosity in nano-thin films. In contrast, the model 
proposed in Article V partially circumvents this issue with the hygroscopic correction model of 
Scheffler [79, 84], which applies calculation of liquid conductivity from decrease in vapor 
resistance values at higher RH compared to that at low RH values. This approach is, however, 
not always easy since three vapor resistance measurements at different RHs are rare in material 
testing studies. Furthermore, there is also uncertainty from the fact that scatter in measurements 
is often seen among different samples and different laboratories [208]. There is also uncertainty 
regarding the transition from the hygroscopic correction model to the film model, which has 
not been investigated in Article V. 

The aforementioned becomes significant for materials that are highly hygroscopic, i.e., retain 
much moisture in the hygroscopic RH range (e.g., capillary pressure range log(pc) > 6, and 
especially log(pc) > 7). This, for instance, applies to cement- or lime-based materials like 
mortar, concrete, aerated concrete, and sand-lime bricks, see Article V, as well as low porosity 
stones. In Article V it can be seen that especially the mortar, concrete, and aerated concrete are 
poorly predicted at low to moderate saturation, while, simultaneously, prediction at capillary 
saturation is rather good. The sand-lime bricks are a bit harder to interpret with varying results 
among the two versions. 

On the other hand, at low saturation, the low hygroscopic materials, i.e., clay brick, calcium 
silicate (insulation), and limestone, show in Article V much better prediction. 

A related issue is the differentiation between film moisture content and capillary moisture 
content. The methodology in Article V is somewhat crude in identifying the contribution to 
moisture retention of each. With the article mainly focusing on predicting conductivity at 
capillary saturation, and the scaling of unsaturated conductivity to this, determination of film-
associated moisture for the film model was not extensively investigated nor developed for high 
accuracy. With an incorrect distinguishment of film moisture and capillary moisture, the 
conductivity prediction will also suffer. Thus, much can probably be done to expand and 
improve this part of the model to better approach reality. 

Another issue that has not been addressed is corner flow, which in some way can be seen as a 
hybrid of film and capillary flow, where increased film thickness in a corner is promoted by 
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capillary menisci forces. This occurs in corners or crevices of the pore, of specific interest along 
the length of capillaries when approaching flow conductivity. For non-cylindrical pore shapes 
with relatively prominent angles, for instance ≤ 90 °, substantial corner flow can be expected, 
see [113, 136]. From this, corner flow can in cases be suspected to substantially add to the 
normal film flow. However, for both film flow and corner flow, surface roughness might also 
be expected to alter the overall flow conductivity [113]. Thus, corrections for roughness might 
be needed in such a model framework. This warrants further study on the basis of methodology 
described in [113, 136]. Overall, there might therefore be an improvement potential by 
including corner flow and surface roughness to the film flow contribution to hydraulic 
conductivity. 

6.1.3. Hygrothermal simulations – Scenario and modeling choices 
The hygrothermal simulation focus is, in terms of results, addressed quite holistically. That is, 
sensor locations are mainly limited to be the interior of the masonry and the beam end. Thus, 
investigation of moisture distribution throughout the brick-mortar system has not been given 
focus. By not comparing to moisture distribution measurements, realities, and uncertainty and 
accuracy issues, remain unknown regarding the liquid conductivities, interface resistances, and 
vapor diffusivities. In contrast, Vereecken et al. [48] demonstrated simulation differences on 
moisture distribution with and without interface resistances. Zhou et al. [168] compared 
simulation results along different paths in the masonry with moisture distribution profile 
measurements, in analysis of interface resistance values and capillary pressure conditions. 
Ramirez et al. [125] compared simulations with interface resistances to imbibition experiments 
to match capillary absorbed water uptake, and furthermore, demonstrated simulation 
differences between brick-mortar models of different sophistication. Studies like these are 
useful to better understand the realism of the moisture transport mechanisms and material 
properties that are involved. 

Instead of addressing interface resistances, the current work focused on the increased capillary 
conductivity along the brick-mortar interface. However, only an approach of lumping the 
increased moisture transport with the capillary transport property of the mortar joint was 
attempted. In contrast, Gutland et al. [169] demonstrated an approach of modeling fractures like 
a thin material domain between the brick and the mortar joint to account for the increased 
moisture absorption. The benefit of this is that the rest of the mortar joint behaves with bulk 
mortar joint properties, not necessarily raising significant issues with anisotropic behavior. The 
lumped properties of the current work did not address the anisotropic issue, and thus had too 
high moisture transport across the joint during rain events when the lumped properties kicked 
in. The practical effect of this warrants more investigation. 

The Gutland approach [169] also had the benefit of increasing the vapor diffusivity. Both Hens 
[209] and Vereecken et al. [210] reported decreased vapor resistance in a masonry composite, 
compared to the individual materials, thereby indicating the need for including some modeling 
mechanism for increased vapor diffusion along the brick-mortar interface. This was not 
attempted in the current work. 

The investigated scenario involved quite severe rain exposure. For many practical interior 
insulation retrofit cases, such a scenario may become unrealistic for drawing correlations to real 
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weather exposure. For instance, the understanding of severe rain infiltration is that the nearby 
masonry has to have reached high saturation before the brick-mortar interface will facilitate 
infiltration to the interior masonry [211]. This also applies to the exterior surface of the 
masonry, in order for a liquid (runoff) film to occur that facilitates infiltration [212]. Thus, for 
cyclic weather where high saturation is not reached and where the masonry dries out between 
rain events, increased moisture absorption along the brick-mortar interface may be a non-issue. 
Nevertheless, there are indications that walls can perform quite well with yearly weather 
exposures of low to normal wind driven rain loads but get into trouble with one severe rain 
event. For instance, Kopecky et al. [30] imposed one severe artificial summer rain event that 
significantly worsened moisture conditions for the duration of the subsequent cold season in a 
field-test wall. However, this was with exterior render, thus not capturing the issue with brick-
mortar interfaces of bare brick masonry. 

6.2. Uncertainty 
Categorically, Article VI only investigates a very limited set of uncertainties related to 
hygrothermal simulation analysis. In perspective, Zhao et al. [46] categorize uncertainty into 
four groups with uncertainty related to enclosure, scenario, modeling, and numerical solving. 
Inspired by the categorization given by [46, 213], Table 16 is established to provide an overview 
of uncertainty related to hygrothermal simulation. It reveals that Article VI only partially 
investigates two sub-groups of what contributes to uncertainty, namely, material properties and 
material interactions, and transport mechanisms. The aim with Table 16 is to put Article VI 
into a larger context on uncertainty. According to Zhao et al. [46] uncertainty related to the 
Numerical group and what is here the Algorithms sub-group, can be controlled by model 
validation and numerical design. A precision regarding this, is that the sub-group Algorithms 
benefits from both verification and validation. In COMSOL, the sub-group Numerical methods 
is only influenced by configuration of setup menus, while the methods and schemes themselves 
are hard-coded. However, these settings are important to whether the simulation runs altogether 
or runs smoothly. Experience from the simulation work supports that tolerance settings, related 
to Numerical methods, see A.8.1, and Discretization, are important regarding validation efforts. 
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Table 16 Uncertainty categorization 
Group Sub-group Description examples 
Scenario Climate  Weather climate 
   Indoor climate and occupancy loads 
   
 Exposure  Environmental shielding from weather 
   Surface transfer- and absorption-

coefficients 
   
Structure Material properties and material 

interactions 
 Variability 

  Moisture and temperature dependence 
   
 Geometry and as-built 

conditions 
 Geometric dimensions 

  Structural idealization 
   
Modeling Transport mechanisms  Simplification of phenomenon 

(including dimensional simplification, 
1D, 2D, or 3D) 

   Simplifications, assumptions, or 
guestimates related to mechanism 
models 

   
 Algorithms  Simplifications of physics 
   Accuracy of expressions 
   
Numerical Discretization  Temporal resolution 
   Spatial resolution 
   
 Numerical methods  Numerical discretization methods 
   Iterative-convergence schemes 
   

 
6.3. Verification and validation 

6.3.1. Hydraulic conductivity model 
Verification of the model suffers from the difficulty of direct experimental verification of 
hydraulic conductivity at unsaturated conditions. Most datasets available in the research 
literature for hydraulic conductivity are only based on measurements at over-capillary 
saturation, i.e., measurements of Ksat. This is documented in Table 2 of Article V. Regarding 
model design, the model builds on other previous model approaches reported in the literature, 
and some changes are proposed. These changes are of course open for scrutiny. Nevertheless, 
throughout Article V, the model derivation includes arguments for the logic and reason behind 
these changes, as well as highlighting of similarities. Verification of the mere functional 
operation of the model is provided by the generation of hydraulic conductivity graphs for 
comparison to datasets in Article V and for application in Article VI. 
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Model validation is indirect and comparative in nature by comparing to datasets. These datasets 
are from studies that have conducted comparisons between experiments and hygrothermal 
simulations in order to validate incorporation of these datasets in simulation models. 
Consequently, the model is indirectly backed by experimental validation. Nevertheless, these 
experimental validations are very specific, particularly on absorption testing. Hence validating 
the hydraulic conductivity function as a whole over the whole moisture range is lacking. 
Validation implies checking that the model meets the needs of its end use, which requires 
extensive application in hygrothermal simulation cases that are compared with experiments. It 
is also a question of whether certain aspects have been oversimplified in the current model; 
however, this is also somewhat subjective dependent on preferences regarding what the model 
is used for. Future studies on what accuracy level is needed for different applications are 
therefore of interest. The model would then need to be validated against such accuracy needs. 

6.3.2. COMSOL model 
Ideally model validation should have involved more comparison to experimental results and 
observations than what has been possible in the present work. The large experiment (Article II) 
was difficult to apply for validation purposes due to the many parameters and aspects 
influencing wall segment performance, as can be seen by the large spread in results and the 
challenging repeatability. Experiments used for validation should thus be more specific, simpler 
in terms of less influential parameters being involved, and with proven repeatability. 
Heterogeneous behavior of brick and mortar, including their interface interaction, especially 
complicates model validation. The present thesis has a too holistic perspective to deeply 
approach any model validation of masonry performance. For these reasons no validation was 
attempted in Article VI on the interior insulated masonry simulation model. 

Model validation has for the most part been limited to benchmark-comparison to other validated 
models, which is a common approach [101, 214, 215]; however, it limits the scope and reach 
of the validation. That is, the model is not particularly validated for scenarios including 
mechanisms not covered by the comparison benchmarks. Article IV also provides a 
comparative validation; however, it is not that extensive. Unfortunately, time-constraints have 
prevented the study from being revisited with a more thorough investigation using the latest 
version of the COMSOL model.  

6.4. Objective achievement 
Main objective: Provide contribution to modeling techniques in support of hygrothermal 
simulation. Furthermore, provide insight that highlights modeling uncertainty, and which 
guides the ability to more confidently predict experimental results of bare brick masonry 
exposed to driving rain. 

The main objective is pursued by the enclosed work, mainly with Article V, addressing the first 
underlined part of the above objective, and Article VI, addressing the second underlined part. 
The other articles have more of a supporting role to the main objective, with Article II providing 
results that are used as a substrate for realistic evaluation of uncertainty and sensitivity in Article 
VI. The thesis provides additional context and nuance to the objective, by adding extra depth 
to details on property modeling, material measurements, and model verification and validation. 
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It furthermore summarizes and systematizes information on the sub-objectives, in support of 
the main objective. The sub-objectives are assessed in the following.  

6.4.1. Smart vapor barrier 
The literature overview in Section 2.2 reveals few to no studies have investigated the specific 
impact of SVBs applied to interior insulation retrofit of masonry. The studies that include SVB 
or SVR do not encompass relevant structures for comparison (structure with traditional vapor 
barrier), or they don’t include a warm weather exposure, thereby never utilizing the SVB 
mechanism for drying. Neither do they go into assessment of SVB or SVR performance in 
detail. More studies, however, exist for structures such as compact roofs and wooden frame 
walls. 

A couple of studies provide suggestions for how to generate and apply resistance curve(s) for 
the SVB. Olaoye et al. [165] proposes a harmonic mean method to determine a single curve. 
Values from this curve are then used to solve the resistance as function of RH at any 
infinitesimal segment of the SVB cross section, as there is a RH range spanning it. Fechner and 
Meißner [164] suggest a function dependent on two inputs, i.e., the RH level on each side of 
the SVB. This function is applied as a contact condition, i.e., a function governing the resistance 
between two material layers in the model. 

In contrast to these suggestions, the current work (Article VI) has generated a 2D matrix from 
where resistances are interpolated at any combination of RH on the SVB’s two sides. This 
matrix applies the measurements found for the RH boundary conditions used in testing of the 
SVB, provided by the product declaration. However, since the test measurements in the product 
declaration have low resolution, in addition to some conflicting results, there is need of 
comprehensive curve fitting to fully fill in the matrix. In the model the SVB is modeled as a 
material layer having scaled-up thickness, with a constant sd-resistance found from the matrix 
by reading out from RH values from each side of the SVB. This approach is verified to function 
well; however, it requires more validation through comparison between modeling and 
laboratory testing of the SVB performance with varying RH levels. 

An issue concerning modeling the SVB as a material layer (geometry scaled or non-scaled), in 
contrast to a contact resistance, is that it also requires other material properties [164], such as 
the specific heat capacity and moisture storage function. These properties are not reported 
having been tested for SVB. Modeling SVB as a contact condition only requires vapor 
resistance and thermal resistance. 

Sub-objective: Gather more information on the performance of SVB through experiment and 
simulation efforts. 

This thesis has gathered some data on SVB performance through Article II and VI. Although 
results on SVB performance are gathered, the results are tied to the laboratory experiment 
scenario that generated very specific wetting and drying conditions. The results are therefore 
difficult to extrapolate to interior insulation retrofit of masonry in real buildings under the 
hourly climate exposure of an MDRY. Thus, more realistic studies are needed to discern the 
performance benefit of applying SVB in retrofit scenarios. 
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An important indication from the results (Article II and VI) is the insignificant effect of SVB 
compared to traditional vapor barrier on beam end drying. This might imply it is unlikely that 
the moisture issue for beam ends becomes solved with SVB. Limiting the moisture exposure or 
improving or safeguarding the drying potential of the beam end, may therefore require several 
measures, where SVB can be one measure to improve the drying potential. Other measures that 
are proposed in the literature are, for instance, hydrophobization of the exterior masonry surface 
[178], keeping a wall area around the beam end free of insulation [21, 70], and adding an 
intentional metal heat bridge to increase the temperature at the beam end [29, 71]. An SVB can 
provide an important function in combination with such measures by avoiding interstitial 
condensation, possibly contributing to airtightness, and providing an inward drying potential. 
Hygrothermal simulation efforts into such measure combinations could provide interesting 
insight. 

6.4.2. Brick-mortar interface 
Sub-objective: Determine contribution to moisture uptake by the brick-mortar interface in 
bare brick masonry. 

From reviewing scientific literature, it has become apparent there is a lack of studies focusing 
on the increased absorption along the brick-mortar interface. Most studies are focusing on the 
transverse interface resistance, not conditions along the interface. This is in line with literature 
review findings of [211]. In the present study the absorption, in terms of the capillary absorption 
coefficient, has been determined for brick-mortar pillars, thus enabling insight into the 
increased absorption through the brick-mortar interfaces, when comparing to the area averaged 
absorption of the brick and mortar constituents. Nevertheless, this is a macroscopic perspective 
in contrast to a microscopic one, not revealing much of the porous microstructure and flow 
conditions along the brick-mortar interface. Furthermore, the absorption is highly impacted by 
brick-mortar compatibility, workmanship, and curing conditions, which induce great 
uncertainty regarding actual absorption in a masonry wall. This uncertainty is further 
highlighted by the findings of Article II and VI. In Article II, great variation is seen in masonry 
behavior among wall segments constructed the same way, even though improved brick-mortar 
bonding had been attempted with prewetting of the bricks before brick laying. In Article VI, 
this was further investigated by assessing the impact of lumping interface properties and normal 
mortar properties, and additionally with inclusion of “leaky” joints, in order to increase 
absorption through mortar joints during rain events. With this, the complexity of modeling bare 
brick masonry is very much brought to awareness. A question thus arises on how to take this 
into account in modeling of masonry. In Section 2.3, it was seen that many studies have focused 
on inclusion of interface resistance; however, agreement on the topic is not yet reached. That 
topic is not investigated in this thesis; however, with the arrived-at moisture content in Article 
VI being too conservative (too slow drying), it is perceivable that not having included interface 
resistances partially could be a reason for this. Regarding increased absorption along the 
interface, Gutland et al. [169] propose an interesting fracture modeling simplification, which is 
an alternative to the lumping of properties done in Article VI. Nevertheless, the modeling 
approach of Gutland et al. does require higher mesh resolution and is thus more numerically 
demanding. Additionally, choice or determination of appropriate fracture widths remains an 
issue. In contrast, lumping of properties (as in Article VI) have other issues. In masonry one 
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has the whole range of mortar joint performance, from joints performing with bulk mortar 
properties, to joints having severe moisture permeation along the interface. Additionally, the 
lumped properties approach should be applied anisotropically on the joint according to joint 
orientation, with lumped properties only along the joint while transverse properties are 
unchanged. This was not investigated in Article VI with the joints only modeled as isotropic. 
Furthermore, with the lumped properties spanning the whole joint, moisture distribution in the 
joints or throughout the mortar joint system becomes unrealistic. Whether these inaccuracies 
can be accepted has not been studied in the present research. 

A severe rain event where the interfaces provide large impact on moisture absorption may also 
be an infrequent occurrence. Studies with realistic weather exposure are therefore needed to 
assess how the interfaces affects the masonry under varying real climate exposures. 

6.4.3. Hygrothermal modeling 
Sub-objective: Establish a hygrothermal simulation model in a multi-physics software, 
providing the option of controlling all hygrothermal physics formulas, climate boundary 
formulas, and material property formulas. 

A hygrothermal simulation model was achieved built in a multi-physics software environment. 
The software provides excellent flexibility in controlling model physics and model algorithms. 
However, the numerical solver settings can be difficult to optimize, or be limited in providing 
solutions to encountered numerical instability. In 2D, the implementation of severe rain 
absorption was satisfactorily achieved. However, in 3D, implementing rain exposure on bare 
brick masonry was not achieved. It is suspected this was caused by the 3D interaction between 
material properties of brick and mortar, because rain was successfully implemented on a 3D 
layered geometry in Hamstad benchmark 4. In the benchmark the geometry had only 
consecutive layers, in contrast to parallel exposed material domains of bare brick masonry.  

Hygrothermal simulation studies in 3D of the beam end detail are scarce, with only three recent 
studies found to explicitly have had such a focus. Ruisinger and Kautsch [176] modeled the 
masonry as homogeneous masonry around the beam end, and with external render. Their 
results, based on two-year climate exposure of Graz, Austria, gave close resemblance in results 
between 2D and 3D, for both temperature and humidity readings in the air layer exterior of the 
beam end, and for wood moisture content taken 10 mm into the beam end. Thus, they concluded 
that both 2D and 3D simulations are able to reproduce beam end measurements; although, the 
3D simulation did provide slightly more accurate results. Zhou et al. [49] modeled the 3D 
masonry to be layered in terms of subsequent brick-mortar-brick-mortar-brick layers traversing 
the wall, with brick-mortar-brick-mortar layers exterior to the embedded beam end and air 
layer. The structure additionally had external render. The climate exposure was taken as the 
MDRY of Zurich, Switzerland. Their results showed relatively small differences in humidity 
and temperature between 2D and 3D simulations, and they thus concluded that 2D models could 
suitably substitute 3D models for predicting mold risk at beam ends. They did, however, point 
out that local active heating measures (and heat bridge measures presumably) would need 3D 
models, otherwise risk overpredicted heating effects in 2D. Zhao et al. [175] investigated the 
impact of anisotropic wood properties while additionally comparing 2D to 3D modeling of the 
beam end. The masonry was modeled as homogeneous bare brick (1.5-brick-thick) exposed to 
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a test reference year of Hamburg, Germany. Their results for an interior insulation solution of 
mineral wool and vapor retarder (sd = 4.3 m) showed significant increases in RH in 3D 
compared to 2D at the beam end. 

The findings of Article VI differ from the first two forementioned sources (Ruisinger and 
Kautsch, and Zhou et al.) by showing significant deviation between 2D and 3D simulations, 
whereas the findings are in line with the latter (Zhao et al.) in this regard. From this it can be 
stated that more simulation studies in 3D are needed for bare brick masonry with the full 
complexity of the brick-mortar system. Especially studies with realistic climate exposure of 
bare brick masonry are of interest to determine necessity of 3D simulations for practical 
application. The simulation study of the present work only provides limited insight into heavily 
wetted one-brick-thick bare brick masonry. Furthermore, the beam end is rather exposed with 
only a half-a-brick-thick leaf protecting the beam end pocket. Still, the risk of infiltration and 
interpenetration of moisture along brick-mortar interfaces in thicker masonry structures, also 
constitute an interesting topic that lacks attention. Related to this is the impact of climate change 
and the possibly worsening magnitude or increased frequency of sudden heavy rain events that 
might make rain infiltration scenarios more likely. 

Sub-objective: Assess determination of the liquid transport property of masonry materials, as 
input for hygrothermal modeling, when direct measurements are not an available option. 

The liquid transport property of masonry materials is often of special significance in scenarios 
of interior insulation retrofit of masonry. For instance, Calle and Bossche [216] conducted a 
probabilistic sensitivity analysis on decay criteria by, among other parameters, varying brick 
properties (1D masonry representation). Among the material properties it was the capillary 
absorption coefficient that had the largest influence on the hygrothermal performance in terms 
of freeze-thaw cycles and beam end wood decay. Thus, for hygrothermal simulation, it is 
important to have adequate determination of the hydraulic conductivity, which is the basic 
property for liquid transport in connection to the true driving potential that is capillary pressure. 

The complexity of accurate determination of the hydraulic conductivity by measurements has 
led to different approaches on simplified determination, such as (simplified) modeling, iterative 
calibration, parametric sweep to “goodness of fit”, or selecting similar materials through 
clustering techniques, see Section 1.2.3. Regarding simplified modeling, the simplest approach 
is determining the hydraulic conductivity through prediction of the liquid diffusivity as 
described in Section 2.1.3. However, as pointed out in Article V, this method has some 
inaccuracies. Scheffler [84] developed a method to model the hydraulic conductivity directly, 
a method that should be classified as more advanced and accurate than the approach of 
calculation from predicted diffusivity. Still, it is less complex than the more advanced network 
models, e.g. [115, 133]. Nevertheless, the Scheffler model is relatively demanding by requiring 
measurement of liquid conductivity at (over-capillary) saturation, and iterative calibration of 
two coefficients, respectively for absorption and drying, through comparison between 
experiments and simulations. What makes the approach of calculation from predicted 
diffusivity significantly simpler is the utilization of the capillary absorption coefficient instead 
of the liquid conductivity, due to the simpler experimental determination of the former. In 
Article V, a model, which is a simplification of the Scheffler model, was therefore derived to 



 87  

model the capillary conductivity at capillary saturation directly based on the capillary 
absorption coefficient. This simultaneously removed one of the iteratively identified 
coefficients of the Scheffler model, thus providing another simplification. Nevertheless, with 
simplification the accuracy is also reduced. Hence the new model is in an accuracy category 
lower than the Scheffler model. The new model should therefore be understood as an alternative 
to the approach of calculation from predicted diffusivity. They both require the capillary 
absorption coefficient and the retention curve as input. In Article V, these two methods are 
compared, and it was found that the new model was overall on par with the approach of 
calculation from predicted diffusivity. Nevertheless, for the upper moisture range, the new 
model performed somewhat better. Also of interest is that the new model can avoid some 
unphysical trends in the conductivity curve, which can be experienced by the approach of 
calculation from predicted diffusivity, i.e., falling conductivity with increasing moisture 
content, due to plateaus in the retention curve, see Article V. 

Overall, the work (Article V) thus provides a contribution to simplified determination of the 
liquid transport property. 
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7. Conclusion 

7.1. Concluding main objective 
The focus on modeling techniques has mainly been on hygrothermal simulation model input in 
the realm of material properties. Specifically, the hydraulic conductivity (liquid permeability) 
has in the present work been the focal point for simplified modeling techniques. This is in more 
detail concluded upon in Section 7.2.3. Furthermore, hygrothermal modeling with a smart vapor 
barrier has been given some attention, thereby providing some contrasts and an alternative to 
other suggestions in the research literature on how to describe smart vapor barriers in 
hygrothermal simulation models. Additionally, hygrothermal modeling in general is described 
(Article III, IV, VI, and Appendix A, with the addition of property expressions in Appendix B) 
for a moisture driving potential given as RH (or more precisely, a logarithmic expression of 
RH). Although a driving potential on RH-form is not anything new, the information presented 
does provide some nuances, alternative perspectives, and expression alternatives, that in total, 
as systematically summarized in this thesis, differ somewhat to what has been done before. 

It has been demonstrated that modeling choices are a source of uncertainty to which results can 
have a significant sensitivity. The transport mechanism that is moisture infiltration along the 
brick-mortar interface has been especially highlighted in this regard. This adds to other 
uncertainties from climate exposure, bulk material properties, interface resistances, and 
boundary coefficients, that which typically have been given most attention in the research field 
thus far, when it comes to uncertainty analysis of interior insulation retrofit of masonry. 

7.2. Concluding sub-objectives 

7.2.1. Smart vapor barrier (SVB) 
Compared to a traditional polyethylene vapor barrier: 

 SVB significantly improves the drying rate at the masonry interior surface. 

 SVB keeps lower RH at the interior masonry surface during warm exterior temperatures. 

 Indication is seen that SVB can avoid summer condensation at the barrier. 

 SVB provides minor to insignificant improvement in the drying rate of a beam end, 
when embedded in masonry that is severely wetted from rain events. 

7.2.2. Brick-mortar interface 
The brick-mortar interface accommodates, on a joint-area-averaged basis, a substantial increase 
in the Aw-value of the mortar joint. The (high IRA) brick and LC-mortar combination that is 
analyzed indicates a joint-area-averaged tenfold increase of Aw-value for the joint, compared 
to the bulk joint-mortar itself. Nevertheless, the scatter in the results is also substantial, thereby 
creating large uncertainty. 

For bare one-brick-thick masonry, leak-like moisture permeations are observed during severe 
rain events, locally indicating even more prominent absorption along the brick-mortar interface 
than the increased joint-area-averaged Aw would indicate. 
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7.2.3. Hygrothermal modeling 
A hygrothermal simulation model has been established, thus having enabled hygrothermal 
investigations of the interior insulation retrofitted masonry structure in the present research. 
The model has been validated against the Hamstad benchmarks in 3D and it appears to be a 
useful tool in analyzing bare brick masonry exposed to severe rain events. Although, the model 
worked well for rain absorption in 2D, it fell short in handling severe rain wetting of the brick-
mortar composition in 3D. However, the Hamstad 4 benchmark, which consists of layered 
geometry, and which includes heavy rain exposure, was handled in 3D without issues. This thus 
indicates that layered geometry with layers parallel to the wall plane is easier to handle 
numerically in 3D, than exposed brick-mortar interfaces that transverse the wall. However, this 
issue requires more investigation than what the present work encompasses. In 3D, the model 
was therefore only utilized to analyze the aftermath of the rain events and the subsequent drying, 
with the beam end embedded in the masonry in focus. This revealed a significant deviation 
between the 2D and 3D simulation of the beam end conditions when embedded in heavily 
wetted masonry.  

It has been demonstrated that simplifications can be made to the hydraulic conductivity 
determination in the bundle of tubes framework, now by allowing prediction of the conductivity 
at capillary saturation from the capillary absorption coefficient and the retention curve. 
However, with simplifications, reduced accuracy should be expected. Nevertheless, the model 
was found to be overall on par with a common simplified method of calculating the hydraulic 
conductivity from moisture diffusivity prediction. For the higher intermediate moisture content 
range, the new model performs somewhat better, and it does not get unphysical trends in the 
conductivity curve, which can occur with calculation from the diffusivity approach. In 
conclusion, the new model enables wider engineering applicability of the bundle of tubes 
modeling approach when accuracy requirements are not very strict, or when the consequent 
uncertainty can be dealt with. This can be useful for generation of liquid conductivity input data 
for hygrothermal models. 

7.3. Contribution and significance 
The work attempts to bring some new perspectives and understanding of the assumptions and 
simplifications behind material property modeling methods. Additionally, the findings may be 
used as guidance that may help navigate some of the difficulties and uncertainties that exist in 
hygrothermal modeling of bare brick masonry exposed to severe rain events. This may help 
practitioners and scientists to further scrutinize such modeling, and thus heightening modeling 
quality, or help in selection and further development of models that are appropriate for a certain 
intended application. 
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7.4. Further research needs 
Regarding what has been investigated by the current work, several aspects warrant further 
research. A selection of aspects includes: 

 Regarding hydraulic conductivity, an improvement of film-model inclusion requires more 
investigation on the combination with, and transition to, hygroscopic correction and 
capillary conductivity models. There is also plausible improvement from including 
contribution from corner flow, impact of surface roughness, and corrections for effects in 
sub-micro sized pores. 

 Probabilistic handling of moisture infiltration along the brick-mortar interface is a topic of 
interest. It is plausible that this can, more adequately, represent such moisture transfer 
mechanisms in probabilistic uncertainty and sensitivity analysis. With a probabilistic 
approach to this, one might avoid failing to capture mechanisms that seriously affect the 
initiation limit state and subsequent serviceability limit state regarding moisture related 
damage. 

 Hygrothermal simulation modeling in 3D could be of interest for representation of bare 
brick masonry, with focus on the brick-mortar system. Studies comparing such simulation 
to experiments could be useful in assessing whether one is capable of replicating the 
masonry performance regarding moisture distribution. 

 Additional studies are of interest, spanning both in situ investigation and simulation efforts 
on SVB performance, for instance, focusing on quantification of the drying potential for 
different masonry structures over a variety of MDRY climate exposures. 
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Appendix A Physics derivation and formulations for 
hygrothermal simulation model 
This appendix will present the physical expressions applied in the hygrothermal model, 
including their derivation. It will follow the phenomenological approach, focusing on the 
physical mechanisms in a macroscopic perspective [217]. The description will nevertheless be 
kept brief since extensive similar, related, or equivalent descriptions have been provided 
elsewhere, e.g., [100, 124, 218]. 

A.1 Vapor transport 

Vapor transport occurs in two forms, either as vapor diffusion or as vapor transported by air 
flow. 

A.1.1 Vapor diffusion 

Fick’s diffusion, although originally related to mass concentration, can be written with the use 
of vapor pressure as the potential due to the proportionality between mass concentration and 
vapor pressure according to the ideal gas law [124]. The vapor diffusion flux [kg/(m2s)] is given 
as Eq. (27). 
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where δv [kg/(m2sPa)] is the vapor permeability in Eq. (8), Pv [Pa] vapor pressure. 

By using RH (ϕ) as a driving potential, Eq. (27) is transformed: 
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where Psat is the saturated vapor pressure, which is temperature dependent. Thus, with ϕ and T 
as driving potentials, Eq. (28) becomes: 
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A.1.2 Vapor transport by air flow 

The following derivation is inspired by Hens [219] where mass ratio is related to dry air, but 
adapted to be in accordance with the description of humid air, as in Tsilingiris [220], where 
mass ratio is related to humid air. Whereas the approach of Hens is a simplification limited to 
lower temperatures, where the vapor pressure is small compared to the air pressure, the 
approach of Tsilingiris is not limited in such a way. Vapor flux can be related to flux of humid 
air by a mass ratio of vapor to humid air, Eq. (30). 

  humid airv,a, j v,haa , jg g Y  (30) 
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The mass ratio is derived as follows: 

1. Following the ideal gas law, the density of a mixture can be identified.
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where n [mol] is number of moles, MW [g/mol] mol weight, R [J/(mol∙K)] universal 
gas constant, RMW [J/(kg∙K)] the specific gas constant. 

2. As partial constituents of a mixture, the vapor and dry air can be written as: 
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where the densities and pressures now are partial densities and pressures, respectively. 

3. The mass ratio can then be presented as ratio of partial densities. 
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Thus the mass ratio can be expressed as Eq. (31). 
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 (31) 

A.1.3 Total vapor transport 

Combining vapor diffusion and vapor transport by air flow gives: 

 diffv, j v , , j v ,a , jg g g   (32) 

A.2 Capillary transport 

Transport of liquid water in porous materials can be expressed by Darcy’s law accordingly: 
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where Kl [kg/(m∙s∙Pa)] or [s] is the liquid conductivity, Pw [Pa] liquid water pressure, kl [m2] 
liquid permeability, ρw [kg/m3] density of water, µw [kg/m s] dynamic viscosity, fj [N/m3] body 

force in j-direction. 

If the liquid pressure gradient is only caused by capillary suction, i.e. when the pressure 
difference over a liquid-air interface in the pores is the driving mechanism, expressed by Pc = 
Pa-Pw, then consequently Pw in Eq. (33) can be replaced with Pa-Pc. Here Pa is the air pressure 
and Pc the capillary pressure. Inserted in Eq. (33), it will respectably be the gradients in air and 
suction pressure that become of interest. Normally, the air pressure gradient is neglected 
compared to the suction pressure gradient. An exception under is conditions where moisture 
transport in fairly saturated porous materials can be caused by air pressure gradient (relatively 
low Pc values and low Pc gradient, compared to the air pressure gradient). Though, when the air 
pressure gradient is neglected, the result becomes: 

 l w c
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 (34) 

Applying the Kelvin equation, Eq. (35) and the Young-Laplace equation, Eq. (36), enables the 
Darcy’s equation to be expressed with RH and temperature as driving potentials in Eq. (37). A 
similar procedure has been described by Künzel [124], except for the inclusion of the body 
force. 
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where σ [N/m] water surface tension, α [rad] water – pore wall attachment angle, r [m] pore 
radius. Note that the surface tension, and possibly the contact angle, as well as solute effects 
on the surface tension [221], are temperature dependent. Since the liquid conductivity is 
determined at a reference temperature for laboratory conditions, a simple correction for the 
temperature dependence will be added to the liquid conductivity at a later stage. 
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Eq. (37) when expanded becomes: 
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 (38) 

A.2.1 Body forces 

In normal building physics applications, the body force vector only contains contribution from 
gravity. It can then be substituted with fj = ρw∙[0, 0, -g]. This gives: 
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where g [N/kg] is the gravity constant, ez unit vector for z-dimension. 

A.2.2 Diffusive transport coefficient 

As explained by Künzel [124] it is possible to present the liquid transport on a mass diffusion 
form, as it shows the same characteristic progression in a porous material with respect to time 
as that of diffusion, even though capillary transport is a liquid flow. 

 w
w, j w

j

dw
g D

dx
   (40) 

where Dw [m2/s] is a liquid diffusion coefficient with respect to water concentration. Eq. (40) 
can be transformed to RH as a driving potential: 
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where Dϕ [kg/(m∙s)] is a liquid diffusion coefficient with respect to an RH driving potential. 
Comparing Eq. (41) to Eq. (38), a relation between Dϕ, Dw, Kl and kl becomes: 
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Thus, with relation Eq. (42) one can rewrite Eq. (39) to: 
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 (43) 

A.2.3 Correction for temperature dependence 

The liquid diffusion coefficients and the liquid conductivity have a temperature dependence 
through a temperature dependency of the surface tension σw, viscosity µw, and density ρw of 

water [221, 222]. The temperature dependency through σw is minor compared to that of µw 

[124], whereas the temperature dependency for the density is insignificant in the typical 
temperature intervals of building physics but is more pronounced at higher temperatures. 

Temperature correction can conveniently be applied to the liquid conductivity since it is a 
common form of presenting the liquid transport material property, although this does not 
account for material temperature dependence. The latter dependence can also be significant 
[223]. The alternative would be to measure or determine the liquid conductivity at different 
temperatures, which would be demanding [222]. Therefore, typically a scaling correction is 
used to determine liquid conductivity at different temperatures. This implies using property 
reference values at Tref, corresponding to typical laboratory temperature conditions at which 
Kl,ref (or Dw,ref) was determined. Evaluating Darcy’s law, Eq. (33), the liquid conductivity is 



 97  

inversely proportional to the viscosity [224]. Also, it is proportional with the water density, but 
this relation is neglected in the following. The relation to surface tension is less apparent, and 
there is also a related effect of temperature dependency for contact angles. However, in a 
simplified approach, it can be recognized that the capillary absorption coefficient is often 
predicted with an expression proportional to the square root of surface tension [223]. 
Furthermore, the capillary conductivity at capillary saturation is proportional to the square of 
the capillary absorption coefficient (see Article V). Therefore, simplified the conductivity can 
be assumed to be proportional to the surface tension. Consequently Eq. (44) can be used as a 
temperature correction: 
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The liquid diffusivity to be used in Eq. (43) is then given as: 
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A.3 Air transport 

Flow of air is either on diffusion or convection form. While air diffusion becomes a rather 
simple product of a permeability coefficient and acting pressure gradient, the air convection 
requires a known velocity field or a velocity field to be solved. 

A.3.1 Air diffusion 

When dealing with materials that do not allow for convective air transport (non-high porosity), 
it is convenient to look at diffusive air transport. Just like the vapor diffusion, air diffusion is 
governed by a potential of pressure differences; however, now it is the air pressure difference 
and not the vapor pressure difference that is working. Applying Fick’s law, now for air instead 
of vapor, gives Eq. (46). 

 diff air flux
a

a, j , a
j

dP
g

dx
   (46) 

where δa [kg/(m∙s∙Pa)] is an air permeability coefficient, which should be understood to be that 
of humid air, i.e., both temperature and humidity dependent. An air diffusion coefficient Da 
[m2/s] can be transformed to an air permeability coefficient δa by δa = Da/(Ra,humidT), which can 
be simplified to δa = Da/(RaT) at low temperatures where the vapor pressure is much less than 
the air pressure. 

The air pressure gradient can either be manually defined or solved for. Manually defining the 
air pressure gradient is the simplest approach. It can be assigned to isotropic materials in one-
dimensional problems, i.e., where a pressure gradient only exists in one direction. Looking at 
the specific pressure drops over different material layers due to the contribution of the resistance 
of each layer, is a possible simplification for multilayered problems. In other words, as there is 
a total pressure drop over the whole structural element, a part of this pressure drop is taken by 
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each material layer according to the diffusive resistance of the layer. The gradient of the 
pressure then becomes the pressure difference over a layer divided by the thickness of the layer. 

 diff air flux
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a, a ,layer a,layer
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P dP
g

x dx
 


   


 (47) 

Solving for the air pressure gradient will only be described in the most simplified form. 
Sometimes, as a simplification, air diffusion is decoupled from its dependence to pore structure 
and moisture filling of the pore structure. In such a case, solving for the pressure gradient can 
be done by plugging Fick’s law into the continuity equation. 
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Assuming that the vapor pressure is much less than the air pressure, applying the ideal gas law 
to Eq. (48) and expanding it to Pa and T as driving potentials gives: 
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Applying Eq. (49) in Eq. (48), and moving the time-derivative of T from the left to the right of 
the equality sign, a partial differential equation having the air pressure as driving potential is 
fully revealed: 
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 (50) 

Eq. (50) can be readily applied in COMSOL as a PDE for solving the air pressure across a 
structure. It allows for air pressure changes due to changes in air permeability and temperature, 
including changes in boundary conditions of air pressure and temperature. However, it is not 
coupled with moisture dependence, i.e., solving of the moisture content and its effect on air 
permeability are not accounted for. 

This approach can be used in the Hamstad 3 benchmark, since the temperature changes in that 
benchmark are not so pronounced that it, with (Eq. (50)), impacts much on the simple design 
pressure-gradient of the benchmark. 

A.3.2 Air convection 

For highly porous materials or air cavities it is most accurate to model convective air transport. 
This however requires solving for a velocity field, i.e., from the Navier-Stokes equations. The 
equations can typically be somewhat simplified due to the low viscosity of air and with an 
assumption of laminar flow. This is generally acceptable in building physics unless severe 
conditions are investigated. That being said, air convection, approached by solving the Navier-
Stokes, will not be further described in this thesis. Alternatively, in some cases it might be that 
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a laminar diffusive air velocity is specified to readily be inserted into a hygrothermal model. In 
either case Eq. (51) can implement air flow from known air velocities. 

 a,j,conv air flux a a a, jg u   (51) 

where ψa [-] is the porosity (pore volume ratio) available for air. 

A.4 Moisture balance 

To describe the mass balance for moisture transport, one can utilize the continuity equation, 
assuming incompressible flow. The continuity equation addresses the conservation of mass in 
a control volume, and it is expressed as: 
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where ww [kg/m3] is the moisture content, and gw+v [kg/(m2s)] overall flux of liquid moisture 
and vapor. 

Behind Eq. (52) there is actually a set of two mass balances, one each for vapor and liquid 
[100]: 
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 (53) 

where wv [kg/m3] is the vapor content, Gv [kg/(m3s)] evaporated moisture, Gw [kg/(m3s)] 
condensed moisture. However, since Gv = -Gw, i.e., the source of evaporation is liquid and the 
source of condensation is vapor, the sum of the two equations (Eq. (53)) becomes Eq. (52) when 
dwv/dt is assumed negligible compared to dww/dt. This assumption usually holds acceptable 
accuracy except for highly porous materials, at combined high temperatures and high RH 
saturation. 

Expanding and rearranging Eq. (52) gives:  
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w, j v, j
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A.4.1 Time differential (left side of Eq. (54)) 

Left hand side needs to be expanded to become time differentials of the applied driving 
potential(s). This also depends on the retention function that is to be applied. With Eq. (5) being 
applied, one can separate it into two parts ww = ww,ϕ(ϕ)+ww,pc(pc). 
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With pc = ρwRwTln(ϕ), Eq. (55) needs to be expanded to partial differentials with respect to RH 
and T: 
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where dpc/dϕ = ρwRwT/ϕ and dpc/dT = ρwRwln(ϕ). In Eq. (56) the differentials as result of Eq. 

(5) are given as Eq. (57) and (58):  
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A.4.2 Flux differentials (right side of Eq. (54)) 

The fluxes are given by Eq. (32) for vapor transport, with Eq. (29) for vapor diffusion, and Eq. 
(30) and (46) for vapor transport by air flow (diffusion chosen due to Hamstad 3 benchmark), 
and furthermore with Eq. (43) for liquid transport. 
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 (59) 

Sorted on driving potential Eq. (59) becomes: 
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A.4.3 COMSOL PDE form 

The COMSOL PDE is written on the form: 

  
2

2a a
d d

e d c a f
dtdt

   
          (61) 

where Ω is the dependent variable, ea (mass coefficient), da (damping or mass coefficient), c 
(diffusion coefficient), α (conservative flux convection coefficient), γ (conservative flux 
source), β (convection coefficient), a (absorption coefficient), f (source term) are expressions, 
(where descriptive names in parenthesis follow from COMSOL). 
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Note that the dependent variable applied in COMSOL is ϕmod (see Section A.6), thus dΩ = dϕmod 
and dϕ = (dϕ/dϕmod)∙dϕmod. This results in α and a of Eq. (61) are not applicable, and expressions 
with ϕ are placed in γ (or applicable in f). 

Sorting Eq. (56) and Eq. (60) into the form of (61) produces: 
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  (62) 

If changes in the vapor moisture content were to be included, da and f need to be supplemented 
with additional terms. The derivation is deemed too excessive and too remote of the thesis scope 
to be included here; however, derivation including similar consideration (dwv/dt in Eq. (68), 
leading to Eq. (75)), is present in the derivation of the enthalpy equation, which is more 
elaborate, see Section A.5.3 and consider comments in Section A.5.4.  

