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Abstract

The uncontrolled presence of moisture in building envelopes and structures could be the
cause of several typologies of damages (for example freeze-thaw cycles damage or cor-
rosion of metal reinforcements) and health and safety hazard for the occupants (mould
and fungi growth). Several heat and moisture transfer models could be used to simulate
the phenomenon and, using the damage criteria, to predict the failure of the building
envelopes or structures. Some commercial software tools are available to the practi-
tioners but, not all the material producers provide the advanced hygrothermal material
parameters necessary to perform the simulations. Moreover, the proper weather files
that should be used to calculate the boundary conditions for the simulations are rarely
available. In this thesis, the models implemented in the commercial software tools are
presented and some of the limits met in the simulation process, mostly regarding mate-
rial parameters and the weather files, have been studied and analysed.

First, a practical comparison between the widespread Glaser method, a simplified
stationary method for the evaluation of the interstitial condensation, and a transient
coupled heat and moisture transfer model is presented, underlining the limitations of the
simplified method. With respect to the hygrothermal material parameters limitations,
two simple experimental procedures for the evaluation of the material properties are
presented. The obtained values are found to be consistent with the experimental results
by a comparison with the simulation. Then, the influence of hysteresis on the transient
hygrothermal behaviour of a cross-laminated timber wall is presented, showing that
by considering the hysteresis in the model, the quantity of moisture retained in the
structures during a year changes.

Regarding the boundary conditions, the procedures for the statistical selection of
representative weather files - used to model the typical weather of a location - and the
reference weather files - designed to represent the critical weather conditions of a location
- are presented. The study has been undertaken on the typical building envelopes for
different locations of Northern Italy.
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Introduction

An excessive presence of moisture in buildings is a well known cause of structural dam-
ages and health and safety hazards. Humid building materials in the indoor environment
are a favourable environment for growth of bacteria, moulds and toxins, which are a well
known cause of several kinds of diseases. First attempts to solve the problems related to
uncontrolled moisture presence could be found in early literature [1]. Even if all of these
failures are characterised by the presence of high levels of moisture, the causes could
be generally different and the solution of the problem has to be designed considering
the cause. An extended discussion on the identification of the causes is presented in [2].
Moreover, the studies of the moisture related problems are currently relevant, as proven
by the series of international collaborative projects funded on the topic which produced
relevant guidelines for the design and the conservation of buildings with moisture related
problems. Some examples are IEA Annex 24 (Heat, Air and Moisture Transfer Through
New and Retrofitted Insulated Envelope Parts (Hamtie)), IEA Annex 41 (Whole build-
ing heat, air, moisture response), MEWS project (Moisture Management for Exterior
Wall Systems), EMERISDA project (Effectiveness of Methods against Rising Damp in
Buildings) and the RIBuild project (Robust Internal Thermal Insulation of Historic
Buildings).

Health and safety of building occupants

In [3] a cluster of inflammatory rheumatic diseases were identified in an moisture-damage
office. Among the office workers, a high incidence of chronic inflammatory rheumatic
diseases was found in presence of moisture related damages. The working environment
had moisture and mould damages on the external walls and the indoor air was reported
to be of a poor quality. After an investigation a limited area of the walls was repaired,
without success. A reinvestigation confirmed the poor quality of the air and the mould
contamination of the insulation materials of the wall and the illnesses continued to
be found in the occupants. Also [4] identified a health centre with moisture damages
as a disease cluster. In the considered building, the workers, also within a year of
permanence, showed symptoms typically found in mouldy houses and had rheumatic
complaints (joint pains, arthritis, mucocutaneous symptoms, nausea and fatigue). The
building had water infiltration problems and damp ingress through the foundations
causing the mould growth in the wall insulations and high relative humidity values in
the floors of the health centre rooms.

The review presented in [5] discusses the effects of fungi on human health concluding
that “Indoor exposure and dampness, on the other hand, appears to be associated with
an increased risk of developing asthma in young children, and with asthma morbidity in
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individuals who have asthma. Reduced indoor exposure using a variety of interventions
primarily aimed at reducing moisture, killing fungi and removing contaminated mate-
rials, has been shown to decrease this risk of morbidity.” Living or working in presence
of dampness and mould growth on walls are also associated with the dampness and
mould hypersensitivity syndrome (DMHS). The respiratory symptoms are presented in
[6]: “As a rule, dampness and mold hypersensitivity syndrome (DMHS), as we call this
clinical condition here presents with signs of irritation of the respiratory tract and/or
the eyes. Subsequently, the patient may experience recurrent sinusitis or bronchitis and
neurological manifestations, such as headaches, nausea, and unexplained fatigue. Some
may develop rheumatic symptoms resembling fibromyalgia or neurological symptoms
may progress into pains and/or numbness in the legs and arms and the so-called brain
fog [...]. Some patients develop newly onset asthma, or may present asthma-like con-
ditions, such as dyspnea, burning sensation in the respiratory tract, and productive or
non-productive cough.” (excerpt from [6]). The study [7] concerning respiratory symp-
toms, asthma and rhinitis confirmed a correlation with dampness and mould at home
and at work.

Besides these striking examples, the uncontrolled presence of moisture in building
envelopes and structures could also be the cause of several typologies of structural
damages that will be addressed later, in Chapter 1. Numerical simulations could be a
powerful tool to control the moisture transfer in buildings, but their application could
be limited by some restrictions, that will also be discussed in the thesis.

Thesis outline

This thesis has the objective to identify some of the sources of uncertainties in the
simulation of moisture and heat transfer in building materials and to produce some
tools and methods that could be used to reduce these uncertainties.

First, in Part II, the principles and the theoretical description of the transient coupled
heat and moisture transfer will be presented, providing the reader with the descriptions
of the models used by the most common simulation tools.

Then, in Part III, in order to reduce the limitations imposed by the lack knowledge of
the hygrothermal material parameters, two simple experimental procedures for the eval-
uation of the material properties are presented. The hygrothermal properties of building
materials have to be evaluated with expensive and time consuming test procedures that
require proper test facilities, and, thus, they are often unknown. The possibility to
evaluate the validity of the material properties attributed to a material or to estimate
them by a calibration process could be an alternative to the expensive procedures. In
addition, the influence of hysteresis on the transient hygrothermal behaviour of a cross-
laminated timber wall is presented. The moisture hysteresis is generally neglected with
the hypothesis that its influence on the calculation results is small. This aspect will be
here discussed.

Finally, in Part IV, the procedures for the statistical selection of representative
weather files - that are used to model the typical weather of a location - and the refer-
ence weather files - designed to represent the critical weather conditions of a location -
are presented. The weather files are an important part of the simulation process and,
in the risk assessment procedure, the choice of the proper weather data defines the sta-
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tistical validity of the results. For this reason it is not sufficient to use a weather file
measured in the location of the considered building, but it is also important to chose the
proper weather event that the building will be able to resist, without reaching failure
conditions.

Publications

The work presented in this thesis has also led to the production and publication of 5
conference contributions (3 already accepted [8, 9, 10] and 2 currently under review
[11, 12]). During the three years of post-graduate research, other 2 journal papers, on
other topics, were accepted for publication: [13, 14].





II
Coupled heat and moisture

transfer in building materials





1
Moisture damages in public

buildings

First, to evaluate the relevance of the moisture related damages in buildings and their
perception to the contractors, a short and informal survey has been conducted among the
public agencies and technical offices. The involved agencies were the Unione Territoriale
Intercomunale (UTI) del Friuli Centrale (Territorial Union of Municipalities of Central
Friuli) and the Univerisità degli Studi di Udine (University of Udine). Each institution
provided informations about a public building that suffered of rising dump and how
the problem was solved. The study cases, together with the case of the parish church
in Raspano, will not be presented in detail, but the focus will be pointed on the lack
of simulation tools and calculation methods to support the design choices related to
moisture in buildings. Then, the case of a restoration of a church in Raspano (UD) is
briefly introduced. This chapter is intended to identify the critical points of the moisture
control in existing buildings, the common practices and how the simulations could be
useful for the design process.

1.1 Educational buildings

The UTI is the institution in charge of the management of the public school buildings
in the municipality of Udine. UTI’s technical office reported that the only two cases of
moisture related damage in their stock of buildings was the main building of the Istituto
di Istruzione Superiore “B. Stringher” and in the main building of the Liceo Scientifico
“N. Copernico”, both in Udine.

On the other hand, the technical office of the Università degli Studi di Udine reported
the case of the conservative restoration of the Istituto Renati building in Udine, where
there was a serious case of rising damp in the perimeter walls. The building was recently
restored and it was not possible to observe the damages. In both cases, the technical
offices reported the absence of mould growth phenomena, due to the fact that relevant
moisture productions are not expected in the use of the buildings. To their knowledge,
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Figure 1.5: Detail of an internal coating detachment of the parish church of Nogaredo
di Prato (UD). The damage could be caused by a combined effect of rising damp, rain
infiltration and superficial condensation also due to the heating system.
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2
Principles

This chapter is intended as a quick introduction to the topics of humid air and cou-
pled heat and moisture transfer, including nomenclature, definitions and explanations
of ambiguities that often lead to misunderstandings. The main reference for this chap-
ter is the lecture notes from the International Association of Building Physics (IABP)
Graduate Course held form the 21st to the 23rd September 2018 at Syracuse University
titled “Coupled Heat, Air, Moisture and Pollutant Simulations in Built Environment
Systems (CHAMPS-BES): Modeling VOC Emissions and Sorption of Building Materi-
als” by Professor Jense Zhang, Professor John Grunewald and Professor Carsten Rode.
The theoretical aspects of humid air and coupled heat and moisture transfer are taken
from the Professor Carsten Rode’s lecture notes, while the following part on the models
implemented in the software Delphin is taken from Professor John Grunewald’s lecture
notes. The reference book on humid air is [15] while the heat transfer book of reference is
[16]. The theoretical introduction is limited to the heat and moisture diffusion in porous
materials that will be used in this work. It is noted that in a complete discussion of
the topic also air diffusion, convection and other transport mechanisms are relevant and
should be studied. The reader is addressed to the aforementioned references for a pre-
sentation and discussion of these topics. Other references used in this brief presentation
are specified in the text.

2.1 Humid air

Several parameters could be used to describe the thermodynamic state of air and its
moisture content (humid air). In this section, the parameters useful for the description
of the heat and moisture transfer models and its boundary conditions will be listed and
briefly presented.

2.1.1 Ideal mixture of gases

Humid air could be considered as a mixture of two ideal gases, dry air and water vapour.
The two differ for a crucial property: water vapour is condensable. To describe the state
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of the two ideal gasses it is possible to use the ideal gas law on the gas mixture:

PV = nRT (2.1)

paV = naRT (2.2)

pvV = nvRT (2.3)

Where:

P = Total pressure of the atmosphere, generally P = 101 325Pa

pi = Partial pressure of the ideal gas i (Pa)

V = Volume occupied by the ideal gases (m3)

n = Total number of moles (mol)

ni = Mole number of the ideal gas i (mol)

R = Universal gas constant R= 8.314 J/(mol· K)

T = Absolute temperature (K)

From the summation of the Eqs. 2.2, 2.3 and Eq. 2.1 the Dalton’s Law is obtained

P = pa + pv =
(na + nv)RT

V
(2.4)

A useful variable in the quantification of moisture content in air is mass. Let mi be
the mass of the ideal gas i expressed in kg. It is possible to define the molar mass Mi

of the ideal gas i as:

Mi =
mi

ni

(2.5)

The molar mass (unit: kg
mol ) allows to explicit the mass variable in Eqs. 2.2 and 2.3,

removing the moles number as in Eq. 2.6.

piV =
miRT

Mi

(2.6)

That could be also found in the form of Eq. 2.7, with Ri gas constant of the ideal
gas i, defined as R

Mi
(unit: J

kg·K ).

piV = miRiT (2.7)

relevant molar mass values for the humid air mixture are Ma for the dry air and Mv

for the water vapour:

Ma = 28.97 · 10−3 kg

mol
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Mv = 18.02 · 10−3 kg

mol

Then, the water vapour concentration νv (unit: kg
m3 ) is defined as:

νv =
mv

V
(2.8)

and the Eq. 2.6 becames:

pv = νvRvT = νvT · 461.5
J

kg ·K
(2.9)

The water vapour concentration and the water vapour pressure are two parameters
that describe the absolute amount of water vapour in an undefined volume of air. The
specific humidity (or humidity ratio) x (unit: -)is a relative measure of the presence of
water vapour in the air. It is defined as:

x =
mv

ma

= 0.622 ·
Rvpv
Rapa

= 0.622 ·
pv

P − pv
(2.10)

This relation could be, of course, also used to calculate vapour pressure from the
specific humidity and the total pressure:

pv =
xP

0.622 + x
(2.11)

Another variable that could be used to describe the ideal gas properties, and it
should not be confused with its reciprocal (the concentration ν), is the specific volume
v, defined as follows:

vi =
V

niMi

=
V

mi

(2.12)

2.1.2 Vapour saturation

Water vapour has the tendency to change its state to liquid once the saturation con-
ditions are reached. When the vapour pressure pv reaches the saturation pressure ps
(unit: Pa), condensation happens. The value of saturation pressure for the problems
studied in this dissertation depends on temperature and could be calculated with the
Eq. 2.13 also used in [17].

ps =

{︄

610.5 exp( 17.269·(T−273.15)
T−35.85 ) if T ≥ 273.15K

610.5 exp(T−251.275
T−18.65 ) if T < 273.15K

(2.13)

The saturation state could be also described by varying the temperature. With the
decreasing of T , the vapour pressure ps decreases according to 2.13 and reaches the pv
value. The T value that causes pv = ps(T ) is called dew point temperature, Tdew.