Suffice to say, only the resultant expressions are therefore provided for reference. That is, the 
da and f expressions in Eq. (62) can be expanded to: 
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 (63) 

Analyzing the above, within a temperature range up to 100 ℃ and for normal atmospheric 
pressures, we can see the following: 
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The closest that any of the left terms come constitutes 0.000582 of the right terms at 100 ℃ and 
100 % RH. Thus negligible. Hence, we finally have: 
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A.5 Heat balance and enthalpy equation 

Similar to Eq. (53), the species mass balance equations [100, 218, 225] (omitting convective 
air flow in contrast to [218]), when addressing net gain or net loss, are given as: 
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 (65) 

where wa [kg/m3] is air content. 

A.5.1 Derivation of the applied enthalpy equation 

The general enthalpy equation, without convection, can be described and derived accordingly 
with respect to specific enthalpy (h [J/kg]), following Tariku [218]: 

 

   

   

j j

s s w w v v a a w w v v a a
j j

s w w v v a a
s w w v v a a

w w v v
eff w w v v a

j j j j j j

dqd d
h gh Q

dt dx dx

dqd d
h w h w h w h g h g h g h Q

dt dx dx

dh dh dw dh dw dh dw
w h w h w h

dt dt dt dt dt dt dt

dh dg dh dg dd dT
g h g h g

dx dx dx dx dx dx













   

        

       
 
 

         
 





a a
a

j j

s w v a
s w v a

w v a
w v a

w v a
eff w v a

j j j j j

w v a
w v a

j j j

h dg
h Q

dx dx

dh dh dh dh
w w w

dt dt dt dt
dw dw dw

h h h
dt dt dt

dh dh dhd dT
g g g

dx dx dx dx dx

dg dg dg
h h h Q

dx dx dx





 
   

 

  

  

 
     

 

   




 (66) 



 103  

where subscript s refers to solid, λ [W/(m∙K)] thermal conductivity, Q̇ [J/(m3s)] heat source 
term. 

Sorting the terms from Eq. (66) by species and identifying expression IB, IIB and IIIB from Eq. 
(65) provides: 
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With Gw = -Gv, then Eq. (67) can be shortened and grouped (I to IV) to become: 
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A.5.2 Enthalpy 

By international convention the zero points for the internal energy is arbitrarily set at the triple 
point (T0 = 273.16 K) [226]. We define a relative position with a temperature at 0.01 ℃ (triple 
point convention) to write the enthalpy expressions, e.g. [37] [218]. 
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The derivatives of Eq. (69) consequently become: 
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And the hw – hv term in IV in Eq. (68) has the relation 

       0 0w v vap pw pv vaph h h T c c T T h T         (71) 

A.5.3 Analyzing each of the enthalpy eq. parts I-IV of Eq.(68)  

In part I we contract the terms for vapor and dry air into a single term for humid air in the non-
moisture filled porosity, and furthermore apply relations in Eq. (70): 
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The humid air properties ρha and cpha follow the method of Tsilingiris [220]; however, the 
correction factors therein can be neglected since those are fairly insignificant. 

Term II can be applied directly; however, for clarification, an example of expanding the 
efficient conductivity is provided. Usually only a linear trend with moisture content is applied; 
nevertheless, for instance, for insulation materials, a second order function might be a more 
suitable approximation. See Section 2.1.4 for alternatives. 
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Addressing the air transport in III as humid air instead of dry air: 
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In IV we insert Eq. (71), the temperature dependent heat of vaporization. We furthermore 
expand the terms. Here we let the vapor content in the pore volume, that is not occupied by 
liquid moisture, change with liquid moisture content. Hence, we assume the humid air is freely 
vented as liquid takes up or leaves the space. 
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IV continued: 
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A.5.4 COMSOL PDE form 

Repeating Eq. (61), the COMSOL PDE is written on the form: 
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where Ω is the dependent variable, ea (mass coefficient), da (damping or mass coefficient), c 
(diffusion coefficient), α (conservative flux convection coefficient), γ (conservative flux 
source), β (convection coefficient), a (absorption coefficient), f (source term) are expressions, 
(where descriptive names in parenthesis follow from COMSOL). 

Sorting Eq. (72) - (75) in the form of Eq. (61) gives: 
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Usually all the terms including (wsat-ww)/ρw, dww,ϕ and dww,pc are neglected, i.e., expressions 
that come from the heat capacity of the humid air and from changes in the vapor content in the 
porous volume due to changes in volume occupied by liquid moisture (assuming air becomes 
vented out of the material), in addition to temperature changes and the temperature dependency 
of vapor saturation pressure. However, in certain scenarios with highly porous materials with 
combined high temperature and high RH they may become significant. 

A.6 Numerical-related practical setup of physics 

A.6.1 Setup in Article IV 

In Article IV, a practical solution is presented for continuing to use RH as the dependent 
variable when dealing with heavy driving rain. It involves converting the dependent variable 
into a modified RH representation, ϕmod, given by Eq. (77), which can be converted back to ϕ 
by Eq. (78). With this modified RH, one would have a variable that does not need the same 
level of accuracy during numerical solving as ϕ itself. This is relevant when approaching 
capillary saturation where ϕ values may operate in a range of 0.999 to 0.9999999, equivalent to 
pc values ranging from 1.3E5 to 1.3E1 respectively. Instead, ϕmod will here range from ≈ 11.51 
to 2.3, respectively. This simplifies numerical handling of the dependent variable in COMSOL. 

   81 10mod ln    (77) 



 108  

 
 

8
1

10
modexp 

    (78) 

Gradients of ϕ are simply represented using the chain rule. 
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where: 

 
 

810
mod

mod

expd

d




   (80) 

A.6.2 Setup in Article VI 

The approach using Eq. (77) to (80) works fine for porous materials. However, in a simulation 
scenario involving humid air, there is a question on how to handle condensation. Condensation 
occurs mostly as surface condensation, i.e., water droplets form on surfaces colder than the 
humid air, as the vapor saturation pressure is exceeded. This is most prominent on surfaces of 
materials that have very low hygroscopicity and absorptivity. Another form of condensation is 
heterogeneous condensation on particles suspended in the air. However, this requires 
knowledge about “dust” particles in the air. The condensation process is relevant for accurate 
heat balance and temperature calculation since condensed water releases its latent heat of 
evaporation. Also, condensed water could also move by surface runoff or as precipitation. 

Nevertheless, hygrothermal simulation models usually do not account for surface condensation 
or heterogeneous condensation. Instead, an approach to avoid this issue all together is to create 
and manipulate a retention curve for air, thus, making air artificially capable of obtaining 
moisture at very low capillary pressures, that is, pressures that are lower than those active in 
retention curves of solid materials. Then the moisture is not lost, nor displaced by incorrect 
redistribution, and the excess moisture in the air can be absorbed by the materials over time. 

Another approach is to allow for unphysical supersaturation. Supersaturation only occurs in 
extreme environments that are never experienced in building-physics conditions; however, 
mathematically it can be used to store moisture related to surface condensation. The model 
thereby accounts for the moisture but without including sub models for surface condensation. 
This can be justified for the scenario addressed in this thesis (Article VI) since it does not 
involve surface condensation to any significant degree. There is only a brief period of a few 
hours where surface condensation would have taken place on the asphalt sill gasket in contact 
with the air gap behind the beam end. It was found that the asphalt, which was modeled without 
moisture uptake and transport, was prone to surface condensation conditions; however, if 
replaced by mortar the issue of condensation was not observed. 

The following describes the expanding of ϕmod to allow for supersaturation, i.e., S ≥ 1, where S 
is equivalent to ϕ but where ϕ ≤ 1. However, it should be noted that with the following approach, 
efficient running of the model was not achieved during the surface condensation event. That is, 
the method worked, but the model ran with extremely small timesteps during peaks of heavily 
fluctuating timesteps. 
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We let ϕS be a ϕ equivalent variable, which spans the whole range of ϕ and S, i.e., allows for 
supersaturation. To expand ϕmod by keeping the essence of Eq. (77) one can make the ϕmod 
function approximately inversely symmetrical over ϕS = 1 as done with Eq. (81). 
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Solving Eq. (81) for ϕmod: 
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 (83) 

Solving the arsinh function requires the natural logarithm of a second order polynomial where 
one cannot take the logarithm of a negative number. The expression thereby loose one of its 
solutions. However, it turns out the other solution is the negative of the logarithm. Thus, the 
overall expression for ϕmod becomes: 
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Eq. (84) is inverse symmetric about ϕmod = 0, meaning ϕmod goes into negative values as ϕS > 1. 
Having both positive and negative values might presumably create some scaling issues in 
COMSOL. Therefore, a solution is to shift the ϕmod variable so that it can be consistently scaled. 
Shifting too much may create accuracy issues in solving ϕmod, while shifting too little does not 
provide a good consistent scaling. With these considerations, an arbitrary shift of 50 seems 
relatively sufficient. Eq. (81), (82) and (84) rewritten become: 
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A.7 Boundary expressions 

A.7.1 Moisture balance – boundary expressions 

The PDE for moisture balance has the following boundary expressions, interior and exterior 
respectively: 
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where i interior, e exterior, v vapor, sor source, a air flow, l liquid 
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Vapor supplement from air transport is dependent on air-flow direction, i.e., whether the vapor 
content is determined from the boundary conditions or from the model surface. Since the “sor”, 
i.e., source, implies source to the model surface, then properties for positive sor-terms are 
determined at (ambient) boundary conditions, while a negative sor-term implies transport from 
a model surface, so that properties are determined at surface conditions.  
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where the fraction in Eq. (90) is the vapor fraction of moist air Yv, Eq. (31). With air flow, Eq. 
(91), under the presumption of only air flow in x-direction, and with a requirement that the 
exterior normal points towards the negative x-direction and the interior normal points towards 
the positive x-direction (i.e., exterior and interior at respectively left and right side of model). 

The air flux boundary expressions are taken as: 
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which is a consequence of the approach described in Section A.3.1. 

Finally, the rain flux source is given as: 

 r ,eacc
le,sor l ,cap

l ,min l ,min

T T
g min g , D ln

b T b
  

  
        

 (92) 

where gl is the (impinging) rain flux, which is only non-zero when it rains, ϕacc artificial RH 
(RHacc = RH accuracy) in a fictitious exterior water film layer that is arbitrarily set to 0.99999, 
which corresponds to pc = 1351 Pa at 20 ℃; Tr,e is the rainwater temperature, which in a non-
laboratory environment can be simplified and set equal to the exterior air temperature, Ta,e, due 
to the rainwater temperature usually being unknown; bl,min is the thickness of the exterior mesh 
boundary layer of the model. Eq. (92) is an approximation to Eq. (93) [73], an effective 
maximum moisture flux a material can absorb. The reason for the approximation is further 
addressed in Section A.8.3. Surface runoff is not addressed. Excess rainwater implicitly 
disappears in the model. 

 c
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 (93) 

The capillary pressure gradient has to be positive in Eq. (93). 

A.7.2 Heat balance – boundary expressions 

The PDE for heat balance has the following boundary conditions, interior and exterior 
respectively, separated into source and impedance terms: 
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where; i interior, e exterior, v vapor, a air flow, l liquid, imp impedance, sor source 
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Impedance terms are in COMSOL multiplied with the dependent variable (here T), which is 
solved for in numerical iterations. Therefore, the impedance term is given without the 
dependent variable as seen, for instance, in Eq. (95). 

The convective thermal heat transfer is given as: 
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 (95) 

The heat transfer by vapor diffusion is under the assumption that the vapor lost from the model 
surface is heated or cooled by the air and not the surface. In contrast, the heat of evaporation 
affects the surface as the vapor is either evaporated or condensed at the surface with it going 
directly out of or into the liquid moisture content calculation of the surface material. 
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where cpv is the specific heat capacity of vapor. As a simplification, the heat capacity is in a 
consistent manner evaluated at boundary temperature instead of an average value of boundary 
and surface temperature. This also applies to the following. 

Heat transfer by rain absorption: 
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Heat transfer by vapor content in air flow: 
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 (98) 

Heat transfer by (humid) air flow Eq. (99) under the assumption that air leaving the model 
surface is heated or cooled by the air and not the surface. 
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where cpha is the specific heat capacity of humid air, gai,sor and gae,sor are given in Eq. (91). 

A.7.3 Longwave and shortwave boundary expressions (Article IV) 

Including longwave and shortwave radiation is done by expanding Eq. (94) to: 
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Longwave radiation from the surroundings to a surface is calculated according to principles of 
Hens [219] p.79. Eq. (101) [219] is the net heat flux q̇˝ [W/m2] to the surface, calculated as the 
sum of heat exchange between a surface (subscript s) and, respectively, the terrestrial 
environment (e) and the sky (sk). 

     21 1rse rssk Ls se Tse ssk Tssk e s ssk Tssk cq q F F F F T T F F f             (101) 

where subscript se is surface-environment, ssk surface-sky, εLs [-] longwave emissivity of 
surface, σ [W/(m2K4)] Stefan-Boltzmann’s constant, Fse and Fssk [-] view-factors of respectively 
environment and sky for the surface, FTse and FTssk [K3] scaling radiation-temperature factors 
given as FTij=4[(Ti+Tj)/2]3, Te and Ts [K] temperature of environment and surface respectively, 
fc [-] cloud factor between 0 and 1. The view factors Fse and Fssk are in sum always equal to 1. 
They are both equal to 0.5 for a vertical wall, close to a plane ground-level, with an unobstructed 
view of the horizon. The sky temperature is assumed to be 21 degrees lower than the air 
(environment) temperature [219], hence the value 21 in Eq. (101). The cloud factor is given by 
MDRY data (often in interval 0-100, thus, having to be scaled by 1/100). 

Thus, from Eq. (101) we have the long wave contributions to Eq. (100): 
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 (102) 

The shortwave radiation model was never fully developed and verified for accuracy in the work 
on Article IV. Therefore, the shortwave model should be approached with care. 

Shortwave radiation is separated into direct solar radiation, diffuse solar radiation and possible 
solar reflection by the environment. 

 er _ short ,sor direct diffuse reflectiveq E E E    (103) 

Direct and diffuse radiation are given in MDRY data as radiation flux to a horizontal plane; 
thus, respectively, they have to be reconstituted and reangled. Angular reflection from highly 
reflective surfaces, like reflective building facades or bodies of water, will not be addressed. 
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Instead, we assume diffuse reflectance of the direct solar radiation from the environment, in 
addition to diffuse reflection of diffuse radiation. Then the view factor of the wall to the 
reflective environment can simply be expressed with a cosine expression. 

     1

2

tilt ,wall
reflective e direct ,hor diffuse,hor

cos k
E E E


   (104) 

where ρe [-] is the reflectance coefficient of the environment, subscript hor refers to flux 

measured in the horizontal plane, ktilt,wall [rad] is the angle between the ground and the wall, i.e. 
> π/2 leaning outward over the ground, and < π/2 leaning backward towards the sky, where 
ktilt,wall = 0 indicates a horizontal surface having a view factor of the sky that equals unity. 

Similar, the diffusive radiation is expressed as: 
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Direct solar radiation is the most complex one since it is dependent on the position of the sun 
in the sky. Additionally, a direct path of sight must exist between the surface and the sun. This 
requires knowledge of the sun position in the sky over the course of day and year. Thus, a sun 
position algorithm is necessary. Many algorithms for calculating the position of the sun exist in 
the literature. These algorithms can, for instance, be categorized based on complexity, accuracy, 
and year-interval of validity, where, of course, there is a strong connection between the first 
one and the latter two of these properties. It follows that the decision on what algorithm to use 
should be based on the interval of years needed, what accuracy is sufficient for the use in 
question, and what computational complexity that can be accepted. 

The direct solar radiation is reconstituted from what is detected at the horizontal plane to what 
is detected by the wall plane: 
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      (106) 

where αh [rad] is the sun elevation angle, i.e., the vertical angle between the horizon and the 
sun, and αi [rad] is the angle of incidence, i.e., incoming sun rays relative to the wall normal. 
The angle ranges imply that for αh ≤ 0 sun has set, and angles above π/2 are not possible, 
whereas αi > π/2 gives sun positions behind the wall, i.e., the wall is in the shade, while αi < 0 
should not occur in the calculation. 

The sun elevation angle over the horizon is calculated as [227]:  

          h sun lat sun lat sunarcsin sin sin B cos cos B cos asi       (107) 

where δsun [rad] is the sun declination angle, Blat [rad] is the latitude, asisun [rad] is the sun 
azimuth angle. 

Whereas, the angle of incidence is calculated as [227]: 
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          i h asi htilt ,wall tilt ,wall
arccos cos cos j sin k sin cos k    

   (108) 

where jasi = asisun(t) - asiwall [rad] is the angular difference between the sun and wall azimuths. 

The following applies that the azimuth angle is the eastward angle from the north, i.e., direction 
north is 0° and south is 180°. Both the sun and the wall are given azimuth angles, i.e., 
respectively, asisun and asiwall [rad]. However, while the wall angle is fixed, the sun angle is a 
function of time that follows a sun position algorithm. When the azimuth angles of the wall and 
sun are equal, then the wall normal aligns with the horizontal component of the vector of 
sunshine towards the wall. 

The azimuth angle of the sun can in a crude fashion (low accuracy) be calculated as: 
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where Nday is the day-number in the year, the 15/360 is the angular ratio per hour, i.e., 24 h x 
15°/h = 360°. 

Eq. (109) ensures that each and every midnight asisun = 0; however, this is not accurate. 

The declination angle δsun [rad] can be estimated as: 

 
2 2

23 44 10
360 365sun day. cos N
               

 (110) 

where 23.44 [deg] is the axis tilt of the earth, 2π /360 is conversion from deg to rad, while the 
cosine expression ensures the yearly change in sun declination for the northern hemisphere with 
a maximum on June 21st (172nd day), and a minimum on December 21 (355th day). Eq. (109) 
and (110) are extremely crude expressions for calculating the sun position. It is recommended 
to apply a more accurate sun position algorithm. 
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A.8 COMSOL setup 

A.8.1 Tolerance settings 

Table A.1 Applied tolerance settings 
Setting location Name tag Value Method 

Step 1: Time dependent 

– Study settings 

Relative tolerance 0.001  

Time dependent solver 

– Absolute tolerance 

Tolerance factor 0.1 Scaled 

 Tolerance (dependent variable phim) 1e-3 Scaled 

 Tolerance for time derivatives (dependent 
variable phim) 

1e-3 Scaled 

 Tolerance (dependent variable T) 1e-3 Scaled 

 Tolerance for time derivatives (dependent 
variable T) 

1e-3 Scaled 

Segregated – General Tolerance factor 0.1  

Segregated step phim 

– Method and Termination 

Tolerance factor 1e-3  

Segregated step T 

– Method and Termination 

Tolerance factor 1e-3  

 

A.8.2 Time-stepping 

Deciding maximum timesteps is important for balancing simulation runtime efficiency and 
simulation correctness and accuracy. The COMSOL model has been set up with steps taken by 
the solver to be «free», that is, COMSOL decides the time step size taken to approach 
converging iteration, while adhering to tolerance requirements. Additionally, maximum 
timesteps need to be specified. Ideally, to shorten simulation runtimes as large timesteps as 
possible would be desired. However, a range of practical considerations must be made. 

 The largest timestep is limited by desired simulation result resolution. 

 Timesteps at times of changing boundary conditions cannot be larger than boundary 
condition resolution. 

 Timesteps at times with rapid changes that are numerically hard to solve should be rather 
small (e.g., rain events to give reasonable solving of moisture front progression). 

 COMSOL updates timestep only before initiating a new timestep; therefore, there is 
need of a margin of small timesteps between large timesteps and when small timesteps 
are required. If not, due to the «free» steps taken by the solver, one risks a shift in 
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timesteps, in worst case resulting in an overstepping of events or boundary condition 
changes up to the size of the large timestep. 

It was found most practical to define maximum timesteps in form of a table defining timesteps 
at any time during the simulation. A function f(t) is then used to call for such a table in the 
maximum time setting under Time Stepping in the Time-Dependent solver. Refer also to Article 
VI for more information on practical handling of maximum timesteps in relation to rain events. 

A.8.3 Relaxation expressions for the rain boundary condition 

The rain boundary condition can induce significant numerical hardship or instability that results 
in COMSOL applying so small timesteps that the simulation runtime becomes unacceptably 
long. During work on the model, a few remedies were discovered that can alleviate this issue. 
The findings are summarized below to possibly be of help for others who run into similar 
problems. However, these findings should be approached with care, and should undergo 
specific verification for any setting they are applied. 

It was found that the timestep parameter that is defined in COMSOL could be useful to 
distinguish situations with small timesteps taken by the solver. Basically, timestep is the 
numerical timestep during numerical solving (chosen freely by the solver for the BDF method 
(Backward Differentiation Formula) applied in COMSOL). It can then be put into expressions. 

A list of tried boundary algorithm expression for the driving rain load is given in Table A.2.  

Table A.2 List of tried boundary algorithm expressions (parameter explanations are given 
after table) 
Type Expression Assessment 
Source term / 
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where blmin is smallest mesh boundary layer thickness, 
i.e., the mesh boundary layer furthest out on the exterior. 
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Reduction 
(exponential)  
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0 1 0 1
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timestep0.  
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contribution. 
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wetting to 
lower pc 
values.  

 

After assessment it was found that the most suited combination from Table A.2 was as follows: 
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 (111) 

where ϕmod,acc = ϕmod(ϕacc), ϕmod,acclim = ϕmod(ϕacclim), where ϕacc is arbitrarily set to 0.99999 and 
ϕacclim to 0.9999999 which, respectively, correspond to pc = 1351 Pa and 13.51 Pa at 20 ℃. The 
benefit of the linear criteria in Eq. (111) is not utilized in the following so it is basically 
redundant, but it could be of benefit if ϕacc is replaced with ϕacclim in Eq. (112), if materials with 
retention curves that go to such low pc values are addressed. The gle_term is given as:  
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where timestep0 has been set to 0.1 s; however, larger values might also be acceptable, but more 
rainwater will be lost from the model during numerical hardship if substantially larger values 
are used. 

A.8.4 Principles for material properties functions 

There are some principles or preferences that preferably should be met with property 
expressions for simple and stable implementation into hygrothermal simulation models, while 
at the same time providing realistic property behavior. 

 Smooth and continuous retention curve with dependence to capillary pressure. (The 
curve must account for hygroscopic sorption also). 

 Analytically differentiable retention curve expression. 

 Smooth and continuous curve for vapor permeability with dependence to moisture 
content. 

 Smooth and continuous curve for liquid conductivity with dependence to capillary 
pressure or moisture content. 

 Smooth and continuous curve for thermal conductivity with dependence to moisture 
content. 

These principles are adhered to with the expressions described, suggested, and applied in 
Article V and Article VI. See also Section 2.1. Curves can either be described through 
expressions or be tabulated. With tabulated property descriptions, values are interpolated 
between entries, and the resolution needs to be high enough not to needlessly lose accuracy in 
the property curve shapes. 

  



 120  

[This page is left blank]  



 121  

Appendix B Property functions 
Following are the (basic) temperature dependent property functions applied in the COMSOL 
model. Refer to Section 2.1, Article V and Article VI for the moisture dependent ones. Formulas 
for humid air will not be repeated here; refer to Tsilingiris [220] and [228]. 

B.1 Water and water vapor properties 

Specific heat capacity of vapor [220] 

     2
0 1 0 2 0pvc c c T T c T T J / kgK       (113) 

where c0 = 1869.10989, c1 = -0.2578421578, c3 = 0.01941058941, T0 = 273.15 K 

Comment: There seems to be some differences between values generated from Eq. (113) and 
the IAPWS reported properties [229] for saturated vapor pressures. Furthermore, there is also 
the issue of what the heat capacity of vapor is for unsaturated vapor pressures, something not 
addressed in [220]. 

A remedy for the latter is given by the following function. 

Specific heat capacity of vapor (saturated and unsaturated) [230] 
Function is applicable within temperature range 273.15-473.15 K. Less accuracy above 373.15 
K for increasing vapor pressures; nevertheless, still less than 1 % deviation except at the highest 
end. 
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where pt = 611.657 Pa 

for T <= 323.15 K; AE = 1877.2, BE = -0.49545, CE = 8.1818E-3, AF = 22.537, BF = 0.49321, 
CF = 0.048927 

for T > 323.15 K; AE = 1856.1, BE = 0.28056, CE = 6.9444E-4, AF = 22.537, BF = 0.49321, CF 
= 0.048927 

Comment: Although [230] claims to follow IAPWS, the values at saturation generated by (114) 
do not seem to align to the IAPWS reported properties [229]. 

However, with a modification to the constants, a reasonable approximate alignment is achieved: 

for T <= 323.15 K; AE = 1888.2, BE = -0.49545, CE = 8.1818E-3, AF = 42.537, BF = 0.45321, 
CF = 0.046227 

for T > 323.15 K; AE = 1868.1, BE = 0.28056, CE = 6.9444E-4, AF = 30.537, BF = 0.508, CF = 
0.049927 

Nevertheless, there is uncertainty related to the specific heat capacity of vapor, especially 
unsaturated vapor, and the corresponding values of specific heat capacity of humid air, with the 
uncertainty of the latter reported by [228]. It is outside the scope of the present thesis work to 
further investigate this issue. 
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Specific heat capacity of water [231] 
Function is applicable within the temperature range 273.15-373.15 K at atmospheric pressure, 
with very good accuracy below 363.15 K. 

         1 5 2 2 5
0 0 0 0

. .
pwc a b T T c T T d T T e T T J kg K             (115) 

where a = 4217.4356, b = -5.6181625, c = 1.2992528, d = 0.11535353, e = 4.14964E-03, T0 = 
273.15K 

Comment: since two of the temperature exponents are non-integers, T cannot be less than 
273.15 K. Therefore, such a criterion must be included within all the temperature terms, to 
avoid error and model crash if a calculation is attempted for T < 273.15 K. 

Specific enthalpy of vaporization of water [232] 
Function is applicable within a temperature range between the triple point (also allow 0 ℃) and 
the critical point. 
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where ht = 2500920 J/Kg (heat of vaporization at triple point), Tc = 647.096 K (temperature at 
critical point), T0 = 273.16 K (temperature at triple point), Zc = 0.292 (universal critical ratio) 

Dynamic viscosity of water [233] 
Function is applicable within the temperature range 273.15-643.15 K with maximum error of 
2.5 %. 

   10
b

T c
w T a kg m s        (117) 

where a = 2.414E-5 N∙s/m2, b = 247.8 K, c =140 K 

Surface tension of water [234] 
Function is applicable for temperatures between the triple point (also allows for 0 ℃) and the 
critical point. 

  5 4 9 4 13 4 310/ / /
w T aX bX cX [ N m]   

  (118) 

where X = (Tc-T)/Tc, with Tc = 647.126 K (at which surface tension is zero), a = 232.713514, 
b = -140.18645, c = -4.890098 
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B.2 Air properties 

Specific heat capacity [220] 
Function is valid for a temperature range -23 ℃ to 777 ℃ 

   2 3 4 3
0 1 2 3 4 10pac c c T c T c T c T J kg K        

  (119) 

where c0 = 1.03409, c1 = -0.284887E-3, c2 = 0.7816818E-6, c3 = -0.4970786E-9, c4 = 
0.1077024E-12 

B.3 Air-vapor properties 

Saturation pressure [235] 
Function is applicable for the whole range of temperatures given that the saturated vapor 
pressure is on a vapor-liquid water interface. Nevertheless, the expression has been derived 
with hydrometeorological applications in mind, and the verification covered the interval -40 to 
50 °C. At temperatures approaching 100 °C the accuracy decreases. 
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where P0 = 611.657 Pa, T0 = 273.16 K (saturation pressure and temperature at triple point 
respectively) 

Saturation pressure gradient (differentiated from the above) 
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Vapor permeability in air [118, 144, 236] 
Range of applicability is not known to the author.  
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where P0 and P are the standard (P0 = 101325 Pa) and acting atmospheric pressure, respectively, 
T0 = 273.15[K]. 
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Appendix C Verification and validation of the COMSOL model 
Verification of the COMSOL model involves checking the correctness of the physics code-
implementation, design functionality of algorithms, and accuracy to benchmark standards. 
Validation involves checking and assessing whether the model satisfies end use application and 
performance needs. 

All the Hamstad benchmarks [121] have been run in 3D since the 3D functionality is 
numerically hardest to simulate. Hence, what works in 3D should run easier for lower 
dimensions. Still, all the Hamstad benchmarks are 1D benchmarks, i.e., their boundary 
conditions and geometry functionality are strictly 1D. Therefore, the benchmarks do not 
actually test heat, air, and moisture transport performance in 3D, only the physics and algorithm 
functionality for 3D. Complete description of benchmarks is found in the Hamstad benchmark 
report [121], which encompasses setups, inputs, and expected results. 

Benchmarks 1 and 2 are already addressed in Article III; however, since the COMSOL model 
algorithms have been corrected for a mistake and updated to accommodate driving rain, also 
these benchmarks are repeated. 

C.1  Hamstad 1 benchmark (Drying under seasonal and daily weather 
variation) 

Provides a scenario of a two-layer roof structure with an exterior load bearing layer and an 
interior insulation layer. The load bearing layer is capillary active while the insulation layer is 
non-capillary. A moisture membrane prevents vapor exchange at the exterior. Climate exposure 
involves daily external temperature and interior vapor pressure variation over a year on an 
hourly basis. It includes interstitial condensation between the two material layers [73]. Large 
temperature fluctuations occur in the load bearing layer during summer times due to the large 
external temperature variation. The scenario runs for five years from a high initial moisture 
content to slowly decrease year by year by drying towards the interior. 

The scenario tests model accuracy and consistency over long times, as well as the handling of 
large temperature fluctuations. 

a) 
 
 
 
 

b) 

 
Fig. C.1.1 a) Benchmark object b) Geometry and mesh setup, including boundary layers 
at all interfaces. 
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Fig. C.1.2 Average moisture content in the load bearing layer 1st year 

 
Fig. C.1.3 Average moisture content in insulation 1st year 

 
Fig. C.1.4 Average of calculated heat flows from interior to the ceiling, 1st year 
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Fig. C.1.5 Heat flow from interior to the ceiling, 1st year, first 500 h 
 

 
Fig. C.1.6 Average moisture content in the load bearing layer 2nd year 

 
Fig. C.1.7 Average moisture content in insulation 2nd year 



 128  

 

 
Fig. C.1.8 Average moisture content in the load bearing layer 3rd year 
 

 
Fig. C.1.9 Average moisture content in insulation 3rd year 

 
Fig. C.1.10 Average moisture content in the load bearing layer 4th year 
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Fig. C.1.11 Average moisture content in insulation 4th year 
 

 
Fig. C.1.12 Average moisture content in the load bearing layer 5th year 
 

 
Fig. C.1.13 Average moisture content in insulation 5th year 
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Comments on this benchmark: 

 The benchmark is sensitive to the timestep-size taken. Since the simulation lasts five 
years, it is tempting to use large timesteps; however, a timestep-size of 3600 s, equal to 
the boundary condition time-resolution, becomes inaccurate, leading to the result 
diverging over time. A considerably smaller timestep is thus necessary. A timestep of 
360 s provides a result in line with the benchmark. 

 This realization is important in simulations involving 3D due to the associated 
numerical load. To keep simulation time low, as large timesteps as possible are 
preferred. However, this implies that a timestep-size close to the boundary condition 
time-resolution is not feasible for keeping accuracy over long duration scenarios. 

C.2 Hamstad 2 benchmark (Isothermal drying) 

Provides a scenario of a wall layer under fictitious isothermal conditions (altered enthalpy of 
vaporization). From an initial high moisture content, the layer will dry out due to a constant 
lower relative humidity at the exterior and interior. With exterior and interior relative humidity 
being unequal, a distinct non-symmetric moisture profile forms. The scenario has an analytical 
solution. 

This benchmark is the simplest of the five benchmarks and tests the moisture storage and 
transport PDE, independent of temperature. 

a) b) 

 

Fig. C.2.1a) Benchmark object b) Geometry and mesh setup, including boundary layers 
at all interfaces. 
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a) b) 

 

c) d) 

Fig. C.2.2 Moisture content at a) 100 h, b) 300 h, c) 1000 h, over x-interval 0-5 cm and d) 
1000h at x-interval 15-20 cm. 
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C.3 Hamstad 3 benchmark (Air diffusion) 

Provides a scenario of a lightweight wall subjected to an air pressure potential that switches 
from an interior over-pressure to under-pressure. The scenario first ensures moisture deposition 
in the wall before subsequent drying. 

Although air diffusion is not part of the current thesis, air diffusion has been included in the 
COMSOL model to demonstrate its versatile functionality. 

a) b) 

 

Fig. C.3.1 a) Benchmark object and air pressure scenario, b) Geometry and mesh setup, 
including boundary layers at all interfaces. 
 

 
Fig. C.3.2 Temperature evolution at x = 0.05 m 
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Fig. C.3.3 Moisture content evolution at x = 0.05 m 
 

 
Fig. C.3.4 Temperature evolution at x = 0.1 m 
 

 
Fig. C.3.5 Moisture content evolution at x = 0.1 m 
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Fig. C.3.6 Temperature evolution at x = 0.15 m 
 

 
Fig. C.3.7 Moisture content evolution at x = 0.15 m 
 

 
Fig. C.3.8 Temperature evolution at x = 0.17 m 



 135  

 
Fig. C.3.9 Moisture content evolution at x = 0.17 m 
 

 
Fig. C.3.10 Temperature evolution at x = 0.19 m 
 

 
Fig. C.3.11 Moisture content evolution at x = 0.19 m 
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Comment on this benchmark: 

 This benchmark can be somewhat sensitive to how the humid air properties in detail are 
described and modeled for the air flow. 

C.4  Hamstad 4 benchmark (Driving rain absorption) 

Provides a scenario of a two-layer wall exposed to a sequence of exterior driving rain events 
and high temperature fluctuations. Interior there is a varying vapor pressure representing a 
moisture load. The climate exposure is severe, including moisture condensation, alternating 
rapid wetting and drying, as well as moisture redistribution across the interface between the 
two material layers [73]. Furthermore, the exterior layer has very high hydraulic conductivity. 

Due to its driving rain inclusion, this benchmark is important for hygrothermal models intended 
to handle driving rain. Thus, it is central for testing the COMSOL model of this thesis. 

a) b) 
 

 

Fig.C.4.1 a) Benchmark object, b) Geometry and mesh setup, including boundary layers 
at all interfaces. 
 

 
Fig.C.4.2 Moisture content on outer surface 
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Fig.C.4.3 Moisture content on inner surface 
 

 
Fig.C.4.4 Temperature on outer surface 
 

 
Fig.C.4.5 Temperature on inner surface 
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Fig.C.4.6 Moisture profile at 12 hours 
 

 
Fig.C.4.7 Moisture profile at 24 hours 
 

 
Fig.C.4.8 Temperature profile at 24 hours 
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Fig.C.4.9 Moisture profile at 48 hours 
 

 
Fig.C.4.10 Moisture profile at 54 hours 
 

 
Fig.C.4.11 Moisture profile at 78 hours 
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Fig.C.4.12 Moisture profile at 96 hours 
 

 
Fig.C.4.13 Temperature profile at 96 hours 
 

 
Fig.C.4.14 Moisture profile at 120 hours 
 
Comment on this benchmark: 

 Timesteps during rain events need to be rather small to achieve the result of Fig.C.4.10. 
Otherwise, the moisture front progression will be underestimated. Timesteps smaller 
than 120 s provide a more reasonable fit, while for instance 360 s gives clear 
underestimation. Furthermore, the result of Fig.C.4.10 is also sensitive to mesh 
resolution. 
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C.5  Hamstad 5 benchmark (Capillary active interior insulation) 

Provides a scenario of brick masonry with capillary active interior insulation. Being vapor open, 
condensation occurs in the wall, and the capillary properties of the insulation ensures some 
moisture distribution towards the interior. With constant boundary conditions, the scenario 
concept is simple, with a transition in moisture content profile over time from an initial 
condition. 

Presenting a masonry structure with interior insulation makes this benchmark very relevant for 
the COMSOL model, by testing the combined vapor and capillary transport functionality and 
performance. 

a) 
 
 

b) 

 
Fig. C.5.1 a) Benchmark object, b) Geometry and mesh setup, including boundary layers 
at all interfaces. 
 

 
Fig. C.5.2 Relative humidity at end of day 60. Superposition of COMSOL model results 
over solutions from [121]. 
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Fig. C.5.3 Moisture content at end of day 60. Superposition of COMSOL model results 
over solutions from [121]. 
 

 
Fig. C.5.4 Moisture content with and without acting capillary conductivity for insulation 
layer at end of day 60. Superposition of COMSOL model results over solutions from [121]. 
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ABSTRACT 
Interfaces between brick and mortar in masonry 
structures have in hygrothermal modeling often been 
given a resistance on the moisture transport across 
them. However, interfaces may also have some 
impact on transport of moisture along the interface 
planes themselves. 

In this paper experimental investigation has been 
conducted on how capillary absorption coefficients, 
when tested for parallel to the mortar joint plane, are 
influenced by the mortar and the mortar-brick 
interface of the joint. The coefficients are compared 
to the shear strength capacities of the respective 
specimens in order to investigate any connection 
between water absorption and mortar joint quality.  

INTRODUCTION 
Brick masonry has long been popular when 
constructing buildings, even though the masonry 
design and function have changed over the years. In 
many older buildings the brick masonry forms the 
load bearing structure, also including exterior walls. 
Masonry makes out a major bulk of the exterior wall 
cross section, running originally more or less 
continuously from the exterior to the interior side. 
However, as times change the use and expected 
performance of buildings change as well. Old 
factories and workshops may be redesigned to 
become offices or residential apartments, and older 
residential buildings, with low comfort and high 
heating costs, may be upgraded to meet new 
standards. To achieve this, exterior walls may be 
retrofitted to new criteria such as higher heat 
insulation and air tightness. If the exterior facade is 
wanted preserved the retrofit is done on the interior 
side. From a building physics point of view interior 
retrofit gives challenges on avoiding moisture 
problems and damages, and more detailed analysis of 
the wall is often necessary to ensure that the 
retrofitting is safe. At this point the performance of 
the masonry becomes important; how severely is it 
wetted from driving rain or condensation?, how 
quickly does it dry out after it has become wet?, how 
fast, where and how does the moisture travel in the 
masonry?, are examples of questions which might be 

needed answered. Many factors influence on this; 
however the present paper will be limited to capillary 
absorption, a parameter having great influence on the 
transport of moisture, and wetting of masonry. More 
specifically, it is of interest to look at how the 
interface between brick and mortar influences on the 
capillary absorption when the process occur along 
the interface plane. Many researchers have been 
looking at the interface’s significance in masonry 
before, for instance in relation to the bonding 
strength of the masonry (e.g. Groot (1993)), or to the 
moisture transport across it (e.g Brocken (1998)); 
however, it does not seem that nearly as much have 
been done on moisture transport along the interface 
plane. 

Our investigations on this topic are still at an early 
stage, and laboratory testing is and will be ongoing. 
However, we will take the opportunity to present 
some results and lessons we made from initial 
investigations done in connection with a master 
thesis at our laboratory.  

Capillary absorption  

Water absorption development of bricks, in addition 
to some other materials, can be expressed as a 
volumetric cumulative water absorption through the 
area of contact with free water by the following 
equation (Hall, 1977) 

 1 2i St   (1) 

i = cumulative absorption [m]; S = sorptivity [m/s1/2]; 
t = time [s] 

In Equation (1) the square root of time originate from 
similar mathematics to that of diffusion theory for a 
semi-infinite solid (Vejmelková et al., 2009, Crank, 
1975). The sorptivity is analogous to the square of 
diffusivity. Measuring water absorption is however 
usually done by weighing the material at different 
times during the absorption process and it is 
therefore more convenient to relate water absorption 
to unit mass. Furthermore, equation (1) is purely 
theoretical for strict ideal boundary conditions where 
the liquid diffusion starts from the boundary surface, 
where it is in contact with free water, and at which 
the material needs to show same isotropic behavior 
as further inside. In practice these ideal conditions at 
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the boundary are difficult to obtain as the test 
specimen for practical reasons have to be placed with 
some immersion depth to ensure free water contact 
with the whole surface, which may not be completely 
smooth. The immersion depth causes a small 
pressure, corresponding to the water head, and alters 
the conditions (see Bomberg et al. (2005)). 
Furthermore for a porous material with non-smooth 
surface, large pores, voids, and surface roughness 
might contribute to higher initial absorption due to 
larger effective surface area than what is used for 
calculation. It is therefore necessary to address initial 
absorption. Hence, equation (1) is expanded to the 
following (Bomberg et al., 2005) 

 0 wI A A t   (2) 

I = cumulative absorption [kg/m2]; A0 = initial water 
uptake [kg/m2]; Aw = water absorption coefficient 
[kg/m2·s1/2] 

Equation (2) applies to the region named “theory-
following absorption” in Figure 1, and A0 is then a 
constant value at t = 0 where the linear trend of the 
region meets the y-axis. Hence A0 is not measured, 
but found by extending the line of that region. The 
initial region must as a consequence be excluded 
from the readings used to establish the line of the 
theory-following region. For instance, for certain 
clay bricks described by Bomberg et al. (2005) this 
initial region spans 225s.  

The water absorption testing need to be done at 
isothermal conditions since the temperature 
dependency of both surface tension and dynamic 
viscosity of water would otherwise influence the 
process. With isothermal conditions it is however 
possible to compare results of sorptivity or water 
absorption coefficient found at different temperatures 
(see Gummerson et al. (1980)). 
 

 
Figure 1: Development in cumulative water 

absorption with respect to square root of time. 
Division into regions of different trends. 

 

After the theory-following region the waterfront of 
the absorption has reached the other side of the test 
specimen and semi-infinite boundary conditions no 
longer apply. At this point there will be a transition 

region where the rest of the smaller pores are filled, 
and where the overall pore space is filled by capillary 
saturation. The moisture content after the transition 
to the air diffusion region is, by definition, the 
capillary moisture content wcap (Roels et al., 2004).  

During capillary absorption some air is trapped in the 
process, and this air will over time dissolve in the 
liquid water and diffuse out of the specimen (e.g. 
Janssen et al. (2015)), thereby giving a small slope in 
the air diffusion region of Figure 1. For a 
hypothetical material with homogeneous pore size, 
having a steep waterfront which fill all pores 
simultaneously as it progresses through the specimen 
(indicating the capillary saturation is quickly reached 
after or almost at the waterfront), there would be no 
transition region to the air diffusion region. For some 
test specimens differing much from this hypothetical 
case, quite long transitions regions may exist, and it 
is plausible air diffusion already is taking place, 
having substantial impact on the absorption 
development. By identifying the slope of the 
capillary region and that of the air diffusion region, 
the intersection of the lines can be identified as a 
transition comparable to the hypothetical case. The 
accumulated water at the intersection can be a good 
estimate of the capillary moisture content. In the 
present studies the average of the moisture content at 
this intersection and at the first trustworthy identified 
measurement in the air diffusion region is used as the 
capillary moisture content. 

EXPERIMENT 

Selected materials 

A solid brick was initially intended for the 
experimental work; however, due to complications in 
the delivery, a perforated brick (< 25 volume % 
perforation) ended up being used instead. This had 
some implications on the evaluation of the 
experiment results as discussed later. Dimensions of 
the brick were L x W x H of 226 x 104 x 60 mm. 
The brick type was chosen for its high initial 
absorption rate (IRA), assumed to be similar to that 
of historical bricks often encountered in retrofitting 
and renovation projects. Product information given 
by the producer include: average weight per brick, 
2.0 kg; net density of solid, 1750 kg/m3

, a density 
class with accuracy ± 10 %; IRA, 4.5 kg/m2·min; 
water absorption, 25-vol %. Considering weight, 
density, total brick volume as well as the weight 
given by the producer for a solid version of the brick 
type, the perforation voids make out approximately 
20 - 23 % of the brick volume. Some additional data 
given by the producer is given in the appendix table. 