With the ratio between water vapour pressure and saturation pressure values it is
possible to describe in a single variable the degree of saturation of the air. This variable
is relative humidity ϕ (unit: - or %) and it could be the cause of different misunder-
standings due to the dependence of ps to the temperature of air and the definition of
relative humidity to express the moisture content of a porous material.
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ϕ =
mv

ms(T )
=

νv
νs(T )

=
pv

ps(T )
(2.14)

The saturation pressure values are the upper limit for the vapour pressure values
at a given temperature T . The value of the saturation pressure at 273.15 K (0 ◦C)
calculated with the relation 2.13 is ps(273.15K) ≈ 610 Pa, while for T = 293.15 K (20
◦C), ps(293.15K) ≈ 2337 Pa. At T = 313.15 K (40 ◦C), ps(313.15K) ≈ 7371 Pa.

2.1.3 Enthalpy of humid air

The calculation of the enthalpy of humid air is also performed considering separately
dry air and water vapour. The total enthalpy of the humid air h is expressed as

h = ha + xhv (2.15)

Where:

ha is the specific enthalpy of dry air (J kg)

hv is the specific enthalpy of water vapour (J kg)

The enthalpy values depend linearly to the temperature and they are calculated starting
from a reference state. Conventionally, the reference state is at the temperature of 0◦C.

ha = cp,a∆T + ha,0 = cp,aθ (2.16)

hv = cp,v∆T + hv,0 = cp,vθ + r (2.17)

Where:

cp,i = specific heat at constant pressure of the i ideal gas (J/kg K)

∆T = temperature difference between the reference state difference and the actual
temperature (K)

θ = temperature in Celsius degrees (◦C)

hi,0 = enthalpy of the reference state for the i ideal gas (J/kg K)

r = latent heat of evaporation of water at temperature of 0 ◦C, necessary to vaporize
the unit of mass of water (J/kg K)

In conclusion, the total enthalpy of air could be calculated as:

h = cp,aθ + x(cp,vθ + r) (2.18)

Where:

cp,a = Specific heat at constant pressure of dry air cp,a = 1006 J
kgK

cp,v = Specific heat at constant pressure of water vapour cp,v = 1830 J
kgK

r = latent heat of evaporation of water r = 2501 J
kg
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2.2 Moisture retention in building materials

The aptitude of a porous material to absorb and store moisture in its pores is often
referred to as moisture retention. The parameters used to describe this behaviour are
presented in this section. Generic porous materials are considered, in absence of salts or
other chemical reactions. Furthermore, porous materials have different pore structures,
different pore dimensions or different pore surfaces, so that different behaviours have to
be expected. It has been observed that the retention of moisture in a material depends
on the moisture state, on the environmental conditions and on the previous retention
states of the materials (its history). In order to describe the hygroscopic state of a
material it is possible to express its moisture content with a set of variables. Similarly
to the specific humidity x, the moisture content u is defined as:

u =
mH2O

md

(2.19)

Where:

u = moisture content (kgkg or %)

mH2O = mass of water in all its states (vapour, liquid or solid) (kg)

md = mass of the dry material, the dry state is considered at 105◦C. (kg)

u is usually calculated from the weights of the samples before (m) and after the drying
process (md):

u =
m−md

md

(2.20)

The variable w is also known as moisture content, and, similarly to the vapour
concentration in air ν, is defined as:

w =
mH2O

V
(2.21)

Where:

w = moisture content ( kg
m3 )

V = volume of the material, pores included (m3)

Then the two values are in relation:

w = ρ0 · u (2.22)

Where:

ρ0 = density of the dry material ( kg
m3 )

It is possible to define the quantity of moisture in the material using the occupied
volume instead of the mass. Here, the notation of [18], [19] and [20] will be used.
Starting from the definition of open porosity of the porous material 2.23 as the fraction
between the volume of open voids and the total volume of the material:
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θvac =
Vvac

V
(2.23)

Where:

θvac = open porosity (m
3

m3 )

Vvac = volume of open pores (m3)

Similarly, the volumetric moisture content θH2O is defined as a volume fraction:

θH2O =
VH2O

V
=

ρ0 · u

ρl
(2.24)

Where:

ρl = density of liquid water (ρl = 997 kg
m3 )

VH2O = volume occupied by moisture (m3)

Another variable used for the determination of the water content is the relative hu-
midity ϕ. In addition to the ambiguity of its physical meaning due to the temperature
dependency, another ambiguity is added to the variable utilisation, when considering
the porous materials instead of air. To explain the relative humidity meaning for porous
media, the following conceptual experiment could be considered: a material in an envi-
ronment filled with humid air, in constant stationary conditions, after an infinite time,
reaches the equilibrium state with the air, absorbing some of the vapour phase in its
pores. The value of the relative humidity of the environment could be use to identify
the moisture content in the material. For example, a brick could reach equilibrium in
a climatic chamber at 50 % of relative humidity and 20◦C and contain the equilibrium
moisture content w of 3.42 kg

m3 . In many contexts it would be assumed that the moisture
content of the brick is 50 % of relative humidity, without distinguishing the state of the
moisture in the porous, but only describing the equilibrium state of the brick. Moreover,
due to material hygrothermal property known as hysteresis, the brick, depending on the
previous moisture contents, could reach equilibrium with the same environment at 50 %
but at different values of w, so that the relative humidity could not univocally identify
the moisture content of the brick, but only its potential of exchanging moisture with an
environment or a porous material in contact.

The relative humidity of a porous material could be confused with the water activity
aw commonly used in other disciplines. The water activity is defined as the ratio between
the partial pressure of vapour available for a given reaction (for example mould growth)
and the saturation pressure [21]. For the case of the porous materials, relative humidity
and water activity coincide only in absence of chemical reactions or salts that could
reduce the availability of moisture for the studied reaction.

The correlation between relative humidity and moisture content u is described by
the moisture retention curve, also known as moisture storage function or sorption curve.
The derivative of this curve is the moisture capacity ξ (unit: -):

ξ =
∂u

∂ϕ
=

1

ps
·
∂u

∂pv
(2.25)
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D = water vapour permeability of air m2

s

νv = water vapour concentration kg
m3

x = position (m)

The value of D for P= 1 atm and T= 20 ◦C is 2.54·10−5m2/s depends on the
temperature T and on the total air pressure P :

D =
2.26

P
·

T

273

1.81

(2.31)

2.3.1 Vapour transport in porous media

Various transport mechanisms happen in porous media, depending on the porous di-
mensions and shapes. Similarly to ideal gas mixtures, the vapour flux through a porous
media could be calculated with diffusion:

gv = −δν ·
∂νv
∂x

(2.32)

Where:

δν = Water vapour permeability of the porous material for the vapour concentration

potential (m
2

s )

It is then possible to perform a change of variable, to express the diffusion potential
as water vapour pressure pv, using 2.9.

gv = −δν ·
∂νv
∂x

= −
δν

RvT
·
∂pv
∂x

+
δνpv
RvT 2

·
∂T

∂x
≈ −

δν
RvT

·
∂pv
∂x

(2.33)

This relation could be used neglecting the second term with the partial derivative of
T . This simplification could cause an error of 5-6% and it is often made using the water

vapour permeability δp for the water vapour pressure (unit: m2·kg
m·s·Pa ).

δp =
δν

RvT
(2.34)

The well known parameter µ, the vapour diffusion resistance factor, is often used in
standards and material catalogues and reports:

µ =
D

δν
(2.35)

It is known that a porous material could contain some liquid water even if it is in
equilibrium with a room with relatively low values of relative humidity (lower than 100
%). This phenomenon depends on the shape and dimensions of the porous inside the
material and it could affect the water vapour transport properties of the material itself.
Once a critical moisture content ucr is reached, then the phase of water in the material
is mainly liquid and its behaviour is less influenced by temperature. The Fick’s diffusion
and the water vapour permeability can be used to describe the water vapour transport
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with a good approximation for al the range up to the critical moisture content if the
permeability is expressed in function of moisture content.

A temperature change or gradient would influence the relative humidity values in
the porous material, inducing, even for small T variations, a potential gradient causing
a transport of vapour from the warm part of the material to the cold zone.

2.3.2 Liquid transport

Darcy’s law, usually expressed in terms of hydraulic pressure Ph can be used to describe
the transport of liquid in porous materials, using the suction pressure Pc as potential:

gl = −Kl ·
∂Pc

∂x
(2.36)

Where:

Kl = Hydraulic conductivity ( kg
Pa·m·s )

gl = mass of liquid water flux ( kg
m2s )

In this formulation the possible effects of overpressure and gravity are neglected with a
small error due to the larger magnitude of the suction term (or matrix potential). This
simplification is suitable for most of the applications in building physics.

The influence of temperature is of a small order and could be neglected. The tem-
perature decrease reduces the capillary pressure values and the pressure gradients, while
the viscosity of the liquid is also decreasing, allowing the fluid to flow more easily. The
overall effect is the increase of liquid water conductivity for the higher temperatures.

2.3.3 Superficial moisture transfer coefficient

The moisture transfer between the porous media and the humid air, as it happens for
the heat transfer equations, is mediated by a surface transfer coefficient. This coefficient
β could be expressed in terms of vapour concentration βν or water vapour pressure βpv

.
Their value depends on the regime of the air flow of the environment.

gv = βpv
·∆pv = βν ·∆ν (2.37)

Where:

βpv
= Convective moisture transfer coefficient for vapour pressure potential ( kg

m2s·Pa )

βν = Convective moisture transfer coefficient for vapour concentration potential (ms )

For laminar conditions the Lewis relation is a valid approximation:

βν =
hk

ρv · cp
(2.38)

Where:

hk = Convective heat transfer ( W
m2K )
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cp = Specific heat capacity at constant pressure ( J
kg·K )

ρv = Density of water vapour ( kg
m3 )



3
Coupled heat and moisture

transfer models

The equations of the previous chapter are used to obtain transient continuity equations
for enthalpy and moisture and then these are coupled in order to model the mutual
influence of temperature on moisture content and vice versa. The effects of air transport
and convection will be neglected for simplicity. For a complete discussion of these
components see the references indicated in the previous chapter. The last sections of
this chapter report the models implemented in the software used in this dissertation,
MATCH, WUFI Pro and DELPHIN. These are commercial software tools available to
the practitioners and distributed with a database of material properties and weather
files. Other research programs have been presented in literature and are available for
use, for example CalA (presented in [22], applications in [23], [24] and the manual in
[25]), hamopy ([26] developed as a Python package and used in [27] and [28]) and many
others (some of which are listed in [29] and [30])

3.0.1 Moisture balance equation

From Eq. 2.32, the vapour transfer could be expressed as:

ρ0
∂u

∂t
= −

∂gv
∂x

= −
∂

∂x

(︃

−δp ·
∂pv
∂x

)︃

(3.1)

It is possible to perform a change of variable to express the equation with a single
potential variable, for instance the right hand term with pv can be expressed in terms
of moisture content u:

ρ0
∂u

∂t
=

∂

∂x

(︃

δp ·
δpv
δu

·
∂u

∂x

)︃

(3.2)
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With the definition of the moisture diffusivity of the water vapour transfer Dv:

Dv =
psδp
ρ0ξ

(3.3)

Then, Eq. 3.1 could be written as:

∂u

∂t
=

∂

∂x

(︃

Dv ·
∂u

∂x

)︃

(3.4)

The same transformations could be made on Eq. 2.36, with the substitution of gl:

ρ0
∂u

∂t
= −

∂

∂x

(︃

−Kl ·
δPc

δx

)︃

=
δ

∂x

(︃

Kl

∂Pc

∂x
·
∂u

∂Pc

)︃

(3.5)

From Eq. 3.5, the moisture diffusivity of liquid water transfer Dl is defined as:

Dl =
Kl

ρ0
·
∂u

∂Pc

(3.6)

Thus Eq.3.5 becames:

∂u

∂t
=

∂

∂x

(︃

Dl ·
∂u

∂x

)︃

(3.7)

In this manner it is possible to express the migration of water vapour and liquid
water with the same potential. The distinction between the two states is performed
at the level of the definitions of the diffusivity coefficients Dv and Dl as functions of

the moisture contents (both have units m2

s ). For low moisture contents, under the ucr

critical content the state of the moisture is considered vapour and Dv > 0, while Dl = 0
and the other way around for the liquid water state. The equation governing liquid and
vapour transfer is:

∂u

∂t
=

∂

∂x

[︃

(Dl +Dv) ·
∂u

∂x

]︃

=
∂

∂x

(︃

Duu ·
∂u

∂x

)︃

(3.8)

The sum of the two diffusivities will be referred as Duu, the moisture diffusivity

(unit m2

s ) . The equation of the moisture balance should also include the moisture
transport caused by temperature gradients. This could be obtained with a change of
differentiation in the Eq.3.1 and substituting pv with ϕ · ps:

ρ0
∂u

∂t
=

∂

∂x

(︃

δp ·
∂(ϕ · ps)

∂T
·
∂T

∂x

)︃

=
∂

∂x

(︃

Dvt ·
∂T

∂x

)︃

(3.9)

Where:

Dvt = thermal moisture diffusivity of vapour transfer
(︂

m2

s·K

)︂

The same procedure is applied to the liquid transport equation Eq.3.5

ρ0
∂u

∂t
=

∂

∂x

(︃

Kl ·
∂Pc

∂T
·
∂T

∂x

)︃

(3.10)
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The thermal moisture diffusivity of the liquid transfer Dlt is defined as:

Dlt =
Kl

ρ0
·
∂Pc

∂T
(3.11)

Dut = Dvt +Dlt (3.12)

Where:

Dut = thermal moisture diffusivity
(︂

m2

s·K

)︂

Combining the Eq. 3.7,3.10 and 3.9 the equation of moisture balance is obtained:

∂u

∂t
=

∂

∂x

(︃

Duu

∂u

∂x

)︃

+
∂

∂x

(︃

Dut

∂T

∂x

)︃

(3.13)

3.0.2 Enthalpy transfer equation

In a similar fashion the enthalpy balance equation is obtained. In this case the dry mass
specific enthalpy h̄ (unit: J/kg) is considered instead of the moisture content.

h = h̄ · ρ0 (3.14)

Its value depends on the temperature and on the specific heat at constant pressure:

dh̄ = cp · dT (3.15)

The value of cp depends on the moisture content and on the physical phase of the
moisture. In the following formula the indexes i, l and v indicate respectively the solid,
liquid and vapour state of water.

cp = cp,0 +
∑︂

i=s,l,v

ui · cp,i (3.16)

Where:

ui = mass fraction of the phase i (-)

cp,i = specific heat of the phase i ( J
kg·K )

With these variables, the Fourier’s law is expressed as follows:

ρ0
∂h̄

∂t
=

∂

∂x

(︃

λ
∂T

∂x

)︃

(3.17)

Where:

λ = thermal conductivity of the porous material, considering its moisture content ( W
Km )

Dividing the terms of the equation by ρ0 · cp, T is isolated in the partial derivative of
time.

∂T

∂t
=

∂

∂x

(︃

λ

ρ0cp
·
∂T

∂x

)︃

(3.18)
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Then, for simplicity, the heat diffusivity α is defined and substituted in the equation:

α =
λ

ρ0cp

(︃

m2

s

)︃

(3.19)

Then the enthalpy flux due to the moisture diffusion is considered with the following
term:

∂T

∂t
=

∆h̄vw

ρ0cp
·
∂gv
∂x

(3.20)

Where:

∆h̄vl = Latent enthalpy required to perform a change of physical state from vapour to
liquid state (J)

Then, the term is added to Eq. 3.17 and the flux gv is substituted with Eq. 3.4.

∂T

∂t
=

∂

∂x

(︃

α
∂T

∂x

)︃

+
∆h̄vlδp
ρ0cp

·

(︃

∂p

∂T

⃓

⃓

⃓

⃓

u

·
∂T

∂x
+

∂p

∂u

⃓

⃓

⃓

⃓

t

·
∂u

∂x

)︃

=
∂

∂x

(︃[︃

α+
∆h̄vl

cp
·Dvt

]︃

∂T

∂x

)︃

+
∂

∂x

(︃

∆h̄vl

cp
·Dv ·

∂u

∂x

)︃
(3.21)

Further substitutions are performed with the parameters Dtt and Dtu, and a form
similar to Eq. 3.13 is obtained.

∂T

∂t
=

∂

∂x

(︃

Dtt

∂T

∂x

)︃

+
∂

∂x

(︃

Dtu

∂u

∂x

)︃

(3.22)

The two parameters Dtt and Dtu are defined as follows:

Dtt = α+
∆h̄vl

cp
·Dvt

(︃

m2

s

)︃

(3.23)

Dtu =
∆h̄vl

cp
·Dv

(︃

m2 ·K

s

)︃

(3.24)

Finally, the phenomenon of the coupled migration of heat and moisture can be
described with the system of the two equations 3.24 and 3.13

{︄

∂u
∂t

= ∂
∂x

(︁

Duu
∂u
∂x

)︁

+ ∂
∂x

(︁

Dut
∂T
∂x

)︁

∂T
∂t

= ∂
∂x

(︁

Dtu
∂u
∂x

)︁

+ ∂
∂x

(︁

Dtt
∂T
∂x

)︁ (3.25)

3.1 Rode’s model

A simplified version of the aforementioned system of equations (Eq. 3.25) has been
implemented in the software MATCH, first presented in [31] and in [32]. The model
considers the following equations:
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{︄

ρ0
∂u
∂t

= ∂
∂x

(︂

δp
∂pv

∂x
+Kl

∂Pc

∂x

)︂

ρ0
∂h
∂t

= ∂
∂x

(︁

λ∂T
∂x

)︁

+ hv
∂
∂x

(︁

Kl
∂Pc

∂x

)︁

(3.26)

and to achieve better numerical stability the solution a change of variable is per-
formed.

As presented in [33], considering the capillary pressure as a potential causes the
gradients to be of a high order of magnitude, as the transport coefficients, that would
require an higher degree of discretization and a larger number of iterations for a nu-
merical solution. To reduce the magnitudes, it is possible to express the equations in
terms of the logarithm to the base 10 of the negative value of the capillary pressure
log10(−Pc). The system of Eq. 3.26 becames:

⎧

⎨

⎩

ρ0
∂u
∂t

= ∂
∂x

[︂

δp
∂pv

∂x
+Kl · Pc

∂ log10(−Pc)
∂x

]︂

ρ0
∂h
∂t

= ∂
∂x

(︁

λ∂T
∂x

)︁

+ hv
∂
∂x

[︂

Kl · Pc
∂ log10(−Pc)

∂x

]︂ (3.27)

which is the system solved by the software MATCH. Moreover,the model imple-
mented in the software also considers the hysteresis of the moisture retention curve
(the curve that defines the moisture content u for every value of ϕ). The model, also
known as “empirical hysteresis model”, is also presented in [31] and defines the mois-
ture capacity ξ of the material depending on the moisture content u and the direction
of the moisture retention process, absorption or desorption. Once the moisture capacity
is calculated, the value of u for the considered value of ϕ is obtained. The ξ value is
calculated from the values of ξ of the absorption curve and the desorption curve, which
are given as material properties. The absorption curve is the moisture retention curve
obtained conditioning the material after a drying process at 105 ◦C in a ventilated oven,
while the desorption curve is obtained conditioning the material starting from the sat-
uration, after having reached 100 % of relative humidity ϕ. The ξ could be calculated
with Eq.3.28, while u is obtained from the variation of relative humidity dϕ in the time
step t+ 1 with Eq. 3.29.

ξ =

⎧

⎨

⎩

(u−ua)
2·ξd+0.1·(u−ud)

2·ξa
(ud−ua)

2 for desorption
0.1·(u−ua)

2·ξd+(u−ud)
2·ξa

(ud−ua)
2 for absorption

(3.28)

ut+1 = u+ ξ · dϕ (3.29)

Where:

ua = moisture content for the current relative humidity, according to the absorption
moisture storage function (-)

ud = moisture content for the current relative humidity, according to the desorption
moisture storage function (-)

ξa = moisture capacity for the current relative humidity, according to the adsorption
moisture storage function (-)
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ξd = moisture capacity for the current relative humidity, according to the desorption
moisture storage function (-)

u = moisture content at the actual time step (-)

ξ = moisture capacity at the actual time step (-)

ut+1 = moisture content at the next time step (-)

dϕ = variation of relative humidity (-)

3.2 Künzel’s model

The Künzel’s coupled heat and moisture transfer model presented in [34] is the model
implemented in the WUFI software family. The main features of this model is that the
relative humidity ϕ is chosen as the only moisture transfer potential instead of moisture
content u or suction pressure Pc for both vapour and liquid transfer, using the Kelvin’s
law (Eq. 2.29) and the possibility to differentiate between the liquid transport of suction
and redistribution, changing the value of the liquid conduction coefficient whether the
liquid water source is present and the transport is driven by capillary suction (suction)
or not (redistribution), when the water supply is interrupted. The system of equations
used in the model is shown in Eq. 3.30 and the explication of the material properties’
dependencies accepted in the software is presented in the variable description. The first
of the two equations is the enthalpy balance, while the second equation is the moisture
balance.

{︄

∂h
∂T

· ∂T
∂t

= ∇ · (λ∇T ) + hv∇ · [ρ0δp∇ (ϕps)]
dw
dϕ

· ∂ϕ
∂t

= ∇ · [Dϕ∇ϕ+ δp∇ (ϕps)]
(3.30)

Where:

w = Moisture content ( kg
m3 )

ϕ = Relative humidity (-)

T = Absolute temperature (K)

t = Time (s)

ρ0 = Density of the dry material ( kg
m3 )

δp(ϕ) = Water vapour permeability for the water vapour pressure ( kg
m·sPa )

c = Heat capacity of the dry material ( J
kg·K )

h(ϕ, T ) = Total enthalpy of water in all of its phases and of the porous material ( J
m3 )

λ(ϕ, T ) = Thermal conductivity ( W
m·K )

hv(T ) = latent enthalpy of evaporation of water vapour ( J
kg )
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Dϕ(ϕ) = Liquid conduction coefficient with ϕ as a potential for suction or

redistribution ( kg
m·s )

The liquid conduction coefficient could be obtained from the diffusivity of liquid transfer
Dl defined in Eq. 3.5 with the following relation:

Dϕ = Dl ·
dw

dϕ
= Dl · ρ0 · ξ (3.31)

Where:

ξ = Moisture capacity (-)

ρ0 = Density of the dry material kg
m3

Dl = Diffusivity of liquid transfer m2

s

3.3 Grunewald’s model

Grunewald’s model was first presented in [18], while its numerical implementation, con-
sidering also dry air transport and salt transport, was later presented in [19]. This model
is implemented in the software Delphin 5 and in its later versions. According to [19], the
relative humidity is not an appropriate variable to be chosen as a potential because the
high slope of the moisture retention curve after the 99 %. A small variation of relative
humidity would cause a large variation of moisture content and moisture contents would
need 10 or more significant digits, to avoid this, the capillary pressure is chosen.

Hereby, in Eq. 3.32 only the terms of the equations describing the transport of heat,
liquid and vapour. In Eq. 3.32 and 3.33 an attempt to conform the equations to the here
used nomenclature is presented. In 3.33 the change of variable (using Kelvin’s equation
Eq. 2.29), made before the numerical solution of the equations, is performed.