Properties of 11 bricks were measured for 
comparison with the product information. Net 
density (NS-EN 772-13) and net volume (NS-EN 
772-3) were respectively measured to be 1702 kg/m3, 
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with a standard deviation of 14.1 kg/m3, and 0.00108 
m3, with standard deviation of 0.00001 m3. The 
percentage of voids (perforations not included) were 
found to be 29 % with a standard deviation of 0.9 
%.Water absorption, in accordance with NS-EN 772-
21, was measured to be 17.1 % mass, with a standard 
deviation of 0.7 %. IRA was measured in accordance 
with IRA definition of NS-EN 772-11. An 
immersion depth of 10 mm was used instead of the 5 
mm described in NS-EN 772-11. The measured 
values should therefore be considered as extra 
conservative. Measurements were done both normal 
to the brick bed and face. For the brick bed the IRA 
was found to be 4.2 kg/m2·min with a standard 
deviation of 0.3 kg/m2·min, while for the face it was 
found to be 3.8 kg/m2·min with a standard deviation 
of 0.2 kg/m2·min. 

Four types of commercially available mortars were 
tested in combination with the brick. These included 
two prescribed LC-mortars; LC 50/50/610 and LC 
35/65/520, numbers corresponding to 
lime/cement/aggregate mass ratios of binder content, 
and two design mortars classified M5 in accordance 
with NS-EN 998-2. The two M5 mortars are further 
addressed as M5A and M5B, where M5A is a 
general mortar while M5B is specially designed for 
bricks with relatively high IRA values (up to 3.5 
kg/m2·min). The aggregate of all the mortars is 
natural sand with grain diameters 0-2 mm. 

Test specimens 

Three types of specimens were tested; i) individual 
bricks, ii) brick pillars, and iii) mortar joints taken 
from the pillars after the pillars had been tested for 
shear strength. 

Pillars, of three bricks height, was laid using a 
specially design aluminum form, as shown in Figure 
2, in order to consistently achieve 15 mm mortar bed 
joints. A total of 26 pillar specimens were made as 
shown in Table 1. Most of the specimens were given 
concave joints (-C); however, KC50-F was given a 
flush joint (-F) at the face side for comparison. The 
making of a concave joint finish is expected to 
compact and smooth the joint surface, possibly 
giving smaller surface pore openings which then will 
affect the water absorption rate. With the exception 
of M5A-CW no prewetting of the bricks was 
undertaken. Prewetting of bricks before laying them 
has for a long time been a common practice in order 
to reduce the water loss of the mortar joint, due to 
high suction from the bricks, during initial curing  

Some specimens had to be scrapped due to poor 
bonding between the mortar and brick during curing, 
causing KC50-F and M5A-C only having 3 
specimens. The specimens were left curing at room 
temperature of 22 °C for 25 days under a 
polyethylene sheet cover. The function of the cover 

was to retain a relative humidity (RH) for the curing 
process, higher than the 29 % RH of the room, to 
prevent dry-out. Before the testing of water 
absorption coefficient the cover was removed in 
order to condition the specimens to the room 
conditions. The room RH of 29 % was lower than the 
prescribed RH of 40 to 60 % of NS-EN ISO 15148. 

Figure 2: The brick laying and the tool used to 
ensure constant joint thickness. 

Table 1: List of pillar and mortar joint specimen 
series. 

NAME MORTAR FEATURE # SPECIM. 
KC50-F KC 50/50 Flush joint 3 
KC50-C KC 50/50 Concave joint 5 
KC35-C KC 35/65 Concave joint 5 
M5A-C M5 A Concave joint 3 
M5A-
CW 

M5 A Concave joint, 
pre-wetted brick  

5 

M5B-C M5 B Concave joint 5 

Experimental setup - water absorption 

The experimental setup was in accordance with NS-
EN ISO 15148. A tank with automatic readjustment 
of the water level was used; however the one tank 
did not provide sufficient space for all the specimens, 
so four tanks with manual readjustment of water 
level were also used. The test specimens were placed 
in the tanks on supports to keep them off the bottom. 
The water level was set at 10 mm, a deviation from 
NS-EN ISO 15148 having 5 ± 2 mm, in order to keep 
it equal for all the specimens since the concave joints 
required a higher water level. The pillars (Figure 3), 
the single bricks and the mortar joints (Figure 4) 
were placed in the water with the face down.  

The pillar specimens were weighed at 10 min, each 
hour in the interval 1-8 hours and at 24 hours. 
Weighing of the mortar joint specimens was done at 
15 min, each hour in the interval 4-11 hours and at 
24 hours. This gave 10 measured values to be plotted 
for both specimen types. 
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After shear strength testing of the pillars, the 
remaining intact mortar joint of each pillar were 
chiseled or, when bonding appeared to strong, sawn 
out of the pillars to become the mortar joint 
specimens. When chiseled the mortar joints kept 
some mortar bumps where the brick perforations had 
been located, as can be seen in Figure 4. However 
these bumps only appear on the side being the lower 
one of the joint in relation to the brick laying. The 
cause of only one side having these bumps can be 
found from the use of the tool shown in Figure 2, 
which prevented the new laid brick from being 
pushed into the mortar to such an extent that the 
mortar would be pressed up in the perforation holes. 
As a consequence the joints cross section became 
non-constant, with somewhat increased cross section 
area at the bumps. 
 

 
Figure 3: Absorption testing of pillar specimens, 

KC50-C. Tray with manually regulated water level.  
 

 

 
Figure 4: Absorption testing of joint specimens. Tray 

with automatic water level regulation.  
 

Experimental setup – initial shear strength 

For measuring the initial shear strength a procedure 
similar to that of NS-EN 1052-3 was used. There 
were three differences to that of the standard. First, 
no lateral precompression load was applied; second, 

instead of steel roller bearings, wood fiber pads were 
used under the steel supports to ensure good contact 
to the specimen; third, instead of 9 only 3 or 5 
specimens were tested in the different series. Due to 
the first and third difference, no plot of initial shear 
strength to precompression stress could be made for 
result evaluation in accordance with NS-EN 1052-3. 
However, since the aim of the shear testing was to 
investigate whether a correlation existed between 
water absorption rate and the mortar joint quality, it 
was deemed that a detailed analysis of shear strength 
was unnecessary. Inclusion of the precompression 
would also have required a much higher number of 
specimens, which would not have been possible 
within the cost and time constraints of the 
experiments. The shear test setup is shown in Figure 
5.  
 

 
Figure 5: Shear testing of pillar specimen KC35-C. 

Failure in top interface of lower joint. 
 

ANALYSIS AND DISCUSSION OF THE 
RESULTS 
It is clear from the results plotted in Figure 6 that 
most of the pillars show an absorption trend that is 
much more curving than that of the ideal theoretical 
trend described in the introduction. Downward 
curving trend can be seen in some materials having 
very coarse pore structure, where the gravitational 
effect becomes comparable to the capillary suction 
(Hall and Tse, 1986, Hall, 1989). However, this is 
not likely to be the case in the present study, since 
the pores are not coarse enough for gravitational 
effect to become substantial. In other words, 
gravitational effects are negligible as long as the 
specimen height is much smaller than potential 
capillary rise in the material (Bomberg et al., 2005). 

Furthermore, the curving trend is not present for the 
bricks or for M5A-CW, also excluding that the 
perforations in the bricks are the cause. On the other 
hand, the perforations make the cross sectional area 
varying up through the specimen. A varying cross 
section is in conflict with the unidirectional flow 
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conditions used in the derivation of equation(1), even 
though the results for the bricks and M5A-CW seem 
to follow the theory quite well. It is possible the 
theory-following region of the absorption 
development is just limited by the volume flow 
passing through the smallest cross section area at the 
plane cutting through the center of the perforations. 
In such case it might be misleading to use the gross 
cross sectional area of the specimens to determine Aw 
if one should compare the value to that of a solid 
brick. Another aspect, which is also later addressed, 
is that some mortar has pressed into the perforations 
making the actual absorption situation more 
obscured. 
 

 
Figure 6: Absorption development of brick and pillar 
speciemens. All values are averages of the test series. 
 

Moisture evaporation from the specimen may also 
explain the long transition region, as the laboratory 
relative humidity was low and no measure was taken 
to reduce the contribution from evaporation. 
Bomberg et al. (2005) suggests for instance placing a 
plastic cover over the specimen to reduce 
evaporation, as long as pressure equalization to the 
room atmosphere is ensured. 

Table 2: Brick – water absorption coefficient, Aw 
[kg/m2·s1/2], at 22 °C. Measured from 11 specimens. 
Standard deviation is that of samples, i.e. using n-1 

for reduction in degrees of freedom. 
 

MEAN MIN / MAX STAND. DEV. 
0.1410 0.1206 / 0.1549 0.0111 

 

Table 3: Brick – capillary saturation water content, 
Wcap [kg/m3], measured from 11 specimens. Standard 

deviation is that of samples, i.e. using n-1 for 
reduction in degrees of freedom (n-2 for combined). 

 

 MEAN MIN / 
MAX 

STAND. 
DEV. 

Theoretical ideal graph 
regime transition 

203.48 194.24 / 
211.47 

5.28 

First trustable point of 
air diffusion regime 

205.02 195.50 / 
213.16 

5.40 

Above perspectives’ 
combined average 

204.25 194.24 / 
213.16 

5.40 

 

Due to tight schedule when testing the mortar joint 
specimens, the water absorption was not measured 
up to capillary saturation, and no value for capillary 
moisture content could therefore be found. However, 
the absorption development up to 24 hours can be 
seen in Figure 7. An estimate on the water content at 
capillary saturation was attempted by subtracting the 
average saturated water content of the bricks (Table 
3) from the pillar capillary water content, leaving the 
mortar joint water content at capillary saturation. The 
result of this attempt is given in Table 5, but as can 
be seen the values have a high spread indicating their 
trustworthiness is low. The volume of mortar is for 
instance unknown and hard to estimate due to some 
mortar having pushed into the perforation of the 
bricks. The resulting net density and porosity of the 
mortar in the pillar specimens have also not been 
measured in this study. 
 

 
Figure 7: Absorption development of mortar joint 

types. All values are averages of the test series. 
 

Table 4: Mortar joint specimen series - water 
absorption coefficients, Aw [kg/m2·s1/2], at 22 °C. 

 

SERIES MEAN VALUE MIN / MAX VALUES 
KC50-F 0.0297 0.0270 / 0.0365 
KC50-C 0.0206 0.0129 / 0.0283 
KC35-C 0.0173 0.0144 / 0.0214 
M5A-C 0.0118 0.0093 / 0.0180 
M5A-CW 0.0083 0.0065 / 0.0127 
M5B-C 0.0091 0.0071 / 0.0134 
 

Table 5: Mortar joint specimen series – capillary 
saturation water content, Wcap [kg/m3]. Estimated 

from pillar specimens at time of capillary saturation 
(average of theoretical and first trustable point of air 

diffusion regime). 
 

SERIES MEAN VALUE MIN / MAX VALUES 
KC50-F 258.79 231.96 / 287.82 
KC50-C 265.21 239.65 / 293.90 
KC35-C 199.71 137.75 / 256.16 
M5A-C 163.20 133.85 /189.05 
M5A-CW 182.21 159.29 / 206.99 
M5B-C 208.76 181.14 / 258.94 
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Due to the curving trend in Figure 6 least square 
linear regression was used to determine the 
absorption coefficient from the curves. The curve 
region presumably representing the theory-following 
region in Figure 1 was, in lack of a better procedure, 
visually evaluated after best understanding and 
determined by comparing different linear regression 
lines having taking into account different number of 
measurement points. 

The mean values for the water absorption coefficient 
of the pillar series, given in Table 6, are all higher 
than the max value of the brick from Table 2. Only a 
few specimens of KC35-C and M5A-CW have lower 
values than the brick maximum, and these are then 
quite close. Since the Aw values for the mortar joints 
(Table 4) are much lower than that of the bricks, 
while the joint seemingly reach capillary saturation 
very slowly (Figure 7), this is a strong indication of 
extra moisture movement along the brick-mortar 
interface. With the exception of M5A-CW, the 
pillars appear to reach capillary saturation sooner 
than the bricks, respectively at a time ~ 130 s1/2 
compared to ~ 160 s1/2, as seen in Figure 6. 

Table 6: Pillar specimen series - water absorption 
coefficients, Aw [kg/m2·s1/2], at 22 °C. 

 

SERIES MEAN VALUE MIN / MAX VALUES 
KC50-F 0.1744 0.1640 / 0.1813 
KC50-C 0.1760 0.1667 / 0.1828 
KC35-C 0.1631 0.1512 / 0.1728 
M5A-C 0.1687 0.1599 / 0.1749 
M5A-CW 0.1599 0.1531 / 0.1704 
M5B-C 0.1734 0.1621 / 0.1797 
 

The values for KC50-F and KC50-C do not differ 
significantly in Table 6 and no conclusion on the 
effect of the mortar joint finish (flush vs. concave) 
can be made from these numbers alone. However, 
when looking at the results for only the joints (Table 
4) there is a significant difference between the two, 
giving indication that the concave joint give lower 
water absorption. A possible explanation for why the 
pillars do not benefit from this might be that the 
bricks, having higher capillary transport potential, 
become dominant on supplying water to the mortar 
joint. Also, the concave from of the joints may create 
a higher inflow of water by creating two-dimensional 
inflow at the brick edge along the joint, and further 
upholding the absorption rate of the pillar by 
circumventing the joint compacted finish. When 
looking at the values for KC35-C, these explanations 
seem insufficient or incorrect. KC35C show in 
comparison low water absorption both for the joint 
and pillar specimens. It might be as simple as the 
KC50-F number of specimens is too limited to give 
statistical validity. Still, Figure 8 show lower shear 
strength capacity for the KF50 concave joints than 
the flush joints, indicating poorer brick-mortar 
interface bonding of the former. Overall the shear 

strength capacities of KF35-C show to be better than 
those of KF50-C.  

Increased water absorption may originate from 
higher interface porosity or void presence caused by 
poor brick - mortar bonding. However, the presented 
data in Figure 8 encompass too few specimen 
measurements to calculate any statistical probability 
for this causality. Interestingly though; observations 
during the testing gave notice of water seeping 
through on the upper pillar surface for some of the 
specimens after a test period of 2 hours. This was 
especially the case for the middle brick. Comparing 2 
hours (84.9 s1/2) with the absorption development for 
the brick (Figure 6) shows that this is a much earlier 
time than that of the expected seep through, which lie 
in the interval between ~ 120 s1/2 and 150 s1/2 for the 
different bricks (values taken at the approximate start 
of the transition region defined in Figure 1). This 
seems odd unless the mortar joints influence by 
giving increase to the waterfront velocity. Since the 
mortar joints themselves did not show any fast 
absorption towards capillary saturation, an 
explanation points strongly to the influence of the 
brick mortar interface. M5A-CW did not show this 
early water seep through, and as can be seen from 
Figure 6 its average absorption development 
followed that of the brick. 
 

 
Figure 8: Water absorption coefficients plotted to 

specimens corresponding shear strengths. 
 

All the shear testing failures occurred at the brick-
mortar interface. The shear strength capacity was 
overall lower than expected for these types of mortar, 
and, for comparison, most specimens failed at lower 
capacities than 0.1 MPa, i.e. the lowest listed initial 
shear strength in NS-EN 1996-1-1. This indicates 
there have been factors influencing the bonding 
between brick and mortar in a negative sense. A 
likely cause is that the high water suction of the 
bricks draws too much water out of the mortar in the 
initial time after laying the brick, thereby having less 
than optimal water content in the mortar for the 
curing process, or having a changed mortar 
composition at the interface as fine particles are 
transported by the flow. This is supported by the pre-
wetted brick specimens (M5A-CW) performing 

122

B-05-2 Experimental investigation of capillary absorption along mortar-brick interface plane



better in the shear testing. Still, not even the pre-
wetted bricks ensured high shear strength in all the 
specimens. Another possible cause of negative 
influence might be the tool (Figure 2), used to ensure 
constant joint thicknesses. When using it the brick 
laying went slower, increasing risk with mortar 
stiffening and drying before next brick is laid in 
place. Surprisingly many of the specimens failed at 
the top of the lower joint of the laying order, while 
none failed at the top of the upper joint, perhaps 
indicating some unknown procedural problem with 
the brick laying. Only M5A-CW and M5B-C had a 
different location of failure, with three failures each 
at the bottom of the upper joint. It was checked 
whether the latter failure occurred at higher shear 
strengths, and it was found that the specimen with 
the lowest shear capacity corresponded to failure of 
the first kind, but no conclusion or credible 
indication could be obtained as failure of the first 
kind also had one occurrence at a higher shear 
strength for both mortars. There were too few 
specimens to do any statistical evaluation. The tool 
does have some available adjustment so that more 
compression of the mortar can be achieved when 
laying the top brick, which perhaps can ensure better 
contact and bonding between mortar and brick. 
Trying such adjustment can be undertaken in further 
studies. 

CONCLUSION 
Water absorption coefficients were investigated for a 
brick type, having high suction capabilities (high 
IRA value), in combination with several mortar 
types. When tested with the face down, it was found 
that pillar specimens (consisting of three bricks with 
mortar joints) had higher water absorption 
coefficients than the individual bricks, for all test 
series. Saturated capillary moisture content was 
reached sooner for the pillars than for the individual 
bricks. Most of the pillars series had absorption 
developments showing strong curving trends making 
determination of water absorption coefficients and 
saturated capillary water contents difficult and more 
uncertain. The pillar series with closest trend to that 
of the bricks had used prewetted bricks during brick 
laying in contrast to the other pillar series. Taking 
into account that the mortar joints themselves had 
much lower water absorption rate than the bricks, the 
mortar joint interfaces appear the most likely cause 
of increased water absorption rate for the pillars. 
Comparing tested shear strength capacities of the 
pillars with their respective water absorption 
coefficients it was found indications of a connection 
between high absorption coefficients and low shear 
strength capacities. In conclusion the results give a 
strong indication that poor mortar-brick bonding at 
the joint interfaces give higher water absorption rates 
and faster water front velocity close to these 
interfaces. However, the number of specimens tested 

was not high enough to give any statistical analysis 
on this. In addition, aspects like mentioned in the 
lessons learned, given below, give rise to 
uncertainties in the results.  

A few lessons were made during the study. 

 The bricks should be pre-wetted in order to 
achieve better bonding between brick and 
mortar, and thereby more reasonable initial 
shear strength capacities. 

 The tool used (Figure 2) may have 
interfered with the bonding between brick 
and mortar on the top of the joints, 
according to laying order, and more testing 
both with and without this tool should be 
conducted in order to see its effect. If used, 
care should be taken to ensure good contact 
between the brick and mortar, and effects of 
different tool adjustments can be 
investigated. 

 The transition region of the pillar series, 
except for M5A-CW, begins quite early. 
Although there are indications of poor 
interfaces giving rise to this, it will be 
important to remove other uncertainties 
caused by other aspects influencing on this. 
Inaccuracies caused by the procedure of 
specimen making and testing should be 
limited even more; (i) perforated bricks 
should be avoided as this give rise to 
challenges and uncertainties, especially 
since the cross sectional area varies and 
since mortar press into the perforations; (ii) 
care should be taken to avoid mortar 
stiffening or dry-out during the brick laying; 
(iii) evaporation from specimens’ top 
surface during testing should be limited. 

A new study which incorporates the understanding 
made from these lessons, and especially avoids the 
unfortunate use of perforated brick, has been planned 
and is under way.  
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Appendix: Mortar properties specified by producer and the standards the producer refers to 

 

MORTAR AIR 
CONTENT 

COMPRESSIVE 
STRENGTH 

WATER 
ABSORPTION 

THERMAL 
CONDUCTIVITY 

VAPOR 
PERMEABILITY 

LC 50/50 8 – 14% CS II (1.5 – 5.0 N/mm2)a W 0 (not specified)a 0.82 W/m·Kc 15/35c 

LC 35/65 - CS III (3.5 - 7.5 N/mm2)a W 0 (not specified)a 0.82 W/m·Kc 15/35c 

M5 A 14 – 20 % > 5 MPa (28 days) < 0.6 kg/m2·min0.5 0.82 W/m·Kc 15/35c 

M5 B 14 – 20 % 5 MPab < 0.6 kg/m2·min0.5 0.82 W/m·Kc 15/35c 

a in accordance with NS-EN 998-1 
b in accordance with NS-EN 998-2 
c in accordance with NS-EN 1745. All values are decided based on a density of 1800 kg/m3. Corresponding specific heat 
capacity is given as 1000 J/kg·K. 
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A B S T R A C T   

Hygrothermal challenges are introduced when equipping facades of existing masonry buildings with interior 
insulation. If not addressed, moisture damages to the building envelope may follow. Many measures for over-
coming reduction in drying potential have been proposed and studied. Still, more understanding is needed 
regarding effects of measures. 

This paper investigates wetting and drying behavior of masonry wall segments mounted in a large-scale 
building envelope climate simulator, exposing them to a climatic sequence including driving rain. Equipped 
with interior insulation and embedded wooden beam ends, most wall segments are applied with a smart vapor 
barrier. This should allow for inward drying during warm exterior climate, while under cold climate, prevent 
interstitial condensation. 

A variety in masonry wetting and drying behavior among segments of same brick type was found to partly 
obscure effects of other parameters such as insulation thickness, brick type and vapor barrier type. Compared to 
high IRA (initial rate of absorption) brick segments, moderate IRA brick segments show higher drying rates at 
beam ends and at the interface between interior masonry surface and insulation. During wetting, results were 
found to be inconsistent. An increased drying of the interface between interior masonry surface and insulation 
was found to correlate to decreasing insulation thickness and application of a smart vapor barrier over a 
traditional polyethylene barrier. A similar but less pronounced trend is also detected at beam ends. A smart vapor 
barrier seemingly improves the drying potential, but it likely needs to be accompanied by other measures.   

1. Introduction 

Interior insulation retrofit is an intriguing measure in renovation of 
existing masonry buildings, where exterior facades should be preserved 
for their aesthetics and historical or cultural heritage value. Such an 
insulation measure can lower an otherwise excessive heating require-
ment in a cold temperate climate. Furthermore, it can improve indoor 
comfort by increasing the interior surface temperature and air tightness 
of the building envelope. Nevertheless, interior insulation retrofit also 
presents challenging issues by changing the hygrothermal conditions of 
the exterior walls [1]. Primarily, both overall temperature and the 
temperature gradient over the external masonry cross section will 
become substantially lowered. Consequently, outwards heat flow 
through the wall decrease, lowering the capacity for evaporation to 
exterior surroundings. Furthermore, added interior insulation retrofit 
provides increased vapor resistance, reducing inward drying. With 
impaired drying potential, interior insulated walls become vulnerable 

towards moisture sources. Embedded beam ends become particularly 
vulnerable [2]. Driving rain is one of the main moisture sources, espe-
cially critical for unprotected bare masonry which quickly may absorb 
large amounts of water. Through literature review Kehl et al. [3] found 
lack of protection against wind driven rain to be one of the main reasons 
for decay of wooden beam ends, the others being different sources of 
leaks. For protection from driving rain, external render is the typical 
go-to measure. A render with low capillary absorption rate, and which is 
relatively open for vapor diffusion is typically to prefer [4,5]. For pro-
tected bare brick facades, external render is not an option. Hydro-
phobation is among possible measures, although the effectiveness to 
driving rain events have not always been found straight forward [6,7]. 
Rainwater moisture uptake depends on a number of masonry properties, 
not only the material properties of the brick and mortar as separate 
materials, but also essential, is the result of brick-mortar interaction 
during brick laying. Groot and Gunneweg [8] attributed an open 
brick-mortar interface as the main cause of water leakage through one of 
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their test walls, and indicated a more compatible mortar to the applied 
brick could have decreased the leakage. Suction properties of the brick 
were by Groot and Larbi [9] found important in the formation of the 
interface microstructure. Similarly, linking it to interface microstruc-
ture, Slapø et al. [7] found a correlation between fresh mortar water 
content and driving rain penetration of masonry, where low water 
content resulted in higher water penetration. Prewetting of bricks can 
reduce water loss from mortar [10]; however, this also affects mortar 
porosity and moisture transport properties [11]. 

Interface conditions could also be an explanation to why Johansson 
et al. [12] found a clear discrepancy between numerical simulations and 
laboratory results, stating the brick and mortar must have been more 
capillary active than assumed for the simulation. However, a more se-
vere climatic exposure than assumed was also pointed out as a possible 
cause. 

In order to limit interstitial condensation, airtightness around beam 
ends is suggested being an important measure. In Graz, Austria, moni-
toring interior insulation solutions applied to a historic masonry wall 
running past an attic floor, Ruisinger [13] demonstrated significantly 
reduced relative humidity (RH) at beam ends with sealing compared to 
non-sealed counterparts. Despite high RH at beam end for the unsealed 
solution, wood moisture in the beam ends did not exceed dangerous 
levels. With a masonry wall exposed to stable artificial winter conditions 
Vereecken and Roels [14] found lower RH at wooden beam ends when 
airtight sealing was provided, compared to no airtight sealing and tape 
only sealing. Kopecký et al. [15] investigated sealing around beam ends 
and concluded that airtight sealing did not ensure a robust moisture-safe 
solution for the case in question under climatic conditions of Prague, 
Czech Republic, although it improved the microclimate at the beam ends 
compared to an unsealed solution. 

Other measures have also been proposed and studied. Use of capil-
lary active insulation has received extensive focus [16], as it provides a 
possibility for increased inward drying by means of capillary transfer of 
moisture having reached the inner part of the brick layer. Allowing an 
increased heat flux throughout the wall around beam ends, by keeping a 
gap in the insulation [2,17] or by inserting a thermal bridge material 
[6], has also been investigated. 

Smart vapor barriers (SVBs), or retarders (SVRs) have long been 
proposed as a solution for balancing water uptake and drying of building 
components [18]. With humidity-dependent vapor resistance the SVB 
can utilize the different conditions it operates under, which are mainly 
caused by yearly climatic changes. For a masonry wall with relatively 
vapor open interior insulation, cold exterior conditions ensure low RH at 
the exterior side of the barrier due to the temperature gradient over the 
insulation. Given the interior RH neither is too high (e.g. not above 
50–60% [18,19] depending on the barrier product), this will cause the 
vapor barrier to significantly inhibit or reduce outward vapor diffusion. 
With warmer exterior conditions, the temperature gradient over the 
insulation will decrease or potentially even become reversed. If much 
moisture then persists in the masonry, significant vapor pressure in-
crease will occur exterior of the barrier. Such conditions will cause the 
barrier to allow for inward vapor diffusion, given indoor RH is not too 
low for the SVB to stay open (e.g. not below 30–40%). With wall exterior 
exposed to sun radiation, inward vapor diffusion can be further ampli-
fied. A study of wet brick-clad walls has demonstrated that a vapor open 
interior finish will reduce vapor buildup in the insulation compared to a 
vapor tight finish [20]. Solar driven inward vapor flux has also been 
found to generate risk for biological materials present on the exterior 
side of a polyethylene vapor barrier in field studies [21]. Use of SVBs 
might therefore provide needed additional drying capability for ma-
sonry structures. However, there are only a few studies which combine 
interior insulation of masonry with a SVB or SVR. (Here we apply a 
distinction between the two; a barrier and retarder respectively having 
relatively high sd - value, e.g. sd > or ≫ 10 m, and relatively low sd - 
value, e.g. sd < 10 m. [22], at realistic but low RH.) Vereecken and Roels 
[14] applied a SVR to a mineral wool insulated test wall where they 

investigated airtightness and convective moisture transport to wooden 
beam ends. The study did not include driving rain, and only included a 
cold external climate, thereby not providing favorable conditions for 
inward drying through the retarder. Beyond being assessed to constitute 
a rather vapor tight system, neither the retarder function nor perfor-
mance was addressed explicitly any further. Kopecký et al. [15] exposed 
an interior mineral wool insulated wall having a SVR (sd = 0.3–5 m) to 
intense artificial driving rain (1.7 L/(m2min) = 102 mm/(m2h)) for 40 
min. The wall was part of a test façade exposed to several years of 
Prague, Czech climate, which in that time had low driving rain load. 
Artificial driving rain was applied mid of July giving approximately 1.5 
months of warm weather before a colder autumn and winter. It was 
concluded the artificial rain worsened hygrothermal conditions in joist 
pockets. Still, the study did not include any similar wall for comparison 
which did not have a SVR. Retarder impact was not explored. De Mets 
et al. [23] monitored a test wall insulated on the interior with mineral 
wool and supplied with a SVR (sd = 0.3–20 m, limits not reached at 
normal conditions). The wall was exposed to Limelette, Belgium climate, 
having wind driven rain load of 447 mm/m2 over the three years in 
question. Comparing different insulation solutions, there was found a 
small positive impact of using capillary active insulation over the min-
eral wool + SVR solution; however, the choice of insulation material was 
deemed insufficient by itself, without other measures, to provide a 
moisture safe solution in combination with wooden beams. Specific 
impact of retarder was not addressed. 

To better understand potential usefulness of SVBs, or SVRs, more 
studies and data are needed. Noticed lacking, are studies applying SVBs, 
having high sd - values at low RH. Such barriers can potentially further 
limit interstitial condensation during winter conditions. 

The objective of this study is to investigate how different configu-
rations of interior insulated masonry affect moisture uptake and drying 
over a simple climatic sequence including driving rain. Investigation of, 
and elaborating on, the drying potential is given a special focus, with a 
Nordic climate in mind. For this reason, most configurations include a 
SVB to enable a significant potential (hypothesis) for inward drying. 
Embedded beam ends are included since these presumably compose the 
most moisture critical detailing related to interior insulation retrofit, 
when excluding corrosion and frost damage issues. However, assessment 
of hygrothermal performance regarding moisture tolerance and poten-
tial material damage or decay is not addressed in the study. The study- 
and monitoring design represents a rather holistic approach, assessing 
wetting and drying performance of whole interior insulated masonry 
wall segments. Hence, influence of brick-mortar interaction, interface 
conditions and microstructure on masonry behavior is not directly 
investigated. 

In extent of the objective the following research questions are 
addressed; 1) to what extent will masonry variations, in brick type and 
masonry thickness, influence moisture uptake and drying performance? 
2) will inclusion of a SVB significantly improve drying performance? 

An aim is to enable results from the study to be used as data sets in 
benchmarking of hygrothermal simulation models, particularly set up 
for masonry structures addressing the comprehensive variety in mate-
rial/structure behavior. Furthermore, the results may contribute to 
outline a range in structure performance, potentially for comparison to 
probabilistic hygrothermal simulation studies. Methodology for such 
studies have become further refined in recent years; [24–26]. Addi-
tionally, the results might possibly provide samples for neural network 
learning [27]. 

2. Materials and methods 

2.1. General overview 

A test wall composed of 9 masonry segments (Fig. 1(a)) has been 
constructed with various segment configurations. Influence from vary-
ing brick type, masonry thickness, interior insulation thickness and 
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application of a SVB is studied. In an envelope climate simulator (Fig. 2) 
the wall is exposed to a climatic sequence, first ensuring wetting through 
cold climate rain events, before ensuring drying in relatively warm 
climate conditions. The exterior surface consists of exposed bare brick. 
Two experiment series, with equal climatic sequence, but with different 
interior insulation configurations, were completed in the work; how-
ever, the current paper is mostly limited to the first series. Following 
subchapters describe in detail; wall construction, instrumentation, 
experiment setup, climatic sequence and sensor data treatment. 

2.2. Masonry materials 

Two brick types were selected; one with moderate initial rate of 
absorption (IRA) and one with high IRA, both with specified dimensions 
LxWxH of 226 × 104 × 60 in mm. IRA follows definition of initial (1st 
min) rate of water absorption found in EN 772-11 [28]. Product infor-
mation given by the producer are listed for each brick type in Table 1. 
Including a high IRA brick type was motivated by an assumption that 
this would resemble absorption behavior of typical brick types found in 
older buildings (late-19th to mid-20th century). Johansson and Whalg-
ren [29] reported for instance a water flow rate three times higher in an 
investigated historic brick compared to modern bricks. The high IRA 
brick in the current study has an almost identical capillary absorption 
coefficient (Aw, Table 2) to that reported by Guizzardi et al. [30] being 
similar with bricks commonly found in existing older buildings. In 
contrast, Odgaard et al. [6] and Jensen et al. [31] applied a brick with a 
higher capillary absorption coefficient (0.278 kg/(m2⋅s1/2)) to resemble 
brick found in Danish buildings from 1850 to 1950. A moderate IRA 
brick type is typically of more modern design, specifically designed to 
withstand harsher weather exposure. Table 2 summarizes data 
measured for the masonry products in the current study, with capillary 
absorption coefficient (Aw), capillary moisture content (Wcap) and vapor 
permeability (δv) being some central properties affecting moisture 
movement. A prescribed LC-mortar; LC 50/50/610, was used, where the 

Fig. 1. (a) Test wall. Exterior face with flashings/gutters mounted. Each segment numbered. (b) Interior view of seg. 5 and 6 before insulation was mounted. (c) 
Interior view of seg. 7 after completed. Transverse wooden board only to fix beam end. 

Fig. 2. Test wall lifted into the building envelope climate simulator.  

Table 1 
Producer product data for the two brick types used.  

Brick type Moderate IRA High IRA 

Weight per brick [kg] 2.9 2.6 
Brick density [kg/m3] 2150 1750 
IRA [kg/(m2⋅min)] 1.5 4.5 
Water absorption [vol-%] 10 25  
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numbers correspond to lime/cement/aggregate mass ratios of binder 
content. Not all mortar properties have been tested explicitly or exten-
sively for the current study (left empty in Table 2). From rudimentary 
testing Aw of the mortar is believed to be in the range 0.01–0.04 
kg/(m2⋅s1/2). Wcap was not tested for the mortar; however, from indirect 
findings, Wcap between 167 kg/m3 and 294 kg/m3 are quite plausible. 

A larger relative diversity in property values was seen among mod-
erate IRA bricks than among high IRA bricks (Table 2). The latter 
behaved more predictable from specimen to specimen than the former 
when tested for water absorption. This difference among moderate IRA 
bricks can stem from the burning of the bricks. Support for this comes 
from observations that some bricks had a glassier surface, having un-
dergone vitrification, and that the same bricks showed considerably 
lower water absorption. 

2.3. Brick wall construction 

The wall consists of 9 brick wall segments built into a steel frame 
having internal measurements 3600 mm × 3925 mm; refer Fig. 1(a). 
Steel decks, being part of the frame, support each level making out a row 
of segments, while two-inch-thick wood studs separate segments verti-
cally. The brick segments were built on a 50 mm layer of XPS boards, 
giving insulation, and disconnecting the brick from the steel deck heat 
bridge. Refer Fig. 1(b). A metal flashing/gutter profile was mounted 
from top of the XPS, covering and rainproofing the exterior transition 
between the segment rows. Each segment was fitted between 50 mm EPS 
boards, one on each side (Fig. 1(c)). Seven segments were built one brick 
thick (226 mm), while the two remaining were built 1.5 brick thick (348 
mm). Except for vertical collar joints separating the wythes being 18 mm 
thick due to brick dimensions, a joint thickness of 15 mm was otherwise 
used. Each segment was fitted with a centered beam pocket to be used 
for an embedded beam end. The pockets are half a brick plus a mortar 
joint thickness deep (104 + 18 mm). Consequently; 1.5 brick thick 
segments have 1 brick thick masonry between the beam end pocket and 
the exposed exterior surface, while 1 brick thick segments only have 0.5 
brick in-between (see Fig. 3). Metal flashings were mounted vertically to 
cover and rainproof segment transitions on a row. 

Brick laying was done by an experienced senior mason. To avoid too 
much water being drawn from the mortar during brick laying, high IRA 
bricks were prewetted before use. Prewetting consisted of submerging 
bricks with the end down for precisely 10 min. On average this resulted 
in a moisture content of 181 kg/m3, which equals 71% of capillary 
moisture content, just above the 70% advised by Brocken [34] as a 
minimum to affect amount of extracted water from the mortar. Mod-
erate IRA bricks were used directly without prewetting; however, to 
possibly reduce drying of the mortar, top of each course was brushed 
with water. A masonry brush was used. The mortar was mixed from just 
over 4.5 L of water per 25 kg of dry mortar. Flush joints were applied for 
the masonry, and all surfaces were brushed with heavily wetted mortar 

to create a rugged surface finish were the brick color could be seen 
through a very thin mortar coating/film. 

2.4. Interior structure 

Configurations of mineral glass wool insulation (0.035 W/(m⋅K) 
thermal conductivity), a vapor barrier and a 13 mm thick gypsum board 
finish were mounted on the interior of the wall segments as listed in 
Table 3. Segment 2 was left free of any interior structure to act as a non- 
retrofitted reference for comparison of two test series. The configura-
tions listed in Table 3 (test series 1) were chosen in order to always have 
at least two segments for comparison with only one changing parameter. 

A SVB, consisting of a humidity active membrane with protective 
polypropylene felt on each side, was applied interior to the insulation. 
Segment 5 is the exception, which for comparison was given a tradi-
tional polyethylene vapor barrier (sd ≈ 50 m). The SVB has a declared sd 
- value span from 0.05 to 30 m, with lowest value at close to dew point 
conditions, and highest value at relatively low RH conditions, plausible 
during winter conditions. Vapor resistance testing data, referred to by a 
technical approval document for the SVB, implies that with an interior 
RH of 50% and a RH above 75% exterior to the barrier, sd - values fall 
below 1.4 m. The following trend seemingly follow an exponential decay 

Table 2 
Material properties. Measured average and standard deviation, based on 20 samples each (5 samples for vapor permeability). Mortar joint samples were made between 
bricks of respective type (moderate IRA bricks brushed with water and high IRA bricks prewetted as in bricklaying of segments described in subchapter 2.3).  

Material Brick Mortar 

Type/(between) Moderate IRA High IRA (moderate IRA) (high IRA)  

Average Std. Average Std. Average Std. Average Std. 

Weight [kg] 3.05 0.06 2.46 0.02 – – – – 
Density [kg/m3] 2166 60 1723 12 1788 27 1823 30 
Aw [kg/(m2⋅s1/2)]a 0.044 0.028 0.188 0.016 – – – – 
Wcap [kg/m3]b 116.67c 29.8c 255.74 8.2 – – – – 
δv [kg/(m⋅s⋅Pa)]d 4.75E-12 6.2E-13 1.45E-11 6.50E-13 1.21E-11 6.59E-13 1.03E-11 6.21E-13  

a Refer EN ISO 15148 [32] (measured through brick face). 
b Taken as the hypothetical transition between capillary absorption and diffusion of trapped air. 
c One sample omitted since a glassy surface prevented water absorption. 
d Wet cup, EN ISO 12572 [33]. 

Fig. 3. Cross sections of brick segments. To the left 1.5 brick thick and to the 
right 1 brick thick. 

J.I. Knarud et al.                                                                                                                                                                                                                                



Building and Environment 188 (2021) 107488

5

function as it approaches a sd - value of 0.18 m at 94% RH exterior to the 
barrier. However, scattering in the data suggests there is some uncer-
tainty to these sd - values. In series 2 segment 5 was given the same 
configuration as segment 4 in series 1. Series 2 otherwise focused on 
comparing different insulation materials exchanging mineral wool with 
aerogel and phenolic foam products. Thermal resistance was for the 
most part kept approximately the same, while the vapor resistance 
changed with insulation material. With exception of seg. 5, series 2 will 
not be addressed in the current paper, other than providing comparison 
for repeatability and performance assessment sensitivity. 

Spruce wooden beam ends (Fig. 1(c)), 400 mm long and W x H di-
mensions of 107 mm × 213 mm, were placed into beam end pockets at a 
distance of 10 mm from pocket rear end. The spruce beam ends are taken 
from one log cut in Norway, being not particularly fast-grown, having a 
dry density of approximately 449 kg/m3 (1 sample measured). An 
asphalt sill gasket was used as a capillary break between bottom of the 
beam end and masonry. The vapor barrier was taped around the beam 
end. To ensure that vapor could not circumvent the gypsum vapor 
resistance along the beam, the gap between the beam end and the 
gypsum finish was sealed with a sealant clay product. Clay in combi-
nation with the tape presumably provide a better vapor- and airtight 
solution than tape alone. Similarly, the gap between the beam and the 
masonry interior surface of segment 2 was sealed with clay to make it 
vapor- and airtight. 

Presumably there is low probability of any air leak through the wall 
since no atmospheric pressure difference is imposed between the inte-
rior and exterior. Nevertheless, the climate simulator air conditioning 
system is equipped with powerful fans creating a well-mixed atmo-
sphere and rather windy conditions, which could make air washing of 
the interior structure and beam end pocket plausible. However, with 
sealing of the vapor barrier to the beam end (tape and clay), in addition 
to mounting of the gypsum board with densely placed screws along the 
segment perimeter, air washing becomes unlikely. 

2.5. Instrumentation 

A total of 20 Sahlen sensors, 21 RH sensors and 9 beam end resis-
tance moisture meters were used. All Sahlen sensors and 4 RH sensors 
were built into the masonry during brick laying. The built-in RH sensors 
were shielded by a layer of vapor open wind barrier fabric to mitigate 
capillary connection to the masonry. 

The RH sensors, of type E + E Elektronik E0E06-FT1A1, have a 
working range of 0–100% RH and − 40 ◦C–60 ◦C. Accuracies are ±3% 
RH, range 0–90% RH and ±5% RH, range 90–100% RH, and < ± 0.4 ◦C 
in the operating temperature interval of the experiment. A Sahlen sensor 
includes a thermistor and a resistance moisture meter (based on birch as 
wood species). It has a working range 8–65 weight-% moisture content 
and − 20 ◦C–60 ◦C. The Sahlen sensor is a cylindric plastic tube with a 

small piece of birch wood encapsulated in vapor open plastic foam. The 
wood has electrodes embedded to measure the moisture content through 
electrical resistance. With a sorption isotherm for the birch the RH can 
be (roughly) estimated. One advantage over ordinary RH-sensors, which 
are more accurate at RH levels below 95%, is the Sahlen sensor mea-
surement robustness for periods with saturated conditions. Fig. 4 shows 
a Sahlen sensor being placed in a mortar joint. Beam end resistance 
moisture meters consist of two non-insulated screws, 25 mm apart as 
recommended in Ref. [37]. Measuring lowest resistance between the 
screws along their depth, it is presumed the measured result represents 
moisture content at the surface, where moisture content is expected 
being highest. Accuracies of the wood sensors (Sahlen and the beam end 
resistance moisture meter) are addressed in Appendix B and subchapter 
4.1 and 4.4. 

The sensor thickness almost fills out the width of a mortar joint. 
When placed in the masonry, sensors were typically in physical contact 
with the lower brick, but no measures were taken to ensure contact 
when or after mortar was added to form the joint. It should be noted that 
Sahlen sensors, although placed in the masonry, do not measure actual 
moisture content in the masonry materials, but instead, due to different 
hygric properties, rather moisture content in the birch sensors; refer 
Fig. 14 and discussion in subchapter 4.4. Hence, a Sahlen sensor is a 
material-indirect measuring probe in contrast to for instance a time- 
domain reflectometer (TDR) sensor [38] or an electrical conductivity 
sensor [30,39] which can give measurements for porous masonry ma-
terials they span. Fig. 5 shows sensor placements. Name tags have been 
allocated each sensor; SO (Sahlen, outer), SI (Sahlen inner), SID (Sahlen 
inner diagonal), B (beam), RH (relative humidity), RHD (relative hu-
midity diagonal). Numbers refer to segment number, while i and ii refers 
respectively to the lower and upper sensor of a diagonal pair. With 
exception of diagonal sensors which are diagonally opposing each other, 
(well) within segment extents, all sensors are located at a centered 

Table 3 
Configuration overview of wall segment characteristics for the 9 wall segments of test series 1.  