⎧

⎨

⎩

∂h
∂t

= ∇
[︂

λ∂T
∂x

+ cp,l (Kl∇Pc) + hv

(︂

δν
RvT

∇pv

)︂]︂

∂w
∂t

= ∇
(︂

Kl∇Pc +
δν

RvT
∇pv

)︂ (3.32)

⎧

⎪

⎪

⎨

⎪

⎪

⎩

∂h
∂t

= ∇

[︃

λ∇T + uw (Kl∇Pc) + hv

(︃

δνps exp( Pc
ρlRvT

)

RvT
∇Pc

)︃]︃

∂w
∂t

= ∇

(︃

Kl∇Pc +
δνps exp( Pc

ρlRvT
)

RvT
∇Pc

)︃ (3.33)

Where:

w = Moisture content ( kg
m3 )

T = Absolute temperature (K)

Pc = Suction pressure (Pa)

t = Time (s)

ρl = Density of liquid water ( kg
m3 )
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h(Pc, T ) = Total enthalpy of water in all of its phases and of the porous material( J
m3 )

λ(Pc, T ) = Thermal conductivity ( W
m·K )

hv(T ) = latent enthalpy of evaporation of water vapour ( J
kg )

Kl(Pc) = Hydraulic conductivity ( kg
Pa·m·s )



4
Damage models

With the possibility to perform more realistic simulations, the evaluation of damage risk
with deterministic models became available. With this, it became possible to perform
the performance-based design procedures that, depending on the boundary conditions
probability, allowed to obtain risk assessments (or performance criteria) for each failure
mode.

Even if several of the heat and moisture transfer mechanisms could be simulated
with a single model, each material and each failure typology require a dedicated analysis.
When the damage criteria are different and depend on different parameters (for example
relative humidity, moisture content, temperature or duration in time) the calculated risk
will be generally different.

The common approach used in the design practice for the risk calculation is to
perform the heat and moisture transfer simulation of the building detail considered and
then to apply the algorithm for the damage prediction on the results of the simulation.
This approach assumes the hypothesis that the material conditions are similar to the
ones obtained in the measurements used for the definition of the damage functions.

In this chapter, some of the most used decay models will be presented with the
concern to identify the most relevant variable for their simulation from the available
literature. Moisture content and relative humidity are the common outputs of the heat
and mass transfer simulations and, given the simplifying hypotheses of neglecting the
hysteresis of materials, the two variables are considered to be equivalent and connected
by a one-to-one moisture retention curve. When this hypothesis is abandoned, then the
two variables have different physical meanings and therefore should be distinguished in
the decay modelling.

4.1 Mould growth

What is commonly indicated as mould growth is a visual, non-structural damage dan-
gerous for inhabitants’ health, caused by the growth of one or more fungi species due
to a high humidity content in buildings materials. [35] identified in literature about 200
species of fungi likely to grow in built environment. It usually happens on the interior
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surface of external walls of low insulated buildings or in rooms without a proper ventila-
tion. It appears as dark coloured spots on cold and not ventilated surfaces of the walls,
on thermal bridges or behind the furniture. The mould found on building materials is
composed by different types of fungi, that could be harmful to inhabitants in different
ways. The mould fungi’s natural habitat are humid, decomposing plants in soil and, for
this reason, they could be found in every season and in nearly every environment [35].
Among the factors affecting mould growth, six parameters have been identified by [35]:

• Temperature;

• Relative humidity;

• Nutrients and salt content;

• pH value of surface;

• duration of exposure;

• oxygen content.

Among these, relative humidity, temperature and duration of exposure are the ones used
in risk assessment procedures. Despite the well established design codes and advanced
procedures, the mould growth models are not able to predict the actual behaviour
of the fungi on the building materials. Due to the high number of factors involved,
many could be the reasons that invalidate the calculated predictions. Examples of
this discrepancies between model and reality are presented in [36] that considered other
substrates than wood, typical of interior surfaces of residential buildings (gypsum board,
areated concrete, wallpaper, paint, non woven glass felt and plaster). On the other
hand [37] using substrates of pine wood, confirmed the reliability of the models in real
conditions for the materials considered in the studied that developed the mould growth
models. The VTT model and the WUFI Bio model obtained results closer to the
experiments.

4.1.1 EN ISO 13788:2012

In order to avoid the mould growth on the internal surfaces of the walls, the standard
EN ISO 13788:2012 prescribes to keep the internal superficial relative humidity values
under the 80 % . This approach could be used with simple stationary heat transfer
simulations and it complies to the Italian legislation (D.M. 26/06/2015). The stan-
dard differentiates the procedure for some details. With different boundary conditions,
changing the external temperatures and indoor conditions, the conditions are adapted
to the studied phenomenon.

Depending on the studied detail a different set of boundary conditions is prescribed.

• The external temperatures should be those, representative of a location, likely to
occur once in 10 years. With this choice the weather file is a critical year positioned
close to the 10 % of the cumulative distribution of the air dry-bulb temperature.
Alternatively, if only typical weather years are available, then the air dry-bulb
temperature should be increased of 2 K during the cooling months and reduced of
2 K during the heating months;
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• When the calculation is performed for the solid ground floor or walls that are not
exposed to the outdoor air, but to the ground, the ground should be included in
the model domain for 2 m, below the floor and the monthly mean temperature in
the ground should be calculated as the mean between the annual mean tempera-
ture and the monthly temperature shifted by one month, or, for a more detailed
calculation, the monthly mean temperature obtained from the ISO 13370;

• For suspended floors also the ISO 13370, Annex E, should be used;

• For the roof the temperatures should be calculated considering the solar gains and
the cooling by the long wave radiation, using the methodology described in ISO
13790.

On the other hand the relative humidity values are set to the monthly mean vapour
pressure of the chosen weather year and to 100% for the ground.

For lightweight components, such as window frames, the critic relative humidity limit
is moved to the 100 % and the external temperature, that defines the acceptable return
time of the failure, is average of the minimum daily temperatures of a period longer
than a year and the external relative humidity is 85 %.

When hourly simulation results are available, more advanced mould growth model
could be used. These models generally agree on the fact that fluctuating conditions of the
considered surface can slow the growing process [38] and, starting from the temperature
and moisture-related conditions, try to predict the grow rate of the mould.

An extended systematic literature review of these methods limited to wood could
be found in [38]. In this review the authors conclude that the models in literature
have substantial differences in the calculation processes and in the way the result are
represented, increasing the difficulty for the comparison of the efficiency. Generally the
governing factors identified are temperature, relative humidity and time of exposure,
but there are discrepancies on the growth interval. These differences are also caused by
the fact that the models are obtained from different experimental setups.

A comparison of the results from different mould models is presented in [39] and a
comparison with experimental results is shown in [40, 41]. A general disagreement has
been found in both cases, among the models and the experimental results.

In order to overcame some of these discrepancies [42] presented a correlation between
the results obtained from VTT model , expressed in terms of Mould Index, to the bio-
hygrothermal mould growth model results, expressed in mm of mycelia (the roots of the
fungi that compose the mould) growth. The VTT model (also Viitanen model),
developed at the VTT Technical Research Centre of Finland, presented in [43] and
improved in [44] is also implemented as a post processing tool for the calculations of
Delphin (in PostProc) and Wufi Pro (in Wufi Bio). The model has been developed from
large laboratory studies on pine sapwood, then extended to other materials with cor-
rective coefficients. The calculation of the mould index (M) from temperature, relative
humidity and time of exposure is obtained from the integration of the derivative of M
considering the time series of temperature (T ) and relative humidity (ϕ):

dM

dt
=

k1k2
7 · exp(−0.68 lnT − 13.9 lnϕ+ 0.14W − 0.33SQ+ 66.02)

(4.1)
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with:

• SQ Surface quality: 0 for sawn and 1 for kiln dried (used only for timber materials);

• W Wood type: 0 for pine or 1 for spruce (used only for timber materials);

• For other materials W = 0 and SQ = 0 are used.

The resulting M should be interpreted according to the following scale:

0. No growth;

1. Small amounts of mould on surface (microscope), initial stages of local growth;

2. Several local mould growth colonies on surface (microscope);

3. Visual findings of mould on surface, <10 % coverage, or <50 % coverage of mould
(microscope);

4. Visual findings of mould on surface, 10 - 50 % coverage, or >50 % coverage of
mould (microscope);

5. Plenty of growth on surface, >50 % coverage (visual)

6. Heavy and tight growth, coverage about 100 %

The biohygrothermal model, developed at the Fraunhofer Institute for Building
Physics IBP and presented in [35]. After the identification of an hazardous class of
fungi a hygrothermal balance of a hypothetical spore is calculated on the surface of
the considered walls. The spores are modelled with a moisture retention curve and
moisture diffusion coefficient. During the time the spore reaches a sufficient moisture
content the mycelia are considered to grow, when the moisture content is low, the growth
is interrupted. This method is based on the isopleths curves, curves in the T − ϕ plane
used to identify the growth rate associated with every T − ϕ coordinate. The growth
is divided in two phases, the first is the spore germination, in which the hyphen is not
growing in lenght, the second is the mycelia growth. For the germination and the mycelia
growth two different isopleths systems are necessary. The curves are identified as Lowest
Isotherm for Mould (LIM), “the temperature dependent lowest relative humidity under
which no fungus activity (spore germination or mycelium growth) is expected” (from
[35]). A different LIM is identified for the following substrates:

Optimal culture medium;

I biodegradable building materials;

II building materials containing some biodegradable compounds (Building materials
with high open porosity like brick or stucco);

III non-biodegradable building materials without nutrients(it is assumed that forma-
tion of mould fungi is not possible).
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4.2 Wood decay

Wood decay is one of the most relevant moisture related damages. Due to fungi attack,
the wooden structural parts are reduced in mass and strength. The wood decay process
involves fungi growth and the grow rate depends, among other factors, on the wood
type and on the fungi typology. The main typologies of rot depend on the fungi species
and they are divided in three categories [45]:

• White rot, in which the colour of the wood appears clearer;

• Soft rot, causing decay of a shallow depth;

• Brown rot, the most common type in buildings, of a dark colour, the wood presents
a “cubical checking appearance”.

In most of the cases the decay is a result of the coexistence of different species, commu-
nities, that could build different kinds of relationships [46]. As presented in [47], it is
agreed that the decay process is critically activated after the reaching of the fibre satu-
ration point. It is well known that the fibre saturation point for the majority of woods
is found between the 20 % and the 30 % of moisture content in mass [48], so that 20% is
used as limit value for wood decay safety, even if laboratory tests presented in [49] have
shown minimum moisture threshold (at 2 % of mass loss) for Norway spruce even at 16.3
% of moisture content in mass. Differently to Mould growth, wood decay is considered
to be driven by moisture content: when free water is present in the cell walls, the fungi
will start the degradation of the wood cellular structure. For this reason, the common
assumption of a one to one function for the moisture retention curve, not considering
the hysteresis, could lead to a misinterpretation of the conditions of the wood. In the
extensive literature review for the available models for fungal wood decay presented in
[50] it is shown that the first approaches to the problem were the climate indeces, for
example the Climate Index developed by Scheffer [51], that provides an evaluation of
the decay of wood that can be used for the comparison between geographic locations.
The index is calculated considering the temperature and the number of days of rainfall.
In absence of heat and moisture transfer simulation tools able to calculate the tempera-
ture and moisture content of timber structures, the only variables that could be used in
wood decay evaluations are the environmental values of rainfall intensity, dry-bulb air
temperature and relative humidity. Also, the widely used [52, 53, 54] VTT wood decay
model, presented in [55], that calculates the mass loss due to fungi growth from the
hourly values of temperatures and relative humidity, could be used to associate mass
loss values to the weather file of a given location. With the hypothesis that the wooden
detail of the buildings is in equilibrium with the environment, the authors proposed a
series of maps of wood decay risk. With the now available heat and moisture transfer
simulation tools it is possible to abandon this hypothesis and extend the validity of
the model to wooden elements not in contact with the external environment, for exam-
ple, subject to interstitial water accumulation. These models are also subject to other
hypotheses limiting the representativeness of the results:

• The geometry of the studied domain is constant;

• The properties of the materials depend only on moisture content and temperature,
and are not influenced by the decay process;
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to calculate the ML in dynamic conditions is presented. The method consists in the
calculation of the starting period, previous to the rot, and then, integrating the time
derivative of the ML expression for the stationary conditions, with the dynamic values
of temperature and relative humidity, it is possible to calculate the ML.

First, the authors present the ML calculation method for stationary conditions for
pine:

MLP (ϕ, T, t) =− 42.945 · t− 2.227 · T − 0.0347 · ϕ+

0.1384T · t+ 0.0244 · T · ϕ+ 0.437 · ϕ · t
(4.2)

Where ϕ, T and t are respectively the relative humidity expressed in %, temperature
in ◦C and time of exposure expressed in months and ML is the mass loss expressed as
percentage of the original mass. The values ϕ and T are considered to be constant over
the period t. This correlation is valid only above 95 % of relative humidity, corresponding
to the fibre saturation point, and for Temperatures higher than 0◦C. Then a model for
sprice sapwood is presented:

MLS(ϕ, T, t) =− 41.224 · t− 2.731 · T − 0.0251 · ϕ+

0.1724 · T · t+ 0.0291 · T · ϕ+ 0.416 · ϕ · t
(4.3)

The model for the variable conditions requires first the evaluation of the activation
process. For each time-step considered the value of α(t), expressed as number between
0 (dry condition) and 1 (rot process activated), has to be calculated. The function α is
defined in such way that when it reaches 1, after two years of dry conditions its value
decreases linearly to 0:

α(t) =

∫︂ t

0

dα =

t
∑︂

0

(∆α)with (4.4)

∆α =

{︄

∆t
tcrit(ϕ,T ) when T > 0 and ϕ > 95%,

− ∆t
17520 h otherwise

(4.5)

For pine sapwood:

tcrit,P (ϕ, T ) =
2.227 · T + 0.0347ϕ− 0.0244 · T · ϕ

−42.945 + 0.1384 · T + 0.437ϕ
· 30 · 24 h (4.6)

while for the spruce sapwood:

tcrit,S(ϕ, T ) =
2.731 · T + 0.0251ϕ− 0.0291 · T · ϕ

−41.224 + 0.1724 · T + 0.416ϕ
· 30 · 24 h (4.7)

For each time-step with α(t) = 1 mass loss occurs and it could be calculated with the
following equation:

ML(t′) =

∫︂ t′

t at α=1

ML(ϕ, T )

dt
=

t′
∑︂

t at α=1

ML(ϕ, T ) ·∆t

dt
(4.8)
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buildings. Also, the activation process is not considered, also due to the field experi-
mental conditions. The method is applied with the calculation of the dose value D(n),
with n number of days of the considered period:

D(n) =

n
∑︂

1

Di (4.10)

with Di, the daily dose, calculated as

Di = (3.2 ·DT (T ) +Du(u)) · (3.2 + 1)−1 (4.11)

with a temperature weighting factor, with Du daily dose dependent on moisture
content in mass u:

• if u≤25 %

Du(u) =6.75 · 10−10 · u5 − 3.50 · 10−7 · u4 + 7.18 · 10−7 · u3+

7.22 · 10−3 · u2 + 0.34 · u− 4.96
(4.12)

• for the other values of u, Du(u) = 0;

amd DT daily dose dependent on daily average temperature value T :

• if Tmin ≥0 ◦C or if Tmax ≤ 40 ◦C

DT (T ) =1.8 · 10−6 · T 4 + 9.57 · 10−5 · T 3 − 1.55 · 10−3 · T 2+

4.17 · T
(4.13)

• And when Tmax assumes other values, DT (T ) = 0.

The mean decay rating DR, according to EN 252(1990), is calculated from D(n)
with the dose-response function:

DR(D(n)) = 4 · exp(− exp(1.7716− (0.0032 ·D(n)))) (4.14)

Another version of the model was presented in [61], with a simplified approach. The
model, also referred as simplified logistic dose-response model, is designed to produce
positive dose values also for moisture contents lower than the limit, which has been set
to 30 % instead of 25 %. The only condition that sets the dose to 0 is for temperature
lower than 0 ◦C.

D = Du(u) ·DT (T ) (4.15)

Du(u) =

{︄

(u/30)2 if u ≤ 30%

1 if u > 30%
(4.16)

DT (T ) =

⎧

⎪

⎨

⎪

⎩

0 if T < 0◦C

t/30 if 0◦C ≤ T ≤ 30◦C

1 if T > 30◦C

(4.17)
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The simplified logistic dose-response model has a lower degree of determination than
the logistic dose-response model. The decay rating according to EN 252 is obtained
with the relation 4.18.

DR(D(n)) = 4 · exp(− exp(1.9612− (0.0037 ·D(n)))) (4.18)

The DR value will be a value up to 4 and, due to the model definition, the value is less
likely to be equal to 0, like in the logistic dose-response model. In this way, it is possible
to compare the performance of two solutions that present low decay levels.

In [61] it is observed that the logistic dose-response model is obtained from conditions
with high moisture contents, above 25 % in mass, which are not common in timber
dwellings, so a more general method is presented, based on linear relations: the two-
step dose-response model. Also, it is observed that this model should be used to evaluate
the initiation period and not for the subsequent growth process [61]. The model is based
on Douglas fir heartwood data, with long periods with moisture content values below
25 % in mass. Similarly to the previously presented models, first the dose is calculated
with the equations:

D(n) =

n
∑︂

1

Di (4.19)

Di = DT (T ) ·Du(u) (4.20)

Du(u) =

⎧

⎪

⎨

⎪

⎩

0 if u < a
u−a
b−a

if a ≤ u ≤ b

1 if u > b

(4.21)

DT (T ) =

⎧

⎪

⎨

⎪

⎩

0 if T < c
T

d−c
if c ≤ T ≤ d

1 if T > d

(4.22)

where u is the percentage of moisture content in mass, T is the wood temperature
expressed in ◦C. The coefficients are used to set the mould growth limits and set back
points:

• a and b are the lower and upper boundaries of the critical moisture content interval
in which the decay fungi are expected to grow, they could be set respectively to
25 and 30 %;

• c and d are the lower and upper boundaries of the critical temperature interval,
set to 0◦C and to 30 ◦C respectively;

The decay rating DR(D(n)) according to EN 252 is calculated according to Eq. 4.23.
The value 130 is set as the lowest dose value before the decay and it is obtained as the
average between the values of Douglas fir and Scots pine.

DR(D(n)) =

{︄

0 if D ≤ 130

0.0051 ·D − 0.66 if D > 130
(4.23)
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4.3 Metal corrosion

Another damage typology that could be caused by moisture is the corrosion of metal
inclusions. When a porous building material is reinforced with metal inclusions and
moisture transfer is allowed around them, then it is possible to calculate the temper-
ature, relative humidity or the moisture content around the metal elements and, if a
correlation is available, its corrosion rate at a given time. The corrosion by carbona-
tion process is activated after the carbonation of the mortar (or concrete) around the
inclusions. This phenomenon depends on the carbon dioxide diffusion in the material
that could be modelled as well with the moisture and heat transfer. For the case of
concrete, this model has been presented in [62]. In alternative it could be considered
as a separate phenomenon, that will be interrupted during rainfall (water stops carbon
dioxide diffusion), with simplified models, like [63, 64]. Also this kind of simulation
relies on simplifying hypotheses, among the others:

• the geometry of the domain is not deformed by the expansion of the metal oxides;

• the metal inclusions are not in contact with noble materials that could increase
the corrosion rate [65];

• the mortar carbonation has reached the surface of the inclusions; absence of sac-
rificial anodes or impressed currents that could provide cathodic protection;

In [66] and [67] a simple approach to the problem is presented for historical mortars.
This method allows to calculate the time of corrosion of a bar, considering the initiation
phase, characterized by the diffusion of carbon dioxide in mortar or concrete (modelled
with one of the aforementioned models), and the corrosion phase, in which the reduction
of the metal inclusion section is calculated from relative humidity and temperature.

First, the correlation between the corrosion rate and the relative humidity and tem-
perature in the proximity of the metal inclusion is obtained from experimental results,
then the model is used on the results of an heat and moisture transfer simulation. The
experimental results are obtained in terms of moisture content and then converted with
a moisture retention curve to relative humidity values. By hypothesis, corrosion is not
considered to influence or to be influenced by the heat and moisture transfer. If the
expansion of the oxides is considered to have developed a crack in the geometry a heat
and moisture transfer in cracked media model should be preferred, for example [68, 69].

The corrosion rate icorr is expressed as current density ( mA/m2) and it is calculated
according Eq. 4.24:

icorr =

⎧

⎪

⎨

⎪

⎩

d1 · T · exp(a1 · T + b1 · ϕ+ c1) if ϕ ≤ 95%and T > 0◦C
(k−100)·ϕ
100·(k−ϕ) · asat · T

bsat if ϕ > 95%and T > 0◦C

0 if T ≤ 0◦C

(4.24)

The parameter k, defined in Eq. 4.25 is used to smoothly connect the corrosion rate
obtained in the hygroscopic region with the values of the over-hygroscopic region.

k = a2 · T
b2 + c2 (4.25)
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Table 4.1: Thickness of corroded steel in the reinforcement bars in concrete walls or
columns facing the external environment.

Concrete cover Corrosion thickness
(cm) (➭m)
1 148
2 121
3 9
4 -

The parameters a1, b1, c1,a2, b2 and c2 are regression parameters. From the corrosion
rate valure icorr it is possible to calculate the thickness s of the metal inclusion lost over
time by corrosion with the Faraday law:

ds

dt
= 1.17 · icorr (4.26)

With ds
dt

expressed in ➭m/year. This value is the reduction of the resisting area of
the metal inclusions and, moreover, when a corrosion of 20 ➭m is reached, the oxides
expansion causes the cracking and spalling of the concrete.

A similar approach was used in [70] to calculate the corrosion of metal fasteners em-
bedded in wood. In this case, the corrosion rate calculation is performed with moisture
content and temperature.

As an example of application, in [71] the correlations presented in [67] have been
used to perform a series of simulation of the corrosion of a steel rebar in concrete in
the city of Udine. The results are presented in Tab. 4.1. The corrosion thickness is
calculated after a period of 50 years for 4 thicknesses of concrete cover (the layer of
concrete that separates the bar from the exterior environment. The simulations were in
compliance with the recommended value of the concrete cover in the Italian regulations:
a concrete cover of at least 5cm should avoid the corrosion issues and following cracking.

4.4 Freeze-thaw damage

When the water fills the material’s pores of the outer layer of a building and the tem-
perature decreases under the freezing point, then the ice formations increase in volume,
inside the pores, causing the cracking of the material. This damage concerns mainly
cold climate zones and it can be triggered also in existing buildings when a change is
made in the heating schedules or in the insulation of the envelope. For example, the
envelopes of historical buildings, with low levels of insulation, have high energy con-
sumptions and are crossed by a high heat flux and, as an effect, have high temperatures
on the external surfaces. When, for the purpose or reducing the energy consumptions,
the walls are retrofitted with large layers of insulation, the heat flow rate is reduced and
the temperature on the external surface is lower, then it is possible that, during a cold
winter, the water in the porous of the outer material, very likely to be stone, cracks for
the excessive and repeated expansion of the ice. This could also happen if a building is
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abandoned and the heating system is not contributing to increase the temperatures of
the envelopes during winter.

A simple approach for the evaluation of the performance of a building envelope is
the counting of the freeze-thaw cycles that the materials are expecting just computing
the times that the temperature values cross the 0◦C [72, 73].

Another, more advanced risk evaluation criterion is the determination of the critical
degree of saturation using frost dilatometry. This method, first presented in [74] and
used in [75],[76], [77] and [78] is based on the assumption that the damage due to
freeze-thaw cycles happens only above a critical degree of saturation which could be
determined by a laboratory procedure and not only at the saturation of the material.
For example, if the saturation degree of a solid clay brick is at usat = 0.22, the critical
saturation for the freeze-thaw cycle damage could be at u[crit = 0.19. Once that the
critical moisture content is identified it is possible to reduce the risk by designing the
building envelope avoiding to reach the freezing point at 0 ◦C at the critical saturation
content in the most exposed material of the wall.

In order to compare different design solutions it is possible to count the freeze-thaw
cycles when the material reaches the critical saturation or to use other indicators such
as the FTDR Index presented in [79].
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Glaser method

This chapter is a summary of the results presented in [9]. The finality of the analysis
is to assess the reliability the Glaser method (according to EN ISO 13788:2012) for the
moisture accumulation risk assessments of building envelopes. The Italian legislation
(Ministerial Decree of 26th June 2015) allows to perform the interstitial condensation
risk analysis with both the Glaser method (monthly mean stationary method according
to UNI EN ISO 13788:2013) and the advanced hourly transient simulations according
to UNI EN 15026:2008. The choice between the methods is left on the designer, and
thus it is not frequent that an advanced analysis is performed. Advanced risk analysis
require an additional validated software tool (for example WUFI Pro, DELPHIN or
MATCH), the availability of the advanced material properties (rarely provided by the
material suppliers), the availability of the proper weather files, that should be selected
to be representative of the critical weather events, in order to provide a conservative
weather simulation.