Segment 1 2 3 4 5 6 7 8 9 

Moderate IRA brick ✓ – – – – – ✓ ✓ ✓ 
High IRA brick – ✓ ✓ ✓ ✓ ✓ – – – 
Wall thickness [bricks] 1.5 1 1.5 1 1 1 1 1 1 
Reference segment – ✓ – – – – – – – 
Insulation thickness [mm] 50 – 50 50 50 150 50 100 150 
Interior gypsum board finish ✓ – ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
Polyethylene vapor barrier – – – – ✓ – – – – 
SVB ✓ – ✓ ✓ – ✓ ✓ ✓ ✓ 
Dry U-valuea [W/m2K] 0.454 1.722 0.424 0.468 0.468 0.197 0.491 0.285 0.201 
sd-valueb [m] 0.143 0 0.143 0.143 0.143 0.273 0.143 0.208 0.273 
sd - value masonryc [m] 10.08 3.22 5.04 3.22 3.22 3.22 6.66 6.66 6.66  

a Segment calculated in accordance with EN ISO 6946 [35], masonry as inhomogeneous layers. Masonry products’ thermal conductivities from EN 1745 [36]. 
Thermal bridge of beam end not considered. 

b Approximate sd - value of interior structure (insulation layer + gypsum board), vapor barrier excluded. 
c Masonry calculated as inhomogeneous layers from brick and mortar vapor permeabilities. 

Fig. 4. Placement of Sahlen sensor in segment 5.  
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vertical plane through their respective segment. Diagonal sensors are 
included to investigate moisture distribution in the segment, i.e. degree 
of evenness over the wall plane. 

2.6. Experiment setup 

The brick wall was installed in the large-scale building envelope 
climate simulator shown in figure Fig. 2. Consisting of an exterior 
climate chamber and an interior climate chamber, the climate simulator 
is able to generate controlled dynamic conditions on building envelope 
wall elements. In the exterior climate chamber, there are options for 
controlling temperature, humidity, water spray (rain) and light radia-
tion (solar radiation), while the interior climate chamber has options of 
temperature, humidity and atmospheric pressure. Temperature at the 
exterior can be varied between − 20 ◦C and 80 ◦C and at the interior 
between 5 ◦C and 50 ◦C. 

The RH on both sides of the wall can theoretically be varied the full 
range of 5–100%, supported by experience with the simulator; however, 
the recommended range in the user manual is 20–95%. Rate of change in 
temperature and RH is limited to 0.5 ◦C/min and 5%/min respectively. 

A fixed water spray rate of approximately 47 mm/m2h can be turned 
on and off. The applied rain load intensity is relatively high compared to 
maximum intensities given in Ref. [40], calculated from observation 
station data relevant for comparison. Since focus has been to ensure 
sufficient masonry wetting for subsequent drying, invoking involvement 
of the SVB, resembling real wind driven rain weather has not been 
sought. 

2.7. Preparation (drying) 

The wall was dried fully assembled at conditions shown in Appendix 
A until all sensors, except for seg. 1 and 3, showed dry conditions in the 
masonry, i.e. Sahlen sensor moisture contents approximately below 
10%. The 1.5 brick segments dried out too slowly to arrive at such low 
moisture contents. Seg. 3 was close with SO3 at 10.4% and SI3 at 12.5%, 
and presumably reasonably dry. For seg. 1 SID1i was the worst sensor 
showing 25.5%, while SO1, SI1 andSID1i all showing between 14 and 
15%. 

2.8. Climatic sequence 

A climatic sequence, of which an overview is presented in Fig. 6, was 
designed to investigate wetting and drying of the wall segments. A more 
detailed description and explanation can be found in Appendix A. 

Unfortunately, the climatic sequence was introduced to some “noise” 
in series 2 due to malfunctioning equipment, and at one occasion the 
overlooking of an incorrect setting. A valve, governing steam generation 
for the interior side, broke down a few times, and an actuator became 
worn out. The malfunctioning equipment resulted in high interior RH, 
close to or at 100% RH. Resulting impact is shown as spikes in RH in 
Fig. 12 at 69, 793, 2207 and 2407 h, marked (1)–(4). The incorrect 
setting resulted in a drop in exterior temperature, after the warm period 
was implemented, at 1656 h. 

2.9. Sensor data treatment 

Treatment of data gathered from Sahlen and beam end sensors are 
addressed in detail in Appendix B. 

3. Results 

Results are presented with two different approaches; 1) comparison 
of moisture development over time between relevant segments, 2) 
identification of under- and overperformance of each segment 4–9 (seg. 
1–3 not included due to different thickness/sensor locations, or lack of 
interior insulation, making sensor result comparison problematic). 

Fig. 5. Cross sectional overview of the 9 wall segments, including sensor lo-
cations. Moderate IRA segments shown in dark color. Below, Seg. 4 with pro-
jected sensor locations seen from interior. 
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Performance is presented through assessment criteria, applied to each 
segment and made relative to the average (criterion) of segments. 
Overperformance implies less/slower moisture uptake during wetting 
period (Fig. 6) and higher/faster drying during drying period, and vice 
versa for underperformance. Appendix C addresses in detail how 
segment performance has been assessed. Table 4 summarizes result from 
comparing performance of moderate IRA segments to that of high IRA 
segments. Relative performances of series 1 are given in Table 5. Table 6 
summarizes results from comparing change in performance of each brick 
type from series 1 to 2, in order to look for repeatability issues between 
series, further addressed in subchapter 4.1 and 4.2. 

With regard to graph-containing figures (Fig. 7 - Fig. 12 + Fig. 15) 
the temperature graphs have the same line type and color as the cor-
responding RH/moisture graphs which are easier distinguishable, 
higher up in the same figure diagram. 

3.1. Reference segment 

Segment 2 is used as a reference segment to compare repeatability 
over the two series. Fig. 7 shows SO2, SI2 and B2 sensor readings for 
each series. SO2 readings from series 2 are significantly lower than from 
series 1. Furthermore, there appear a sharp spike in the readings, just 
before logger malfunctioned, for which no explanation has been found. 
Due to the clear discrepancy to that of series 1, actual trend of SO2 in 
series 2 remains unclear. While the moisture content readings for SI2 
and B2 in series 2 are lower by a few % moisture content, their trends 
hold up to series 1. Since series 2 has been logged with a data logger 
those readings have finer resolution. Especially the small temporary 
jump in moisture content of B2 series 2, at start of the warm period, 
would not be visible in the resolution of series 1. 

Fig. 6. Climate sequence overview; (a) interior climate, (b) exterior climate. Wetting period will denote the cold climate period and drying period the warm period, 
refer Appendix A for explanation. 

Fig. 7. Reference segment for both experiment series (1st and 2nd). Dashed lines indicate presumed trend for lost data due to logger malfunction. Trend of lost data 
for SO22nd remains non-presumed, as the spike in moisture content before the missing data may indicate a sensor/logger malfunction or interference. 
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3.2. Insulation thickness 

For higher insulation thickness RH sensor readings decrease slower; 
refer Fig. 8 and Fig. 9. Beam end and SO sensors show a more complex 
picture according to Table 5. Here SO8 (100 mm ins.) overperform while 
B7 (50 mm ins.) underperform in the wetting period. Whereas for the 
drying period, B9 (150 mm ins.) has the highest moisture decline rate 
index; although, as seen in Fig. 9 this is amplified by a stronger tem-
porary jump in moisture content at the beam end at initiation of the 
warm period. RH6 (150 mm ins.) has significant underperformance in 
moisture decline rate index compared to both segment 4 and 5 (both 
series) (50 mm ins.); refer Table 5. However, Fig. 8 shows RH6 has a 
different drying development than all comparable segments; seg. 4–5 
(Figs. 8 and 12) and 7-9 (Fig. 9). RH6 also underperforms somewhat 
with the moisture growth rate index, but not to the same extent. 
Segment 6 otherwise performs more or less in line with the other 
moderate IRA segments 4 and 5. 

3.3. Brick type 

Fig. 10 shows a clear difference between moderate IRA and high IRA 
segments for beam end moisture content, when entering the warm 
period. B7 and B9 fall rapidly compared to their counterparts B4 and B6. 
B8 has a similar trend as B7, as seen in Fig. 9, but is not included in 
Fig. 10 since it does not have a high IRA counterpart with same insu-
lation thickness. Table 5 also indicates a systematic overperformance of 
the moderate IRA segments (Seg. 7–9) during the warm period for beam 
and RH sensor types. During the cold period, there is both under- and 
overperformance among both moderate and high IRA segments; thereby 
no clear, consistent picture. Among 1.5 brick thick segments, seg. 1 
(moderate IRA) has for the most part (Fig. 11), a lower RH and beam end 
moisture content than seg. 3 (high IRA). 

3.4. Masonry thickness 

Substantially slower drying rate is seen in the 1.5, brick thick seg-
ments 1 and 3 than in the 1 brick thick segments 4 and 7; refer Fig. 11. 
Interior insulation, SVB and gypsum had to be removed in the middle of 

Fig. 8. High IRA. RH and beam end readings for seg 4 (50 mm insulation) and seg 6 (150 mm insulation).  

Fig. 9. Moderate IRA. RH and beam end readings for seg 7 (50 mm insulation), seg 8 (100 mm) and seg 9 (150 mm).  
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the drying period for the thick segments 1 and 3 of series 1, as the 
masonry otherwise would not dry out in time for the scheduled series 2 
(segment 1 did not dry out in time and was left uninsulated in series 2). 
Consequently, there is a sharp drop in moisture readings at 2378 h 
progressed. 

RH readings show a lower maximum RH level for segments 1 (88% 
RH) and 3 (87% RH) compared to 4 and 7, which reach 99.89 and 100% 
RH respectively. The RH level of segment 7 drops almost immediately 
after the warm period starts, while segment 4 drops 228 h later. While 
RH1 and RH3 show a small initial drop after the warm period begins, 
only slow further decrease is seen. 

Beam ends for segment 1 and 3 have a lower moisture increase in the 
cold period compared to their 1 brick thick counterparts of same IRA 
brick type. With the onset of the warm period, B7 shows initial increase 
before substantial drying takes place. The moisture content increases 
initially for B1, B3 and B4. For B4 it flattens out until 2280 h progressed 
before slowly decreasing, whereas it continues to increase for B1 and B3 

until insulation is removed. 

3.5. Vapor barrier 

In Fig. 12, Seg. 5, equipped with polyethylene vapor barrier (RH5), 
has a slower rate of wetting in the cold period compared to seg. 4 (RH4), 
equipped with a SVB. Since RH52nd is influenced by malfunction (1), no 
information can be drawn from it in the cold period. However, in the 
warm period more rapid drying is seen for RH52nd than for RH5, 
respectively having smart and polyethylene vapor barrier. Also, RH4 has 
a sharper decline than RH5. Sensor B52nd has consistently lower mois-
ture content than both B5 and B4, with the latter being the highest. A 
slightly more pronounced downward slope can be seen at the end of the 
drying period for B4 and B52nd (SVB), compared to B5 (polyethylene 
vapor barrier). With exception of SO sensors, Table 5 indicates seg. 4 
having a slightly higher moisture content than seg. 5. 

Fig. 10. Beam end measurements for high and moderate IRA segments having 50 mm insulation (B4, B5 and B7 respectively) and 150 mm insulation (B6 and B9 
respectively). Temperature readings, included for reference, are taken from the SO sensors. SO temperatures are in the cold period substantially lower than that at the 
beam end (not measured); refer Fig. 5 for sensor locations. 

Fig. 11. RH and beam end sensor results for seg. 1 and 3 (1.5 brick thick) and seg. 4 and 7 (1 brick thick). Line color sorted on IRA: moderate IRA seg 1 and 7; high 
IRA seg. 3 and 4. Removal of inner structure causes sharp drop in graphs for seg. 1 and 3 at 2378 h. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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4. Discussion 

Before discussing the results there are some weaknesses with use of 
the MGRI and MDRI criteria, detailed in Appendix C, which should be 
understood. Although MGRI nicely address rate of wetting and whether 
a relatively high moisture content is achieved quickly, it will hardly say 
much about the final moisture level at end of the cold period. Regarding 
MDRI, rapid drying is favored, which might conceal that a sensor drying 
out slowly at first, could finally end up dryer than sensors it is compared 
to. 

4.1. Series repeatability issues 

Repeatability were not accurately achieved when comparing the 
reference segment of the two series shown in Fig. 7. It is not known why 
the moisture content of series 2 is lower. Sensor SO2 shows considerably 
lower moisture content in series 2; however, the cause of the spike in 

moisture content just before the logger malfunctioned have not been 
identified and it may be some malfunction or interference with how the 
sensor/logger operated. Therefore, the SO2 result in series 2 is ques-
tionable. An exercise was undertaken to investigate the possibility of 
systematic change from series 1 to 2, in order to assess possible reasons 
for the difference seen with seg. 2. A similar lower SO level was also the 
case for the other SO sensors. Although not shown explicitly in current 
paper, the trend is summarized in Table 6. To clarify, without going too 
much into series 2, it is of interest that for the SO sensors the moisture 
content is consistently lower for all segments of series 2, except for 
segment 8 where it remains lower until the last rain event, whereon after 
it exceeds series 1. A drop was also seen in several of the SI sensors, but 
some exceptions with higher moisture level among those makes that less 
consistent. Remaining sensors do not show consistent change from series 
1 to 2, refer Table 6. Of course, segments of series 2, with exception of 
the reference segment, have other interior insulation solutions, and the 
moisture content would be expected to differ between the two series, 
especially over the course of time, due to different dry-out conditions. 
However, when limiting the view to wetting associated with the rain 
events, detected by the SO sensors, which are furthest out in the ma-
sonry, a close response similarity between the two series would be ex-
pected. This is found not to be the case, both verified by visual 
comparison of graphs between series for each segment (not shown in 
current paper) and comparison of the calculated moisture growth rate 
index, summarized in Table 6. Regarding the beam end sensor B2 in 
Fig. 7, it also lies a bit lower for series 2, but the same is not consistent for 
the other segments (not shown in current paper). However, both the 
time of equipment malfunction, mark (1) in Fig. 12, and impact of the 
different insulation solutions of series 2, may have impacted beam end 
sensors more than the case is for SO sensors. Furthermore, beam end 
moisture content may have a relatively slow response to rain events 
[41]. Consequently, series comparison for beam sensors are less 
compelling than for SO sensors. 

Plausible causes for fall in SO sensor moisture content from series 1 
to 2 may include; 1) small discrepancies in rain event durations and 
rainwater temperature, 2) unequal initial masonry moisture contents, 3) 
different measurement equipment/method 4) movement of fine parti-
cles, minerals and salts affecting masonry sensors or water uptake, 5) 
durability of Sahlen sensors. Having assessed these plausible causes, 2) 
unequal initial moisture content, is perceived as the likely dominant 
cause. However, non could be completely disregarded having influence; 
1) is believed to be insignificant, while 4) and 5) lack sufficient 

Fig. 12. RH and beam end sensor readings for seg 4 series 1 (SVB) and seg 5 series 1 and 2 (polyethylene and SVB respectively). Numbers (1)–(4) identify climate 
simulator malfunctions (series 2 only), where interior RH briefly approached or touched 100%. 

Fig. 13. Moisture measurement methods, applied tangentially/radially to 
growth rings in a 5 cm thick beam end cutting, compared to weighed moisture 
content. Handheld moisture meter and data logger respectively used in series 1 
and 2. 
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information to be properly assessed. 3) was investigated, finding good 
correlation (Fig. 13) between measurement methods and actual mois-
ture content, in line with expectation arising from accuracy margins 
reported in Ref. [42]. 

4.2. RH wetting criteria 

Results in Table 6 related to RH wetting criteria were found 

misleading due to a clear correlation between malfunction (1) in Fig. 12 
and a higher moisture content and growth rate criteria for series 2. This 
was the case for both moderate and high IRA brick; however, for mod-
erate IRA brick a lower overall RH level for series 2 in seg. 7 and 8 
conceals the impact on the criteria (this is not shown in present paper; 
only mentioned to explain Table 6). No apparently significant impact is 
seen from the malfunction on other sensor types; however, since pre-
sumed malfunction-caused moisture uptake would take time to reach 

Fig. 14. Adsorption curves for key materials in the study. Left; moisture content (MC) as weight %. Right; MC as kg water per m3. Lower graphs zoom in on the brick. 
Birch (Sahlen sensor) values are taken from Johansson et al. [12] and expanded with the reference adsorption curve from Popescu et al. [44]. Spruce values are taken 
from the Fraunhofer WUFI material database [45]. Measurements refer to testing conducted in connection with current study, following EN ISO 12571 [46]. 
Continuation of curves after 94% RH (last measurement point) is only indicative of trend towards the capillary absorption limit and has not been measured. 

Table 4 
Directional change (trend) in performance criteria between brick types; seg 7–9 
(moderate IRA) compared to 4–6 (high IRA). Criteria average sorted on series.   

Series 1 Series 2 

Wetting SO moisture cont. Lower/indet. Lower/indet. 
SO growth rate Lower/indet. Lower/indet. 
B moisture cont. Indeterminate Indeterminate 
B growth rate Indeterminate Indeterminate 
RH moisture cont. Indeterminate Indeterminate 
RH growth rate Same/higher Indeterminate 

Drying SO decline rate Similar Similar 
B decline rate Cleary higher Higher 
RH decline rate Cleary higher Higher/indet.  

Table 5 
Segment relative performance to criteria average. Overview of sensors for 
series 1. Black represents underperformance, white overperformance, gray 
fairly average. Criteria average sorted on series 1. 

Table 6 
Directional change (trend) in performance criteria from series 1 to 2. Criteria 
average sorted on brick type.   

Seg 4-6 Seg 7-9 

High IRA Moderate IRA 

Wetting SO moisture cont. Falls clearly Falls 
SO growth rate Falls clearly Falls 
B moisture cont. Indeterminate Rise clearly 
B growth rate Indeterminate Rise clearly 
RH moisture cont. Rise clearly Indeterminate 
RH growth rate Rise clearly Same/rise 

Drying SO decline rate Indeterminate Indeterminate 
B decline rate Rise Indeterminate 
RH decline rate Rise Indeterminate  

Fig. 15. Comparison of SO sensors. Temperature of SO4 included for reference 
to climatic sequence temperature change. 
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these sensors, impact on sensor readings would nevertheless be low 
compared to moisture impact from rain events. RH wetting criteria 
trends in Table 6 should therefore be disregarded. Related, it should be 
noted that the equipment malfunctions marked (3) and (4) in Fig. 12 
affect the criteria for the RH sensors of series 2 by showing less drying 
than would otherwise be the case. RH6 of series 2 are strangely affected 
by this and becomes hard to interpret. Nevertheless, results in Table 6 
are believed to remain unaffected by these malfunctions. 

4.3. Insulation thickness 

It appears insulation thickness has a clear impact on the masonry- 
insulation interface drying rate, as seen both for high and moderate 
IRA bricks (Figs. 8 and 9); however, the puzzling shape of the RH6 curve 
warrant some skepticism to the sensor trustworthiness (RH sensors 
sometimes show irregular performance after exposure to 100% RH). The 
effect on beam ends are more subtle, although minor improved drying 
rates are seen at the end of the warm period for B4 and B7 (50 mm ins.) 
respectively compared to B6 (150 mm ins.) and B8 (100 mm ins.). It 
strengthens the picture that both B4 and B7 respectively start with a 
higher moisture content than B6 and B8 at the initiation of the warm 
period. However, the low moisture content experienced in B9 (150 mm 
ins.) after the cold period, and its rapid drying in the warm period, 
shows other factors except change in insulation thickness influence 
beam end performance. 

4.4. Brick type 

Differences between moderate and high IRA segment performance 
seem apparent. Tables 4 and 5 show clear beam and RH drying criteria 
overperformance for the moderate IRA segments 7–9 compared to the 
average of segments 4–9 for series 1 and also, but to less extent, series 2. 
Hence, the high IRA segments 4–6 underperform. Since moderate IRA 
bricks have both a lower capillary diffusivity and a capillary moisture 
content (Table 2), one may suspect less water from the rain events have 
been absorbed in the moderate IRA segments, resulting in a smaller 
quantity of water needed to dry out compared to the high IRA segments. 
Coupled with a lower vapor permeability for the moderate IRA brick, 
less vapor might be driven off the masonry towards the interior, after the 
interior masonry surface falls below the over-hygroscopic range. This 
might explain why there is no over- or underperformance in drying rate 
found for the SO and SI sensors, as vapor diffusion will go slower in 
moderate IRA segments, thereby counteracting a presumed lower water 
content. It might however be worth contemplating Fig. 14. As seen, the 
adsorption of the two brick types neither differ much nor change much 
over the range 70–94% RH, which correspond to birch (Sahlen) mois-
ture contents below 23%. In fact, moderate IRA bricks have higher 
adsorption than high IRA bricks in absolute terms (kg/m3), over the 
whole range below 94% RH. Presumed equal Sahlen sensor levels for the 
different IRA brick type segments; if more moisture is taken up by high 
IRA brick, compared to moderate IRA brick, it only has that capacity at 
RH over 94%, or more likely, in the over-hygroscopic range as one 
approach the capillary moisture content. Point being, although most of 
the Sahlen sensors indicate moisture contents in this region after the rain 
events, investigation of this region of the adsorption curves have not 
been attempted in the current study, thereby limiting what conclusions 
can be drawn here. From Fig. 15 it can be noted that only SO8 is at or 
below 25% moisture content for the entire time. Some of the SI and SID 
sensors operate for longer times in the region below 23%; however, the 
moderate IRA segments have too few of these for comparison. Also 
noteworthy; in Fig. 14 for RH below 94%, it is actually the mortar joints 
which holds most of the moisture in the masonry (kg/m3), not the bricks. 
Since the sensors are embedded in the mortar joints and not the bricks, 
this might have implications regarding sensor response time compared 
to occurrence of changes in the moisture content in bricks as they dry 
out. Furthermore, response time behavior of the Sahlen sensors are 

unknown; although a “plug sensor” product, which might be somewhat 
similar to a Sahlen sensor, have been reported to have long response 
times (up to 150–200 h) [43], making it most suitable for seasonal 
wetting and drying and not rapid phenomena. There might therefore be 
a delay in SO, SI and SID results compared to actual moisture content in 
surrounding masonry after rapid changes in the climatic sequence. 

Regarding wetting, high IRA segments seem to have a higher rate of 
moisture uptake in the masonry (SO and SI sensors Table 5); however, 
also segment 9 shows relatively high rate, and there are unfortunately no 
SI sensors in segment 8 and 9 to substantiate further. Segment 8 shows 
the lowest SO moisture uptake rate, significantly lower than the other 
segments. Beam and RH wetting criteria show no clear difference be-
tween moderate and high IRA segments. For the 1.5 brick thick seg-
ments, it can be seen in Fig. 11 that the moderate IRA RH1 lags a bit 
behind at a lower level during wetting than the high IRA RH3. Although 
it is difficult to say, this difference could partly stem from a higher brick- 
mortar/mortar-brick interface resistance at the collar joint, associated 
with dry cured compared to wet cured mortar reported by Derluyn et al. 
[11] (in current study respectively as relatively dry moderate IRA bricks 
seg. 1 and prewetted high IRA bricks seg. 3). However, both the mortar 
density and vapor permeability given in Table 2 have the opposite 
correlation to curing condition to that reported in Ref. [11], which may 
indicate that the high-IRA prewetting was far from sufficient to establish 
truly wet curing conditions. Also, B1 increases less than B3, even though 
there is no continuous collar joint in the path of rain penetration. 
Therefore, the difference in capillary transport coefficient between the 
two brick types may nevertheless be the dominant cause, if not differ-
ences among the segments in the horizontal brick-mortar interface 
porosity also plays a significant part. 

4.5. Masonry thickness 

The 1.5 brick thick masonry shows a slower or more limited wetting 
of RH and beam end sensors than those in the 1 brick thick segments. 
Similar, lower RH was reported by Zhou et al. [5] for simulated 3 wythes 
compared to 2 wythes thick masonry, crediting it to larger moisture 
storage capability. Except for the increased masonry volume available 
for rainwater deposit, and the increased thickness to overcome by 
capillary diffusion, it can also be understood by the barrier effect of the 
collar joint [8] being present in each course of the 1.5 brick thick ma-
sonry compared to every other course in the 1 brick thick masonry. Still, 
the 1.5 brick thick masonry shows poor drying capabilities. Assessing 
sensors embedded in the masonry there is insignificant to very limited 
drying before insulation is removed for seg. 1 and 3. Also the beam end 
sensors B1 and B3 show an increase in moisture content after onset of the 
warm period until insulation is removed; however, comparing B3 of 
series 1 to that of series 2 (not shown in present paper), although with a 
different insulation material, a drying trend could have been expected 
shortly after if the insulation had not been removed. A plausible 
explanation of the slow drying performance of the thick segments is the 
extra thickness which outward drying needs to overcome. Moisture 
having accumulated deep into the masonry towards the interior will 
have impeded drying towards the exterior, due to the thickness and 
because it needs to pass back through collar joints; hence, more inward 
drying is relied upon to arrive at dryer conditions. Especially for seg. 1; 
extra initial moisture, compared to other segments, may also have 
impacted the results, diminishing result trustworthiness. 

4.6. Smart vapor barrier 

Assessing the results (Fig. 12), it is not possible to conclude on SVB 
influence during the cold period. Although B52nd has a lower moisture 
content trend than B5, it cannot be ascribed the SVB, due to in-
consistencies in repeatability from series 1 to 2. Furthermore, the SVB 
would not promote inward drying in the cold period since the vapor 
pressure gradient opposes drying and since the barrier sd - value in this 
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period is quite high. If any, the SVB (sd - value under these conditions 
crudely estimated to sd ≈ 20–30 m) would promote a larger outbound 
vapor flux than the polyethylene barrier (sd ≈ 50 m). Given this vapor 
would meet a saturation vapor pressure in a rain wetted masonry, 
additional moisture, although presumably relatively insignificant, 
would be deposited in the masonry with the SVB compared to with the 
polyethylene barrier. In perspective, the wooden beam end constitutes 
along its total length of 400 mm the weakest vapor resistance, with a sd 
= 1.72 m if the longitudinal vapor resistance factor of 4.3 found in the 
WUFI material database [45] is applied. The beam end cross-sectional 
area only constitutes 1.9% of the segment’s surface area, the vapor 
barrier covering the rest; however, the beam has a direct path to the 
beam end sensor. Furthermore, wood cracks in beam ends could also be 
influencing on effective vapor resistance. Especially beam end results 
could consequently be sensitive to differences in wood quality. Although 
the beam ends originate from the same log, different occurrence of wood 
cracks and knots has naturally been observed. For the drying period, 
RH52nd is seen to decline faster than RH5. Had it not been for RH4 which 
also surpasses the drying of RH5, it could have been a repeatability issue. 
However, since both RH4 and RH52nd have a similar drying trend, 
something which also barely can be seen comparing B4 and B52nd to that 
of B5, it gives an indication the SVB provides increased drying for the 
segments. If in fact the SVB can be ascribed the large difference in drying 
rate between RH5 and RH52nd, it provides great improvement at the 
interface between masonry and insulation. The beam end seems to have 
less pronounced improvement. From Fig. 12 it is worth noting how 
sensitive RH52nd is to the spikes in indoor RH caused by the 
malfunctions. 

After series 1 the wall was set to dry at an exterior and interior 
temperature of 35 and 30 ◦C respectively. Consequently, a negative 
vapor pressure gradient formed towards the interior. When, under these 
conditions, the polyethylene vapor barrier of seg. 5 was removed, 
condensed moisture was observed on the side facing the insulation. No 
condensed moisture was observed on the SVBs. This could point to the 
SVB possessing beneficial performance in cases of inward solar driven 
vapor flux. 

5. Conclusions 

Interior insulated brick masonry wall segments have been 

investigated, undertaking wetting and drying. Large variety in masonry 
behavior, and hence segment performance, is seen from results. This 
despite favorable interaction between mortar and brick was attempted 
through relatively extensive prewetting of high IRA bricks during con-
struction. Whether the cause is variety in mortar-brick interface quality 
or brick properties remains unknown. Large variety in masonry behavior 
was also seen among moderate IRA segments, made with non-prewetted 
bricks; however, this brick type had larger relative variety in capillary 
absorption, likely due to varying occurrence of face vitrification. 

Moderate IRA segments consistently showed better drying perfor-
mance than high IRA segments at the masonry-insulation interface and 
at beam ends. There is indication that high IRA segments are more prone 
to increased wetting; however, results are inconclusive. Less insulation 
thickness improved drying at the masonry-insulation interface, but only 
minor improvement was indicated at beam ends, for both brick types. 

Compared to 1 brick thick masonry a thickness of 1.5 shows lower 
RH at the brick-insulation interface, and lower moisture content at the 
beam end. Slower masonry drying is also observed. 

The investigation gives indication of improved drying having a smart 
vapor barrier instead of a traditional polyethylene vapor barrier; how-
ever, the effect was obscured by repeatability issues and variety in 
masonry behavior among the segments. The minor improvement in 
beam end drying seen from a smart vapor barrier, may imply additional 
measures often will be needed to ensure a sufficient beam end drying 
potential. 
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Appendix A. Climatic sequence 

A climatic sequence (Table A.1) was designed to promote wetting and subsequent drying of the wall segments. Driving rain events are responsible 
for most of the wetting during a wetting period. 

For the wetting period a cold exterior climate of 5 ◦C and 90% RH was chosen for its resemblance of Nordic late autumn or early spring conditions. 
For the drying period a warm exterior climate of 20 ◦C and 50% RH was chosen, resembling relatively high temperature Nordic summer conditions. 
Both the cold and warm climates were kept constant for their respective periods and thereby do not represent any realistic real-world climate. The 
climates were chosen in their form to constitute a simplistic climate test sequence for enabling conditions for wetting and subsequently drying of the 
wall. Although the term wetting is used on the cold period, a wetting is not exclusively taking place, as some drying of the masonry takes place outside 
of the rain events, especially for the reference segment. Nevertheless, as are seen, for most segments the beam end and RH sensors experience 
increasing moisture (“wetting”), and therefore the term wetting is chosen. 

The rain events were decided to start with a short duration to observe how the wall segments would perform and how the moisture sensors would 
respond. This in order to avoid risk of exaggerated wetting of the wall. The rain events were conducted in pairs, with 2–2.67 h between the events of a 
pair. If a pair of rain events did not give sufficient response in the moisture sensors over a couple of days, in the perspective of showing enough 
moisture build up in the masonry to enable significant drying to the interior, the event duration was doubled and a new event pair was scheduled. This 
procedure resulted in three rain event pairs in the beginning of the climatic sequence leading up to events with duration of 40 min. A cold climate was 
then kept 640 h or almost 27 days. After this time is was seen that the RH at the interior of the masonry was not at a level in which sufficient utilization 
of the smart vapor barrier could be guaranteed. A final rain event pair of 40 min duration was therefore included to wet the wall segments even more. 
After that a cold climate was enacted for 834 h or almost 35 days. Following the cold climate, a warm climate period was initiated to investigate the 
drying performance of the wall segments. This period lasted 1729 h or 72 days. 

The interior climate was kept constant at 23 ◦C and 50% RH for the whole duration of the study. No atmospheric pressure difference was 
implemented over the wall. 
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Table A.1 
Climatic sequence used in the climate simulator for the laboratory study.  

Description Time of activation (h) Number of hours (h) Number of min (min) Exterior side Interior side 

Rain (mm/h) Temperature (◦C) RH (%) Temperature (◦C) RH (%) 

Drying – – – – 39 8 35 8 
Acclimatization 0.00 21.00 – – 23 20 23 20 
Cold climate 21.00 1.25 – – 5 90 23 50 
Rain 22.25 0.17 10 47 11 90 23 50 
Cold climate 22.42 2.00 – – 5 90 23 50 
Rain 24.42 0.17 10 47 11 90 23 50 
Cold climate 24.58 45.83 – – 5 90 23 50 
Rain 70.42 0.33 20 47 11 90 23 50 
Cold climate 70.75 2.67 – – 5 90 23 50 
Rain 73.42 0.33 20 47 11 90 23 50 
Cold climate 73.75 76.87 – – 5 90 23 50 
Rain 150.62 0.67 40 47 11 90 23 50 
Cold climate 151.28 2.33 – – 5 90 23 50 
Rain 153.62 0.67 40 47 11 90 23 50 
Cold climate 154.28 640.05 – – 5 90 23 50 
Rain 794.33 0.67 40 47 11 90 23 50 
Cold climate 795.00 2.33 – – 5 90 23 50 
Rain 797.33 0.67 40 47 11 90 23 50 
Cold climate 798.00 834.37 – – 5 90 23 50 
Warm climate 1632.37 1729.55 – – 20 50 23 50  

Appendix B. Sensor data treatment 

In the first series the Sahlen and beam end sensors were logged manually with a handheld moisture meter (Multifunction Moisture Meter FME from 
PCE instruments), directly giving moisture content, with input settings of wood species and temperature. Spruce, Nordic (Picea Abies) was used as 
wood specie also on measurements of the birch Sahlen sensors, since the correct birch (Betula Pendula) was not included in the moisture meter; 
however, a correction to birch from spruce was done as post processing. The temperature was found with a handheld ohmmeter, through use of an in- 
laboratory calibrated resistance-temperature chart. In the second series both the Sahlen thermistor resistance and the wood resistance were logged by 
use of data-loggers, the latter with use of Material Moisture Gigamodules from Scanntronik. Logging frequency in the second series was per hour, 
whereas the frequency of the manual logging of the first series were adapted to correspond to expected and observed rate of change in sensor data; per 
few hours after rain events, per once a day to per once a week approaching the end of the climatic sequence. The Steinhart-Hart equation [47] has been 
used to calculate the temperature from the thermistor resistance for both series. For the logged resistance moisture meter data, equation (B.1), a 
linearized representation of resistance as function of moisture content [48], has been used. 

log[log(R)+ 1] =A ⋅ u + B (B.1)  

where R is resistance (MOhm), u is moisture content (mass %) and A and B are wood species dependent constants. Forsèn and Tarvainen [49] have 
found values for the constants from an ample amount of wood samples tested; spruce (Nordic): A = − 0.038, B = 1.067; birch (Nordic): A = − 0.039, B 
= 1.032. Expression (B.1) will, due to the mathematical implication of the logarithm of the bracket, be limited to resistance values above 0.1 MOhm; 
however, the lower practical resistance limit must be even higher, since; 1) this form of expression has not been fitted for high moisture contents, for 
instance limited to below 18% in Ref. [49] and 25% in Ref. [48], 2) resistance measurements become inaccurate and unreliable in identifying moisture 
contents above the fiber saturation point (FSP) [50]. The FSP is hard to determine conclusively due to variations in definition details and measuring 
approaches [51]; however, for reference, typical values reported are in the range 30–40% [52]. 

The resistance-moisture relation is also influenced by temperature, making a proper temperature correction needed. Although the temperature 
correction is species dependent [48], this has not been included due to lack of credible data on this dependence. Instead, expression (B.2), a general 
temperature correction from Ref. [48], which is adjusted from Ref. [53] (based on North American wood species), has been used: 

ucorr =
u + 0.567 − 0.0260⋅x + 0.000051⋅x2

0.881⋅1.0056x (B.2)  

where ucorr is the corrected moisture content, u the moisture content from equation (B.1) and x = (θ + 28), where θ is the temperature in Celsius. 
In addition to temperature, the resistance-moisture content relation has been suggested dependent on other parameters such as density, ash 

content, wood structure, acidity [54], lignin content [55], measurement angle to the grain or growth ring orientation [56], specimen size [57], 
heartwood vs. sapwood, distance between measuring pins [49] and present amount of water-soluble salts [58]. With exception of water-soluble salt, 
these parameters have much less pronounced influence than temperature, (e.g. Refs. [42,49,56]). Although, it should be noted there is some con-
troversy regarding measurement direction to the grain orientation [37], where, if not accounted for, differences up to 2% moisture content have been 
reported by some authors; [59,60]. Nevertheless, since there is too little species-specific information available to get accurate corrections on any of 
these factors, such corrections have been omitted. 

Appendix C. Performance criteria 

Segment performance is assessed after definitions outlined in Table C.1. The performance, in a positive interpretation, is related respectively to 
moisture uptake avoidance and drying efficiency, relative to average performance of segments 4–9. For instance, a sensor showing a relatively high 
drying efficiency (more extensive or faster drying) compared to average among segments, for same sensor type, will be classified as having 
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overperformance. Only segments 4–9 are included since these are the only segments with one brick thick masonry (same sensor locations in masonry) 
and with interior insulation, thereby having comparable conditions and RH sensors in all segments (excludes seg 2).  

Table C.1 
Defining over- and underperformance in relative terms (in table; defining low and high respectively as lower 
and higher than average performance among segments)  

Period Wetting period Drying period 

Parameters Moisture uptake/moisture uptake rate Drying efficiency 

Overperformance Low High 

Underperformance High Low  

Assessment of segment performance has been divided into performance during a “wetting period”, corresponding to the cold climate period (refer 
climatic sequence in Appendix A), and a drying period corresponding to the warm climate period. As performance criteria for the wetting period the 
time-average moisture content has been assessed in addition to a time-average moisture growth rate index (MGRI). Calculation of the latter, 
expression (C.1), involves; i) For each timestep (1 h); dividing the moisture content, minus an average initial level, by a modified transpired time. The 
modified transpired time includes an additional arbitrary 100 h to the actual transpired time, to make the index less sensitive to early increase in 
moisture. ii) Taking the time-average of the sum of i). Such an index will bring into light the degree of rapid moisture growth, and the quantity of 
moisture, i.e. rapid and high moisture growth will produce high index. 

MGRI =
1

Nperiod

∑Nperiod

i=1

ui − uaverage  initial

ti + 100h
(C.1)  

where Nperiod is the number of timesteps taken in the wetting period (here number of hours), ui moisture content (or RH level) at time step, and ti 
transpired time at time step. 

In assessment of the drying period a time-average moisture content is less credible since the segments have reached different levels of moisture 
during the wetting period, and thereby starts the drying period at these different levels. Instead, a moisture decline rate index (MDRI) is applied; 
expression (C.2). Starting from a hypothetic realistic worst-case moisture level of the sensor sample group, the difference between this level and the 
actual moisture level, weighted for the starting moisture of the drying period, is divided by the modified transpired time. The time-average of the sum 
of the aforementioned is then applied. 

MDRI =
1

Nperiod

∑Nperiod

i=1

uworst  initial − ui/fi

ti + 100h
(C.2)  

where Nperiod is the number of timesteps taken in the drying period (here number of hours), ui moisture content (or RH level) at time step, fi factor 
weighing the moisture content for the starting level, aligning it to the initial average, and which subsides linearly with time so that it becomes 1.0 at 
the end of the period, and ti transpired time at time step. 

For all segment sensors having same location (depth) in wall segment cross section, the performance criteria are compared to that of a hypothetical 
average among segments, by taking the ratio. The average performance among segments has been taken for 1) all segments of both series, 2) segments 
of each series separately (to look for regular differences between brick types), 3) segments of both series for each brick type separately (to look for 
systematic differences between series). Since the current focus is limited to segments insulated with mineral wool, 1) will be excluded from being 
addressed and 3) will only be addressed to highlight potential repeatability issues or shortcomings in execution of the two series. Assessing a limited 
number of sensors (each 3 samples of high and moderate IRA segments) there is by default limited credence to the results; nevertheless, it might 
indicate a trend if all 3 samples show same direction in performance. 
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[38] Z. Suchorab, D. Majerek, V. Kočí, R. Černý, Time Domain Reflectometry flat sensor 
for non-invasive monitoring of moisture changes in building materials, 
Measurement 165 (2020). 

[39] M. Guizzardi, D. Derome, R. Vonbank, J. Carmeliet, Hygrothermal behavior of a 
massive wall with interior insulation during wetting, Build. Environ. 89 (2015) 
59–71. 

[40] J.P. Rydock, A look at driving rain intensities at five cities, Build. Environ. 41 (12) 
(2006) 1860–1866. 

[41] K. Ueno, J.W. Lstiburek, P. Eng, Field monitoring of embedded wood members in 
insulated masonry walls in a cold climate, in: M. Bomberg, D. Yarbrough, J. Kosny 
(Eds.), Fourth BEST Conference Building Enclosure Science & Technology, The 
National Institute of Building Sciences, Kansas City, Mo, United States, 2015. 
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Abstract 

Many buildings physics problems are difficult to evaluate properly without looking at the problem in three dimensions. For 
instance, it can be difficult to assess moisture transport in a brick masonry wall segment as it consists of a relatively complex 
system of brick and mortar. Still, most hygrothermal simulations are likely done in 1D or 2D, but development in computer 
hardware and software makes 3D simulations easier accessible. This paper looks into benchmarking of a hygrothermal simulation 
model created in the COMSOL Multiphysics software. The results show COMSOL to have promising applicability for 3D 
hygrothermal simulations. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
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1. Introduction 

In building physics, hygrothermal simulations are required in a number of different evaluative tasks, such as when 
evaluating structural performance with regard to transfer, absorption and release of heat and moisture, often with a 
final aim of looking for unwanted condensation and moisture damage. Hygrothermal simulations have mainly in the 
past been limited to 1D or 2D application, often with the use of dedicated software with limited or no user access to 
the mathematical equations describing the physics involved. However, a combination of development in computer 
processing capacity and the developing of so called multiphysics software have in the recent years made it 
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Nomenclature 

cp,v specific heat capacity of vapour [J/(kg K)]  Rw specific gas constant H2O [J/(kg K)] 
cp,w specific heat capacity of water [J/(kg K)]  T Temperature [K] 
Dϕ capillary transport coefficient [kg/(m s)]  ww water moisture content [kg/m3] 
g gravity constant [m/s2]     
gv,j water vapour mass flux vector [kg/(m2s)]  Greek letters 
gw,j liquid water mass flux vector [kg/(m2s)]  δv vapour diffusion coefficient [kg/(m s Pa)] 
hw enthalpy of evaporation [J/kg]   ρs dry density of solid material [kg/m3] 
Kl liquid permeability coef. [kg/(m s Pa)]  ρw water density [kg/m3] 
Psat vapour saturation pressure [Pa]   ϕ relative humidity [-] 

 
possible to conduct even 3D hygrothermal simulations with a complete user access to the mathematical equations 
describing the physics. The COMSOL Multiphysics software [1] have shown great promise in this regard, already 
having been applied by several researchers [2-9] in solving hygrothermal simulations. Except for [2, 7], this has 
been limited to 1D and 2D. Tariku [5] applied COMSOL, as part of his own created HAMfit model, existing in both 
a 1D and 2D version, on all the Hamstad Benchmarks [10] with good results. Hygrothermal 3D models in COMSOL 
has not been found, however, to previously been benchmarked. 

In this paper implementation for COMSOL 3D modeling of heat and moisture transport is described. The heat 
and moisture transport mechanisms of the COMSOL model has been verified by applying the mathematical model 
on two benchmarks, namely Hamstad benchmark #1 and #2 [10]. The Hamstad benchmarks are all 1D benchmarks, 
meaning the heat, air and moisture transport is one-directional. However, the benchmarks are still valid in a 3D 
model given that the boundary conditions allow no heat and mass exchange over the boundaries normal to the two 
other directions. Further work will however be necessary to stress test the full 3D-functionality of the model on 
problems with results known to be correct, either in the form of benchmarks or results from laboratory tests. 

2. Mathematical description of modeled physics 

2.1. Moisture transport 

Transport of moisture in porous materials is usually divided into three mechanisms; vapour diffusion due to 
gradients in vapour pressure, capillary suction due to gradients in suction pressure and vapour transfer by air 
transport due to gradients in air pressure. In order to implement the three mechanisms into a single partial differential 
equation (PDE) the mechanisms needs to become a part of a transient moisture balance having a common dependent 
variable. Traditionally this dependent variable has been either moisture content or relative humidity, where the latter 
is used here due to its benefit of being continuous over interfaces between materials having different moisture 
sorption capabilities. The following describe the mathematical expression for vapour diffusion and capillary suction. 

Vapour diffusion can be expressed by Fick’s law, i.e the negative product of a diffusivity constant δ and the 
gradient of vapour pressure, which with the vapour pressure expanded for, and having relative humidity (RH) as 
dependent variable, gives the following flux in direction j=1,2,3 [11] 

,
sat

v j sat
j j

dPd dT
g P

dx dT dx
   (1) 

Capillary suction is commonly based on Darcy’s law, which with the use of a liquid permeability coefficient Kl 
becomes [6] 
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, lnw j l w w w z
j j

T d dT
g K R g e

dx dx
(2)

Inserting expressions (1) and (2) in the continuity equation for moisture content, expanding the transient term as 
well as writing the terms in (2) with a capillary transport coefficient Dϕ [kg/(m2 s)] instead of Kl [kg/(m s Pa)], and 
finally rearranging the terms according to occurrence of ϕ gives the following PDE for moisture transport.

1 1lnw sat
v sat v z

j j j w

Ddw dPd d d dT
P D D g e

d dt dx dx dT T dx R T
(3)

2.2. Heat transport

The PDE for heat transport is based on the enthalpy equation on conservative form. The heat storage term is 
modified for a porous material, taking into account both the porous solid and the water content at any given time,
while neglecting the contribution of any vapour located inside the pores. 

, , , , , j , js p eff p w w j p v v v v
j j

d T d dT
c c g c g T h g

dt dx dx
(4)

where

, , ,w
w

p eff p s p
s

w
c c c

3. Benchmarks

3.1. Description of the Hamstad #1 benchmark

In the Hamstad benchmark #1 two material layers, which share an interface that experience condensation when 
the surrounding conditions call for it, are involved in a long term drying process of one of the material layers. The 
benchmark shall resemble a roof structure, as seen in figure 1a, where a loadbearing material is insulated by another 
material layer on the inside while having a water and vapour tight membrane layer on the exterior side. The 
loadbearing material layer, with a thickness of 100 mm, has an initial moisture content of 145 kg /m3 ( 99 % RH) 
while the insulating material layer, with a thickness of 50 mm, has an initial moisture content of 0.065 kg /m3 ( 56 % 
RH). Initial temperature is 20 °C for both layers, and 20 °C is also the constant value of the interior temperature. The 
interior vapour pressure as well as the exterior temperature is given by a table which gives varying values for a 
whole year. Although the benchmark covers 5 years, it uses the same boundary conditions for all the years. Exterior 
vapour pressure is also given, but the values are irrelevant due to the vapour tight exterior surface. Heat transfer 
coefficients for the interior and exterior are given as 7 W/(m2K) and 25 W/(m2K) respectively, and the interior 
vapour transfer coefficient is given as 2·10-8 s/m. Material properties for the two materials and more detailed 
description of the benchmark are given by [10].
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Fig. 1. (a) Benchmark #1, a two layer roof structure [10]; (b) Benchmark #2, a single material layer [10]. 

3.2. Description of the Hamstad #2 benchmark 

The Hamstad benchmark #2 is a test which looks at the redistribution of moisture as the external and internal 
relative humidity, are suddenly changed from the initial situation, all while behaving as an isothermal case. An 
analytical solution exists for this test, assuming isothermal behavior [6]. The geometry consists of a single, perfectly 
airtight, 200 mm material layer, as seen in figure 1b. Initial conditions of the material include a relative humidity of 
95 % and a temperature of 20 °C. When time starts running, boundary conditions of 45 % RH external and 65 % RH 
internal are imposed. As the benchmark case is isothermal, the boundary temperature is 20 °C. However, in order to 
keep the material temperature more or less constant at 20 °C the latent heat of evaporation has been set to 56.8 J/kg, 
which is considerably less than the usual value of 2500000 J/kg. The heat and vapour transfer coefficients at both 
surfaces are 25 W/(m2K) and 1·10-3 s/m respectively. Material properties for the two materials and more detailed 
description of the benchmark are given by [10]. 

3.3. Methodology of benchmark implementation in COMSOL 

The COMSOL model is built up around the PDEs for moisture and heat transport. These PDEs have been user 
defined in COMSOL, to become equal to equation (3) and (4), by using the so-called coefficient form PDE from the 
physics interface available in the software. A 3D geometry of the benchmark cases has been built as shown in figure 
2, with dimension values in meters. Benchmark #1 and #2 are respectively having the x shown in figure 1 as a 
vertical and horizontal directional variable, i.e. z and x directions respectively in the PDEs. Each material layer is 
defined as a domain. The PDEs automatically call up the material properties of the material for the domain in 
question during the numerical solving. Meshes are generated as seen in figure 2, with eight layered boundary layers 
on surfaces and internal interfaces.  

 

 

Fig. 2. The benchmark geometry and mesh including boundary layers at all interfaces. Values in meters. (a) Benchmark #1; (b) Benchmark #2. 
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The results from benchmark #1 are given as the hourly average of the moisture content in the loadbearing 
material. As shown in figure 3 and 4 the results for the first and fifth of a total of five years of benchmark #1 shows a 
rather good correlation to the benchmark solutions. The results are seen in the figures to more or less follow the 
benchmark solution given by Technion. However, the results also show more hourly fluctuations compared to the 
benchmark solutions. It has not been established whether this is caused by the 3D dimensionality of the model, the 
integration technique which was used to get average values, or some other aspect of the model. 

The results of benchmark #2 can be seen in figure 5a and b, which show a very good fit with the benchmark 
solutions. It should be mentioned that the lines marked “results from Hamstad” on figure 5 consist of several lines 
lying more or less on top of each other. For more details on the results supplied by the Hamstad benchmark refer to 
[10]. 

 

Fig. 3. Benchmark #1, superposition of average moisture content, COMSOL result, over solutions from [10] for year 1 of the benchmark. 

 

Fig. 4. Benchmark #1, superposition of average moisture content, COMSOL result, over solutions from [10] for year 5 of the benchmark. 
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Fig. 5. Benchmark #2, superposition of COMSOL moisture content result over solutions from [10] at x(m); (a) 100 hours; (b) 1000hours. 

4. Conclusion 

The application of COMSOL for 3D hygrothermal simulation seems promising after running through Hamstad 
benchmark #1 and #2, where the results showed good agreement with the benchmark solutions. However, these two 
benchmarks only include moisture and heat transport where the only boundary exposure is varying vapour pressure 
and temperature. Further benchmarking is needed to be done on benchmarks including air transport and liquid water 
uptake, in order to evaluate the applicability, as well as the full functionality and performance, of COMSOL for 3D 
hygrothermal simulation. 
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Abstract

With increasing requirements on reducing heat consumption and improving comfort levels of existing buildings, interior insulation 
retrofit is a hot topic for many masonry buildings. However, as the drying potential of the wall is lowered as a consequence, interior 
insulation of massive masonry walls increases the risk of moisture related problems. Therefore, carefulness is needed when
approaching such solutions. A useful approach on evaluating moisture risks, when deciding the interior insulation design, is the
use of hygrothermal simulations. In the present study a 2D numerical hygrothermal study has been conducted on an internally 
insulated masonry wall with a smart vapor barrier. The focus has been on comparing and discussing the options available in, and 
the challenges faced with, COMSOL Multiphysics and WUFI for this purpose.

Keywords: Hygrothermal; 2D simulation; COMSOL 5.2; WUFI 2D 3.4; Masonry

1. Introduction

Over the last couple of decades an increasing focus has been given lowering energy consumption of the existing 
building stock. Especially older masonry buildings have been, and still are, a challenge in this regard since the facades 
of these buildings often are protected for their historical and aesthetic values, limiting insulation retrofitting to the 
interior side. From a building physics point of view interior insulation creates extra concerns as it lowers the masonry 
temperature, increases risk of indoor moisture condensing in the wall, as well as reducing the drying capacity of the 
wall. Especially driving rain may be difficult to dry out again. In this perspective hygrothermal

* Corresponding author. Tel.: +47 90675937.
E-mail address: jon.knarud@ntnu.no
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Nomenclature

cp,v specific heat capacity of vapor [J/(kg K)] Rw specific gas constant H2O [J/(kg K)]
cp,w specific heat capacity of water [J/(kg K)] T Temperature [K]
D , Dw capillary transport coefficient [kg/(m s)] ww water moisture content [kg/m3]
ez unit vector z-direction
g gravity constant [m/s2] Greek letters
gv,j water vapor mass flux vector [kg/(m2s)] v vapor diffusion coefficient [kg/(m s Pa)]
gw,j liquid water mass flux vector [kg/(m2s)] thermal conductivity [W/(m K)]
hw enthalpy of evaporation [J/kg] s dry density of solid material [kg/m3]
Kl liquid permeability coef. [kg/(m s Pa)] w water density [kg/m3]
Psat vapor saturation pressure [Pa] relative humidity [-]

simulations ensure great means to analyze how different exterior and interior climatic conditions may influence 
different structural designs, including alternative interior insulation design solutions. Hygrothermal simulation 
software has existed for a while now; nevertheless, there is still a development in this software, and new possibilities 
arise with this development and the evolution of computational capacity. Over the last decade multiphysics software
has gained increasing interest for possibilities to combine all kinds of physics and for options which gives the user 
great flexibility in designing and optimizing physics models on one’s own. For an internally insulated masonry wall; 
especially 3D functionality and the option of adding different physics to different parts of the structure may make such 
software interesting. For instance, including models for convection and radiation in air cavities or gaps could be of 
interest, but it is a vast land of possibilities. Even though adding great benefits, multiphysics software may demand 
more of the user, as additional mistakes or pitfalls may be stumbled into compared to the dedicated hygrothermal 
software. The latter has usually been carefully validated against benchmarks, and has a more documented and fixed 
stepwise procedure for the user to follow. 

In this paper the objective has been to address the use of COMSOL Multiphysics [1] for a 2D hygrothermal 
simulation, and to do a comparison with WUFI [2]. As a simulation case a masonry wall structure with interior 
insulation, exposed to climatic conditions representable for the Nordics, has been chosen.

2. Mathematical description of moisture and heat transport

Transport of moisture in porous materials ordinarily encompasses vapor diffusion, due to gradients in vapor 
pressure, and capillary suction, due to gradients in suction pressure. If needed, vapor transport by air flow, due to 
gradients in air pressure, may also be included. In the current study only vapor diffusion and capillary suction have
been included as mechanisms for moisture transport, since air flows are not present in the case looked at. A basis has 
been taken in using relative humidity (RH) as the dependent moisture transport variable. Moisture transport is in terms 
of a partial differential equation (PDE) given as (1), which is derived from the continuity equation.

1 1lnw sat
v sat v z

j j j w

Ddw dPd d d dTP D D g e
d dt dx dx dT T dx R T

(1)

Although many researchers have written publications on the use of COMSOL for building physics applications, 
few have explained in detail how they have set up COMSOL to solve the PDEs for a dependent variable of relative 
humidity, suction pressure or vapor pressure. One exception is van Schijndel [3] who described how the PDE were 
solved for the logarithm of the suction pressure. Such a solution effectively limits the span of orders of magnitude the 
suction pressure appears in during the numerical solving, and thereby improves the numerical solving situation greatly.
For COMSOL this solution is a necessity in order for the numerical solver to function at high relative humidities in 
the capillary range. For a PDE based on relative humidity, the same challenge appear; however, instead of spanning 
orders of magnitude the relative humidity needs to be solved accurately as phi values approach unity, i.e. a phi value
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of 0.9999, or even 0.99999, needs to be dealt with accurately, due to the large impact small changes in phi in this 
region have on water content and capillary transport properties for many porous materials. Such a high accuracy in 
phi values approaching unity can be quite a challenge or time consuming for numerical solving. Gradients with respect 
to phi can also become very large and span orders of magnitude in this RH region. In order to get around this in 
COMSOL the transport equations have been altered to be solved for a logarithmic representation of phi named phimod, 
a modified variable for phi. Expression for Phimod is given in (2) ensuring phi values up to 0.9999999 can be 
approached with acceptable accuracy. Phimod will for phi values between 0.01 and 0.9999999 consequently stay in the 
interval between 18.41 and 2.30 respectively. The alteration of the transport equations have been done by applying 
the chain rule to the derivatives of phi giving d /dt = d /d mod·d mod/dt and d /dxj = d /d mod·d mod/ dxj, where d / 
d mod = -exp( mod)/108-1. One should note there is no scientific derivation from physics that leads to Phimod. It is only 
a convenient mathematical alteration made for making the COMSOL model work. The alteration has no impact on 
the physics, only the numerical solving.  

8
mod ln 10 1    (2) 

Transport of heat is taken care of by applying a PDE (3) based on the enthalpy equation on conservative form. 

, , , , , j , js p eff p w w j p v v v v
j j

d T d dTc c g c g T h g
dt dx dx

  (3) 

Where gw,j and gv,j are the capillary and vapor diffusive transport terms found from Darcy’s law and Fick’s law, 
which are also included in (1), easily identified by D  v respectively. The heat storage in the porous material, 
which is partially filled with a water content, is taken care of with cp,eff = (cp,s+ww s·cpw). 

3. Case description 

As a case for the comparative study an interior insulated one-brick thick wall with an embedded wooden beam was 
chosen. See table 1, Fig 1. This is a typical design which may experience too high RH in the wooden beam end, i.e. 
RH which gives rise to wood degradation. A smart vapor barrier is used to enable some inward drying at times when 
RH in the nearest wall structure becomes high, typically in the summer when the outside temperature is high. At the 
same time the vapor barrier prevents vapor from the inside to diffuse into the wall structure at times when the relative 
humidity in the nearest wall structure is low, typically in the winter. Table 4 gives the correlation between RH and 
vapor resistance value for the smart vapor barrier. 

The exterior climate has been chosen as the moisture design reference year (MDRY) of Værnes in Norway. The 
wall orientation is towards south. No obstacles are influencing the shortwave and longwave radiation, or the driving 
rain, received by the wall. The driving rain has been modeled by the ASHRAE Standard 160-2009 "Criteria for 
Moisture Control Design Analysis in Buildings", since this is an option in WUFI. The explicit longwave calculation 
has been enabled in the WUFI model, while the COMSOL model calculate longwave radiation exchange with the 
simple method described by Hens [4] in his chapter on applying radiation calculation for outside environment. 
Shortwave radiation contributions include reflectance from environment, but the COMSOL model does not yet include 
complete accuracy for the time the sun passes over the sky. The shortwave radiation thereby occur a bit earlier than it 
should, and the angles of incoming sunshine are a bit off. For the interior climate the approach found in annex C of 
NS-EN 15026 [5] for a normal occupancy has been used. 

The masonry consists of solid clay brick and prescribed lime-cement mortar, LC 35/65/520 where the numbers 
corresponding to lime/cement/aggregate mass ratios of binder content, while the embedded beam is made of spruce 
with longitudinal properties. The air gap between the beam end and the masonry has been modeled in both models 
with the simplified method of approximation described in the WUFI help file, for a 20 mm gap, although the model 
gap is 18 mm. This implies that the vapor diffusion coefficient and the heat conductivity are modified in order to 
account for convection, as well as radiation for the latter. 
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Sorption curves for the different materials can be found from expression (4), in table 1, with moisture content at 
saturation found in table 2, and with the listed coefficients in table 3. Vapor diffusion coefficients have been calculated 
from expression (5) with coefficients found in table 2. Liquid permeability is given by expression (6), with exception 
of mineral wool which does not give rise to capillary transport. Dw is given by expression (7), based on water 
absorption coefficients (Aw) found in table 2, with exception of the spruce where logarithmic interpolation and 
extrapolation was done on the basis of dw = 1.8E-12 at w = 030 and dw = 5.0E-10 at w = 600. dw/dPsuc can be found 
from derivation of (4). For the smart vapor barrier tabulated Sd-values, as function of relative humidity, are given in 
table 4. The values are not for a specific product on the market, but give one realistic trend one can find for a typical 
smart vapor barrier. The interior gypsum board is only modeled as a vapor and thermal resistance. 

  Table 1. Wall cross section and expressions for material properties  

Fig. 1. Wall cross section Expressions (4) and (6), respectively Expressions (5) and (7), respectively 
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Table 2. Material properties and coefficients. 

Material wsat [kg/m3] Aw [kg/m2s1/2] c   cp [J/(kg·K)]  

Brick 276 0.265 9.675 0.47 850 1761 

LC mortar 130 0.01372 48.99 0.82 850 1806 

Spruce 600 - 4.213 0.23 1500 455 

Mineral wool 60 - 1.3 0.037 850 60 

  Table 3. Coefficients for sorption curves, expression (6). 

Material lw1 lw2 lw3 lw4 cw1 cw2 cw3 cw4 nw1 nw2 nw3 nw4 

Brick 0.4 0.8 -0.1 -0.1 8.340E-6 6.672E-7 1.876E-7 2.502E-7 1.65 2.5 2.8 2.2 

LC mortar 0.9 0.5 -0.2 -0.2 1.626E-6 9.174E-9 7.645E-8 5.838E-9 1.34 3.6 1.244 4.7 

Spruce 0.6 0.5 0.4 -0.5 1.807E-4 2.502E-5 1.737E-6 1.737E-7 1.23 1.11 1.38 1.0785 

Mineral wool 1 0 0 0 2.085E-6 - - - 1.79 - - - 

     Table 4. Sd-values [m] for smart vapor barrier. 

RH [-] 0 0.125 0.195 0.39 0.436 0.585 0.624 0.70 0.79 0.901 0.957 0.975 1 

Sd [m] 105 102.5 98.3 53.6 37.6 7.0 4.196 1.412 0.412 0.084 0.038 0.029 0.024 

4. Results 

Starting the first hour of January, the simulations cover two years. The second year thereby has a more reasonable 
starting moisture content. Fig. 2 shows the RH at the different locations indicated as readings in Fig. 1. 
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Fig. 2. Relative humidity (RH) developments the second year at the (a) brick exterior surface; (b) brick interior surface; (c) beam end; (d) behind 
the smart vapor barrier as perceived from the indoors. 
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5. Discussion and conclusion 

As can be seen from Fig. 2 the results match quite well; however, there are some deviations. A spreadsheet analysis 
of the results, with comparison to the weather exposure, was undertaken to investigate this closer. However, before 
addressing this it should be noted that the results in Fig. 2 are not taking into account that driving rain will be in the 
form of driving snow, and thereby not taken up by the wall, when the outdoor temperature is below zero degrees. 
Excluding precipitation in the form of snow was initially part of the COMSOL model, but had to be turned off since 
WUFI did not exclude snow in this manner. WUFI help indicates the rain deposition factor should account for snow 
or hail, by applying lower factors. In Nordic climates, snow frequently constitute a large part of the precipitation 
during the winter half of the year; however, the weather may also frequently shift between rain and snow. 
Consequently this would require the overall simulation to be divided into several simulation steps having different 
factor values. For convenience snow consideration was therefore excluded from the COMSOL model. 

When looking at the RH values, plotted in Fig. 2a, in combination with the exterior climate data it was discovered 
that WUFI often ended up with higher RH from rain absorption than COMSOL. It was first suspected that an 
explanation could be found in that WUFI states different functions for the ASHRAE Standard 160-2009 driving rain 
in the WUFI help file and in the WUFI 2D software itself. In the WUFI help file the function includes, as in the 
standard itself, a reduction for the angle to the wall of the incoming rain to that of the normal, while in the software 
this is not exclusively included in the function given below the relevant input fields. However, a simulation with 
COMSOL taking out this angular reduction was then conducted, and the RH levels were seen to become higher than 
that of the WUFI model. The cause might therefore be something else. From the readings of the interior brick RH 
levels one could perhaps suspect that the COMSOL model more rapidly transport moisture inward in the masonry, as 
the RH level surpasses that of WUFI in the periods when driving rain is relatively high, see Fig. 2b. However, this 
should not really be the case as long as both models include the same material properties. Furthermore, no reduction 
in capillary transport is included for capillary redistribution of moisture compared with capillary uptake, for either 
model. Consequently, the cause of the deviation in brick exterior RH due to rainwater uptake remains undetermined 
and needs to be studied further than what has been done in this paper. 

Another cause for deviations between the results was seen to be the radiation models. As mentioned the radiation 
models applied in COMSOL are not equal to that of WUFI, and the models have not yet been fully optimized for 
accuracy. Nevertheless, especially the shortwave radiation was seen contributing largely to the deviations. The 
COMSOL model shows a higher susceptibility towards temperature increase, due to direct shortwave radiation, than 
WUFI. As a result, in times of shortwave radiation, the brick exterior RH in COMSOL has higher fluctuations towards 
lower values. It must be analyzed further whether there are some errors or inaccuracies in the COMSOL model in this 
regard. 

In conclusion, a hygrothermal model made in COMSOL has been shown to give similar RH results to that of WUFI. 
However, the results deviate somewhat as discussed above. The COMSOL model needs to be validated further, as 
there probably are parts to improve or correct for the better. Especially the models applied for longwave and shortwave 
radiation could benefit from further development in increasing their accuracy. With that in mind, COMSOL has shown 
great potential to function as a hygrothermal simulation tool.  
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Sorption curves for the different materials can be found from expression (4), in table 1, with moisture content at 
saturation found in table 2, and with the listed coefficients in table 3. Vapor diffusion coefficients have been calculated 
from expression (5) with coefficients found in table 2. Liquid permeability is given by expression (6), with exception 
of mineral wool which does not give rise to capillary transport. Dw is given by expression (7), based on water 
absorption coefficients (Aw) found in table 2, with exception of the spruce where logarithmic interpolation and 
extrapolation was done on the basis of Dw = 1.8E-12 at w = 30 kg/m3 and Dw = 5.0E-10 at w = 600 kg/m3. dw/dPsuc 
-can be found from derivation of (4). For the smart vapor barrier tabulated Sd-values, as function of relative humidity, 
are given in table 4. The values are not for a specific product on the market, but give a realistic trend one can find for 
a typical smart vapor barrier. The interior gypsum board is only modeled as a vapor and thermal resistance. Heat and 
vapor transfer coefficients are as follows on the exterior and interior boundary respectively: a,e = 25 W/m2K, a,i = 8 
W/m2K, p,e=2 10-7 s/m, p,i = 3 10-8 s/m. 

  Table 1. Wall cross section and expressions for material properties  

Fig. 1. Wall cross section Expressions (4) and (6), respectively Expressions (5) and (7), respectively 
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Table 2. Material properties and coefficients. 

Material wsat [kg/m3] Aw [kg/m2s1/2] c   [W/(m K)] cp [J/(kg K)] [kg/m3] 

Brick 276 0.265 9.675 0.47 850 1761 

LC mortar 130 0.01372 48.99 0.82 850 1806 

Spruce 600 - 4.213 0.23 1500 455 

Mineral wool 60 - 1.3 0.037 850 60 

  Table 3. Coefficients for sorption curves, expression (4). 

Material lw1 lw2 lw3 lw4 cw1 cw2 cw3 cw4 nw1 nw2 nw3 nw4 

Brick 0.4 0.8 -0.1 -0.1 8.340E-6 6.672E-7 1.876E-7 2.502E-7 1.65 2.5 2.8 2.2 

LC mortar 0.9 0.5 -0.2 -0.2 1.626E-6 9.174E-9 7.645E-8 5.838E-9 1.34 3.6 1.244 4.7 

Spruce 0.6 0.5 0.4 -0.5 1.807E-4 2.502E-5 1.737E-6 1.737E-7 1.23 1.11 1.38 1.0785 

Mineral wool 1 0 0 0 2.085E-6 - - - 1.79 - - - 

     Table 4. Sd-values [m] for smart vapor barrier. 

RH [-] 0 0.125 0.195 0.39 0.436 0.585 0.624 0.70 0.79 0.901 0.957 0.975 1 

Sd [m] 105 102.5 98.3 53.6 37.6 7.0 4.196 1.412 0.412 0.084 0.038 0.029 0.024 

4. Results 

Starting the first hour of January, the simulations cover two years. The second year thereby has a more reasonable 
starting moisture content. Fig. 2 shows the RH at the different locations indicated as readings in Fig. 1. 
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a b s t r a c t 

Liquid moisture transport plays a key role in performance of many building assemblies. For hygrothermal 

simulation models, used to assess such assemblies, it is important to include realistic liquid transport 

properties for the specific porous building materials involved. Unfortunately, comprehensive experimen- 

tal and modeling methods associated with determining the hydraulic conductivity limit widespread ap- 

plication of material-specific determination. To ease applicability, this paper investigates how to simplify 

conductivity prediction and modeling by building on a bundle of tubes approach. Incorporating a new 

expression variant for the capillary absorption coefficient ( A w ), a novel prediction expression for the con- 

ductivity at capillary saturation ( K c,cap ) is derived. modeling of unsaturated capillary conductivity ( K c ) can 

thus be scaled to K c,cap instead of the traditional approach of scaling to conductivity at over-capillary sat- 

uration ( K sat ), avoiding some complexity and concerns one traditionally has faced. Hence, in contrast to 

most models for K c , which apply K sat , this paper applies K c,cap as reference to scale the conductivity at 

unsaturated conditions. To model the hydraulic conductivity ( K ) for the full moisture range, K c is coupled 

with a thin film model ( K film ) and a hygroscopic correction model ( K hyg ). The prediction model is evalu- 

ated against a wide range of porous building material datasets found in literature as well as compared 

to a common alternative approach, with reasonable results. The findings of this study can help for bet- 

ter understanding of challenges in analytical calculation of A w and of why bundle of tube models have 

accuracy issues in predicting K c , with the study suggesting remedies for some of these issues. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

1. Introduction 

Hygrothermal simulation has become an important tool for as- 

sessing the hygrothermal performance of building details or parts, 

either it concerns new designs or retrofits, renovations or im- 

 

 

 

 

 

 

 

 

 

 

 

ity is relatively easier to determine over unsaturated capillary con- 

ditions it is still resource intensive, traditionally involving experi- 

mentally determining moisture profiles and for instance applying 

the Boltzmann transform method to determine the moisture dif- 

fusivity function, e.g. [2] . Thus, for practical applications it is not 
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article
provements to existing buildings. When involving capillary mois-

ture transport, it is important that capillary properties of porous

materials are realistically captured. Of key interest is the moisture

retention curve and the hydraulic conductivity curve. Of these the

latter is the most challenging, as it is difficult to experimentally

determine in the unsaturated region [1] , and relatively resource in-

tensive to determine (accurately) in the saturated region. Usually,

one of two approaches are used to identify the hydraulic conduc-

tivity for the full range of moisture contents: 1) modeling which

usually include scaling to the saturated conductivity, or 2) calcula-

tion from the moisture diffusivity. Although the moisture diffusiv-
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bvious that the diffusivity approach is realistic to utilize [1] . Re- 

arding modeling, hydraulic conductivity has often been modeled 

y bundle of tubes models, with the most well-known model con- 

ributions, originally developed for petroleum and soil science, be- 

ng Burdine [3] , Mualem [4] and Van Genuchten [5] . An alternative 

o bundle of tubes models have been the more advanced network 

odels, which incorporate percolation theory [ 6 , 7 ]. 

Although bundle of tubes models are not without flaws, with 

heir oversimplification of the pore system and flow paths (e.g. 

6] ), their relative simplicity provides an approach less laborious 

nd easier accessible to utilize than their network model alterna- 

ives [7] . Bundle of tubes models are commonly scaled from mea- 

ured capillary conductivity at saturation K sat or at zero capillary 

ressure K 0 ; however, these have shown to be difficult to deter- 

ine accurately [8] . Furthermore, it has been reported difficulty 
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Nomenclature (excluding Table 1) 

A area (m 

2 ) 

A int,v cross sectional area of internal voids per unit area 

(m 

2 /m 

2 ) 

A w 

capillary absorption coefficient (kg/(m 

2 s 1/2 )) 

B A , B c , B f area, curvature and flow rate correction factors 

due to pore shape irregularity (-) 

C int,v circumference of internal voids per unit area 

(m/m 

2 ) 

D w 

diffusion coefficient (m 

2 /s) 

f curvature film curvature correction factor (-) 

f d factor of deviation (-) 

f l mechanistic scaling function (-) 

j moisture flux (kg/(m 

2 s)) 

K hydraulic conductivity (kg/(m s Pa)) 

L length (m) 

l w 

, c w 

, n w 

coefficients for retention curve expression, (-), 

(Pa −1 ), (-) respectively 

m mass (kg) 

m ̋ mass uptake per unit area (kg/m 

2 ) 

m˙˝ mass rate per unit area (kg/(m 

2 s)) 

n cumulative pore number (-) 

p pressure (Pa) 

r capillary pore radius (m) 

r 0 , r eff, r ae average, effective and average/effective pore ra- 

dius (m) 

R w 

gas constant for water (J/(kg K)) 

S wi , S wf wetting phase saturation, initial and behind imbi- 

bition front respectively (-) 

t time (s) 

T temperature (K) 

V volume (m 

3 ) 

V˙ volumetric flow rate (m 

3 /s) 

V˙ˊ volumetric flow rate per unit length (m 

3 /(m s)) 

V ̋ absorbed volume per unit area (m 

3 /m 

2 ) 

w moisture content (kg/m 

3 ) 

x spatial coordinate (m) 

Greek symbols 

α correction factor (-) 

αp dimensionless pressure (-) 

δ film thickness (m) 

δv vapor diffusion coefficient (kg/(m s Pa)) 

ε porosity (-) 

ηAw 

, ηcap various scaling factors (-) 

ηsp , ηφ various exponents (-) 

θ moisture content (m 

3 /m 

3 ) 

μ vapor diffusion resistance (-) 

μw 

dynamic viscosity water (kg/(m s)) 

�, �e , �m 

, disjoining pressure, with electrostatic and 

molecular components (Pa) 

ρw 

density water (kg/m 

3 ) 

σ w 

surface tension water (N/m) 

τ tortuosity (-) 

ϕ contact angle ( °) 
φ relative humidity (%) 

Subscripts 

a air 

abs absorption 

ad adsorbed 

c capillary 

cap capillary saturation 
International Journal of Heat and Mass Transfer 186 (2022) 122457 

dry dry cup measurement 

Dw diffusion coefficient based 

eff effective 

film adsorbed moisture film 

g gas 

hyg hygroscopic 

l liquid 

lim limiting 

mod modified 

nom nominal 

p pore 

red redistribution 

ref reference 

rel relative 

sat saturation 

tot total 

v vapor 

w water 

wet wet cup measurement 

ith scaling to the saturated conductivity, when saturation is set 

qual to total porosity, because the moisture retention curve is ill- 

efined in the over capillary region close to saturation [9] . 

Nevertheless, to accommodate an engineering need for less re- 

ource intensive predictions of hydraulic conductivity, bundle of 

ubes models are still of interest. With a bundle of tubes model as 

he foundation, Scheffler and Plagge [7] proposed a whole moisture 

ange hydraulic conductivity model. Although this model is intrigu- 

ng, it relies on a couple of material dependent parameters which 

equire iterative post-processing through simulation to be deter- 

ined properly. Furthermore, the model still relies on scaling to 

n effective conductivity at over-capillary saturation, which needs 

o be determined experimentally. Equipment for, and experience 

ith, such experimental determination is not particularly available 

or wide practical application. 

In the present paper the aim has been to develop a model, in- 

pired by the Scheffler and Plagge model, but which is easier to ap- 

ly, by removing reliance on iterative post-processing and reducing 

eliance on material property data which is particularly resource 

ntensive to acquire. 

Specifically, the objective of this study is to derive and inves- 

igate an alternative approach to predict hydraulic conductivity as 

unction of capillary pressure, K(p c ) , not relying on comprehensive 

esting of K (or K sat ) in contrast to existing approaches . 

From initial, inspirational ideas research questions were formu- 

ated to substantiate the objective. The following questions are ex- 

lored in our study: 1) Is it feasible to predict the capillary con- 

uctivity at capillary saturation? 2) Can the Scheffler-Plagge model 

or K(p c ) be simplified by scaling to conductivity at capillary sat- 

ration instead of at saturation? 3) Can the overall procedure for 

etermining K(p c ) be simplified and made more practically feasi- 

le, for when only a necessary minimum of material property test 

ata is available. 4) For such a model, how is the prediction per- 

ormance for K(p c ) when assessing a wide range of porous building 

aterials described in previous studies? 

The focus of this paper is categorically limited to bundle of 

ubes models, in description of the hydraulic conductivity, in con- 

rast to network models. Hysteresis effects are not addressed. Fur- 

hermore, needed information on the pore size distribution will be 

stimated from the retention curve, and it has been outside the 

cope of the work to assess whether direct use of a measured pore 

ize distribution would improve predictions. The study does not in- 

lude a comparative evaluation of how realistic physics are repre- 

ented in comparable, alternative prediction approaches; however, 
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a quantitative comparative evaluation of prediction performance is

included. 

The paper is outlined as follows: First the model is derived and

presented. Then procedure for its application and evaluation is in-

troduced. After follows results and result assessments, followed by

further discussion and finally a summary and conclusion. 

2. Hydraulic conductivity model 

Several hydraulic conductivity models for the whole moisture

range have previously been proposed, e.g., within field of building

physics [ 7 , 10 ] and soil science [ 11 , 12 ]. In contrast to the former

the latter include models for thin film flow to the overall hydraulic

conductivity. With thin film flow models seemingly having benefit-

ted conductivity modeling at low moisture contents in soil science,

it is possible similar benefits can be introduced to application in

building physics. Thin film flow will therefore be incorporated in

the overall hydraulic model presented in the following sections. In

this study we will limit the hydraulic conductivity model to liq-

uid conductivity, with the presumption that vapor transport is ad-

dressed separately in hygrothermal simulation software. Hence, va-

por transport (vapor conductivity) is not included. 

In the following sections we go through the sequential steps of

deriving the hydraulic conductivity model. First we introduce the

bundle of tube model based on Grunewald et al. [10] . Then the-

ory on predicting the capillary absorption coefficient is introduced

followed by a proposed new prediction expression. Next, this en-

ables forming a prediction expression for the capillary conductiv-

ity at capillary saturation. Further, the Sceffler and Plagge model

[7] is rearranged for scaling to conductivity at capillary saturation.

Thereafter follows a thin film model based on Lebeau and Konrad

[11] and a correction model for the hygroscopic region based on

the Sceffler and Plagge model [7] . The overall hydraulic model is

then established. Finally, a procedure for incorporating the reten-

tion curve into the model is given. 

2.1. Capillary conductivity 

The Hagen-Poiseuille equation describes the volumetric laminar

flow in a cylindrical pore (tube) of radius r along the tube path of

length L . However, pores in porous media usually never meet the

ideal of cylindrical geometry [13] . Therefore, a flow rate correction

factor B f is included to account for impact of irregular geometry

(non-cylindrical), on the volumetric flow rate. In contrast to Cai

et al. [13] , which relates a correction factor α directly to r, B f is

here related to the volumetric flow rate; hence, B f equates to α4 in

[13] . The Hagen-Poiseuille equation thus take the form: 

˙ V ( r ) = −B f 

π r 4 

8 μw 

d p l 
dL 

(1)

where μw 

is the dynamic viscosity of water and p l the liquid pres-

sure. With capillary pressure p c = p g - p l and presumed constant

gas (air) pressure p g , dp l is simply substituted with -dp c . Here,

for convenience, positive values for p c are applied throughout, al-

though p c alternatively can be written as negative pressure (suc-

tion). r represents an equivalent cylindric radius, in practical terms,

half of a hydraulic diameter, or the radius of an inscribed circle for

regular polygons. Flow in capillaries may be perceived to follow

tortuous streamlines [ 13 , 14 ]. Consequently, the flow path length

dL is greater than a more relatable dimension dx , of a control vol-

ume. This can be addressed by introducing the tortuosity τ , which

from a macroscopic perspective represents the ratio of effective

capillary path length to length dx (thickness of a control volume).

That is; dL = τ•dx , see e.g. [15] . With these changes, Eq. (1) trans-
International Journal of Heat and Mass Transfer 186 (2022) 122457 

orms to: 

˙ 
 ( r ) = B f 

π r 4 

8 μw 

1 

τ

d p c 

dx 
(2) 

The volumetric flow rate in a bundle of capillaries can be found 

y integrating Eq. (2) over the pore size distribution density [ 7 , 

0 ], i.e. integrating with respect to radius the product of volumet- 

ic flow rate and corresponding incremental number of pores at 

espective radius. Adapted from [ 7 , 10 ] the capillary moisture flux 

hen becomes: 

 w,x = ρw 

∫ 
R 

˙ V ( r ) 
dn ( r ) 

d r · d A 

dr (3) 

here j w 

is the moisture flux, and dA indicates unit area dA = dydz 

f a control volume dV = dxdydz = 1 m 

3 . 

The expression for the incremental number of pores can be es- 

ablished as follows: 

 n ( r ) = 

�V ( r ) 

A p ( r ) τd x 
= 

�θc · d V 

B A π r 2 τd x 
= 

d A 

B A π r 2 τ

d θc ( r ) 

d r 
d r (4) 

here dn(r) is the increment number of pores at a radius, 

V(r) change in moisture filled capillary volume as function of 

, A p (r) pore cross section, θ c volumetric capillary retained mois- 

ure content. B A area correction factor for non-circular cross sec- 

ion B A = A p /A p,cylindrical (e.g. B A = 1.27 square, B A = 1.65 equilat- 

ral triangle). Including the factor B A is important to account for 

he “extra” water in each pore which is not included in the in- 

cribed circle which r represents. For non-circular cross sections, 

ot including B A will overestimate the number of pores. Rearrang- 

ng Eq. (4) we have: 

dn ( r ) 

 r · d A 

= 

1 

B A π r 2 τ

d θc ( r ) 

dr 
(5) 

Note that by including B A and τ , Eqs. (4) and (5) differs from 

he approach in [ 7 , 10 ]. Inserting Eqs. (2) and (5) into Eq. (3) and 

ntegrating over all radii involved at a capillary moisture content 

c : 

 w,x = 

B f 

B A 

ρw 

8 μw 

τ 2 

∫ θc 

0 

r ( θc ) 
2 
d θc 

d p c 

dx 
(6) 

Eq. (6) is similar to what is reported in [7] , but with the addi- 

ional inclusion of tortuosity and the factors B f and B A . The radius 

an be related to the capillary pressure through the Young-Laplace 

quation, which when given by Eq. (7) includes a correction factor 

 c for pore shape irregularity [ 13 , 16 ]. This irregularity affects the 

eniscus curvature, see [17] . 

 c = 

2 σw 

cos ( ϕ ) 

r/ B c 
(7) 

here σ w 

is the surface tension of water and ϕ the contact angle. 

ollowing Wong et al. [17] the general Young-Laplace equation can 

e arranged: 

 c = 

σ

r 
∇ · ˆ n → 

r p c 

σ
≡ αp = ∇ · ˆ n (8) 

here αp is a dimensionless pressure and ∇•nˆ is the dimension- 

ess mean curvature. 

B c can then be defined as: 

 c = 

αp,actual 

αp,cylindrical 

(9) 

Considering Eqs. (8) to (7) , αp = 2cos( ϕ) for a cylindrical pore. 

ssuming 0 ° contact angle; for a cylindrical pore αp = 2 ( Eq. (9) : 

 c = 1.0), for an equilateral triangle shaped pore αp = 1.7776 [ 17 , 

8 ] ( B c = 0.8888), and for a square shaped pore αp = 1.8862 [ 17 , 

8 ] ( B c = 0.9431). Note that the correction factor assigned by Cai 

t al. [13] as α, would here equate to α = B f 
1/4 = 1/B c . For an 

quilateral triangle α = 1.186 and a square α = 1.094 [13] ( α can 
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be found from assessing calculated analytical solutions of Hagen-

Poiseuille flow for respective pore shapes). These α-values coin-

cide with α = B f 
1/4 � = 1/B c . Thus, in [13] the two correction factors,

respectively for the Hagen-Poiseuille and Young-Laplace equation,

are incorrectly conflated into one and the same. 

Inserting Eq. (7) solved for r into Eq. (6) gives: 

j w,x = 

B f B 

2 
c 

B A 

ρw 

σ 2 
w 

cos 2 ( ϕ ) 

2 μw 

τ 2 

∫ θc 

0 

1 

p c ( θc ) 
2 

d θc 
d p c 

dx 
(10)

with the capillary conductivity in Eq. (10) being: 

K c = 

B f B 

2 
c 

B A 

ρw 

σ 2 
w 

cos 2 ( ϕ ) 

2 μw 

τ 2 

∫ θc 

0 

1 

p c ( θc ) 
2 

d θc (11)

K c becomes K c,cap , i.e. capillary conductivity at capillary satura-

tion , when integrated up to θ c = θ c,cap , By including pore shape

correction factors and tortuosity Eq. (11) distinctly differs tradi-

tional approaches. Although, it is not particularly useful since B f ,

B c and B A are still unknown factors. However, K c,cap has previously

been suggested to be predicted from the capillary absorption co-

efficient A w 

[19] , as K c,cap = 10 −8 ηAw 

A w 

2 , where ηAw 

being a ma-

terial dependent coefficient reported to be in the interval 0.95 –

16.0. This expression is neither specifically sophisticated in its in-

tuitiveness (non-correct or hidden units) nor convincingly related

to physical characteristics of the material and fluid. Furthermore,

with a coefficient spanning over one order of magnitude prediction

accuracy suffers without experience in choosing the coefficient. 

Nevertheless, if assuming K c,cap could be predicted from A w 

, a

dimensional analysis of K through the Rayleigh method [20] re-

veals that an expression of K could be a function of A w 

2 divided

by a density characteristic, units [kg/m 

3 ], and a pressure character-

istic, unit [Pa]. (This does not necessarily exclude other possibilities

of physical parameters.) Guessing the correct appearance however

would not necessarily be straight forward, risking becoming heav-

ily reliant on a nonsensical coefficient. A plausible approach is to

presume more information is needed regarding A w 

to understand

the relation to K . 

2.2. Capillary absorption coefficient 

An expression for A w 

was derived by Beltran et al. [21] to be: 

A w 

= ρw 

(
σw 

μw 

)1 / 2 ε cap 

τ
r 1 / 2 

0 

(
cos ϕ 

2 

)1 / 2 

(12)

where εcap is the capillary porosity and r 0 is an average pore ra-

dius. Eq. (12) can also be directly derived from the early Handy

imbibition model [ 13 , 22 ], with the liquid permeability k w 

=
εcap r 0 

2 /(8 τ ) [ 21 , 23 ] . As seen, Eq. (12) does not include correction

for pore shape irregularity; however a similar expression by Be-

navente et al. [24] , has one such correction included. 

A w 

= B 

1 / 2 
c ρw 

(
σw 

μw 

)1 / 2 ε 

τ 1 / 2 
r 1 / 2 

e f f 

(
cos ϕ 

2 

)1 / 2 

(13)

where ε is the porosity and r eff is an effective radius which re-

quires to be calculated by Newton’s iteration method, see [24] . Hy-

pothetically, with measurement of A w 

one can thereby estimate B c .

Unfortunately, Eq. (13) suffers from some shortcomings, including;

incorrect handling of the tortuosity, not including a correction fac-

tor in the Hagen-Poiseuille equation and not addressing the wet-

ting liquid saturation [13] . A further developed expression can be

found from an imbibition model derived by Cai et al. [13] : 

A w 

= α3 / 2 ρw 

(
σw 

μw 

)1 / 2 ε 
(
S w f − S wi 

)
τ

r 1 / 2 ae 

(
cos ϕ 

2 

)1 / 2 

(14)

where S wf is the wetting phase saturation behind the imbibition

front, S wi the initial wetting phase saturation, and r ae an aver-

age/effective pore radius. If assuming S wf equals capillary satura-

tion and S wi is negligible, i.e. for an initially dry material or for a
International Journal of Heat and Mass Transfer 186 (2022) 122457 

elatively non-hygroscopic material, then ε (S wf - S wi ) ≈ ε cap . Even 

hough Eq. (14) is a considerable improvement from Eq. (12) it 

lso has its issues. As previously mentioned, the correction fac- 

ors for the Hagen-Poiseuille and Young-Laplace equations have in- 

orrectly been conflated in α. Furthermore, for materials having a 

ore structure of highly varying pore size it is difficult to assess 

 ae . 