The mentioned accurate simulation methods are based on coupled heat and moisture
(HM) numerical models. The complexity of the HM models is clear starting from the
seminar works on the models constructions, such as [80, 81], therefore a numerical
implementation ([82, 83, 84]) is required, not without any complication due to the
numerical representation of the driving potentials of the model equations (complications
that are not found, for example in the conduction based heat transfer models) and
user friendly software tools software simulation tools have been released. One of these,
WUFI Pro [85], is used in this chapter following the UNI EN 15026:2008 standard.
These models are utilised for many advanced applications, such as the ones presented
in [67, 86, 87]. The considered HM model is quickly described in Subsection 3.2.

5.1 Assumptions

The Glaser method has been implemented using the integrated development environ-
ment Octave (Manual: [88]). The used script is available online at [89]. This method
is based on many simplification assumptions listed in the describing standard, the ones
that involve the model are:
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• The moisture transfer phenomena in porous materials are slow, and thus, simu-
lating the weather variables with the monthly mean values would cause negligible
errors,

• Water vapour pressure distribution in a one-dimensional wall is influenced by the
temperature distribution only when the dew point Tdew of saturation is reached
inside the wall.

• The heat transfer caused by phase changes and thermal mass effects are ignored.

• liquid water transport is negligible.

• The material properties are independent of the temperature and the moisture
content.

• The effects of driving rain and sun light are not considered.

5.1.1 Equations

With these hypotheses, the model is described by the stationary heat conduction law
(Eq. 5.1) and by Fick’s diffusion (Eq. 5.2).

∂

∂x

(︃

λ
∂T

∂x

)︃

= 0 (5.1)

∂

∂x

(︃

δp
∂pv
∂x

)︃

= 0 (5.2)

Then, the heat flux and the vapour flux could be calculated as:

q = −λ
∂T

∂x
(5.3)

gv = −δp
∂pv
∂x

(5.4)

With these limitations, the Glaser method cannot be used for prediction purposes.
For the ease of application and for the availability of the material properties, the Glaser
method is often the only available procedure for technicians to perform moisture control
in building envelopes and it could be used to evaluate the hygrothermal performance of
a wall in a given weather.

5.2 Comparison

Few comparisons between HM models and the Glaser method are found in the literature.
In [90] the Glaser method is compared to an early version of WUFI. A build-up of
a cathedral roof is considered, and the amount of moisture stored in the build-up is
evaluated varying the vapour permeability of a vapour retarder layer. According to
[90] the moisture calculated by the Glaser method is comparable and conservative with
respect to WUFI results since the considered structure has low thermal mass and because
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Table 5.1: Building envelope build-ups thermal properties

Wall Type
U c S w|ϕ=0.8

(︁

W
K·m2

)︁

(︂

J
K·kg

)︂

(m)
(︂

kg
m3

)︂

Solid brick wall 1.800 1530 4 1
timber wall 0.111 390 1537 20
Expanded clay block wall 0.452 760 3 6
Stone wall 1.824 1710 34 3
Hollow brick wall 0.251 550 8 6
Concrete brick wall 0.527 1440 35 13

heat fluxes. The result of Glaser method are the monthly mean distributions of temper-
atures and vapour pressures. In order to compare the two, the Glaser method vapour
pressures are used to calculate the moisture content of the walls (indicated with wG),
using the moisture retention curves of the materials, and then these are compared with
the monthly mean values of the HM transfer model results (indicated with wWm for the
hourly values and wW for the monthly mean values). The moisture content calculated
with the Glaser method wG is obtained from the vapour transport only, while the liquid
water transfer is neglected.

The calculated variables for the comparison are:

wmax
W = the maximum moisture contents calculated with the HM transfer model

wmin
W = the minimum moisture contents calculated with the HM transfer model

wmax
Wm = the monthly mean maximum moisture contents calculated with the HM trans-

fer model

wmin
Wm = the monthly mean minimummoisture contents calculated with the HM transfer

model

wmax
G = the monthly mean maximum moisture contents calculated with the Glaser

method

wmin
G = the monthly mean minimum moisture contents calculated with the Glaser

method

The comparison is held with the parameter ∆w (hourly values) and ∆wm (monthly
values) defined respectively by Eq.5.5 and Eq. 5.6.

∆w = wG − wW (5.5)

∆wm = wG − wWm (5.6)
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While the relative differences, expressed in % are calculated as follows:

∆w =
wG − wW

wW

(5.7)

∆wm =
wG − wWm

wWm

(5.8)

Then the maximum and minimum values of the relative differences (calculated
hourly) are expressed by ∆wmax

% and ∆wmin
% . The maximum and minimum values

of the absolute differences are indicated with ∆wmax
% and ∆wmin

% , while the monthly
mean values are ∆wmax

m ∆wmin
m .

5.3 Results

Four simulations of single-layer walls of fictitious materials with the same boundary con-
ditions are performed in order to compare the behaviour of the considered methods in
terms of mean monthly moisture contents. The weather file of Udine (from [92]) is used
as outdoor climate. To evaluate the effect of the steady state simplifying hypothesis, four
fictitious materials are created changing the properties that influence the thermal and
hygroscopic transient behaviour. The property that influences the transient moisture
transfer is the moisture retention curve which is taken alternatively from a Hygroscopic
material (H) (20 kg/m3 at ϕ = 80%) and a Non-Hygroscopic material (NH) (2 kg/m3 at
ϕ = 80%). The thermal mass is the property that influences the transient heat transfer
and it is set to a high value (HTM), typical of a high thermal inertia material (c=1000
J/kg·K), and to a low value (LTM), from a low thermal inertia material (c=100 J/kg·K).
The monthly mean results are presented in Fig. 5.2. The Glaser method solutions do
not take in consideration the heat capacity or the moisture retention curves so that the
simulations give out the same results in terms of vapour pressure. Nevertheless, the
conversion in terms of moisture content gives different results between the hygroscopic
and the non hygroscopic material, because a different moisture retention curve is con-
sidered for the two. The different heat capacity has a small influence on the moisture
contents.

The Glaser method results are conservative during the year except for March and
April, in which the moisture content is underestimated at most by 17 % for the hygro-
scopic materials and at most by 5 % for the non-hygroscopic materials. On the other
hand, the maximum differences are of 14 % for a non-hygroscopic material and of 32 %
for a hygroscopic material.

5.3.1 Building envelopes comparison

The build-ups illustrated in figure 5.1 are chosen in order to represent realistic envelopes
with different hygrothermal properties. The quantitative description of the overall prop-
erties of the walls are listed in Table 5.1.

The weather files of Berlin, Vienna, Paris, Rome, Madrid (from [93]) and Udine
(from [92]) are used in the simulations, while the material properties are taken from the
material database of the HM transfer model. For the transient simulations, advanced
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Table 5.2: Results of the HM transfer model simulations for single layer walls of fictitious
materials for the Udine weather file.

Fictional material wmax
W wmin

W wmax
Wm wmin

Wm wmax
G wmin

G ∆wmax
% ∆wmin

%
(︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂

(%) (%)

NH HTM 0.76 0.62 0.69 0.64 0.74 0.65 12 -5
NH LTM 0.70 0.61 0.69 0.64 0.74 0.65 14 -2
H HTM 2.71 2.41 2.64 2.47 3.21 2.14 30 -17
H LTM 2.68 2.37 2.62 2.44 3.21 2.14 32 -16

Table 5.3: Results of the HM transfer model simulations for the solid brick wall for six
different weather files.

Climate
wmax

W wmin
W wmax

Wm wmin
Wm wmax

G wmin
G ∆wmax

% ∆wmin
% ∆wmax

m ∆wmin
m

(︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂

(%) (%) (%) (%)

Berlin 0.964 0.759 0.936 0.821 0.929 0.817 10 -12 2 -6
Vienna 0.949 0.787 0.933 0.829 0.930 0.799 9 -9 3 -6
Paris 1.033 0.817 1.012 0.851 0.989 0.817 10 -18 3 -12
Udine 0.981 0.801 0.931 0.844 0.956 0.804 10 -11 4 -7
Rome 0.992 0.862 0.950 0.897 0.934 0.874 8 -9 1 -5
Madrid 0.955 0.647 0.912 0.706 0.918 0.715 12 -10 4 -7

Table 5.4: Results of the HM transfer model simulations for the timber wall for six
different weather files.

Climate
wmax

W wmin
W wmax

Wm wmin
Wm wmax

G wmin
G ∆wmax

% ∆wmin
% ∆wmax

m ∆wmin
m

(︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂

(%) (%) (%) (%)

Berlin 16.841 15.684 16.369 15.990 17.711 15.497 11 -6 8 -4
Vienna 16.526 15.462 16.235 15.729 17.796 14.541 13 -11 11 -9
Paris 17.870 16.465 17.567 16.806 20.429 14.127 20 -19 17 -17
Udine 17.330 15.990 16.974 16.338 20.188 14.040 23 -18 21 -15
Rome 17.996 16.842 17.575 17.290 18.335 16.641 9 -6 5 -5
Madrid 15.058 13.793 14.668 14.014 17.760 10.925 26 -25 23 -23
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Table 5.5: Results of the HM transfer model simulations for the expanded clay block
wall for six different weather files.

Climate
wmax

W wmin
W wmax

Wm wmin
Wm wmax

G wmin
G ∆wmax

% ∆wmin
% ∆wmax

m ∆wmin
m

(︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂

(%) (%) (%) (%)

Berlin 4.022 2.932 3.867 3.038 5.733 2.708 67 -29 60 -26
Vienna 3.798 2.823 3.624 2.948 6.690 2.497 98 -32 92 -29
Paris 4.613 3.311 4.459 3.450 6.838 2.842 64 -31 53 -28
Udine 3.924 3.156 3.757 3.300 4.272 2.569 21 -31 17 -27
Rome 4.179 3.417 4.006 3.566 3.898 3.206 6 -15 2 -12
Madrid 3.219 1.787 3.074 1.877 4.459 1.689 71 -32 52 -22

Table 5.6: Results of the HM transfer model simulations for the stone wall for six
different weather files.

Climate
wmax

W wmin
W wmax

Wm wmin
Wm wmax

G wmin
G ∆wmax

% ∆wmin
% ∆wmax

m ∆wmin
m

(︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂

(%) (%) (%) (%)

Berlin 0.811 0.656 0.767 0.668 1.141 0.663 54 -15 49 -8
Vienna 0.772 0.646 0.741 0.664 1.278 0.647 77 -11 73 -8
Paris 1.056 0.769 1.001 0.787 1.276 0.674 37 -29 27 -25
Udine 0.886 0.676 0.795 0.698 0.860 0.653 16 -15 12 -11
Rome 0.934 0.795 0.877 0.817 0.783 0.680 -6 -23 -11 -18
Madrid 0.744 0.533 0.704 0.549 0.908 0.509 44 -17 33 -12

Table 5.7: Results of the HM transfer model simulations for the hollow brick wall for
six different weather files.

Climate
wmax

W wmin
W wmax

Wm wmin
Wm wmax

G wmin
G ∆wmax

% ∆wmin
% ∆wmax

m ∆wmin
m

(︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂

(%) (%) (%) (%)

Berlin 3.672 3.022 3.528 3.113 5.842 2.766 74 -20 67 -17
Vienna 3.521 2.940 3.401 3.056 6.521 2.510 98 -24 92 -21
Paris 4.704 3.616 4.527 3.718 7.185 2.937 70 -31 59 -27
Udine 3.831 3.241 3.663 3.367 4.437 2.598 29 -27 21 -23
Rome 4.270 3.778 4.058 3.920 4.369 3.557 14 -12 8 -10
Madrid 2.863 1.990 2.684 2.061 4.842 1.691 105 -30 83 -23
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Table 5.8: Results of the HM transfer model simulations for the concrete brick wall for
six different weather files.

Climate
wmax

W wmin
W wmax

Wm wmin
Wm wmax

G wmin
G ∆wmax

% ∆wmin
% ∆wmax

m ∆wmin
m

(︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂ (︂

kg
m2

)︂

(%) (%) (%) (%)

Berlin 8.696 7.900 8.535 8.066 8.804 7.170 9 -16 8 -15
Vienna 8.609 7.893 8.548 8.011 9.050 6.876 12 -20 11 -18
Paris 9.411 8.321 9.278 8.414 9.368 7.153 12 -22 9 -20
Udine 9.203 8.387 9.038 8.521 10.258 7.049 17 -22 14 -20
Rome 9.821 9.240 9.687 9.419 10.727 8.022 14 -17 12 -16
Madrid 8.615 7.888 8.436 7.962 8.541 7.504 7 -12 5 -11

during the month is lower than the one obtained monthly by the Glaser method. Con-
tained differences, ±25% in the cases of the Brick Wall, are found for the timber wall and
for the concrete masonry wall. The small differences in the solid brick wall simulations
(less than ±12% for all the climates) show that the behaviour is well predicted by the
Glaser method during the whole year. The timber wall and the concrete masonry wall
are composed by highly hygroscopic materials with higher moisture contents, higher ab-
solute moisture variations, but lower percentage variations. In both cases the maximum
differences are found generally during the cold season (November, December, January,
February), in which the Glaser method underestimates the moisture contents, whereas
during the warm months the moisture content is overestimated. A common trend is ob-
served for the hollow brick wall, clay block wall and stone wall: for cold climates (Berlin,
Vienna, Paris) during the cold months (November, December, January, February) the
Glaser method predicts moisture contents that can reach twice the values predicted by
the HM transfer model, while during the rest of the year they have differences smaller
than 30%. For warmer climates (Rome, Udine, Madrid) the Glaser method estimations
follow the HM transfer model results, except for the month of December of the Madrid
simulations. For every case, the HM transfer model results have small daily and hourly
variations, with respect to the mean monthly values. The plot of Fig. 5.3 represents the
simulation results for a timber wall in the climate of Vienna. The daily variations of the
HM simulation are small compared to the moisture content of the wall, confirming that
for this case, a time step larger than 1 hour could be considered. On the other hand, the
relatively large variations of the Glaser method show that the heat and moisture trans-
fer is strongly influenced by the transient moisture storage properties of the materials
and thus, a stationary method could be not representative of the phenomenon.This is
confirmed by the lower moisture contents of the Glaser method from January to April
and by the steep increase from April to June.

5.3.2 Relative humidity distributions

A further comparison is drawn on the timber wall and on the hollow brick wall for the
Vienna weather file. The year results for the former wall are shown in Fig. 5.3. The HM
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Figure 5.4: Comparison of relative humidity profiles obtained with different calculation
methods for the timber wall in the climate of Vienna. The background of the plots is
coloured to distinguish the wall layers.

is equal to 100 % in one of the layers of the wall. Even if the HM transfer methods
calculates lower levels of relative humidity, depending on the damage criteria, it could
be also related to a not acceptable risk level.

The second comparison is used to discuss the use of the mean monthly tempera-
tures for the Glaser method. More conservative results could be obtained using lower
temperatures or higher relative humidity values as external boundary conditions: in
Fig. 5.5, the relative humidity calculated with the previously presented methods is
compared to the distribution obtained considering the minimum 5-days mean design
temperature, defined in the EN ISO 15927-5 standard (external temperature -10 ◦C and
external relative humidity 80 %, which is met in the first days of February). With the
extreme conditions, the condensation occurs in the layer between 10 and 25 cm, while
the Glaser method monthly mean boundary conditions results do not show the presence
of condensation and is in good agreement with the HM transfer model results. From
this comparison, it is shown that considering 5-days mean design temperatures for this
wall and climate could lead to over conservative designs of the building envelopes.

Finally, it is not possible to conclude that the Glaser method allows to obtain always
more conservative results without the modification of the boundary conditions, while it
has been shown, for the timber wall and the hollow brick wall, that the mean relative
humidity distributions are similar. Nevertheless, it has to be considered that they have
different meanings: the relative humidity of the HM transfer model could be considered
as a predictive result to be used in deterministic risk assessment models, while the Glaser
method should be considered as an indicative value, calculated with many simplifying
hypothesis.



Figure 5.5: Comparison of relative humidity profiles obtained with different calculation
methods for the hollow brick wall in the climate of Vienna. The background of the plots
is coloured to distinguish the wall layers.
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6
Material Properties

One of the main obstacles for the utilization of the heat and moisture transfer tools is
the material characterisation required by the model. As seen in the previous chapters,
the material properties required for the solution of the equations depend on the model
considered and on the chosen hypotheses.

The traditional approach to material modelling is to measure constant properties at
design conditions, without considering the variation of moisture content. With these
values it is possible to perform the majority of simulations regarding heat transfer and
to use the Glaser method for the condensation risk assessment. For the calculations of
heat transfer in building details with numerical methods or in building envelopes for the
whole building simulations, it is commonly accepted to use constant material properties.
Also for the Glaser method, the process of diffusion of water vapour is modelled with
a constant vapour diffusion resistance factor. For this reason, most of the technical
sheets provided by the producers contain the measurements of the thermal conductivity
λ, the heat capacity of the dry material c, the dry density ρ0 and the vapour diffusion
resistance factor µ.

When a coupled heat and moisture transfer simulation has to be performed, then
the material properties dependence to the moisture content and the temperature could
be relevant. Using the software WUFI Pro, referring to Eq. 3.30, the required material
properties for a complete simulation, are:

• ρ0 = Density of the dry material ( kg
m3 )

• c = Heat capacity of the dry material ( J
kg·K )

• λ(ϕ, T ) = Thermal conductivity ( W
m·K )

• w(ϕ) = Moisture retention function ( kg
m3 )

• δp(ϕ) = water vapour permeability for the water vapour pressure
(︂

kg
m·s·Pa

)︂

• Dϕ(ϕ) = Liquid conduction coefficient with ϕ as a potential for the suction and

the redistribution process ( kg
m·s )
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Figure 6.1: Compostable insulation material MycoFoam R⃝. The material is composed
by wooden scraps, bounded by mycelium (fungi’s roots).

These property functions are not commonly provided by the producers, thus, when an
uncommon material should be modelled, a full characterisation is required. Different
standardised direct measurement procedures could be used and, depending on the ma-
terial consistency, they are more or less effective. When the direct methods are not
effective, indirect methods could be considered. For example, performing the measure-
ments of transient absorption of water vapour in a climate chamber, coupled with a
material property calibration using numerical simulations, could be used to obtain an
estimation of the water vapour permeability of the material. When experimental results
are not available it could be also acceptable to use the material property functions of
other materials that are known to be similar to the one studied. In this case it could be
appropriate to perform the simulations considering more than one substitutive material
in order to identify a set of possible results. In the next section, three examples of the
comparison between the real and simulated behaviour of the construction material are
presented in order to highlight the gap between experiments and simulations.

6.1 Vapour diffusion in insulating material

In a collaboration of Libera Università di Bolzano (Free University of Bozen-Bolzano)
an experimental activity was conducted at the Building Physics Laboratory of the Free
University of Bozen–Bolzano. The main objective of the activity was to identify the
influence of the moisture content on the thermal behaviour of a new insulation material.
The considered material, MycoFoam R⃝, is a wood based insulation panel (Fig. 6.1),
obtained bonding wood scraps together with fungi mycelia (mushroom roots).
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6.1.1 Material description

After the growth of the mycelia, the wood scraps are kept together by the roots bonding
and with a desiccation period, the growing process is stopped. This new material is
designed to be compostable and it could be easily used in a design process with cir-
cular economy requirements. One of the limits of the usage of MycoFoam R⃝ is that
the activation of the decomposing process occurs when the material is wet, which is a
common temporary condition in building materials. For this reason, to use this material
it is necessary to assess with heat and moisture transfer simulations the risk of water
condensation and accumulation in its layer. Thus its hygrothermal properties should be
known. The material, for its stiffness and low mechanical resistance, is not adapt for
wet-cup or dry-cup measure water vapour permeability methods. Therefore an indirect
method should be used, or the properties of similar materials could be considered.

6.1.2 Experimental method

These two approaches have been used to perform a preliminary evaluation of the influ-
ence of moisture on the thermal performance of building materials. This evaluation is
presented in [12]. A hygrothermal characterization of the MycoFoam R⃝ insulation with
a climatic chamber and with the heat flux meter was undertaken. The results were used
to perform heat and vapour transfer simulations of a timber wall insulated with the
MycoFoam R⃝, to assess the influence of the heat transfer caused by the moisture trans-
fer phenomena. The properties of the cross-laminated timber structural layer have been
previously evaluated by the research group of the Free University of Bozen-Bolzano, and
the results are reported in [94].

The dimension of the insulation panel are 0.3 x 0.3 x 0.05 m. The measurements of
the conductivity were performed on the sealed specimens (sealed with a plastic foil and
tape, as shown in Fig. 6.2) using a heat flow meter (Netzsch HFM 436/3 LambdaTM) in
compliance with ISO 8301:1991, EN 12664:2001 and EN 12667:2001. The measurements
were performed at different temperatures from 10 to 50 ◦C with steps of 5 K, each at
four moisture contents 0 %, 3.6 % (ϕ=10 %) , 8.0 % (ϕ=30 %) and 13.6 % (ϕ=80 %).
The moisture content of 0 % was obtained after a conditioning in the ATT Angelantoni
DM340 climatic chamber at 105 ◦C with ventilation. The obtained density was used to
calculate the moisture contents.

The procedure is described in Fig. 6.3. First, the specimen is conditioned in the
climatic chamber. The samples are weighted every 24 hours, until the equilibrium with
the chamber’s air is reached. The equilibrium is obtained when the difference between
the new weight and the previous weight is lower than the 0.1 % of the new weight. At
that point, the weight of the sample is used to calculate the moisture content and the
measurement is inserted in the moisture retention curve. Afterwards the sample is sealed
and it is inserted in the heat flow meter for the procedure of the thermal conductivity
measurement at different temperatures (from 10 to 50 ◦C with steps of 5 K). The sample
is sealed in order to maintain as much as possible the moisture content gained in the
conditioning procedure. After this measurement, the sealing is removed from the sample
and the conditioning is performed again, for the next value of relative humidity.
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Figure 6.2: The samples are conditioned in the climatic chamber and then sealed with
a plastic film and tape to avoid the loss of moisture content. The sealed samples are
tested in the heat flow meter to measure their conductivity at different temperatures.
The process is repeated changing the conditioning conditions of the climatic chamber.
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Figure 6.3: Description of the procedure used for the measurements of the thermal
conductivity at different temperatures (with Tj= 10 to 50 ◦C with steps of 5 K) and of
the moisture content for the construction of the moisture retention curve. The procedure
is repeated for each relative humidity value (ϕi=0 %, 10 %, 30 % and 80 %). MRC
stands for Moisture Retention Curve and HFM stands for Heat Flow Meter.

















7
Hysteresis

As seen in the previous sections, using a moisture storage function, defined as a one-to-
one function between the driving potential of moisture transfer (ϕ, pv, Pc or log10(Pc)),
and the moisture content is a simplification of the moisture accumulation behaviour.
Due to different reasons, depending also on the considered material, the moisture storage
behaviour is often hysteretic. The main effect of hysteresis is that a material sample
could reach equilibrium with the air of an environment set to a constant value of vapour
pressure and temperature, with different moisture contents. This behaviour also affects
the moisture balance equation parameter referred to as moisture capacity ξ, defined as
the derivative of the moisture content with respect to relative humidity. The moisture
capacity variation will define the next equilibrium positions in the moisture storage
plane, depending on the previous positions. The curves formed by these positions are
called scanning curves, which are generally between the absorption and desorption curves
(Fig. 7.1). The absorption curve is defined as the curve followed by the equilibrium
states of the material starting from a dry state, with no moisture content, and then
conditioned at an environment with progressively higher values of relative humidity,
starting from 0 %. The desorption curve is the curve of the equilibrium states obtained
starting from the saturation state of the material and then conditioned to air with
progressively lower relative humidity values, starting from the 100 %.

7.1 Modelling

In literature there are many examples of modelling approaches for the inclusion of hys-
teresis in the heat and moisture transfer simulations. One approach is the determina-
tion of the absorption and desorption curves to be used as lower or upper bound to the
scanning curves. Different models are presented in literature, for example, the afore
mentioned “empirical hysteresis model” (represented by Eq.3.28 and presented in [31]
and in [32]), is simple to implement and, with other parametric adjustments, it could be
tuned to better follow the scanning curves. For example, in Eq.7.1, a constant parameter
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7.2.1 Simulations

Using the software MATCH it is possible to take in account the hysteresis of the moisture
retention curve. In order to present the influence of the hysteresis in the simulations the
heat and moisture transfer simulation is performed on a spruce cross-laminated timber
wall, with the TRY weather file of Copenhagen (Denmark), without considering the
rainfall, set as external boundary condition. The wall build-up is:

• outside

• CEMBRIT panel - 9 mm

• Rock Wool insulation - 380 mm

• Cross-laminated timber structural layer - 100 mm

• CEMBRIT panel -9 mm

• inside

The simulations have been performed considering the hysteresis, then, without the
hysteresis, using as moisture retention curve the absorption curve only, the desorption
curve only and finally the mean curve, calculated as the mean between the points of the
desorption curve and the absorption curve.