Thereby, to accommodate these issues a revised derivation ap- 

roach to A w 

is warranted. 

.3. Proposed new A w 

-expression 

In the following an expression for A w 

is derived with derivation 

teps from Cai et al. [13] coupled with approaches from Section 2.1 . 

Specifically addressing imbibition where a face of a porous ma- 

erial is put in contact with a free water surface, and assuming 

harp-front theory of capillary absorption [25] , there will be a 

harp moisture front which moves through the material. We fur- 

hermore assume dealing with materials and a setting which fol- 

ow linear cumulative absorption with respect to square root of 

ime, i.e., m ̋ = A w 

√ 

t , where m ̋ is cumulative liquid mass ab- 

orption per unit area. Proportionality to 
√ 

t corresponds to a spe- 

ific time-dependent imbibition regime in which neither inertia 

or gravitational forces are significant. A thorough review of the 

mbibition regimes is provided by Dejam et al. [26] . 

In Eq. (1) dp l is replaced with -dp c as before, but with dL now 

he distance L (pore length) the imbibition moisture front has trav- 

led. Similar to [13] , p c is furthermore replaced with Eq. (7) . Con- 

equently, the volumetric flow rate of one pore can be expressed 

s: 

 V p 

dt 
= B f B c 

π r 3 

4 μw 

σw 

cos ( ϕ ) 

L 
(15) 

Assuming Eq. (15) only addresses capillary pores, initially be- 

ng dry, which through the imbibition process becoming fully sat- 

rated between the free liquid surface and the moisture front, 

e have V p = L •A p . Substituting L in Eq. (15) with V p /A p enables 

q. (15) to be integrated with regard to V p and t . Integrating limits 

re; for t = 0, V p = 0, and for t = t, V p = V p . Hence: 

 

 

V 

2 
p = B f B c 

π r 3 

4 μw 

σw 

cos ( ϕ ) A p t (16) 

The absorbed volume of water V p can be integrated over the 

undle of capillaries involved by repeating the same approach as 

n Eq. (3) . Solving Eq. (16) for V p and integrating over the pore size 

istribution density: 

 

′′ = 

∫ 
R 

[
B f B c B A 

π2 r 5 

2 μw 

σw 

cos ( ϕ ) t 

]1 / 2 
dn ( r ) 

d r · d A 

dr (17) 

Applying Eq. (5) , Eq. (17) becomes: 

 

′′ = 

∫ θc,cap 

0 

[
B f B c 

B A 

r 

2 μw 

σw 

cos ( ϕ ) t 

]1 / 2 
1 

τ
d θc (18) 

Multiplying Eq. (18) with the water density, and rearranging: 

 

′′ = 

B 

1 / 2 

f 
B 

1 / 2 
c 

B 

1 / 2 
A 

ρw 

(
σw 

μw 

)1 / 2 (cos ϕ 

2 

)1 / 2 1 

τ

∫ θc,cap 

0 

r 1 / 2 d θc · t 1 / 2 (19) 

From Eq. (19) it follows that: 

 w 

= 

B 

1 / 2 

f 
B 

1 / 2 
c 

B 

1 / 2 
A 

ρw 

(
σw 

μw 

)1 / 2 1 

τ

∫ θc,cap 

0 

r 1 / 2 d θc 

(
cos ϕ 

2 

)1 / 2 

(20) 

Comparing Eqs. (20) to (14) one can see α3/2 is recovered if 

ne allows the incorrect conflation α = B f 
1/4 = 1/B c previously ad- 

ressed. In derivation of Eq. (20) it is assumed ε S wf = ε cap = θ c,cap , 
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and S wi is through the integral step to Eq. (16) implicitly assumed

to be negligible ( S wi = 0). Both can be included by multiply-

ing Eqs. (17) - (20) with ε(S wf - S wi )/ εcap . Nevertheless, the biggest

difference to Eq. (14) is the treatment of the pore structure, in

Eq. (20) with the integral of pore radii involved in capillary ab-

sorption over the interval of saturation up to capillary saturated

moisture content θ c,cap . 

Replacing r by means of the Young-Laplace equation, Eq. (7) ,

Eq. (20) finally becomes: 

A w 

= 

B 

1 / 2 

f 
B c 

B 

1 / 2 
A 

ρw 

σw 

μ1 / 2 
w 

cos ( ϕ ) 

τ

∫ θc,cap 

0 

1 

p 1 / 2 c 

d θc (21)

2.4. Proposed novel prediction of conductivity at capillary saturation 

Taking the square of Eq. (21) , solving for the unknown correc-

tion factor product B f B c 
2 B A 

−1 and inserting into Eq. (11) , K c,cap can

finally be predicted by: 

K c,cap = 

A 

2 
w 

2 ρw 

∫ θc,cap 

0 

1 

p 2 c 

d θ

[∫ θc,cap 

0 

1 

p 1 / 2 c 

d θc 

]−2 

(22)

Eq. (22) satisfies the dimensional analysis previously mentioned

with the density characteristic revealed to be the density of water

and the pressure characteristic expressed as a relation of two inte-

grals both of functions of p c . 

2.5. Capillary model 

With K c,cap being the capillary conductivity at capillary satura-

tion the capillary model for saturations 0 ≤ θ c ≤ θ c,cap can follow

the capillary model of Scheffler and Plagge [7] ; K c = f l ηcap K eff,sat K rel ,

in where f l (w cap ) ηcap K eff,sat equals K c,cap . ηcap is a scaling parame-

ter to scale K c to a measured effective (over-capillary) saturation

K eff,sat . Since K c,cap in the present work is predicted directly and

not reliant on scaling by ηcap the model of Scheffler and Plagge is

rewritten to Eq. (23) . 

K c = 

f l 
f l ( w cap ) 

K c,cap K rel (23)

f l , Eq. (24) , being the scaling function of the mechanistic serial-

parallel pore model described by Scheffler and Plagge [7] , following

the principles of Grunewald et al. [10] , and f l ( w cap ) being f l evalu-

ated at w cap (moisture content at capillary saturation). 

f l = 

(
w 

w sat 

)ηsp 

(
w 

w sat 

)ηsp + 

(
1 − w 

w sat 

)2 
(

1 −
(

w 

w sat 

)ηsp 

) (24)

where ηsp is a parameter to adjust the serial-parallel relation, by

modifying the volumetric fraction that is parallel pore domain in

the mechanistic model [7] , and w sat is moisture content at satura-

tion. K rel being the relative capillary conductivity [ 7 , 10 ] given as:

K rel = 

∫ θc 

0 p −2 
c d θc ∫ θc,cap 

0 
p −2 

c d θc 

f or θc ≤ θc,cap (25)

In contrast to [ 7 , 10 ] the upper integral limit below the frac-

tion line is θ c,cap , instead of θ eff,sat . The ηsp parameter is material

dependent [19] ; however, we will argue it is also dependent on

boundary conditions, i.e. dependent on whether it is absorption,

redistribution or drying of moisture, or a combined representation

of these, which is in focus when determining capillary conductiv-

ity (see Section 4.3 ). For a hypothetical pure parallel flow behavior

ηsp = 0; however, usually it resides in the interval up in lower sin-

gle digits. 
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.6. Thin film model 

Surface diffusion is a liquid transport mechanism which is im- 

ortant in pores not available for capillary transport, due to too 

ow moisture filling for capillary menisci to form. Thin film flow 

s an approach to account for surface diffusion. We apply parts of 

he model approach described by Lebeau and Konrad [11] . Inte- 

ration of a velocity distribution, arrived from Navier-Stokes equa- 

ions, over a film thickness yields the volumetric flow rate per unit 

ength of film cross section [11] . Adopted from [11] , the thin film 

quation assuming no-slip at pore wall and negligible shear be- 

ween liquid and air becomes: 

˙ 
 

′ = 

δ3 

3 μw 

d p c 

dx 
(26) 

here δ is the film thickness, which can be expressed as function 

f capillary pressure. Positive value for p c gives Eq. (26) without 

inus sign in contrast to [11] . 

Multiplying Eq. (26) with the water density and the pore sys- 

em void circumference over a cross section of the control volume 

ives the moisture flux: 

 f ilm 

= 

ρw 

δ3 

3 μw 

C int , v 
d p c 

dx 
(27) 

here C int,v is the circumference of internal voids not capillary 

lled as function of p c , with C int,v = C int,v,tot – C int,v,c , where C int,v,tot 

s the total circumference of internal voids and C int,v,c is the circum- 

erence of filled capillary pores. Ideally C int,v,c (p c ) should be found 

rom a pore size distribution; however, if relying on the retention 

urve, as is done in the current paper, it can be calculated as: 

 int , v ,c = 

∫ 
R 

2 π r 
dL 

dx 

dn (r) 

d r · d A 

dr 
eq. ( 5 ) = 

2 

B A 

∫ θc 

0 

1 

r 
d θc (28) 

 int , v ,tot = 

2 

B A 

∫ θc,cap 

0 

1 

r 
d θc (29) 

Note that Eqs. (28) and (29) provide the inscribed circle circum- 

erence of the capillaries, thereby constituting a simplification to 

lm flow. The radius in Eqs. (28) and (29) is solved from Eq. (7) , 

here B c needs to be approximated by comparing measured A w 

o Eq. (21) . In lack of detailed information about the pore shapes, 

 f , B c and B A are unknown. If values for B f and B A are chosen, 

ased on simple assumptions, a value for B c can be identified and 

qs. (28) and (29) can be calculated. We here assume film in over- 

apillary pores (not filled at capillary saturation) has negligible 

ontribution to hydraulic conductivity, due to a relative low total 

ircumference of such pores. These are therefore not included in 

he calculation. Furthermore, for the integration in Eqs. (28) and 

29) we do not allow accumulated circumference for pores with 

adius below twice the diameter of a water molecule (diameter of 

 water molecule ≈ 3E-10 m) as no efficient film flow will allow 

o form for smaller pore sizes. 

From Eq. (27) the film contribution to the hydraulic conductiv- 

ty can be identified as: 

 f ilm 

= 

ρw 

δ3 

3 μw 

C int , v (30) 

According to [11] the film thickness is involved in two relations 

f disjoining pressure components. The overall disjoining pressure 

s given as [11] : 

( δ) = �e ( δ) + �m 

( δ) (31) 

here Пe is the ionic-electrostatic component and Пm 

the molec- 

lar component. 

e ( δ) = 

ε r ε 0 
2 

(
πk B T 

eZ 

)2 
1 

δ2 
(32) 
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Table 1 

Parameters for Eq. (32) and (33) adopted from [11] . 

Parameter Description Value 

A svl (J) Hamaker constant −6.0 × 10 −20 

e (C) Electron charge 1.60218 × 10 −12 

k B (J/K) Boltzmann constant 1.38065 × 10 −23 

T (K) Temperature 293.15 

Z (-) Valence charge 1 

ε0 (C 2 /(J m)) Permittivity of free space 8.85419 × 10 −12 

εr (-) Relative permittivity of water 80.23 
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( δ) = − A s v l 
6 πδ3 

(33)

with parameters summarized in Table 1 , assessed at 293.15 K. 

The disjoining pressure Eq. (31) is related to liquid pressure

[11] : 

�( δ) = p g − p l (34)

Relating Eq. (34) to the capillary pressure which is also defined

p c = p g - p l one have that the disjoining pressure is analog to cap-

illary pressure. 

Since Eqs. (32) and (33) are functions of δ−2 and δ−3 respec-

tively, it is inconvenient to analytically solve for δ. Instead, for sim-

plicity we propose calculating П( δ) for a range of δ and then plot

log( δ) as function of log( П( δ)). From such a plot a simple 2nd de-

gree polynomial function can be fitted. Following this approach δ
can be approximated with: 

δ f ilm 

= 10 

0 . 0116 ·( log | p c | ) 2 −0 . 5535 ·log | p c | −5 . 7810 (35)

Eq. (35) has up to ± 5% deviation to the actual film thickness

over the range 10 0 < |p c | < 10 9 Pa. The film model, Eq. (30) ,

could seemingly model hydraulic conductivity in the hygroscopic

region for non-filled pores. However, with its background stem-

ming from the rather macroscopic perspective of solving Navier-

Stokes, it lacks in handling complexity associated with very thin

films at nanoscale. For very thin films, measuring in a low num-

ber of water molecule layers, limiting aspects, physical conditions,

material properties and pore wall characteristics will impact film

existence and behavior. For instance, 1) water molecule diameter

limits lowest film thickness and smallest pores that are effectively

accessible to water, 2) material hydrophilicity or hydrophobicity,

temperature, film confinement, and pore wall roughness affect wa-

ter molecule orientation, structuring of the fluid, adhesion forces,

no-slip tendency at pore wall and fluid properties such as density

and viscosity, e.g. [ 23 , 27 ]. 

Therefore, there is need for corrections to the film model, or a

more advanced film model altogether, to address nanoscale prop-

erly. However, instead of adding complexity to the film model, such

as to some extent is done in [11] , we circumvent the issue with

two simple/practical correctional steps; 1) the film thickness can-

not be thicker than what the adsorbed water content in the mate-

rial allows for. Hence, the overall film moisture content (adsorbed

part of retention curve) divided by the product of water density

and the pore system surface area of non-filled capillaries gives an

upper bound. 2) in the lower to middle hygroscopic region we

keep the hygroscopic model from Scheffler and Plagge, described

in next subchapter, with a smooth transition from the hygroscopic

model to the film model as function of relative humidity (RH). By

taking these two steps the modeling is kept simpler, but at a cost

of realism and accuracy. 

With step 1), resulting film thickness to be applied in

Eq. (30) becomes: 

δ = min 

(
δ f ilm 

( p c ) , 
w ( p c ) − w c ( p c ) 

ρw 

C int , v ( p c ) 

)
(36)
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Or 

= min 

(
δ f ilm 

( p c ) , 
w ( p c ) − ρw 

B A A int , v ,c 

ρw 

C int , v ( p c ) 

)

here w c is the capillary retained moisture content occupying 

lled capillaries, and A int,v,c the cumulative inscribed circle cross 

ectional area of filled capillaries given by Eq. (37) , derived in same 

ay as Eq. (28) . 

 int , v ,c = 

1 

B A 

∫ θc 

0 

d θc (37) 

.7. Hygroscopic correction model 

Scheffler and Plagge [7] propose accounting for liquid conduc- 

ivity in the hygroscopic region by assessing the difference in va- 

or diffusion between dry cup and wet cup measurements. Herein 

hey assume a negligible liquid transport contribution included in 

he vapor conductivity K v ( Eq. (38) [1] ) for the dry cup measure- 

ent. The difference; wet cup – dry cup, Eq. (39) , approximates 

he liquid transport fraction K hyg acting during the wet cup mea- 

urement. They propose three vapor diffusion measurements are 

eeded to enable logarithmic interpolation and extrapolation: one 

ry cup and two different wet cup measurements. Eq. (38) arise 

rom relating vapor diffusion to a driving potential on the form of 

apillary pressure. 

 v = 

δv ,a 

μ
· φp v ,sat 

ρw 

R w 

T 
(38) 

here δv,a is the vapor diffusion coefficient of air, μ the vapor dif- 

usion resistance factor, p v,sat the saturated vapor pressure. 

 hyg ( θwet ) = 

(
φ( θwet ) wet 

μwet 
− φdry 

μdry 

)
δv ,a 

p v ,sat 

ρw 

R w 

T 
(39) 

here θwet is the associated volumetric moisture content at which 

 hyg is determined, μwet and μdry are vapor diffusion resistance co- 

fficients from wet and dry cup measurements, and φwet and φdry 

ffective RH associated with respective resistance coefficient. Com- 

only φwet = 0.715 and φdry = 0.25 since μwet and μdry are re- 

pectively found at standardized conditions 50/93% and 0/50% RH 

28] . 

Unfortunately, usually only a single wet or dry vapor diffusion 

esistance (in Europe commonly defined by [28] ) is sought. Rarely 

ore than one of these is reported in a study. Carmeliet and Roels 

1] is one of few exceptions explicitly having reported three mea- 

urements (one dry cup and two wet cup). Therefore, three mea- 

urements need to be preplanned with determining K hyg in mind. If 

nly one of the resistance coefficients is available, for instance the 

ry cup, then the other one associated with φwet = 0.715 could be 

ubjected to a guesstimate. For materials having very low hygro- 

copicity, i.e., relatively small difference in sorption between 25% 

nd 71.5% RH, one can assume μwet and μdry to be rather similar. If 

nly one or two values are available one can adopt K -values from 

he thin film model at relatively high RH values, as long as these 

re larger values than the one or two values of the liquid part of 

apor conductivity which are available. If the thin film model gives 

arger μ-equivalent values ( Eq. (38) solved for μ from K film 

) than 

dry we recommend setting successively slightly lower vapor diffu- 

ion resistance factors for the two wet cup calculations of Eq. (39) , 

e.g. μwet = μdry - 0.1 ). Then, logarithmic interpolation still can be 

chieved. 

A 2nd degree Lagrange logarithmic interpolation, incorporating 

n arbitrary third liquid conductivity point; K hyg ( φdry ) = 10 −2 K v,dry , 

ould be a practical and reasonable approach for interpolation. 
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Fig. 1. Influence of ηφ, 0 on the transition between hygroscopic correction model 

and film/capillary models. 
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2.8. Proposed hydraulic conductivity model 

The resulting model is in general a combination of the liquid

conductivity model from Scheffler and Plagge [7] and the thin film

model of Lebeau and Konrad [11] . However, it includes a signif-

icant key alteration by having replaced K eff,sat , i.e. measured ef-

fective saturated conductivity, with the prediction expression for

K c,cap , which instead requires measurement of A w 

. Saturated cap-

illary conductivity measurements are relatively more complicated

than measurements of the capillary absorption coefficient. Further-

more, the scaling parameter ηcap of the Scheffler and Plagge model

is avoided, which significantly simplifies the calculation procedure,

since this parameter is determined iteratively by simulation of wa-

ter absorption experiments [7] . The new overall model is given as:

K = ( 1 − φηφ ) K hyg + φηφ
(
K f ilm 

+ K c 

)
(40)

where ηφ is a fitting exponent function, which we have arbitrarily

given the form ηφ = ηφ, 0 (1 – φ) , where ηφ,0 ≥ 0. Setting ηφ,0 = 0

would remove impact of the hygroscopic correction model and

would require a more sophisticated thin film model as discussed

in Section 2.6 . Fig. 1 illustrates the impact of the function depend-

ing on ηφ, 0 . With ηφ,0 = 5 a rather balanced transition within the

upper hygroscopic region is achieved between the hygroscopic cor-

rection model and the film/capillary models, whereas higher values

will ensure the hygroscopic correction model overrides more of the

hygroscopic region. Note that Eq. (40) needs to be supplemented

with a criterion which ensures K increases or remains constant as

the capillary pressure decrease in order to avoid potential cases

where the transition from the hygroscopic correction model to the

film and capillary models results in a fall in hydraulic conductivity.

Relevant for some materials where the film model provides lower

predictions than the hygroscopic correction model. 

Eq. (40) ensures that K hyg is phased-out while K film 

is phased-in

as φ increase. Furthermore, since K film 

is dependent on C int,v , which

subsides as capillary pores are filled, the capillary model takes over

for K film 

as this happens. Since both φ and θ can be expressed as

functions of p c Eq. (40) can readily be applied to generate a log (p c )

– log (K) table for implementation by logarithmic interpolation in

hygrothermal simulation models (equal to the setup of the Ham-

stad 4 benchmark [29] ). 

2.9. Retention curve 

The retention curve consists of an adsorptive and a capillary

contribution, w ad and w c respectively: 

w = w ad + w c (41)

It is of interest to separate the two contributions to sepa-

rately control the adsorbed and capillary related moisture contents
International Journal of Heat and Mass Transfer 186 (2022) 122457 

or implementation in hydraulic conductivity sub-models. Different 

odels have been proposed for the retention curve contributions 

f Eq. (41) in the literature, e.g. [ 11 , 12 , 30 ]; however, these be- 

ome difficult to apply in the present work. In [11] one rely on 

n unknown adsorbed moisture content (hypothetical bound film 

n both capillary filled and non-filled pores) θ0 at a matric head 

f −1 m. From our experience it is difficult to determine θ0 from 

etention curve data and to get the function it resides to fit the 

etention curve of certain materials, even though the overall pro- 

edure in [11] for determining w ad and w c is elegant. In [12] and 

30] the adsorbed moisture content is not replaced by capillary 

lling, which would cause underestimation of w c at higher mois- 

ure contents. Since we base the capillary conductivity on Hagen- 

oiseuille equation, we require the initially adsorbed moisture con- 

ent on pore walls to be transformed into capillary moisture con- 

ent as capillary menisci are formed, filling the entire cross section 

ith moisture as capillaries become saturated. Consequently, we 

ave had to choose a different approach. 

The approach for handling the retention contributions depend 

n whether the pore size distribution or only the retention curve 

s available. With the pore size distribution available, one can es- 

imate the adsorbed moisture content as the product of the film 

hickness, the non-capillary-filled pore surface area and the water 

ensity, accounting for moisture reduction due to film curvature. If 

nly relying on the overall retention curve, which is the case in the 

urrent work, we propose the following approximation approach. 

For implementation of the current model a retention expression 

roposed by Carmeliet and Roels [31] was made multimodal; re- 

ulting in Eq. (42) . The expression is based on the Van Genuchten 

xpression [5] proposed to be used multimodal by Durner [9] , and 

xtended with a Freundlich type expression [32] . 

 = w lim 

[ 
exp 

(
− p c 

ρw 

R w 

T 

)] n w, 0 

+ ( w cap − w lim 

) ·
N=4 ∑ 

i =1 

(
l w, i 

[
1 + ( c w, i · p c ) 

n w, i 

](
1 −n w, i 

n w, i 

))
(42) 

here w lim 

would be the limiting, critical water content between 

he hygroscopic and over-hygroscopic region (however, the actual 

 lim 

value could be expected to deviate from the critical moisture 

ontent, being a more arbitrary fitting parameter [31] ), n w, 0 fit- 

ing exponent, l w,i weighing coefficient equal to share of pore vol- 

me associated with corresponding inflection point in a cumulative 

ore size distribution, i.e. � l w,i = 1, c w,i inverse of p c at inflection 

oint, n w,i fitting exponent. 

In Eq. (42) , the Freundlich term associated with w lim 

is intended 

o provide the adsorptive contribution at low to intermediate RH- 

alues, before capillary filling becomes significant, while the Van 

enuchten term associated with w cap - w lim 

being the multimodal 

xpression for capillary retained moisture. Of course, this is an 

ver-simplification where in reality adsorbed moisture would be 

resent at higher moisture contents in pores not yet capillary 

lled, whereas part of the initial adsorbed moisture content would 

ecome part of capillary filled pores. Furthermore, some materials, 

or instance concrete, have such a small pore structure that both 

lm adsorption and capillary filling are significant at intermediate 

H-values. Hence, respectively associating the Freundlich term and 

an Genuchten terms to adsorptive and capillary moisture is not 

easible in a general approach for all materials. 

We therefore apply an iterative procedure: 

1. Integrate all sub model integrals over θ instead of θ c , with θ
derived from Eq. (42) as θ = w/ ρw 

. 

. Calculate δfilm 

(p c ) Eq. (35) and C int,v = C int,v,tot – C int,v,c with 

Eqs. (43) and (44) , which now include a curvature correc- 

tion factor f curvature = ( π r 2 - π (r- δ) 2 )/(2 π r δ) for δ < r and 

f curvature = π r 2 /(2 π r δ) for δ ≥ r. 
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Table 2 

Description details on model datasets. 

Input data availability Hydraulic model dataset derived from a combination of 

Material [source] 

Sorption 

curve 

Retention 

curve 

Vapor resistance 

measurements 

Direct 

measurements Modeled 

Adjusted from indirect 

measurements 

Post-processed from 

simulation 

Brick [19] yes yes a 1 reported K sat only yes yes yes 

Sand-lime brick [19] yes yes a 1 reported K sat only yes yes yes 

Aerated concrete [19] yes yes a 1 reported K sat only yes yes yes 

Calcium silicate insulation [19] yes yes a 1 reported K sat only yes yes yes 

Brick [1] yes yes 3 reported K sat only yes yes c no 

Sand-lime brick [1] yes yes 3 reported K sat only yes yes c no 

Brick [33] no yes 1 reported, 3 K v plotted yes b no yes c no 

Cement mortar (wet cured) [33] no yes 1 reported, 3 K v plotted yes b no yes c no 

Calcium silicate insulation [34] yes yes 1 reported K sat only yes no no 

Limestone [35] no function 1 reported no yes yes no 

Concrete [ 36 , 37 ] yes yes none K sat only yes no no 

a retention curve for adsorption is in the source presumed from measured retention curve for desorption. 
b x-ray measurement data. 
c only hygroscopic region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 

Tortuosity values. 

Material N τ [-] ε [%] Ref. 

Brick 15 1.6–5.4 18.8–39.0 [39] 

1 2.654 26 [40] 

Aerated concrete 8 1.4965–1.7818 72.4–83.8 [41] 

Calcium silicate insulation – 1.092 a 90 –

Sand-lime brick 1 2.085 33 [40] 

Limestone 2 1.27,1.47 24.3,32.1 [42] 

Cement mortar 1 2.875 15.6 [40] 

Concrete 1 3.536 13.4 [40] 

a calculated from tortuosity expression derived by Yu and Li [38] , based on 

90% porosity. 

3.2. Practical implementation of the hydraulic model 

The relation between p c and θ for each material is given by the 
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3. Calculate w ad (p c ) = ρw 

C int,v δfilm 

as an approximation of film

bound moisture. 

4. Calculate w c (p c ) = max (0,w – w ad ) with w from Eq. (42) . 

5. Recalculate all integrals with θ c = w c / ρw 

C int , v ,c = 

2 

B A 

∫ θc 

0 

f curv ature 
1 

r 
d θc (43)

C int , v ,tot = 

2 

B A 

∫ θc,cap 

0 

f curv ature 
1 

r 
d θc (44)

3. Application and evaluation procedure 

3.1. Datasets 

Datasets are chosen from the literature to assess the model and

alternative approaches for comparison. The datasets include: brick,

sand-lime brick, aerated concrete and calcium silicate insulation

from Scheffler [19] , ceramic brick and calcium silicate brick (sand-

lime brick) from Carmeliet and Roels [1] , brick and wet cured ce-

ment mortar from Derluyn et al. [33] , calcium silicate insulation

from Häupl et al. [34] , limestone from Cabrera et al. [35] , and con-

crete (labeled 65DI) from Leech [ 36 , 37 ]. It is important to point

out that these datasets are not purely experimental datasets, rather

they provide hydraulic conductivity curves derived from varying

degree of being modeled and fitted to direct or indirect experimen-

tal data of a material’s hydraulic conductivity. Therefore, they will

henceforward be referred to as model datasets. In their respective

sources, the model datasets have gone through some experimental

validation on absorption [ 1 , 33-35 , 37 ] and drying [1] . Generally,

only model datasets which include necessary input data; retention

curve (adsorption), capillary absorption coefficient (or sorptivity),

vapor resistance coefficient (or vapor diffusion coefficient), and a

proposed model/dataset for the hydraulic conductivity have been

chosen. However, concrete is also included even though the source

does not include vapor resistance data. Hence, for concrete, only

the capillary conductivity will be assessed. Table 2 includes addi-

tional details on the model datasets. Of the models datasets, those

of Scheffler [19] give hydraulic conductivity which is intended to

be valid both for absorption and drying, whereas the rest ad-

dress absorption only. It should also be noted that the retention

curves from Scheffler do not stem from direct measurements for

the most part, rather Scheffler estimated them from experimentally

determined desorption retention curves and assessment of mate-

rial pore structure [19] . 
etention curve accompanying each dataset. Since it is rather in- 

onvenient to solve p c from Eq. (42) , integration of integrals con- 

aining p c is done numerically after ensuring sufficiently high res- 

lution in values of w being evaluated. For instance, in a spread 

heet, enough values of w need to be calculated to accurately cap- 

ure the shape of p c as function of θ . The retention curves have 

een generated from Eq. (42) with input parameters which can be 

ound in Appendix A , and give approximately identical retention 

urves to what accompanying the datasets. 

In addition to input obtained from dataset sources, material tor- 

uosity is needed to solve Eq. (21) (without the correction fac- 

ors, see Section 2.6 ). Approximations to tortuosity can be found 

rom values reported in the literature. Some values are summa- 

ized in Table 3 , with the average ( Table 4 ) applied in present work 

except with exclusion of the highest outlier of brick). Although 

here is a distinction between geometric, electrical, diffusive and 

ydraulic tortuosity [14] , such a distinction has not be addressed 

n the present work. The uncertainty and inaccuracy of applying 

iterature values for tortuosity to specific materials is assumed to 

e greater than the distinction between the different definitions 

f tortuosity. The distinction becomes more important if the tor- 

uosity is measured specifically for respective materials. A correla- 

ion to porosity is often attributed the tortuosity [14] , however we 

ave not differentiated the tortuosity by porosity for the materials 

f the same type, e.g. brick. In absence of tortuosity values a ge- 

metrical tortuosity model derived by Yu and Li [38] can be used 

s an approximation. It has the benefit of not requiring any em- 

irical parameters or physical characteristics, except the porosity. 

owever, it does not represent any natural porous material [14] . 
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Fig. 2. Left: principle of truncated area under the curve for brick (Scheffler). Encircled region highlights the area under the curve in which p c rapidly decrease over the last 

few % of retained moisture content. Right: corresponding retention curve, with the challenging region encircled. 

Table 4 

Chosen values for parameters not available from dataset sources. 

Material τ B f B A ηsp 
a ηφ,0 

Brick Derluyn 2.7 1.43 1.27 1 5 

Brick Carmeliet 2.7 1.43 1.27 1 5 

Brick Scheffler 2.7 1.43 1.27 2 b 5 

Sand-lime brick Carmeliet 2.1 1.43 1.27 1 5 

Sand-lime brick Scheffler 2.1 1.43 1.27 2 5 

Calcium silicate Scheffler 1.1 1.43 1.27 1 5 

Calcium silicate Häupl 1.1 1.43 1.27 1 5 

Limestone 1.4 1.43 1.27 1 5 

Aerated concrete 1.7 1.43 1.27 2 5 

Cement mortar 2.9 1.43 1.27 1 5 

Concrete 3.5 1.43 1.27 1 5 

a The choice of ηsp is discussed in subchapter 4.3. 
b a value of 2.8 is specified in [7] ; however, this value seemingly becomes too 

high, see Section 4.1 and 4.3 . 

For simplicity we have chosen a square pore shape for the cor- 

rection factors B f and B A . A square pore shape provides a per- 

ceived middle ground between an unrealistic ideal of cylindrical 
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pore shape and more irregular pore shapes. Ideally the represen-

tative pore shape of each material should be assessed individually;

however, this is left outside the scope of the current study. 

The serial-parallel exponent ηsp of the mechanistic scaling func-

tion, Eq. (24) , has been simply chosen as follows: ηsp = 2 for com-

parison to the model datasets from Scheffler [19] , since these in-

corporate drying data. Exception is calcium silicate for which the

model dataset correlates very well with perceived absorption be-

havior. For the rest of the datasets ηsp = 1 . The choice of ηsp

is made after experience with the model and with an aim to

demonstrate the model from simple generalized inputs and not in-

volve material dependent adjustment. Further assessment of ηsp -

optimalization is addressed in Section 4.3 . 

Finally, for practical reasons the integrals of p c 
−1/2 and p c 

−2 ,

Eqs. (21) and (22) , have been truncated at a slightly lower mois-

ture content than θ c,cap . The reason for this can best be explained

with Fig. 2 , where p c 
−2 is plotted against moisture content. For the

last few % of moisture content the function increases dramatically.

Since the scale is logarithmic, an integration of the area under the

curve will easily be heavily influenced by this area. Comparing to

the retention curve, this moisture content corresponds to the last

filling of large-scale capillary pores as the retention curve slope

flattens out towards w cap . As this occurs p c -values decrease dra-

matically with only little change in moisture content. We will ar-

gue that this span in p c -values is a poor representation of acting

p c associated with capillary absorption because: 

• The large pores (pore volume) this moisture content represents

have a high probability of being insufficient to represent con-

tinuous capillaries through the material. 
• Certain materials have larger isolated pores which may be de- 

tected in measurements of retention curve or pore size dis- 

tribution due to small scale samples, while for larger material 

scales the pores are not continuous through the material. 

A similar discussion is given by Durner [ 8 , 9 ] for the asymp- 

otic slope of the retention curve near saturation for models in- 

luding over-capillary retention. Although Durner [9] relates part 

f the issue to difficulty and uncertainty in determining the reten- 

ion curve in the over-capillary region close to saturation, the high 

ensitivity of bundle of tubes K -models to low capillary pressures 

ssociated with the retention curve at high saturations remains an 

ssue also here. For these reasons the integrals are truncated at a 

c,cap cut-off value. For most materials this cut-off is above 97% of 

c,cap , with the brick (Carmeliet) at 95.7% due to a presumed lower 

recision in its retention curve compared to the other materials. 

he procedure has been kept simple, cutting the curve off where 

t starts turning upwards for the almost vertical increase ( Fig. 2 ). 

ach integral is then divided by the cut-off value (e.g., if 98% then 

ivided by 0.98). The resulting area under the curve is given by the 

runcated curve in Fig. 2 . 

.3. Alternative approaches for comparison 

A common alternative approach is that of calculating the hy- 

raulic conductivity from the moisture diffusivity (e.g. [ 43 , 44 ]) 

 Dw 

= D w 

dw 

d p c 
(45) 

The notation Dw 

in K DW 

is here just applied to distinguish the 

ydraulic conductivity in Eq. (45) from Eq. (40) . A much used em- 

irical model for D w 

is that of Künzel [45] : 

 w,abs = 3 . 8 

(
A w 

w cap 

)2 

10 0 0 

w 
w cap 

−1 
(46) 

The first part of Eq. (46) ; 3.8(A w 

/w cap ) 
2 , is with the value 

.8 presumably a generalization of an integral of the area under 

 moisture penetration profile, see [46] . Several non-generalized 

xpressions also exists, e.g. [ 46 , 47 ]; however, these require a 

aterial dependent parameter. Note that Künzel [45] and Kru β
48] distinguish between absorption and redistribution/drying, 

ith D w,red , based on experimental support, often presumed equal 

o 10 −1 ·D w,abs . 

An unfortunate consequence of Eq. (45) is the decrease of 

 when the retention curve flattens out over an interval of p c . 

armeliet et al. [43] noted there is need for a correction to the re- 

ulting curve of K at low p c -values to avoid a decrease in K which 

ould be unphysical. They state K should monotonically increase 

ith decreasing p c (increasing moisture content) and propose to 

eep K constant after its highest value for successive decrease in 
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p c . However, it is not only at low p c -values decrease in K can occur

with Eq. (45) . It can also occur at intermediate p c -values with re-

tention curves for materials with a pore size distribution including

distinctly different scales. See resulting graphs in Section 4.1 . We

therefore propose an algorithm for a modified calculation of the

K Dw 

curve: 

K Dw, mod ,i +1 = 

{
K Dw,i +1 f or K Dw,i +1 ≥ K Dw, mod ,i 

K Dw, mod ,i f or K Dw,i +1 < K Dw, mod ,i 
(47)

with i being an increment number representing the position in

the resolution N of increasing moisture content, from w = 0 with

i = 1 to w = w cap with i + 1 = N. Both K Dw 

, Eq. (45) , and K Dw,mod 

Eq. (47) , are included for comparison, respectively referred to as

K(D w 

absorption) standard and K(D w 

absorption) modified in graph

legends. 

The empirical prediction expression K c,cap = 10 −8 ηAw 

A w 

2 re-

ported by Scheffler [19] , coupled with the overall hydraulic model

through Eqs. (23) and (40) , is also included for comparison. Since

the material-specific ηAw 

is unknown, the reported lower and up-

per bound of 0.95 and 16 respectively are both applied. The result-

ing hydraulic conductivity models are denoted K model, empirical

low and K model, empirical high. 

4. Results and assessment 

4.1. Comparisons to datasets 

Fig. 3 , a) to k), presents the approaches to predict the material

model datasets. Material input properties to the hydraulic model

are given to the left while the results are compared to the model

dataset on the right. Results of the hydraulic model proposed in

this paper is labeled K model, prediction . For view on a log (K)

– log (p c ) relation refer to Appendix B . Note that model dataset

graphs of Fig. 3 b), d) and j) also contain contribution from K v while

the prediction approaches do not. For the materials addressed in

Fig. 3 d) and j) particularly, which retain significant moisture in

the hygroscopic region, comparison assessments at lower moisture

contents are thus not viable. 

Note that the results demonstrate the proposed prediction

model with relatively generalized choices for input parameters

( Table 4 ). Optimal fitting of these parameters for each material has

not been a priority in this study. Nevertheless, a simple assessment

of ηsp and ηφ,o is given in Section 4.3 and 4.4 . 

The K(Dw absorption) standard approach will not be addressed,

as it is only included to illustrate the issue described in Section 3.3 ,

while K(Dw absorption) modified is its replacement. The K model,

empirical low and high are seen to vary greatly in their ability to

align with the model datasets. The low only relatively close for

sand-lime brick and calcium silicate, in Fig. 3 e) and g) respec-

tively. Whereas the high reasonable for all the three bricks, cal-

cium silicate, and limestone in Fig. 3 a), b), c), f) and h) respec-

tively. For sand-lime brick, cement mortar and concrete both are

far off ( Fig. 3 d) j) and k) respectively). Overall, in the expression

K c,cap = 10 −8 ηAw 

A w 

2 the material dependence is clearly not fully

taken care of by A w 

2 alone; however, also the interval of ηAw 

is

insufficient and even lower values are needed to make it encom-

pass cement mortar and concrete. Due to the unknown material

dependent ηAw 

from an a-priori perspective the K model, empirical

approaches are not addressed any further. 

In the remainder only K model, prediction and K(Dw absorption)

modified are assessed. 

Interestingly for both brick and sand-lime brick of the Carmeliet

model datasets both approaches overestimate K c,cap . This could in-

dicate that the respective retention curves at high moisture con-

tents encompass filling of pores which are rather isolated and not
International Journal of Heat and Mass Transfer 186 (2022) 122457 

uitable to be included in the bundle of tubes model integral. How- 

ver, for brick (Carmeliet) the retention curve also converges with 

 gentle slope towards w cap over a longer interval of p c compared 

o the other two bricks, which makes it more difficult to deter- 

ine the truncation of the integrals for this material. The same is- 

ue is seen for aerated concrete. If for sand-lime brick (Carmeliet) 

he largest pores had not been included in the integrals (truncated 

t lower moisture content or with an adjusted retention curve) a 

etter prediction of K c,cap could have been achieved. For sand-lime 

rick (Scheffler) and calcium silicate (Scheffler) it might be that 

cheffler’s estimate of the retention curves at low p c -values pro- 

ides too gentle slopes, when comparing to the desorption reten- 

ion curves in [19] ; however, the K c,cap prediction deviation could 

lso be that the largest pores are too spatially sparce to resemble 

ontinuous capillaries. 

One clear observation is how the K model, prediction given 

sp = 1.0 has a tendency to follow K(Dw absorption) modified for 

ll materials. Due to the relative simplicity of the film model and 

he hygroscopic correction model, including increased uncertainty 

egarding the dataset models in the corresponding moisture region, 

s some are post-modified in this region, while others are not or 

eemingly not properly modeled in this region, it is hard to pro- 

ide a concise and meaningful visual assessment of the figures in 

he hygroscopic region. However, it is included in a quantified as- 

essment in the next section. 

.2. Quantified assessment 

An attempt is made to quantify the prediction accuracy of 

he proposed hydraulic conductivity model to that of the model 

atasets. We introduce a factor of deviation f d which will describe 

he average deviation from the reference model dataset. By average 

eviation a graph y i will on average follow the notional relation 

 i = f d 
±1 y ref , where y i and y ref are respectively the y-values of the 

raph that is compared and of the reference graph it is compared 

o (i.e., the model dataset). The ±1 exponent indicates the function 

 i can both overshoot and undershoot function y ref . To what extent 

nder- or overshooting occurs is not divulged by the factor itself. 

ince the curves have a strong exponential nature, spanning many 

rders of magnitude, it is necessary to evaluate them in form of 

ogarithms. The factor of deviation is given as Eq. (48) . Note that 

he ±1 exponent mentioned above is linked to taking the absolute 

alue of the logarithmic difference. 

 d = 10 

∫ 
θrel 

| log ( y i ) −log ( y re f ) | d θrel (48) 

here θ rel = θ / θ cap is relative moisture content, i.e., relative to 

apillary saturated moisture content. If f d = 1.0 the curves would 

e a perfect match; however. such a case would be highly unlikely. 

lthough dependent on accuracy preference, values of f d ≤ 2 and f d 
 2 might respectfully be regarded as reasonable and not so rea- 

onable predictions, with in mind the exponential nature of the 

apillary conductivity curve. Values of f d < 1.5 might be regarded 

s reasonably good. 

Only the K model, prediction and K(D w 

absorption) modified are 

ssessed, since the former being the proposed hydraulic model and 

he latter is the likely (or common) contender. Overall, after as- 

essing Fig. 3 , the other approaches show to be less sophisticated 

nd have less reliable performance. Factors of deviation are sum- 

arized in Table 5 

Table 5 reveals the following. Hydraulic conductivity at capillary 

aturation is predicted better by K model, prediction in 5 materials, 

hile better by K(Dw absorption) modified in 6 materials. For aer- 

ted concrete the two are almost equal, for limestone and cement 

ortar the two have both good predictions with rather high pre- 

ision. Also, calcium silicate is similar for the two with fair preci- 

ion, while for brick Carmeliet the two are similarly poor predic- 



J.I. Knarud, T. Kvande and S. Geving International Journal of Heat and Mass Transfer 186 (2022) 122457 

Fig. 3. Left: retention curves, reproduced with Eq. (42) , and basic properties used as input in the hydraulic model. Right: hydraulic conductivity; different modeling ap- 

proaches compared to datasets. 

tions. Overall K model, prediction and K(Dw absorption) modified re- 

spectively have 8 and 7 reasonable predictions (f d ≤ 2) , while both 

have 6 for reasonably good (f d ≤ 1.5). 

Excluding the three materials at which K(Dw absorption) modi- 

fied is at a disadvantage, each predict 4 materials better than the 

other over the whole moisture content interval. Furthermore, K 

model, prediction has 5 reasonably predictions while K(Dw absorp- 

tion) modified has 6. For θ rel ≤ 0.5, the numbers are 3 and 4 respec- 

tively while for 0.5 < θ rel 5 for both. Interestingly, there is only one 

reasonably good predictions for θ rel ≤ 0.5, with K model, predic- 

tion only reaching the threshold value for Limestone, whereas for 

0.5 < θ rel K model, prediction has 4 and K(Dw absorption) modified 

has 2. Summarized, K(Dw absorption) modified shows higher pre- 

cision for a few more materials in K c,cap prediction, although the 

11 
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Fig. 3. Continued 
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Fig. 3. Continued 

difference is not great. On the other hand, K model, prediction pro- 

vides higher precision for a few more materials in the upper mois- 

ture range. Even with these two distinctions in performance the 

two different approaches have similar overall performance, neither 

distinguish itself as especially better or worse compared to the 

other. 

4.3. The ηsp parameter 

The way the ηsp parameter influence the mechanistic serial- 

parallel pore model of [7] can be roughly be summarized as fol- 

lows; With ηsp → 0, hypothetically, the model becomes purely par- 

allel, i.e. the capillaries involved in capillary transport are filled 

13 
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Fig. 3. Continued 

Table 5 

Quantified factors of deviation f d , Eq. (48) . Lowest deviation values in bold. Parentheses indicate where the K(Dw absorption) modified is at a disadvantage, 

i.e. model datasets adapted for drying. 

K model, prediction K(D w absorption) modified 

θ rel integral interval 0 < θ rel ≤ 1 0 < θ rel ≤ 0.5 0.5 < θ rel ≤ 1 θ rel = 1 0 < θ rel ≤ 1 0 < θ rel ≤ 0.5 0.5 < θ rel ≤ 1 θ rel = 1 

Brick Derluyn 1.64 1.75 1.53 1.44 1.93 1.70 2.18 1.04 

Brick Carmeliet 1.60 1.96 1.30 2.72 1.77 2.32 1.35 3.03 

Brick Scheffler (1.45) (1.73) (1.21) 1.18 (5.20) (12.63) (2.14) 4.24 

Sand-lime brick Carmeliet 4.51 a 3.63 a 5.60 8.17 2.85 a 2.71 a 3.00 3.06 

Sand-lime brick Scheffler (5.34) (17.60) (1.62) 1.81 (7.23) (22.69) (2.30) 1.06 

Calcium silicate Scheffler 1.98 2.71 1.45 3.15 1.62 2.12 1.23 1.08 

Calcium silicate Häupl 1.57 2.11 1.17 1.44 1.88 1.96 1.80 1.29 

Limestone 1.29 1.50 1.11 1.01 1.76 1.75 1.77 1.28 

Aerated concrete (2.60) (4.68) (1.45) 1.57 (4.15) (4.77) (3.60) 1.60 

Cement mortar 11.25 a 27.99 a 4.52 1.19 8.69 a 13.61 a 5.55 1.05 

Concrete 3.11 4.80 2.40 1.38 1.68 1.94 1.54 2.11 

# predictions f d ≤ 2 5 (6) 3 (4) 5 (8) 8 6 4 5 7 

# predictions f d ≤ 1.75 4 (5) 2 (3) 5 (8) 7 2 2 3 7 

# predictions f d ≤ 1.5 1 (2) 1 4 (6) 6 0 0 2 6 

# predictions f d ≤ 1.25 0 0 2 (3) 3 0 0 1 4 

a are significantly influenced by that the model dataset includes K v contribution while prediction approach does not. 

14 
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Fig. 4. ηsp parameter. Left: For brick (Scheffler), demonstration on how the ηsp parameter relates to absorption and redistribution. Right: For brick (Derluyn), demonstration 

of impact of variation in ηsp . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Impact of the ηφ, 0 parameter on cement mortar. The deviation between the 

model dataset and the prediction with ηφ,0 = 10 0 0 at low moisture contents stems 

from dataset including vapor conductivity ( K v ). 

tain too little moisture in the hygroscopic region for the issue to 

be relevant. We deem it outside the scope of this paper to investi- 

gate the correctness of combining data from “non-absorption” va- 

por resistance measurements with a capillary absorption predic- 
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15 
with continuous liquid towards some moisture front similar to

an ideal imbibition model. With ηsp = 1 the model has a serial-

parallel relation as function of w/wsat , Eq. (24) , without diminish-

ment or reinforcement though the exponent. Fig. 4 demonstrates

the impact of the ηsp parameter. For datasets which unite ab-

sorption and drying data in one graph the result for brick (Schef-

fler) ( Fig. 4 left) shows a value of ηsp = 2 is in good agreement;

whereas, lime-sand brick (Scheffler) and aerated concrete are even

better described by ηsp = 3 (not shown). Hence the results of

Fig. 3 and Table 5 could be improved for these latter two materials

updated with ηsp = 3. Consequently, based on the limited num-

ber of datasets which incorporate drying experiments we find 2 ≤
ηsp ≤ 3 to best represent these. For the pure absorption datasets

Fig. 3 has shown relatively good agreement with ηsp = 1. However,

the choice of ηsp = 1 was a generalized one, and the best fit could

deviate from this. Although the best fit on each dataset has not

been investigated, Fig. 4 (right) demonstrates the impact of differ-

ent ηsp on the brick (Derluyn), where a value of ηsp as low as 0.6

might give the better fit at lower moisture contents, although this

cause poorer fit at intermediate moisture contents. Both the cal-

cium silicate materials also indicate improvement with ηsp = 0.6

(not shown), or even perhaps slightly lower to ηsp = 0.5 for cal-

cium silicate (Häupl). Except for concrete, which seems to best be

modeled with ηsp = 0, no clear support is found for ηsp -values

lower than 0.5 for the other datasets looked at. With only small

improvement, limestone indicates values of ηsp up to 1.3 might be

used (not shown). If excluding concrete, in lack of similar, confirm-

ing observations, then, based on the limited number of absorption

datasets we find 0.5 ≤ ηsp ≤ 1.3 to best represent these. 

4.4. The ηφ,0 parameter 

As mentioned in Section 2.8 the ηφ, 0 parameter governs how

much of the hygroscopic correction model overrides the film and

capillary models in the hygroscopic region. Fig. 5 demonstrate how

the ηφ, 0 parameter can be used to override the two other mod-

els for materials which has much of the retained moisture con-

tent within the hygroscopic region. For such materials there might

be a conflict between the results of the film/capillary model and

vapor resistance measurements which the hygroscopic correction

model is built on. This conflicting behavior resembles the issue the

ηsp parameter is designed to resolve. After all, the vapor resistance

data is not related to absorption. Rather, it stems from steady state

measurements. Still, ηsp and ηφ, 0 impact the overall model from

different angles. For sand-lime brick (Carmeliet) changing ηφ, 0 to

200 would improve the fit to vapor resistance measurements (not

shown). For the rest of the datasets too few vapor resistance mea-

surements are known to give an assessment, or the materials re-
ion model. 

. Discussion 

The proposed model has been demonstrated to be on par with 

he K(D w 

) approach. Nevertheless, since the model is sensitive 

o the capillary pressure of the largest pores it is important to 

ombine the model with an assessment of whether the largest 

ore sizes can actually be believed to constitute continuous pores 

hough the material. That is, whether the largest pores can be rep- 

esented with the bundle of tubes model approach or whether 

hey behave more isolated. The K(D w 

) approach is less sensitive on 

his aspect and therefore achieves better prediction of K c,cap for a 

ew materials compared to the proposed model. However, at the 

ame time the proposed model is seen to give better prediction in 

he higher moisture range as a whole. Consequently, there might 

e possible practical adjustments to the model application which 

an improve prediction performance, either 1) by a truncation at 

lightly lower moisture contents for materials with rather gentle 

etention curve slopes close to capillary saturation, or 2) by adjust- 

ng retention curves to become a bit more sharply rounded off at 

apillary saturation. Such adjustments have not been investigated 

n connection with the current study. It is also implicit that use of 

he model requires input of rather accurate retention curves. That 

s, retention curves for materials which do not have very uniform 
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pore size distribution should be described by multimodal curves

which capture some resolution in the pore size distribution. Still,

uncertainty persists regarding these issues since the current study

has not investigated accuracy issues with retention curve represen-

tation and its effect on the model prediction performance. 

Whereas traditional bundle of tubes models are criticized for

having a non-physics based tortuosity correction [ 6 , 49 ], the cur-

rent model derivation has included the tortuosity leading up to

Eq. (11) . Nevertheless, for the current capillary model it turns out

that the tortuosity is baked into the capillary absorption coefficient

and is therefore not present in the final K c,cap prediction, Eq. (22) .

Another part of the criticism of bundle of tubes models is that they

fail to increase the tortuosity of flow paths when the permeabil-

ity decrease as water-filled pathways become sparse at low mois-

ture contents [6] . The mechanistic model f l (for its principle see

[7] ) does however address this issue even though it does not in-

terfere with the tortuosity directly. If assessing Eq. (11) in connec-

tion with Eq. (23) one finds that K c is proportional to f l / τ
2 which

could partly be interpreted in terms of providing an effective tor-

tuosity which increase with lower moisture contents, since f l de-

crease with lower moisture contents. 

5.1. Other correction factors 

With regard to calculating capillary absorption coefficients,

Nikitsin and Backiel-Brzozowska [50] argues for a need to include

additional correction factors. These include K NW 

for taking into ac-

count “narrowing and widening of capillaries along their length”, K T

as a temperature correction to the ratio of σ w 

/μw 

, based on a

description of water vapor preceding the capillary moisture front

where the vapor will adsorb on the pore walls, thereby releasing

heat (this in capillary absorption experiments of initially dry ma-

terials), and K μ for correcting the viscosity for its dependence on

pore radius, mainly for r < 1 μm [50] . 

Although K NW 

has not explicitly been addressed in the present

work we will argue both B f and B c implicitly could include such an

effect. However, since the current model approach involves choos-

ing a value for B f , this effect is all placed in B c when identified

from comparing Eq. (21) to the experimentally determined A w 

-

value. Still, when estimating the pore radius with Eq. (7) , the re-

sulting r will be underestimated if B c is significant influenced (di-

minished) from narrowing and widening of pores. 

K T can be calculated as K T = ( σ m 

μ0 )/ ( σ 0 μm 

), where subscripts

0 and m refer to ambient and microscale temperature respectively.

This factor basically accounts for a reported microscale tempera-

ture increase which lowers the surface tension and viscosity. Al-

though, Nikitsin and Backiel-Brzozowska [50] assume a 10 K in-

crease for their case (with reported K T = 1.24) they provide too lit-

tle information to confidently generalize inclusion of such a factor.

For instance, in order for a significant temperature increase to take

place we would assume the following prerequisites are needed: 1)

completely initially dry material, thereby creating high adhesion

forces; hence, preconditioning to laboratory conditions of the ma-

terial before A w 

measurements cannot have taken place. 2) a large

pore wall circumference to cross section area ratio is needed to

give high heat release per water volume heated. 3) relatively fast

capillary flow rate and low bulk material thermal inertia. We deem

it outside the scope of the present work to address whether or to

which degree such a phenomenon exists to give an impact, hence

K T is not included. 

K μ should ideally be included, since the factor is important for

calculation of A w 

, which when compared to measured A w 

is used

to approximate B c and pore radius for the film model. In order to

keep the model conveniently simple, and its description not too

long, such a correction has not been included in the present work.
International Journal of Heat and Mass Transfer 186 (2022) 122457 

. Summary and conclusions 

Modeling capillary conductivity with a bundle of tubes model 

as been revisited. By incorporating the experimentally deter- 

ined capillary absorption coefficient a novel prediction expres- 

ion for the capillary conductivity at capillary saturation has been 

erived. By introducing a prediction of the conductivity at capillary 

aturation, bundle of tubes models become more directly imple- 

entable and avoid part of the criticism such models previously 

ave received at over-capillary saturation. The feasibility of scaling 

undle of tube models to conductivity at capillary saturation has 

een demonstrated. 

A hydraulic conductivity model for the full moisture range has 

een established based on the Scheffler and Plagge model [7] , sup- 

lied with a film model of Lebeau and Konrad [11] . With the new 

odel no longer requiring iterative post-processing of a parameter 

or scaling to conductivity at over-capillary saturation, a simplifi- 

ation is achieved, easing applicability of the model. The impact 

f an adjustment parameter in the mechanistic scaling function, 

s part of the Scheffler and Plagge model, has also been demon- 

trated more in detail, which casts light on the flexibility of the 

odel. Value interval recommendations for this adjustment pa- 

ameter are provided. An additional adjustment parameter to ad- 

ust between the film/capillary models and a hygroscopic correc- 

ion model (latter also being part of the Sceffler and Plagge model) 

as also been introduced and demonstrated to give some addi- 

ional flexibility, although no conclusion has been made regard- 

ng its determination. As a necessary step towards the prediction 

xpression for conductivity at capillary saturation a new analyti- 

al expression for the capillary absorption coefficient has also been 

erived. This derivation may provide contrasting nuances to previ- 

usly reported derivations of this coefficient. 

The new hydraulic conductivity model, including the new pre- 

iction expression for the conductivity at capillary saturation, has 

een demonstrated on 11 porous material datasets with reasonable 

uccess. 

The resulting model should be easier to implement than most 

omparable, alternative bundle of tubes models by not requir- 

ng testing of capillary conductivity, since it utilize the easier de- 

erminable capillary absorption coefficient. The new prediction is 

owever sensitive to the retention curve close to capillary satura- 

ion which for some cases could result in inaccurate prediction. 

Also, although not new information, the article reaffirms that 

ydraulic conductivity is dependent on the situational boundary 

onditions, i.e., whether the material is subjected to absorption, re- 

istribution or drying of moisture. 

There is still much unanswered regarding how to more accu- 

ately and practically incorporate models for the hygroscopic re- 

ion and at modest moisture content, i.e., film and hygroscopic cor- 

ection models, which highlight need for further research. Also of 

nterest, is how to address the situational difference between ab- 

orption, redistribution and drying of moisture when calculating 

he hydraulic conductivity for the full moisture range. The scien- 

ific novelty of the current study only addresses absorption. 
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c w,1 c w,2 c w,3 c w,4 n w,1 n w,2 n w,3 n w,4 

1.40E-05 9.02E-06 – – 4 1.69 – –

3.84E-04 2.76E-05 1.72E-05 – 1.6 1.691 4.457 –

3.7E-03 4.00E-05 6.72E-06 7.44E-07 1.6 5 4 4 

4.02E-05 9.99E-06 1.34E-06 9.49E-08 6 1.7 1.74 3.2 

5.91E-06 1.51E-06 2.92E-07 4.83E-08 3 4 4.2 2.3 

3.08E-05 1.13E-06 7.83E-07 5.25E-07 1.71 7 6.6 4 

 3.79E-06 1.64E-06 6.13E-07 3.51E-08 5 8 3.5 8 

4.94E-05 5.00E-05 – – 3.14 3.32 – –

4.35E-05 6.85E-06 1.42E-06 9.90E-08 2 4 2 5 

2.25E-08 5.49E-08 2.81E-07 – 3.2 2.8 2.8 –

3.32E-08 5.18E-08 – – 3.4 2 – –

t) 
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Appendix A. Table A.1: Input applied to Eq. (42) 

Table A.1 

Coefficients for retention curves. 

Material w lim n w,0 l w,1 l w,2 l w,3 l w,4 

Brick Derluyn 1.0 0.4 0.846 0.154 0 0 

Brick Carmeliet 0.7 1 0.054 0.455 0.491 0 

Brick Scheffler 1.7 0.65 0.02 0.21 0.65 0.12 

Sand-lime brick Carmeliet 9.0 0.8 0.08 0.09 0.74 0.09 

Sand-lime brick Scheffler 16 0.35 0.25 0.25 0.4 0.1 

Calcium silicate Scheffler 3 2.5 0.63 0.09 0.27 0.01 

Calcium silicate Häupl 8.4 0.2 0.72 0.1 0.177 0.003

Limestone 1 1 0.997 0.003 0 0 

Aerated concrete 8 1.2 0.1 0.6 0.24 0.06 

Cement mortar 16 0.55 0.35 0.07 0.58 0 

Concrete 25 0.45 0.2 0.8 0 0 

. 
Appendix B. Log(K)-log(pc) graphs of materials ( Fig. 3 equivalen

http://www.klima2050.no
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Abstract: Energy retrofit of existing masonry buildings has become attractive to meet demands for
reduction in energy consumption. Retrofit may, however, introduce moisture risk that needs to
be assessed. Hygrothermal simulation analysis is often conducted in this respect. Nevertheless,
hygrothermal simulation of interior insulated bare brick masonry exposed to driving rain can be
challenging due to the many aspects involved that determine heat- and moisture-transport behavior,
and which should be addressed by an applied model. The present study highlights uncertainty
encountered when establishing a hygrothermal simulation model. Furthermore, different modeling
choices or simplifications are studied to determine impact on results. As a check of realism, results of
2D simulations are compared to results of a previous laboratory experiment of masonry wall segments
subjected to severe rain wetting and subsequent drying. Rain absorption is modeled conservatively,
attempting simulation results to envelope experiment results. Conservative results were not achieved
for a relative humidity sensor placed on the masonry interior without inclusion of a “leaky” mortar
joint. Simultaneously, the conservative approach underestimated drying experienced by the relative
humidity sensor in two of three experiment wall segments. Regarding beam-end moisture content,
the modeling approach conservatively enveloped experiment results in 3D but not in 2D.

Keywords: modeling approach; masonry wall; wooden beam ends; moisture absorption; capillary
conductivity; brick–mortar interface; smart vapor barrier

1. Introduction
1.1. Context

In cold temperate climates, interior insulation is an important retrofit measure for
older existing masonry buildings with exterior facades worth preserving. Compared to
modern buildings following today’s building regulations, masonry buildings from the
period 1850–1950 have very high U-values. Interior insulation retrofit can by lowering
U-values lower a high heating demand [1]. In combination with improving building
envelope air tightness, utilizing heat recovery from ventilation, and, potentially, other
measures, substantial reduction in energy consumption can be achieved [2].

Nevertheless, applying interior insulation is not without challenges since the hy-
grothermal conditions in the exterior wall also change. Outbound heat flow through the
wall decreases, thereby lowering outward drying capacity, and the added interior insulation
solution will by adding vapor resistance reduce inward drying. Hence, an interior insulated
wall becomes more sensitive to moisture sources. This has instigated research focus on both
how to protect from moisture sources and how to improve drying conditions, e.g., [3–7].
Problematic moisture sources are driving rain [3,8], leaks in the building envelope [4], rising
moisture from the ground [9], and indoor humid air condensing in the wall where it meets
the saturation temperature [6]. Protection from driving rain and leaks involves measures
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such as improvement of rainproofing details, repairment of mortar joints, and provision of
external render or hydrophobization. Protection from indoor humid air involves applying
a vapor barrier or retarder, or ensuring low indoor relative humidity (RH). Sufficient pro-
tection may not easily be achieved for protected facades with strict limitations to external
render and façade appearance. Ensuring a level of drying may, therefore, also be necessary.
Strategies to improve drying include, for instance, applying capillary-active insulation
materials, leaving a gap in insulation at beam ends, increasing temperature in beam ends,
or utilizing smart vapor barriers (SVBs) or retarders (SVRs) that allow inward drying.

1.2. Hygrothermal Modeling

Designing case-specific solutions requires knowledge of the solution performance
under realistic climate exposure or exposure to a design climate. Hygrothermal simulation
has become a central tool for investigating such performance, e.g., [10,11]. Nevertheless,
establishing realistic simulation models does not come without challenges. There are
numerous complicating aspects related to establishing a model of masonry in hygrothermal
simulation software. Overall, these aspects involve issues on how to model moisture
sources, material properties, and the masonry to account for interaction between brick
and mortar. Modeling moisture sources involves questions of rain distribution on façade,
rain impact and runoff, rain absorption, and moisture infiltration [12–14]. Modeling
material properties engages uncertainty regarding anisotropic behavior [15], moisture
retention and hysteresis [16], moisture-dependent liquid conductivity [17–19], and vapor
diffusivity, including uncertainty from lack of property measurements. Modeling masonry
involves addressing complexity of material connectivity or interface resistance [20,21],
material inhomogeneity, and changing properties along interface planes between brick
and mortar [22,23], including moisture penetration and infiltration pathways [24], all
dependent on mortar curing and curing moisture content, brick-and-mortar properties,
and craftmanship during brick laying [25].

To further elaborate on the complexity regarding masonry performance and modeling
of masonry, a selection of relevant research literature findings are summarized. Brocken [22]
found moisture-transport properties of mortar joints to vary significantly. It was concluded
that it was not possible to discern whether interfaces had perfect or imperfect hydraulic
contact. Nevertheless, Brocken discovered that by shifting part of the retention curve for
mortar to lower capillary pressures a simulation with perfect hydraulic contact would
give reasonable results. Ramirez et al. [15] found resistance effects during absorption
to be directionally dependent on materials, with most effect detected from lime mortar
to brick, attributing it to discontinuity of the finer mortar pores. Whereas, in a drying
experiment, Ramirez et al. [15] could not detect any resistance effects from the experiment
results themselves. Zhou et al. [23] found no directional dependence for interface resistance.
Instead, the resistance was found to be strongly dependent on local capillary pressure, and
that relatively small changes in resistance value had large impact on moisture-distribution
profiles. Vereecken and Roels [21] investigated simulation models in 2D with and without
interface resistance and concluded that interface resistance had negligible impact when the
wall was subjected to alternating wetting and drying from real weather, even though it had
impact on a stand-alone imbibition process.

Hens [26] investigated vapor diffusion resistance in one-stone-thick masonry leaf
specimens and found the resistance to be much lower than for the brick itself, attributing it
to microcracks at the brick–mortar interface and imperfect joint filling. From the results
presented by Hens, the vapor resistance decreased approximately to a third, although pre-
cise comparison is difficult due to a dependence on RH throughout the material. Similarly,
Vereecken et al. [27] also reported lower vapor resistance of a masonry composite than for
the individual brick and mortar constituents.
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Gutland et al. [28] modeled fractures along brick–mortar interfaces as a material
domain with hygrothermal properties derived from a fracture model. Their simulations
demonstrated increased absorption from such modeling, and under cyclic conditions
significantly increased drying compared to a base model without fracture(s).

Jensen et al. [6] ran numerical simulations, varying a range of parameters after an initial
automated calibration of initial moisture content, rain-exposure coefficient, and shortwave-
absorption coefficient. They found less RH fluctuation in the simulation than in the
experiment and pointed to this seemingly being a common issue for simulation programs
reported among other studies, and it could be related to not including hysteresis effects.

Johanson et al. [29], in a comparison between experiment and simulation, found the
moisture progression to be considerably faster in the experiment than in the simulation.

Findings such as the aforementioned promote discussion on how to approach hy-
grothermal modeling of masonry to capture realistic performance.

1.3. Objective and Scope

The objective of the current study is to highlight uncertainty in hygrothermal simula-
tion of an interior insulated brick wall, and to study impact of some modeling choices or sim-
plifications, by addressing several influential aspects in simulation model setup and execu-
tion. Simulations are compared to a large-scale laboratory experiment of Knarud et al. [30]
as a check of realism. However, it should be made clear that this is not a validation exercise.
Nor is it a calibration study. Instead, it is a study highlighting modeling uncertainty and sen-
sitivity to modeling choices, which is accompanied with some remarks on conservativeness
in hygrothermal modeling.

The investigated object is an interior insulated masonry wall segment subjected to wet-
ting and drying in a simple climatic sequence. It is insulated with mineral wool and fitted
with a smart vapor barrier (SVB) to allow for inward drying. Detailed description is pro-
vided by Knarud et al. [30]. Nevertheless, central parts of the description are summarized
in Section 2.

The exterior surface of the masonry consists of bare brick. It is therefore more com-
plicated to investigate than masonry with external render. External render acts like a
capillary retarder by creating a uniform layer that almost entirely removes the chance of
moisture infiltration through brick-mortar interfaces. With a wall without external render,
we however face many of issues of modeling masonry.

A common challenge with conducting hygrothermal simulations is incomplete avail-
able description of material properties when, for instance, it is not possible to completely
map all the properties through laboratory testing and measurements. Complete map-
ping of properties is a very extensive and laborious process, that requires extensive ef-
fort, e.g., [16,31,32]. In addition, for in situ studies, identification of material properties
is often limited to non-destructive measurements. Therefore, many simulation studies,
e.g., [6,33,34], are conducted with some properties unknown, which are then substituted
with properties from presumed similar materials. However, this inserts uncertainty.

With this in mind, the objective is approached by addressing three research questions:

1 When applying modelled hydraulic conductivity what are the consequences of uncer-
tainty regarding the following material properties?

• Capillary absorption coefficient;
• Retention curve.

2 What impact do modeling choices or simplifications have on simulation results?
Aspects that herein will be investigated are:

• Reading position of results in simulation model compared to sensor location in
physical experiment;

• Isotropic vs. anisotropic wood properties for beam end;
• Including increased permeability along the brick–mortar interface in mortar

properties during rain events;
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• Presence of a particularly “leaky” mortar joint, due to lower brick–mortar inter-
face quality, and distance of such a joint to the sensor;

• 2D simplification compared to simulation in 3D.

3 What effect is seen from modeling a smart vapor barrier compared to no barrier or
traditional barrier?

The main novelty follows research question 2 which is not a typical focus of similar
studies. Although question 1, to some extent, has been investigated in other studies [19,35],
these studies focus on much more limited geometric extents, not a masonry wall envelope.
Regarding question 3, SVB has not previously been given much explicit focus, even though
SVR has been included in simulation studies [36,37]. SVB contribution to inward drying
has not been much reported on regarding masonry with beam ends.

Magnitude of observed sensitivity will, of course, depend on what is investigated, that
is, the scenario that is being studied. Direct extrapolation of sensitivity results from one
studied scenario to other scenarios is, thus, challenging. Therefore, actual quantification of
sensitivity will not be provided other than visual demonstration of the impact on results.

Other limitations: Rainwater runoff, splashing, and surface adherence will not be
addressed. Instead, the modeling approach is simplified to seek the maximum rain ab-
sorption that the rain load and material properties allow for. Wetting of the masonry is,
therefore, approached in a form of worst-case scenario; although, this does not exclude
localized infiltration through leak points (interpenetration) being able to create even more
severe wetting. Transverse interface resistances, between brick and mortar, that allows for
impeded moisture absorption across collar joints and between bricks and bed joints in the
masonry are neither included nor addressed. With the exception of retention curve and
hydraulic conductivity, only average values are used for material properties involved, i.e.,
the sensitivity of property variability is not extensively investigated.

A question arises as to whether simulations become realistic, with strong replicability
of laboratory results or conservative, providing an “on-the-safe-side” enveloping result
which laboratory results are not worse than.

The present work aims to investigate the influence or sensitivity of modeling choices
on results, in contrast to a traditional sensitivity analysis that samples values of properties
or boundary coefficients from probability distributions. The aim is also to approach
perspectives on conservativeness in modeling.

2. Case Study Description—Materials and Methods
2.1. General

The masonry structure is part of a larger experimental study of nine differently com-
posed wall segments shown in Figure 1a. A detailed description of the experiment can be
found in [30]. Of the nine segments, the current paper will address simulation of segment
4, which has 50 mm glass-wool insulation and SVB. Segments 2, 5, and 6, which all have
the same brick type and masonry thickness as segment 4, will also briefly be mentioned
or addressed for comparison. Each segment includes a wooden beam end inserted into a
beam-end pocket in the masonry. Segments 4 and 6 are equipped with SVB while segment
5 has polyethylene vapor barrier. The wall is exposed to an exterior climate sequence
ensuring first wetting of the wall through cold-climate rain events before ensuring drying
in relatively warm climate conditions. The following subsections will in brief describe
the masonry materials, interior structure, instrumentation, experiment setup, and climatic
sequence. For more details refer to [30].
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Figure 1. Test wall. (a) Exterior face with flashings/gutters mounted. Each segment numbered.
(b) Cross-sectional overview of the four wall segments, including sensor locations.

2.2. Masonry Materials

The brick (Figure 2) used for the addressed segments is a high-initial-rate-of-absorption
(IRA) brick, which is presumed to be close in performance to typical bricks found in older
buildings (late-19th to mid-20th century) [30]. The mortar is a prescribed LC-mortar; LC
50/50/610, where the numbers correspond to lime/cement/aggregate mass ratios of binder
content. Material properties, masonry dimensions, and masonry construction are further
described in [30]. Property values applied in the simulation model are listed in Appendix A,
with further description of hydraulic conductivity in Section 4.1.
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Figure 2. Close-up of bricks during brick laying.

2.3. Interior Structure

The interior structure of segment 4 consists of 50 mm interior glass-wool insulation
(0.034 W/(m·K) thermal conductivity), a SVB, and an interior finish of 13 mm gypsum
board. The SVB vapor-resistance properties applied in the simulation model are discussed
and described in detail in Appendix B. Segments 5 and 6 are the same as segment 4 except,
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respectively, having a traditional polyethylene vapor barrier (sd ≈ 50 m) instead of a SVB
and 150 mm insulation instead of 50 mm. Segment 2 has no interior structure and acted as
a reference in [30]. A spruce beam end, 400 mm long, 107 mm wide and 213 mm high, is
placed in the beam-end pocket on an asphalt sill gasket. There is a 10–20 mm gap between
the pocket rear end and the beam end (18 mm in simulation model). The transition between
beam end and vapor barrier is rendered vapor- and airtight.

2.4. Instrumentation

A number of Sahlen sensors (SO, SI, and SID), RH sensors (RH and RHD) and beam-
end wood moisture electrodes (resistance moisture meters) (B) are located in the structure,
as shown in Figure 1b. However, for the current paper, only RH4–RH6 and B2, B4–B6 are
addressed. For more information, refer to [30].

2.5. Experiment Setup and Climate Sequence

The wall segments were tested in a large-scale building envelope climate simulator.
This simulator contains both an exterior and interior climate chamber. On the exterior, the
wall was exposed to dynamic conditions following a climate sequence provided in Figure 3b,
whereas on the interior, the conditions were kept constant after initial conditioning, see
Figure 3a. First, the wall was exposed to a cold exterior climate including four pairs of
rain events (2 × 10 min, 2 × 20 min, 2 × 40 min, and 2 × 40 min), constituting a “wetting
period”, before it was exposed to a warm climate, constituting a “drying period”. The rain
exposure had a magnitude of constant 47 mm/h which is relatively high when compared
to relevant real-world rain intensities [30]. The purpose of the climate sequence was to
observe and compare rate of wetting and subsequent drying in differently constructed
masonry wall segments, with focus on SVB and beam-end performance in this regard. A
more detailed list of the climate sequence can be found in [30]. The same climate sequence
was applied in the simulation model.
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3. Hygrothermal Modeling
3.1. Model Physics

A model was set up to simulate the experiment scenario. The hygrothermal simulation
model is an in-house physics model set up in COMSOL Multiphysics [38]. COMSOL
provides a physics model builder, in the form of partial differential equations (PDEs),
which were utilized in the current study to describe the balance and transport equations
for moisture and heat. Furthermore, COMSOL includes numerical solvers based on the
finite element method (FEM), of which the PARDISO (parallel sparse direct solver) has
been employed. Previous versions of the model physics were applied in [39,40], with
the current version having been developed further from these to better handle heavy
rain exposure as a boundary condition. Furthermore, handling of the specific moisture
capacity was corrected for non-isothermal conditions. That is, [39,40], unfortunately, did
not include the temperature differential of the capillary pressure in connection to the
specific moisture capacity, see Equation (1), which was the cause of the daily fluctuations
experienced in benchmark 1 in [39]. The current version was also improved to more
realistically represent the sorption/retention in both the hygroscopic and over-hygroscopic
regions, see Equation (A1) Appendix A. Since the retention curve consists of two parts, the
first part being dependent on RH (hygroscopic region) and the second part dependent on
capillary pressure (over-hygroscopic region), the specific moisture capacity was split into
two terms, dwφ/dφ and dwpc/dpc, in Equation (1).

dw
dt

=
d
dt
(
wφ + wpc

)
=

dwφ

dφ

dφ

dt
+

dwpc

dpc

dpc

dt
(1)

where w is moisture content [kg/m3], wφ is the moisture retention curve term for hygro-
scopic region, wpc is the moisture retention curve term for over-hygroscopic region, t [s]
time, φ [-] RH, pc [Pa] capillary pressure, and where the time-derivative of the capillary
pressure is expanded as:

dpc

dt
=

dpc

dφ

dφ

dt
+

dpc

dT
dT
dt

where T [K] is temperature.
The moisture balance is given by Equation (2), which originate from equivalent expres-

sions derived in [41,42]. Since the scenario studied does not contain air transport, vapor
transport due to air diffusion (or convection) is not included.

dw
dt

=
d

dxj

([
δvPsat + Dφ

] dφ

dxj
+

[
δvφ

dPsat

dT
+ Dφ

φ

T
ln(φ)

]
dT
dxj

+
Dφ

Rw

φ

T
g ·→ez

)
(2)

where δv [kg/(m·s·Pa)] is vapor diffusivity, Psat [Pa] saturation pressure, Dφ [kg/(m·s)] cap-
illary diffusivity for φ as driving potential (Dφ = KρwRwTφ−1), K [s] hydraulic conductivity,
ρw [kg/m3] water density, Rw [J/(kg·K)] specific gas constant for water vapor, g [m/s2]
gravity, and ez unit vector for z-dimension (dimension of acting gravity, positive in the
opposite direction to that of gravity).

The enthalpy balance is given by Equation (3), when omitting the contribution from
change in air content and humid air vapor content in the pore structure. A similar expres-
sion is derived in [43].

ρscp,e f f
dT
dt = d

dxj

([
λe f f + hvapδvφ dPsat

dT

]
dT
dxj

+hvapδvPsat
dφ
dxj

)
+Dφ

(
dφ
dxj

+ 1
Rw

φ
T g ·→ez

)
cpw

dT
dxj

(3)

where ρs [kg/m3] is the density of solid material, cp,eff [J/(kg·K)] effective heat capacity
(cp,eff = cps + cpww/ρs), cps and cpw specific heat capacity of solid dry material and liquid
water, respectively, λeff [W/(m·K)] moisture-dependent effective thermal conductivity
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(temperature dependence is omitted), and hvap [J/kg] specific enthalpy of evaporation
(temperature dependent).

The rain boundary moisture flux is modeled as an approximation to Equation (4) [44].

gl,e f f = min
[

gl , Kc,cap
dpc

dx

]
(4)

where gl,eff and gl [kg/(m2·s)] are, respectively, effective boundary moisture flux and actual
rain flux, and Kc,cap [s] capillary conductivity at capillary saturation.

The approximation to Equation (4) is given by Equation (5).

gl,e f f = min
[

gl ,−Dφ,cap

(
φ− φacc

bl,min
+ lnφ

φ

T
T − Te

bl,min

)]
(5)

where Dφ,cap is Dφ at capillary saturation, φ and φacc, respectively, RH of the first boundary
cell and of an arbitrary set RH accuracy level assumed for moisture film at boundary
(φacc = 0.99999, equivalent to pc = 1351 Pa at 20 ◦C, well below capillary saturation of the
retention curves), bl,min [m] thickness of the first and thinnest boundary layer cell at the
exterior boundary surface (arbitrarily set to bl,min = 0.0005 m), and T and Te [K], respectively,
temperature of the first boundary cell and exterior temperature.

Not using Equation (5) in combination with boundary layers, but instead limiting
moisture uptake on saturation only, can provide marginally higher moisture uptake. How-
ever, the fine meshing that boundary layers provide is believed to give a more accurate
account of moisture content and absorption conditions at the exterior surface. Still, this
issue has not been investigated extensively in the present study, and uncertainty thereby
persist regarding whether the approach chosen is the most optimal approach. A relevant
model algorithm validation by benchmarking is documented in Appendix C.

3.2. Limitations

There are some limitations to the model due to lack of certain information:

1. With material property data mostly available for one direction only, materials are, in
general, modeled as isotropic;

2. Moisture retention and capillary conductivity as functions of capillary pressure have
not been tested for in the current study. Approximate guesstimates have instead been
applied, based on the materials’ sorption curves and capillary absorption coefficients,
and retention curves of what are believed to be similar materials;

3. Interface resistances between materials are not included, i.e., the model assumes full
hydraulic contact;

4. Hysteresis has not been included. Materials are only modeled on adsorption and
absorption data.

Consequences of 1.: the isotropic simplification will especially affect the bricks and
the mortar joints. The spruce beam end is modelled anisotropic as default. For the bricks,
the capillary transport coefficient has been measured through the brick face, which for
these bricks is the surface with the finest pore structure and, presumably, the side with the
highest resistance to water penetration. The brick head has similar appearance. Higher
capillary transport coefficients could be expected in other directions, i.e., moisture ab-
sorption through the brick bed or stretcher (opposite face). Larger pores and cracks can
especially be seen on the brick bed. Since the rain moisture exposure is one-directional with
a combination of brick face and head being exposed, both the bed and stretcher directions
are, presumably, less important; however, bed absorption would be important if the model
were to explicitly replicate additional influx of moisture along the brick–mortar interface.
More information about the specific modeling is provided in Section 3.4.

Regarding 2.: not having the exact retention and capillary conductivity curves as
functions of capillary pressure for the masonry materials in question is inconvenient for a
simulation case which is so heavily determined by capillary transport during and after rain
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absorption. Having adequately described retention and capillary conductivity functions is
essential for arriving at high confidence simulation results. However, since such functions
are not available for the specific materials in this study the functions had to be established
from the material data being available (sorption curves in hygroscopic region and capillary
absorption coefficients), together with retention curves of similar materials described in the
research literature. Descriptions and details regarding applied material property functions
are given in Appendix A and displayed in Sections 4.1 and 4.2.

Concerning 3.: interface resistances between different materials can significantly
influence moisture transport in masonry [23], i.e., impede moisture movement between
materials during absorption and redistribution conditions. Thus, not including them will
allow faster moisture transport across the masonry than the actual situation. However, it
can also result in different moisture distribution in the masonry compared to reality [23].
During drying conditions, insignificant influence from not including interface resistance is
expected, see [15].

As for 4.: not including hysteresis is a common simplification due to the complexity of
hysteresis modeling and extensiveness of required material testing. However, not including
hysteresis will inherently cause uncertainty.

3.3. Key Uncertainty Regarding Material Properties

In the present study, not all material properties are available for the specific brick and
mortar applied in the experiment. Basically, it was not possible within the extent of the
experiment in [30] to fully measure all properties, due to limitations in laboratory resources
and time. Table 1 provides an overview of necessary material properties and how they have
been determined for the hygrothermal simulation. Key properties, such as the moisture
retention and hydraulic conductivity ([35]), have not been measured but were taken from
perceived similar materials and modelled, respectively, where, in addition, modeling
of the hydraulic conductivity requires the moisture retention as input [17]. Significant
uncertainties are, therefore, introduced. This provides an ample example to demonstrate
typical uncertainty challenges hygrothermal simulation efforts encounter due to limited
resources for complete mapping of properties. Impact of this uncertainty will be further
addressed in Sections 4.1 and 4.2.

Table 1. Necessary material properties, including partial or indirect properties for the retention and
hydraulic conductivity. Includes overview of determination: measured (Mea.), from standard (Sta.),
from similar materials (Sim), modelled (Mod.), and estimated (Est.).

Storage Determination Transport Determination

General Density, ρs Mea.
Heat Specific heat capacity, cp Sta. Thermal conductivity, λ Sta. (dry), Sim. (wet)
Moisture Sorption (hygroscopic), w(φ) Mea. Vapor diffusivity, δv Mea.

Retention (over-hygroscopic), w(pc) Sim. Hydraulic conductivity, K(pc) Mod.

Capillary moisture content, wcap
Mea. (brick)/Mea.
Sim. (mortar)

Capillary absorption
coefficient, Aw

Mea. (brick)/Mea.
Sim. (mortar)

Saturated moisture content, wsat Est. Sim.

3.4. Simulation Model Design Setup

Illustration of the overall 2D model is provided in Figure 4a, where different colors
indicate different materials. The model lumps the additional moisture influx along the
brick–mortar interface together with that of the mortar as a simplification and, thereby,
ends up with an increased capillary conductivity for the mortar during absorption. That is,
lumped properties are applied only during rain events. Figure 4b illustrates how the mortar
joints are modelled. Joints with a continuous brick–mortar interface from the exterior are
modeled with the lumped properties (dark blue Figure 4b). Whereas mortar joints that
have no brick–mortar interface continuity to the exterior are modeled with normal mortar
properties (light blue–grey Figure 4b). The mortar with lumped properties arrives at a
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capillary absorption coefficient in the same order of magnitude as the brick, see Appendix A.
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grey) capturing the collar joint and the mortar not having continuous interface from the exterior.
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interior of the masonry; and (e) the beam end.

The air cavity around the beam end is modeled as humid air according to formulas
in [45], corrected for radiation and convection over a cavity width of 20 mm following the
WUFI help file [46]. However, for simplicity it is only corrected for as a vertical cavity in the
transverse direction; thus, neither accurate for the horizontal cavity-part above the beam
end, nor correct in the vertical direction for the vertical cavity.

Description of how the SVB is modelled is provided in Appendix B.
The exterior and interior heat-transfer coefficients are both taken as 25 W/(m2·K),

whereas the vapor-transfer coefficients are both 2 × 10−7 s/m. Equal coefficients are used
on both sides due to the ventilation conditions created by the climate simulator.

Model boundary conditions are given a timestep resolution of 600 s to capture the
climate sequence of the experiment. The simulation is run with maximum timesteps of
30 s for rain events and the temperature jump (Figure 3) and the 20 min leading up to the
events. For the temperature jump, small timesteps are applied to accommodate model
algorithms of the humid air layer behind the beam end. Otherwise, temperature jumps
would not be a particular issue requiring low timesteps. Timesteps of 600 s are used for
approximately 2 h prior to boundary condition changes. Elsewhere, timesteps of 3600 s
are used. Low timesteps in the lead-up time to events or boundary condition changes is a
technical measure taken to avoid timesteps having been shifted to the point where they
overstep events, which can happen in COMSOL when using free time-stepping taken by
the solver in combination with maximum step size, since it only updates timestep size
before initiating a new timestep. Thus, if operating with, for instance, timesteps of 600 s or
3600 s up to an event one might risk losing, respectively, up to almost 600 s or 3600 s of
the event. Before this became apparent to the authors, some simulation try runs lost a rain
event causing strange inconsistency between results.
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Applied mesh resolution is illustrated in Figure 4c. Increasing mesh resolution further
did not provide significant impact to results. The mesh includes eight boundary layers
on the exterior surface that is exposed to driving rain. The thickness of the layers grows
with a stretching factor of 1.3, with the outermost, and thinnest, being 0.5 mm thick. The
high mesh resolution below the corner of the beam end is due to the humid air at a point
in time reaches saturation and condensation conditions when in contact with the asphalt
sill gasket. However, surface condensation from humid air is not included in the model.
Instead, the humid air is allowed to go to unphysical supersaturation. This simplification
was deemed acceptable since these conditions only happen at this location for some hours
after the temperature jump initiating the warm period.

4. Results and Assessments

If not otherwise stated, the RH reading position is taken 5 mm from the interior
masonry surface, and the beam-end moisture content reading is taken 2 mm into the beam
end 25 mm from the bottom, see Figure 4d,e.

Note that the resistance moisture meters used to detect moisture content in the beam
ends did not manage to provide reliable moisture contents below 8–10%. Furthermore,
in the experiment the acclimatization time from very dry conditions was insufficient to
arrive at consistent 20% RH throughout the structures. Hence, the sensors display lower
RH and moisture content than the initial condition used in simulations, with the latter
following the exterior and interior climate at the experiment onset. The initial conditions of
the experiment and the simulations are therefore not comparable. The consequence of this
should, nevertheless, be insignificant after moisture from rain events reaches the sensors or
reading positions.

4.1. Uncertainty from Hydraulic Conductivity

Hydraulic-conductivity curves are modelled following a bundle-of-tubes model de-
scribed in Knarud et al. [17]. Input to generate a conductivity curve includes Aw-value,
retention curve, and vapor resistance. Among these inputs, uncertainty regarding impact of
the Aw-value and retention curve will be assessed in this and the next section. For the brick,
the Aw-value was measured [30] for enough specimens to identify standard deviation.
Simulations with conductivity values generated for−2, −1, +1, and +2 std. of the Aw-value
can, thereby, be assessed. Standard deviation was not given for mortar. Instead, a likely
min–max range was provided. For simplicity, we here put the min as −2 std. and max as
+2 std. so that hydraulic-conductivity curves can be generated in the same format for the
two materials, see Figure 5a,b. As seen from Figure 6, the variation in Aw-value has a large
impact on how early the RH sensor responds to increased moisture intrusion in the wall
structure. The variation in mortar properties and, especially, in the lumped properties due
to the large uncertainty span in Aw-values is likely a large contributor to this, whereas the
variation for brick is likely of relatively low impact due to the low standard deviation for
the brick. Interestingly, higher Aw-values do not increase RH in the warm period much,
whereas lower Aw-values decrease the RH. This is due to changes in the saturation level
at the masonry interior, where the higher Aw-values provide lasting ~100% RH at the
masonry interior while lower Aw-values provide lower RH values. This reveals a downside
with the conservative model setup, where little to no variation in RH reading value is
possible upwards after the interior masonry reaches ~100% RH. Thus, impact of worsening
material and model conditions falls into a blind spot of the RH sensor. What is left to be
distinguished from the RH readings is the response rate to rain events in the first half of
the cold period.
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in [30]. Lumped properties are explained in Section 3.4 and Appendix A.
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For the beam end, higher conductivity curves provide earlier drying, while lower
curves delay drying.
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4.2. Uncertainty from Retention Curve

Regarding the uncertainty caused by not knowing the exact retention curve for the
brick and mortar, impact of the retention curve is assessed. Uncertainty in the retention
curve is approached by generating two extreme retention curve-“outliers”, Figure 7a,c. The
min- and max-retention curves, respectively, correspond to the perceived low and high
end of pore sizes that are plausible for the materials. Associated hydraulic conductivity
is generated with these retention curves, thus, giving corresponding min and max con-
ductivity curves in Figure 7b,d. However, the lumped hydraulic-conductivity curve is
taken as the default lumped-properties curve in Figure 5. The results, see Figure 8, display
remarkably small difference between the simulations. The max setup has marginally earlier
response and higher values for the RH reading, whereas the opposite is the case for the low
setup. For the beam-end moisture content, the max and low setups provide, respectively,
somewhat higher and lower moisture content at the onset of the warm period.
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4.3. Reading Position

Initially, the RH reading position was assumed to align with the center of the RH
sensor. With the sensor having a thickness of approximately 10 mm, the reading position
in the simulation model was taken 5 mm from the masonry interior surface. However,
after reconsideration, this assumption was drawn into some doubt. Especially, since the
simulation results, see Figure 6, seem unable to increase the RH much above 90% in the
cold period at 5 mm distance, whereas RH 4 is seen to go higher. The result difference in
Figure 9 follows closely the temperature difference between 5 mm and 0.5 mm (Figure 10),
correlated with the consequent temperature-dependent change in saturated vapor pressure.
Assessing the situation, the simulation model is simply built up with insulation in the
location of the sensor, whereas in the experiment the insulation bends around the sensor.
Hence, locating the reading position at a certain distance from the masonry will effectively
put it into the insulation. Even though the glass wool is rather vapor-open, the insulation
still provides a thermal resistance over 5 mm, which affects effective temperature and,
consequently, the RH level. Also, it might be that the RH sensor is more sensitive towards
the highest RH level one side of it experiences, that is, with one side being pressed up
against the masonry, higher RH may be experienced at the RH sensor openings at that side,
and, effectively, influence what is measured. In Figure 9, assessing the simulation results
against the experiment, a 0.5 mm distance is closer to RH4 and RH6, while 5 mm distance is
partly closer to RH5 in the cold period of the experiment. However, the higher RH6 curve
can be partially explained with the increased insulation thickness (150 mm) causing the RH
sensor to be in colder surroundings. The jump of the RH5 curve at the start of the warm
period is also seen from the simulation with 5 mm distance.
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Beam-end results for reading position, and isotropic and anisotropic beam-end properties.
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Figure 10. Temperature results. Varying reading-point distance from the interior masonry surface
compared to experiment results of RH4.

Temperature reading at 0.5 mm is approximately 1.10 K lower than at 5 mm during
the cold period (Figure 10), where the latter is almost a match to the measurement, but
incrementally higher and lower during the cold and warm periods, respectively. Temper-
ature peaks not aligning with rain events in the experiment results are likely due to ice
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accumulation and defrosting of the ventilation system in the climate simulator. In perspec-
tive, specifically addressing the cold period, both results are, respectively, well within or at
the ±1 K threshold for narrower accuracy range for at least 95% of the data, suggested by
Huerto-Cardenas et al. [10] for model validation. However, the strictness of such a criterion
is dependent on the variation in boundary temperature, and the criterion is intended for
simulation in comparison to in situ or field measurement, not a laboratory climate sequence
as is the case here. From these results, see Figure 10, it is indicated that choosing a RH
reading position at 0.5 mm likely underestimates the temperature and overestimates the
RH somewhat during the cold period.

Beam-end moisture readings are taken at 1, 2, and 5 mm into the wood, see Figure 4e.
The readings at 1 and 2 mm are close to enveloping the B4 result in the cold period and
the beginning of the warm period, whereas the moisture content decreases much faster
than in the experiment over the second half of the warm period. The reading at 5 mm fails
to be conservative for B4; however, it succeeds in being conservative for B5 and B6 for
the cold period and the beginning of the warm period. It is relatively close in following
the B2 trend over the cold period. There might be a significant uncertainty regarding
the electric conductivity in the wood at these depths at the beam end, as it is affected by
surface roughness, cracks, and local wood density and wood ring structure. Thus, local
differences in wood structure can, by contributing to measurement uncertainty, explain
the large differences between the segments, in addition to uncertainty regarding masonry
heterogeneity and unevenness in the air-layer thickness, which affect moisture transport,
that is.

4.4. Isotropic vs. Anisotropic Beam End

Applying isotropic material properties is a common simplification in hygrothermal
modeling. It is, therefore, of interest to investigate the difference arising from such a simpli-
fication. For the isotropic case, longitudinal wood properties are used in both directions. In
the anisotropic case, the wood properties in the vertical direction were replaced with radial
properties for capillary conductivity and with twice the vapor resistance of the longitudinal
direction, instead of the radial vapor resistance; this, with the assumption that the radial
vapor resistance would be too strict considering the presence of cracks and the tangential
influence in the 3D wood structure not being captured well by the 2D model. A difference
between isotropic and anisotropic modeling is, indeed, seen in Figure 9, although not
large. With the isotropic simulation, there seems to be a greater influx of moisture into the
beam end from the masonry in the vertical direction, due to longitudinal wood properties,
thereby, maintaining a higher moisture content longer than for the anisotropic simulation.

4.5. Effect of Lumping Mortar Properties and Brick–Mortar Interface Properties

A simulation was also undertaken with normal mortar properties for all joints, not
compensating for the brick–mortar interface. An issue of numerical instability was expe-
rienced with this simulation at the fourth rain event (second rain event pair), preventing
the simulation to proceed at acceptable speed. The instability is believed to have been
caused by the mesh boundary layer, presumably, due to the large difference in capillary
conductivity between mortar and brick along these layers. The solution became to replace
the exterior 5 mm of the mortar joint with mortar having lumped properties. The mesh
boundary layer was reduced to six layers with growth governed by a stretching factor of
1.1, and joints in the exterior half of the masonry were given increased mesh resolution for
smoother transition from the boundary layers. This ensured that boundary layers would be
well within the exterior 5 mm of the joints. Boundary layers were kept, due to Equation (5).

As seen in Figure 11 the simulation with normal mortar property joints results in
both a later RH curve in response to rain events and a lower curve for beam-end moisture
content during the warm period.
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4.6. Effect of “Leaky” Joint Inclusion

In the laboratory experiment, recorded video monitoring of segment 2 revealed rapid
localized moisture permeation. Figure 12 shows moments from this monitoring, with the
visually confirmed extent of the wetted surface area (area of dampness) outlined after the
first and second 40 min rain events.
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Figure 12. Segment 2 rain permeation of a mortar joint; (a) before rain events, (b) after the first
40 min rain event (initiated at 150.6 h), and (c) after the second 40 min rain event (initiated at 153.6 h).
The extent of the wet masonry surface is outlined.

During the first 40 min rain event (at 150.6 h), the first sign of moisture permeation
became visible after only 3 min. This was a very rapid permeation and would indicate a
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leak infiltration or interpenetration along a brick–mortar interface, capable of wetting the
interior masonry surface.

Due to this observation, a “leaky” mortar joint was modeled with a 10-times higher
capillary absorption coefficient (Aw-value), i.e., AW = 2.5 kg/(m2s1/2). That is, it became an
extreme case of the lumped properties approach, as a simple, less mesh-intensive alternative
to fracture modeling as in [28]. No effort was undertaken to calibrate this Aw-value to
measurements, so it should be understood as an example value. Three simulations were
then run with one “leaky” mortar joint, respectively, replacing the closest mortar joint
below the interior RH sensor and the joint one brick course and two brick courses further
below. The results are provided in Figure 13. Including a “leaky” mortar joint just below
the sensor provided RH results that showed much faster response time, early on close to
RH6. With a “leaky” joint one brick course below, the sensor response was a bit earlier than
RH4. “Leaky” joint two brick courses below the sensor also showed early response but
with less rapid rise than for the one brick course below.
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Figure 13. Inclusion of a “leaky” joint just below the sensor, and one brick and two brick courses
further below, respectively.

Often the first onset of moisture permeation is observed through the head joint [24];
however, the head joints are not realistically present in a 2D model of the vertical cross-
section. Hence, to see the effect of a “leaky” head joint, a 2D model of the horizontal
cross-section or, more realistically, a 3D simulation, would be necessary. Permeation
through head joints is also observable in Figure 12.

Overall, a “leaky” joint is a 3D occurrence since it would likely have limited extent,
whereas in 2D it implicitly has unlimited extent in the missing dimension. 2D results
should, therefore, be approached with some care.

4.7. 3D vs. 2D Model

Simulating 3D details like the beam end with a 2D model also introduce uncertainties.
Nevertheless, not many studies have provided 3D simulation including beam end. A reason
for this is the high numerical complexity and computational requirements associated with
a 3D model. Thus, 3D models are usually simplified to homogeneous masonry or layers of
masonry and are not of bare brick masonry exposed to rain, see [47,48].
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A 3D model was built to investigate the difference compared to the 2D model. The
model extents are illustrated in Figure 14a. To limit computational demand, the model
takes advantage of axis-symmetry along the center of the beam. Furthermore, the extent
of the model is limited around the beam at a distance that from the 2D simulation was
indicated to have low impact from the heat and moisture transport occurring around the
beam. Due to the limited extent of the 3D model, the RH reading position has been moved
two brick courses closer to the beam end. An air layer of 13 mm thickness is present on the
side of the beam end, separating it from the masonry.
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Figure 14. (a) Extents of 3D model, and (b) initial moisture content distribution given as log(pc) at 825 h.
The contour plot it generated after gradients are created, thus, sharp initial jumps are smoothed out.

Stable numerical solving of the rain events was not achieved in the 3D model. To avoid
simulating the rain events, moisture content after the final rain event, seen from the default
2D simulation, was provided as initial moisture content, with a simplified distribution over
the masonry, for a 2D and 3D model setup starting after the final rain event. Figure 14b
shows the capillary pressure distribution, applied as initial conditions to distribute the
moisture content. The initial temperature was set to 23 ◦C for the whole structure. Due to
time constraints on simulation runtime, another simplification of the 3D model involved
having a lower resolution mesh than the 2D model. Somewhat lower accuracy should,
therefore, be expected in 3D compared to 2D.

The results of the 2D and 3D simulations using initial moisture contents instead of rain
events are given in Figure 15. A difference is seen in the RH results where the 3D simulation
shows a higher curve in the cold period. This is, mostly, due to the 3D simulation predicting
slightly lower temperature, see Figure 16. However, it can also have been influenced by
the moisture distribution (initial or otherwise) acting differently. Furthermore, having
moved the reading position closer to the beam end may be the reason for the RH curve
becoming slightly lower at the end of the warm period. The default 2D simulation and
the 2D simulation with initial moisture provides almost identical results. Also, for the
beam end, only slight difference is seen between the two 2D simulations, whereas the 3D
simulation provides large deviation to the 2D simulation at the beam end. More moisture is
taken up during the cold period and a high level with slow and long dry-out is seen in the
warm period. A slightly lower temperature at the beam end is seen in the 3D simulation
during the cold period compared to the 2D simulation. These differences are likely due to
the beam end in the 3D simulation being surrounded by moist masonry, although separated
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by air layers, whereas the 2D simulation implies that the beam end stretches out indefinitely
in the missing dimension.
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4.8. Effect of SVB

Before addressing the effect of SVB, read-out values of the SVB operating status are
briefly summarized. During the cold period, the vapor resistance of the SVB decreases
simultaneously as moisture from rain events intrudes into the wall. For the unaltered SVB
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setup, see Appendix B, the lowest it reached was about sd ≈ 15.6 m in the cold period (read
in the SVB across the insulation from the RH sensor). In the warm period, the sd-value
slowly increased in the interval sd ≈ 0.55–0.57 m with the exception of the scenario with a
“leaky” joint next to the sensor which experienced sd ≈ 0.53–0.55 m.

Uncertainty accompanies the SVB modeling due to a low resolution in the
RH-dependent vapor-resistance test results provided by the SVB documentation. As
described in Appendix B, the vapor-resistance values between known values are manually
curve-fitted. Consequently, the values are inherently uncertain and might miss the reality.

To investigate effects of the SVB, compared to effects of no-vapor-barrier and tradi-
tional polyethylene barrier, simulations were set up with the presumed vapor resistance
multiplied by a factor. That factor was given values: 100, 1, 0.5, 0.25, 0.1, and 0.01, where
1 represents the presumed behavior, 100 becomes more like a traditional polyethylene
vapor barrier, and 0.01 is close to no vapor barrier. 0.5, 0.25, and 0.1 are added to show
intermediate values and the response of the simulation results. Although there are limits
to improvement of SVB products, i.e., product development capable of reducing vapor
resistance during high RH conditions, intermediate values, at least, provide a notion of
improvement potential.

As seen in Figure 17, only minimal RH difference exists between 100sd and 0.10sd
up to the onset of warm exterior climate at 1632 h. For the case with very low resistance,
i.e., 0.01sd, a much quicker rise in RH and a higher RH level are observed. For the drying
period after 1632 h, vapor resistance of the SVB has large impact. Although the presumed
performance of the applied SVB (1.0sd) does not show much drying, it is, nevertheless, an
improvement compared to how a traditional polyethylene vapor barrier would perform
(100sd). Lower sd shows greater drying, with practically no vapor barrier (0.01sd) having
the fastest dry-out.
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In the current simulations, varying the SVB vapor resistance shows a relatively in-
significant effect on beam-end drying. It supports the observation in [30] that the beam
end shows no clear effect or only minor effect changing from polyethylene vapor barrier
to SVB.
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5. Discussion
5.1. Numerical Model Issues

Applying sudden rain flux of the magnitude of rapidly wetting the masonry to capil-
lary saturation was found to be leading to some numerical instability. Primarily, the rain is
modeled as a step function. Even though the step is given continuous second-derivative
smoothing over 60 s, the numerical simulation struggles with the abruptness and magni-
tude of the rain load, especially when the exterior surface is relatively dry prior to the rain.
Several aspects were found to have an impact on this situation.

During establishment of the model, it was discovered that the numerical stability
was impacted by the retention curve, with sharp jumps giving more numerical instability
than smooth retention curves. Similarly, Gutland et al. [28] reported numerical issues if
the retention curve was to be modeled as a step function (the most extreme case of sharp
retention curve), in the hygrothermal simulation software DELPHIN.

Janssen et al. [49] addressed oscillations observed at the toe of the moisture front,
where oscillation magnitude was found to be dependent on initial moisture content and
mesh discretization. They concluded that such oscillation had a limited effect on the overall
result over time. Furthermore, they argued that with natural climate exposure one will
rarely experience such sharp moisture fronts, making such simulations even less affected
by this issue. The findings of Janssen et al. are similar to observations during the current
study, although the issue has not been explicitly studied. However, oscillations localized
somewhere along the moisture front toe (2D), sometimes severe, are observed. Nevertheless,
the simulation quickly becomes corrected, erasing the trace of the oscillation in a relatively
short time span (a few hours), compared to the overall duration of the simulation case. Still,
numerical instability may be caused by such oscillation, leading to situations where the
numerical iteration does not converge well.

COMSOL will, in situations where the iterative numerical solution does not converge
and satisfy the tolerance criteria, try smaller and smaller timesteps. With repeated no
convergence, the timesteps become untenably small.

It was found that, in some cases, a couple of measures could improve numerical
solving (prevent or rein in small timesteps). The model can be relaxed with regard to the
rain load when numerical convergence becomes poor (small timesteps) during absorption
from rain events. This involves the rain load being relaxed linearly when at times the
convergence timesteps become small, e.g., <0.02 s, so that 0.002 s timesteps only have a
1/10 of the rain load. Similarly, the masonry absorption-capacity can be relaxed linearly for
timesteps, e.g., <0.1 s. These two relaxations do not occur simultaneously, with the second
only applying when the exterior surface moisture content becomes close to saturation.
Additionally, the rain flux can be modeled as linearly diminishing over a capillary pressure
range, e.g., 1351 Pa > pc > 13.5 Pa (0.99999 < φ < 0.9999999 at 20 ◦C), which is well below
the overall moisture retention interval of capillary pressure for brick and mortar. These
two measures with the aforementioned values were implemented in the simulations of the
present study.

The numerical instability is believed to be caused by either or both the sharp moisture
front gradient, creating oscillation with under- and overshooting at the moisture front toe,
and the possible overshooting of the saturated moisture content from one timestep to the
next, creating difficulties with numerical handling. This is also influenced by interaction
between brick and mortar when they have very different capillary conductivities.

5.2. Capillary Model Evaluation

To assess the rain absorption of the model, a simple one-brick geometry was sim-
ulated with exposure to the rain for two hours through the brick face. From the simu-
lation with the default hydraulic-conductivity curve a result of Aw = 0.194 kg/(m2s1/2)
was calculated. This value is considered reasonably close to the measured absorption
coefficient Aw = 0.188 kg/(m2s1/2), which was used as input to generate the capillary-
conductivity curve applied in the model. For comparison, the max-setup (Section 4.2) pro-
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vided Aw = 0.182 kg/(m2s1/2) and the min-setup gave Aw = 0.174 kg/(m2s1/2). Whereas
the min-setup is deemed to behave logically, the max-setup gave surprisingly low value
and seemed to attract some more numerical instability, possibly causing it to underesti-
mate the absorption rate. Overall, the values indicated that the model approaches rain
absorption as severely as free liquid absorption in an absorption experiment. Similarly,
normal and lumped mortar properties, respectively, resulted in Aw = 0.023 kg/(m2s1/2) and
Aw = 0.22 kg/(m2s1/2), fairly close to the 0.025 and 0.25 kg/(m2s1/2), respectively, applied
as input to generate the capillary conductivity.

Although the simulated Aw-values came close to the measured/intended values,
the correctness of the hydraulic-conductivity curves is not thereby implied. For instance,
Janssen [50] showed the same capillary-absorption results could be produced from different
conductivity curves, including having variation in the conductivity at capillary saturation.
To further evaluate accuracy, laboratory measurements of moisture front profiles would
be needed for comparison to profiles from simulations. Such profiles are furthermore
influenced by the retention curve which is unknown for the specific brick.

5.3. Material Properties and Model Uncertainties

The simulations show some significant deviations to the experiment results. Especially
the RH sensors RH4 and RH5 show a drying trend that has not been replicated, nor
attempted to be replicated, within the current study and model framework. This is partly
due to the conservative approach of the simulation study, which likely overestimates the
moisture uptake of the masonry. Nevertheless, uncertainty with both material properties
and conservative boundary conditions impacts overestimation of moisture content. To
elaborate on this, possible explanations for the observed deviations can be:

• There might be less overall rain uptake in the masonry, due to runoff, in combination
with “leaky” joint interfaces enabling leak-like intrusions (infiltrations) through the
masonry. This would enable the RH sensor to still show rapid response to rain,
while the masonry overall would store less moisture needing to be dried out inwards
through the SVB; this, plausibly in combination with interface resistances, lower acting
capillary conductivities, or higher vapor diffusivities for the rest of the masonry;

• The exterior finish of the masonry having been brushed with heavily wetted mor-
tar [30] could have closed the surface pores of the bricks, or created a surface coating,
that reduces moisture absorption of the bricks;

• The interior insulation structure and mounting of the SVB in the experiment may have
been less air-tight than presumed in the simulation model.

Furthermore, the drying rate of the beam end at the end of the warm period is larger in
the 2D simulation than indicated in the experiment. As seen in Section 4.7, a 3D simulation
shows a much more severe situation for the beam end. This result differs from the findings
of [47,48], which indicated that 2D simulations were able to replicate measured results
very well, with only small differences seen between 2D and 3D simulations. A reason for
why these results differ is likely due to the differences in scenario, with the present study
covering severe rain wetting of bare brick masonry, whereas the other studies involve lower
rain severity in combination with external render and thicker masonry, including applying
layered masonry models instead of modeling all mortar joints.

Regarding the SVB modeling, there is also some uncertainty. Unknown intermediate
vapor resistance values for the SVB and possible, but unknown, directional dependence,
rendered the modeling difficult and uncertain (see Appendix B). It is plausible that the
SVB has a lower vapor resistance than what was modeled in certain RH ranges. To include
SVB functionality more confidently in hygrothermal simulation models, there is a need for
documentation of SVBs that provides more information and considerably higher resolution
in sd-values over the RH-range than what were available.
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5.4. Conservative Modeling Philosophy

When conducting hygrothermal simulations for comparison to experiment results,
one can question the intended purpose. That is, should the simulation aim at replicating
specific results with low error of deviation or should it provide a conservative result that
with a safety margin envelopes experiment results? This becomes an important question
when acknowledging that the experiment results show a large span in behavior; in fact,
behaviors differing so much that one could believe they were stemming from differently
constructed masonry walls. However, it mainly confirms the diversity or heterogeneity
of masonry regarding moisture transport, especially relevant for bare external masonry
façades exposed to driving rain. Replicating specific results from experiments might,
therefore, be unrealistic. This corresponds with; that heat, air, and moisture transport
models (HAM models) have been attributed with providing good results in problems
where the aim is to reproduce patterns [51].

Whether insurance of conservative results should be sought is not often addressed or
pondered (we here exclude such discussions in topics on numerical methods and numerical
solving). The “question of conservative” is more commonly discussed regarding selection
of a moisture reference year or the use of damage indexes, e.g., mold or frost risk models.
For instance, the European standard EN 15026 [52] states that a moisture reference year
should reflect the most severe conditions likely to occur every 10 years. A 10-year return
period has been deemed appropriate, intending that it allows moisture accumulated in “a
bad year” to dry out in subsequent years [53]. Regarding mold models, Johansson et al. [54]
suggests predictions should have a safety margin, i.e., the models should be conservative;
although, the safety margin should not be excessive, due to the extra costs that would entail.
With humidity loads often being the cause of building envelope deterioration and limited
service-life, Kalamees [55] states that the common practice of neglecting safety factors in
hygrothermal design deserves some criticism. Hens [56] harshly criticizes the practice of
hygrothermal modeling as modeling fiction. That is, geometry, material properties, climate
exposure, contact conditions, and initial conditions are not well known; nevertheless, they
are modeled as well defined in deterministic models. Models should address probability
and risk, not only be able to model very specific cases of extremely simplistic building
parts [56]. An emerging discipline of probabilistic hygrothermal simulation-based risk
assessment [36,57,58] has, to some extent, met this call for interior insulated masonry by
combining hygrothermal simulation with Monte Carlo simulation. These studies assess
the probabilistic sensitivity occurring from input values (e.g., properties and boundary
condition coefficients) described with probability distributions. However, hygrothermal-
simulation modeling choices or approaches, within the framework of probabilistic risk
assessment of degrees of model reliability, are not particularly addressed. That is, less
discussed is how to ensure conservative model design, or model design which does not fail
to reveal conflict with the initiation or serviceability limit state. The initiation limit state
is defined by ISO 13823 as “state that corresponds to the initiation of significant deterioration
of a component of the structure” [59]. Implementation of serviceability limit state (SLS) anal-
ysis following ISO 13823 is discussed by Lacasse and Morelli [60]; herein, with focus on
climate-exposure input and hygrothermal-simulation results for use in damage indexes
(RHT index) in a comparative capacity. One modeling aspect is addressed by including
different degrees of moisture deposition on a sill plate in a stucco-clad wood-frame wall to
illustrate impact on the RHT index. Nevertheless, the modeling aspect is not particularly
discussed in relation to the SLS analysis. They conclude the hygrothermal SLS approach
has merit, albeit not yet fully explored [60]. As another example, rain infiltration in brick-
veneer walls has, to some extent, been investigated and discussed in terms of modeling
choices [13,24,61,62]. Similar insight is, however, limited in regard to historic masonry [61].
However, two studies should be mentioned. Simplifications of modeling masonry as a
homogenous brick layer (1D) instead of a brick–mortar composite (2D), with and without
interface resistances, were investigated by Vereecken and Roels [21]. Their study insight-
fully demonstrated the parts both brick and mortar played in moisture transport and
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distribution. Moisture transport along brick–mortar interfaces were not included. That,
however, was addressed by Gutland et al. [28] who provided a modeling methodology for
increased moisture transport along the brick–mortar interface and demonstrated its func-
tionality and performance. However, these studies were rather limited in geometric extent,
focusing on interaction between a few bricks and joints, and did not address performance
of interior insulation retrofit in this regard. Thus, more insight is needed into whether
models represent correct transfer mechanisms. The term transfer mechanisms is taken from
ISO 13823 [59,63].

While the current study does not address probability distributions and probabilistic
sensitivity from material properties, contact conditions, or initial conditions, the simulations
have been established with an attempted conservative approach of rainwater absorption.
This has been apporached by ensuring the maximum amount of rainwater absorption
that material properties of brick and mortar allow for, including accounting for increased
absorption of the brick–mortar interface. Nevertheless, this was not sufficient to recreate the
rapid RH-response (all sensors) and the high RH levels (RH4) on the inside of the masonry
during the cold period seen in the experiments. Including a “leaky” joint to resemble an
infiltration leak was necessary to approach conservative RH-response results, whereas a 3D
model was found necessary to provide slow dry-out of beam ends and conservative results
during the warm period. Scrutiny regarding results reading position compared to sensor
extents has also been shown to be useful. This should be a call for a discussion regarding
how such, or similar, masonry structures should be modeled to uphold confidence of result
conservativeness.

6. Conclusions

The study applies a conservative 2D simulation model to investigate and demonstrate
the impact of uncertainty and modeling choices, with the simulation results compared to
results of an experiment for a check of realism. The simulation model is very conservative in
the aspect of allowing high rain absorption and, consequently, high moisture content in the
wall. This approach is seen to underestimate the water transport of “leaky” joints. Including
“leaky” joints with substantially higher moisture transport in the model is shown to produce
RH response in line with the more severe laboratory results at the masonry interior surface.
At the same time, the 2D model underestimates the long drying out times of the beam
end. When applying a 3D model for comparison, a substantially higher moisture content
and longer dry-out time is predicted for the beam end. Nevertheless, the conservative
approach likely becomes too severe, failing to replicate the distinct drying trend seen in
two of the RH-sensor data on the masonry interior surface. It is believed several factors,
such as rain-absorption effectiveness, capillary conductivities and interface resistances in
the masonry, SVB vapor resistance, and non-homogeneous material properties, affect the
situation simultaneously, making the experiment drying trend less severe than the results of
the basis simulation. This highlights a question of how to model correct moisture-transfer
mechanism to uphold model confidence. This, especially, applies to bare brick masonry
exposed to severe rain, where the rain absorption may follow infiltration pathways.

The conclusion is summarized as follows:

• Uncertainty in hydraulic conductivity curves for brick and mortar are clearly impacting
results, with a large impact on response of RH sensors to rain events, and on the
dry-out of beam ends. Large uncertainty regarding the mortar capillary absorption
coefficient was likely the dominant cause;

• Altering the retention curves, including subsequent impact on hydraulic-conductivity
curves, had moderate to minor impact on the results. However, with the model
operating around the highest RH range that the RH readings could detect at the
reading location, and with some uncertainty regarding numerical solving, the true
impact of altering the retention curves became obscured;
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• RH results are sensitive to the results reading position in the model when comparing
simulation to experiment, for the experiment sensor located interior to the masonry
surface at the masonry–insulation interface. Similar is the case for the beam-end mois-
ture sensor, regarding at what depth into the modeled wood readings are conducted.
Consideration should be given to sensor location and behavior in experiments when
choosing reading position and when evaluating simulation results;

• Modeling wooden beam end as anisotropic instead of isotropic does influence simula-
tion results;

• Lumping moisture transport along the brick–mortar interface with mortar properties
does show more rapid RH response and slightly increased RH at interior masonry
surface. It, furthermore, increases moisture content at the beam end compared to
results with normal mortar properties. However, the effect is not large enough to
ensure the rapid RH response seen of RH sensors to rain events;

• Inclusion of a “leaky” mortar joint, representing considerably faster moisture perme-
ation from rain events along the brick–mortar interface provides results more in line
with the rapid RH-sensor response seen in experiment. The inclusion of a “leaky”
mortar joint is supported by experiment observations;

• Conservative beam-end moisture content is neither achieved with normal mortar
properties nor with lumped properties in 2D simulation. In contrast, a 3D simulation
is seen to give much higher moisture content in the beam end and longer dry-out
times providing highly conservative results;

• Vapor resistance of SVB has low influence on results during the cold exterior climate.
With warm climate, the dry-out towards the interior are highly dependent on SVB
vapor resistance. If further product development could achieve lower vapor resistance
of a SVB product for high RH environments, this could provide significant benefits
with regard to dry-out performance;

• Vapor resistance of SVB has almost insignificant influence on beam-end dry-out under
the studied conditions;

• The (conservative) modeling approach clearly overestimated moisture content in the
masonry, and within the conservative model framework the distinct dry-out trend
seen in two of the three experiment wall segments investigated was not replicated, the
model, thus, giving indication of being too conservative in some respects.
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Appendix A Hygrothermal Formulas and Material Properties

The retention curve is given by Equation (A1) which is a multimodal version of an
expression proposed by Carmeliet and Roels [64]. For more details, see [17].

w = wlim

[
exp

(
− Pc

ρwRwT

)]
︸ ︷︷ ︸

=φ

nw,0

+
(
wcap − wlim

)N=4

∑
i=1

(
lw,i
[
1 + (cw,iPc)

nw, i
]( 1−nw, i

nw, i
)
)

(A1)

where wlim would be the limiting, critical water content between the hygroscopic and
over-hygroscopic region; however, the actual wlim-value could be expected to deviate from
the critical moisture content, being a more arbitrary fitting parameter [64]. wcap moisture
content at capillary saturation, Pc capillary pressure, ρw density of water, Rw specific
gas constant for water vapor, nw,0 fitting exponent, lw,i weighing coefficient equal to the
share of pores associated with the corresponding inflection point in cumulative pore-size
distribution, i.e., Σlw,i = 1, cw,i inverse of Pc at inflection point, and nw,i fitting exponent.
Material properties are provided in Table A1 and coefficients in Table A2.

The vapor diffusivity is taken as Equation (A2) which is a combination of Schirmer’s
equation [65] and the scaling expression of the serial–parallel pore model [66] accounting
for liquid moisture content. The vapor-resistance coefficient µdry correlates the permeability
to a porous material, with µdry determined by dry cup measurements.
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with P0 and Pa, respectively, the standard and acting atmospheric pressure, T0 = 273.15 K,
p is the volumetric fraction that is parallel pore domain [18], p has simply been set to
p = 0.497 [8,44] for all materials, although p is material-dependent [66], and using a constant
for p has been disputed [18].

The moisture-dependent thermal conductivity is expressed as Equation (A3). A second-
order correction for moisture content is included to better represent insulation materials.
Use of Equation (A3) is a necessary simplification due to lack of conductivity measurements.
In reality, a highly non-linear relationship to moisture content may exist, which is better
represented with, for instance, the formulas in [67]. Coefficients and background for
Equation (A3) are listed in Table A3.
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w
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+ bw2

(
w
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)2
(A3)

where λ [W/(m·K)] is dry thermal conductivity, and bw1 and bw2 [W/(m·K)] correction
coefficients for moisture content.

From testing in our laboratory, we have found Aw-values for mortar joints when
including absorption effect from the brick–mortar interfaces parallel to absorption direc-
tion to be in the range 0.14–0.44 kg/(m2s1/2). Although these values have a wide span,
they can be said to be closer to the brick Aw-value of 0.188 kg/(m2s1/2) than the mortar
Aw-value (0.01–0.04 kg/(m2s1/2) [30]). The highest value in the span might be unreal-
istic for the wall that we are simulating since measures were made to achieve a rather
good-quality brick–mortar interface, more similar to test samples representing the lower
range of the span. However, these samples were constructed with similar, but slightly
different, bricks and mortar, thereby, introducing uncertainty. As a guesstimate, we chose
to apply an Aw-value of 0.25 kg/(m2s1/2), a factor of 10 higher than the normal absorption
value, for mortar joints parallel to absorption direction during rain events. Outside of
rain events, the intermediate Aw-value of mortar 0.025 kg/(m2s1/2) is applied to calculate
hydraulic conductivity.
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Table A1. Applied material properties.

Material wsat
[kg/m3]

wcap

[kg/m3]
wlim
[kg/m3]

Aw
[kg/(m2s1/2)]

µdry
[-]

λ
[W/(m·K)]

cp
[J/(kg·K)]

ρ
[kg/m3]

Brick high IRA 310.8 a 255.74 a 2.5 e 0.188 a 13.36 a 0.45 c 1000 c 1723 a

LC mortar 294 a 258.79 a 18 e 0.025 a 18.81 a 0.82 c 1000 c 1806 a

Gypsum 720 d 353 d 6 e 0.0397 d 6 b 0.25 b 850 d 720 b

Spruce longitudinal 600 600 d 60 e 0.00688 d 4.213 d 0.23 d 1500 455 d

Spruce radial/tangential 600 600 d 60 e 0.000933 d 8.426 f 0.09 d 1500 455 d

Mineral wool 992 d 232 d 0.61 e - 1.3 d 0.034 b 850 d 17 b

Asphalt sill gasket - - - - - 0.553 1500 1200

a measured, refer [30], wsat a guestimate based on measurements. b product declaration. c in accordance with EN
1745 [68]. d WUFI material database [46]. e curve fitting to sorption/retention curves. f arbitrary choice taking
into account radial and tangential directions, and occurrence of cracks.

Table A2. Coefficients for retention curves, expression (A1).

Material nw,0 lw,1 lw,2 lw,3 lw,4 cw,1 cw,2 cw,3 cw,4 nw,1 nw,2 nw,3 nw,4

Brick high IRA a 0.7 0.12 0.66 0.22 0 8.67 × 10−7 6.72 × 10−6 4.00 × 10−5 - 4 4 5 -
LC mortar b 0.4 0.07 0.55 0.36 0.02 7.41 × 10−8 4.20 × 10−7 1.13 × 10−6 2.00 × 10−5 3 5 4 2
Gypsum c 1.2 0.11 0.44 0.35 0.10 1.81 × 10−7 2.24 × 10−6 5.52 × 10−6 1.48 × 10−5 2.6 6 4 1.8
Spruce c 0.6 0.10 0.50 0.30 0.10 7.02 × 10−8 1.03 × 10−6 3.43 × 10−6 6.18 × 10−5 2.2 5 1.8 1.6
Mineral wool c 4 0.13 0.51 0.36 0 2.06 × 10−6 1.48 × 10−5 7.40 × 10−5 - 5 2.8 1.8 -

a curve fitting to a retention curve trend of a presumed similar brick, accounting for the measured sorption curve.
b curve fitting to retention curve trend, of a presumed representative mortar, that is, shifted on the capillary pressure
axis to fit with the measured sorption curve. c curve fitting to retention curves taken from WUFI material database [46].

Table A3. Conductivity correction coefficients.

Material λsat [W/(m·K)] a bw1 [W/(m·K)] bw2 [W/(m·K)]

Brick high IRA 1.35 b 0.9 0
LC mortar 1.5 b 0.68 0
Gypsum 1.16 b 0.91 0
Spruce 0.7097 b 0.4797 0
Mineral wool 0.5975 c 0.0159 0.5476
Asphalt sill gasket 0.553 0 0

a effective conductivity at saturation. b inspired by WUFI material database [46]. c conductivity of water at 293.15 K.

Appendix B Modeling of the SVB

The SVB is modeled as a material with a notional thickness of 10 mm. Heat capacity
and conductivity are scaled with factor 1/20 and 20, respectively, to account for the ratio
of notional thickness to actual thickness. Sorption is set equal to mineral wool without
conducting scaling, in lack of better estimates.

Vapor-diffusion resistance is modelled as dependent on RH on each side of the SVB.
Table A4 provides a matrix of sd-values found from manual curve fitting to a limited set
of measured values (underlined in Table A4) provided by a technical approval document
for the SVB. The matrix is rendered symmetric, i.e., assuming sd-values are independent
of SVB orientation, due to lack of information or data specifying otherwise. However,
directional dependence of SVBs or smart vapor retarders (SVRs) is common, e.g., [69], and,
consequently, to account for directional dependence such a matrix should be non-symmetric.
For visual perception, resultant curves are provided in Figure A1. One perceived outlier
(sd = 3 m at 75/25% RH) was excluded since it did not fit with the other data; however, it
might be plausible that sd = 8 m at 75/33% RH could be an outlier instead, or also, which
perceivably would radically lower sd-values in the affected region.



Bu
ild

in
gs

20
23

,1
3,

17
01

29
of

34

Ta
bl

e
A

4.
SV

B
s d

-v
al

ue
s

(m
)a

s
fu

nc
ti

on
of

R
H

at
bo

th
si

de
s

of
th

e
ba

rr
ie

r.
Bo

ld
,u

nd
er

lin
ed

nu
m

be
rs

ar
e

m
ea

su
re

d
va

lu
es

or
ig

in
at

in
g

fr
om

th
e

te
ch

ni
ca

la
pp

ro
va

l
do

cu
m

en
to

ft
he

SV
B,

w
it

h
on

e
ou

tl
ie

r
(p

re
su

m
ed

w
ro

ng
)p

la
ce

d
in

pa
re

nt
he

si
s.

R
H
\R

H
0

11
25

30
33

40
45

50
55

60
65

70
75

80
85

90
95

10
0

0
10

7
10

4
10

0
96

.8
93

82
73

63
52

42
32

22
14

8.
6

4.
4

1.
4

0.
43

0.
26

11
10

4
10

1
97

.5
94

90
79

.6
70

60
50

40
30

20
.5

12
7

3.
6

1.
15

0.
36

0.
22

25
10

0
97

.5
92

89
86

76
66

.5
57

46
37

28
19

10
(3

)
5.

4
2.

6
0.

82
0.

29
0.

17
4

30
96

.8
94

89
86

83
73

63
53

43
34

26
17

9
4.

9
1.

9
0.

7
0.

26
5

0.
15

8
33

93
90

86
83

79
68

58
48

38
.5

30
22

14
.8

8
3.

9
1.

45
0.

62
0.

25
0.

14
8

40
82

79
.6

76
73

68
52

40
30

23
17

11
.5

7.
5

4.
1

2
0.

92
0.

46
0.

22
0.

12
7

45
73

70
66

.5
63

58
40

28
.5

21
15

10
.5

7
4.

2
2.

4
1.

2
0.

7
0.

37
0.

2
0.

11
4

50
63

60
57

53
48

30
21

15
10

6.
9

4.
4

2.
65

1.
4

0.
88

0.
54

0.
3

0.
18

0.
10

2
55

52
50

46
43

38
.5

23
15

10
6.

8
4.

8
3.

1
1.

7
0.

96
0.

65
0.

42
0.

25
0.

16
0.

09
1

60
42

40
37

34
30

17
10

.5
6.

9
4.

8
3.

2
2.

1
1.

21
0.

74
0.

51
0.

32
0.

21
0.

14
0.

08
65

32
30

28
26

22
11

.5
7

4.
4

3.
1

2.
1

1.
42

0.
9

0.
58

0.
4

0.
26

0.
18

0.
12

0.
07

70
22

20
.5

19
17

14
.8

7.
5

4.
2

2.
65

1.
7

1.
21

0.
9

0.
65

0.
45

0.
31

0.
22

0.
15

5
0.

10
5

0.
06

75
14

12
10

(3
)

9
8

4.
1

2.
4

1.
4

0.
96

0.
74

0.
58

0.
45

0.
34

0.
24

0.
18

0.
13

0.
09

0.
05

2
80

8.
6

7
5.

4
4.

9
3.

9
2

1.
2

0.
88

0.
65

0.
51

0.
4

0.
31

0.
24

0.
19

0.
14

5
0.

10
5

0.
07

5
0.

04
5

85
4.

4
3.

6
2.

6
1.

9
1.

45
0.

92
0.

7
0.

54
0.

42
0.

32
0.

26
0.

22
0.

18
0.

14
5

0.
11

5
0.

08
5

0.
06

0.
04

90
1.

4
1.

15
0.

82
0.

7
0.

62
0.

46
0.

37
0.

3
0.

25
0.

21
0.

18
0.

15
5

0.
13

0.
10

5
0.

08
5

0.
06

5
0.

05
0.

03
5

95
0.

43
0.

36
0.

29
0.

26
5

0.
25

0.
22

0.
2

0.
18

0.
16

0.
14

0.
12

0.
10

5
0.

09
0.

07
5

0.
06

0.
05

0.
04

0.
03

10
0

0.
26

0.
22

0.
17

4
0.

15
8

0.
14

8
0.

12
7

0.
11

4
0.

10
2

0.
09

1
0.

08
0.

07
0.

06
0.

05
2

0.
04

5
0.

04
0.

03
5

0.
03

0.
02

5



Buildings 2023, 13, 1701 30 of 34Buildings 2023, 13, x FOR PEER REVIEW 31 of 35 
 

 
Figure A1. SVB sd-value curves each plotted with a constant RH level on one side with varying RH 
on the other side; (a) full range on y-axis and (b) reduced range on y-axis. Values from Table A4 
marked with dots. Measured values from technical approval document marked with squares. 

Appendix C. Model Algorithm Validation 
Presentation of benchmark results is provided to support confidence in the hygro-

thermal model that is applied in the current article. The Hamstad benchmark 4 [70] has 
been chosen since this implements severe climate exposure, including moisture conden-
sation, alternating rapid wetting and drying, in addition to moisture redistribution be-
tween two materials [44]. The benchmark is designed as a 1D benchmark, i.e., the heat and 
moisture transport are 1D directional. However, the benchmark has been run in COMSOL 
in 3D to verify that the model can handle 2D and 3D functionality. Still, it does not validate 
3D directional heat and moisture transport per se. Full description of the benchmark can 
be found in [44,70] and will not be repeated. 

Selected results of the benchmark validation are provided in Figure A2. The selection 
considers what are of particular interest for the current study; that is, validating handling 
of moisture front from severe rain absorption (see Figure A2e) and moisture redistribution 
(see Figure A2f,g). 
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Appendix C Model Algorithm Validation

Presentation of benchmark results is provided to support confidence in the hy-
grothermal model that is applied in the current article. The Hamstad benchmark 4 [70]
has been chosen since this implements severe climate exposure, including moisture con-
densation, alternating rapid wetting and drying, in addition to moisture redistribution
between two materials [44]. The benchmark is designed as a 1D benchmark, i.e., the
heat and moisture transport are 1D directional. However, the benchmark has been run
in COMSOL in 3D to verify that the model can handle 2D and 3D functionality. Still, it
does not validate 3D directional heat and moisture transport per se. Full description of
the benchmark can be found in [44,70] and will not be repeated.

Selected results of the benchmark validation are provided in Figure A2. The selection
considers what are of particular interest for the current study; that is, validating handling
of moisture front from severe rain absorption (see Figure A2e) and moisture redistribution
(see Figure A2f,g).
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