7.2.2 Comparison

The comparison has been performed considering the eternal surface of the timber layer,
between the external layer of insulation and the timber. The comparison is shown in
terms of moisture content (Fig. 7.2), relative humidity (Fig. 7.3) and then, combining
the two aspects, on the moisture retention plane, obtained plotting the moisture content
against the relative humidity (Fig. 7.4).

In the Tables 7.1 and 7.2 the mean and the extreme values of the resulting moisture
contents and relative humidity values are presented. It is shown that using the absorp-
tion curve or the desorption curve provide different extreme values than the hysteretic
one, while it is observed that the mean curve provides similar results. From the mois-
ture content plot (Fig. 7.2) it is easy to see that the extreme values for the hysteretic
curve and the mean curve happen in different times of the year so that it is possible
to conclude that it is not possible to generalise that the mean curve could replace the
hysteretic behaviour of the material. While the moisture content of the mean curve
seems to be a mean value between the absorption and the desorption curve’s results,
the resulting moisture content of the hysteretic curve has a different reaction to the
weather solicitations, with smaller variations. In Fig. 7.4 the path on the moisture
retention plane of the four solutions it is shown. The slope of the curves represent the
moisture capacity, the term included in the moisture balance equation.

7.2.3 Moisture capacity

While for absorption, desorption and mean curves the moisture capacity coincides with
the one of the moisture retention curves, the hysteretic moisture capacity is different





7.2. Impact on simulations 81

Table 7.1: Relative humidity (unit: %) mean, maximum and minimum values obtained
in the simulation with the use of the four moisture retention curves (MRC)

Relative humidity (%)
mean max min

Absorption MRC 39.2 52.8 23.3
Desorption MRC 39.2 53.1 23.8
Hysteretic MRC 39.4 53.8 23.0
Mean MRC 39.2 53.2 23.6

Table 7.2: Moisture content (unit: kg/kg%) mean, maximum and minimum values
obtained in the simulation with the use of the four moisture retention curves (MRC)

Moisture content (kg/kg%)
mean max min

Absorption MRC 8.1 10.2 5.7
Desorption MRC 10.2 12.7 7.0
Hysteretic MRC 5.7 11.3 6.4
Mean MRC 10.0 11.5 6.4
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and without hysteresis could lead to different risk values.
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8
Reference weather files

Depending on the finality of the analysis, besides the choice of the modelling equations
and the choice of the level of detail used to model the material properties, the simulation
of the heat and moisture transfer in building materials requires also the definition of the
boundary conditions. Supposing that a transient coupled heat and moisture transfer
problem is chosen, then, the time discretisation of the solution is commonly performed
with time steps of one hour. The boundary conditions are defined to represent the heat
and moisture fluxes and potentials of the indoor or outdoor environments to which the
studied detail or building is exposed. These fluxes could be calculated from the following
weather variables:

T = Dry bulb air temperature (K or ◦C)

pv = Water vapour partial pressure (Pa)

Ed = Direct solar irradiance on the surface ( W
m2 )

rd = Driving rain intensity on the wall surface ( kg
m2 )

These variables are described hourly in the weather files, measured by weather sta-
tions. The weather stations are often located in airports, or on towers and provide the
weather variable measurements in that point, which could be different from the same
variables on the surface of building envelopes. For each variable, many algorithms to
extrapolate the variables for other locations, with other conditions are presented in lit-
erature. For example, for the calculation of the direct normal solar irradiance on the
building envelope surface when the only global radiation data is given, a split algorithm
is needed (an extensive comparison is presented in [104] and [105]) to obtain the diffuse
horizontal irradiation component and the direct horizontal component and then, another
algorithm for the calculation of the solar incidence angle, also considering the eventual
presence of shadings (some models are presented in [106]). A similar transposition has
to be performed for the driving rain on the considered wall. Some solutions for the
calculation of driving rain from the rainfall intensity, wind speed and direction could be
found in [107],[108],[109] and [110].
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Once that the needed variables and the location are defined, the weather series for
the simulations should be chosen. Using any weather series, without the characterisation
of its probability, would not provide sufficient information for the risk analysis: it would
be a simulation of the damage caused by the weather series, without any information
on its probability of happening.

On the other hand, using a weather file intended to represent the average weather of
a location would provide a risk analysis with not significant information: the calculated
damage has the probability to happen on the 50 % of the time, meaning that the building
envelope would not be designed to resist extreme weather conditions, but just the most
common ones. This performance level would not be considered acceptable, given that
one day out of two the wall would be in failure conditions. For these reasons a valid
weather file should be selected, with a known and adequate probability.

8.1 Reference years for building energy simulations

The common approach used in the building energy simulations is to calculate the bound-
ary conditions from a single year weather file, generated from the measured weather
record file (here referenced as multi-year (MY) weather file) of a weather station near
to the location and to run the simulations, repeating the year, for a longer period, until
the stabilisation is achieved, which is to say that state when the moisture content and
temperature at the first time step of the year are locally equal to the values at the last
time step of the year and the influence of the initial conditions is not relevant to the
solution.

This single year weather file is commonly referred to as reference year and it is
designed to be used instead of the full weather record file. For the building energy
simulations, the reference year is expected to be the most representative year for the
weather of a considered location, thus, considering the aforementioned performance
ranking of the weather series (ranking of weather years, in this case), the reference year
will be the year that divides the critical years from the subcritical years, corresponding
to the 50 % of the ranking. Similarly to the moisture transfer simulations, the weather
series are not correlated with the building energy performance, and to achieve a reliable
ranking of the weather series, the simulation of the whole weather record should be
carried out. To avoid this time consuming procedure, an alternative ranking method is
used.

8.1.1 Finkelstein-Schafer statistic

The standard EN ISO 15927-4:2005 [111] describes the ranking method to compose
a year (from the months of the multi-year) that is the moist representative year of
the multy-year. This representative year is designed to be used in building energy
simulations. This method is in particular intended for the creation of Test Reference
Years (TRY) and it is based on the Finkelstein-Schafer statistic method [112]. The
standard will be considered as an example of the application of the statistic that will be
used later for the design procedure of reference years for other applications.

First, a set of primary parameters (p indicates a general parameter) are selected as
the most influential in the studied problem. The primary parameters used in [111] for the
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generation of the TRY for building energy simulations are the dry-bulb air temperature
(T ), the global solar irradiance (Eg), the water vapour pressure (pv) (also the relative
humidity, the air absolute humidity and the dew point temperature could be used).
This set of primary variables is used to generate a ranking of the MY months, ordered
by representativeness using the Finkelstein-Schafer statistic. In addition, a secondary
parameter is considered, the wind speed (vw), to perform a secondary selection on the
representativeness ranking and select the months that will compose the TRY.

For the generation of the TRY from the MY, the following procedure is used:

1. Calculation the daily means p̄ of the primary variables p for the whole MY.

2. Calculation of the cumulative distribution function Φ(p,m(i), i) of the daily means
p̄ over the whole MY for each day i of a selected calendar month m, for each p.
The variable i represents the ordered number of a day in the MY, from 1 to N
(number of days in the MY), and it will be used as a timestamp. The function Φ is
obtained from the ranking K(p̄,m, i) by numbering the values of the distributions
of the considered p, separately for each m:

Φ(p,m(i), i) =
K(p̄,m(i), i)

N + 1
(8.0)

3. Calculation of the cumulative distribution function of the daily means within
each calendar month m of each year y, F (p, y(i),m(i), i) from the rank order
J(p̄,m(i), i), obtained by ordering the daily means p̄ within the calendar month
m and the year y:

F (p,m(i), i) =
J(p̄, y(i),m(i), i)

n+ 1
(8.0)

where n is the number of days of the m calendar month considered.

4. The Finkelstein-Schafer statistic FS is calculated for each p and each calendar
month m in the MY as:

FS(p, y,m) =

n
∑︂

i=1

|F (p, y(i),m(i), i)− Φ(p,m(i), i)| (8.0)

5. For each p, the ranking R is assigned to each calendar month m, obtained from
the ordering of the FS(p, y,m) of each y separately for each calendar month m:

R(p, y,m) =
L(FS)

ny + 1
(8.0)

with ny the number of years of the MY.

6. The ranking R of each calendar month is calculated for all the primary parameters
and then summed, to obtain the total ranking Rtot:
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Rtot(y,m) = R(T, y,m) +R(pv, y,m) +R(Eg, y,m) +R(RI, y,m) (8.0)

7. Each calendar month m of the TRY is chosen among the months m of the MY
with a further secondary selection.

• For each month ranking, the three months with the lowest Rtot are selected;

• The deviation from the mean value of the secondary variables, in this case
the wind speed vw, is calculated;

• The month m with the minimum deviation is selected.

8. The TRY is composed of the hourly series of the weather variables of the selected
months and the continuity between months is set with a linear interpolation, in
order to provide a smooth transition between months from different years.

8.2 Risk analysis

When the application is a risk assessment or a performance prediction, then, the defini-
tion of the weather series from which the boundary conditions are calculated is crucial.
In both applications it is important to associate to the results a return period τR, an
estimated average time between the happening of two weather series similar to the one
used in the simulation. With this value, it is possible to identify p = 1

τR
, the probability

of happening of a weather series. At this point, if the intent is to carry out a performance
based design of a building detail, the considered weather series can be correlated with
a level of damage or a level of performance of the building detail, in the given weather
series. With this correlation, the weather series could be ranked in terms of performance
(or damage), from the one that causes the building detail to perform better to the one
that corresponds to the worst performance. It could be convenient to define a perfor-
mance level that is considered acceptable, below which all the performance values are
considered failures. Then it could be also defined an acceptable probability of failure,
for example pf = 10%, meaning that if a life period for the building of 10 years (= τR is
considered it will be accepted to have a performance level under the failure threshold for
less than the 10 % (= pf ) of the time (1 year). Using the weather series corresponding
to the 10 % (= pf ) of the ranking to design the building detail, it will be designed to
not fail for the other 90 % of weather series, thus it will have only the probability to
fail pf = 10%, that corresponds to a return time τR = 10 years. When a risk analysis
is performed, a critical weather event could be identified and selected by its intensity or
with respect to a performance indicator. In heat and moisture transfer phenomena, the
intensity of a weather event, for example, of a rain event, could not be correlated with
the performance indicator of a building detail without performing a full simulation and
it could happen that a weather series causes the failure for a given building envelope,
while another building envelope has a good performance.
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8.3 Reference year for heat and moisture transfer

simulations

When considering the moisture transfer risk assessment simulations, the expression “ref-
erence year” is used with another meaning. The typical applications of these kind of
simulations are the risk analyses, therefore the weather files are chosen to represent ex-
treme conditions: instead of the 50 % of the performance ranking, it should be chosen to
represent the 10 % of the worst performing years. For the Glaser method procedure, the
standard EN ISO 13788:2013 prescribes to use the mean monthly temperature values
likely to occur once every 10 years and, if the only available weather file is a representa-
tive year (for example a weather file that could be used for building energy simulations),
it recommends to subtract 2 K to the external air temperatures during heating period
and to add 2 K during cooling period.

The procedure for the “Moisture Design Reference Year” suggested by the EN
15026:2007 is finalized to reach failure on an acceptable rate, for example once in ten
years. Such a reference year should be selected among the years measured in the multi-
year according to the studied problem. The standard provides three examples:

• For low temperature problems, it should be used the year with the mean tem-
perature closest to the 10-percentile value of the distribution of the annual mean
temperatures;

• For high temperature problems, the reference year should be the one with the
mean temperature closest to the 90-percentile value of the distribution of the
annual mean temperatures;

• For rain penetration problems, the year should have the annual rainfall value
closest to the 90-percentile of annual rainfall values.

An application of the EN 15026:2007 criterion is presented in the book [113], where
the example for the Belgium is provided. Three reference years are presented for the
same location:

• a wet and windy year to be used for the rain leakage risk assessments,

• a year with sunny summers with regular rains fro the solar-driven vapour flow risk
evaluation

• and then a cold, humid climate with a summer with small radiative fluxes for the
interstitial condensation problems.

A moisture index approach is presented as an alternative, to perform a selection of the
weather years without carrying out simulations of the walls. The use of moisture indexes,
or other indexes used as derived weather variables, is at the base of other approaches,
for example [114], or [115], which is based on the saturation deficit parameter which is
not structure-dependent. In [116] the weather data is analysed using various methods to
provide a ranking of the weather years with damage functions like the time of wetness,
the mould growth index, and the maximum moisture content. More recently, [117]
presented a preliminary selection of three weather years is performed using the Climate
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Index. Then, the design year selection is completed using the risk assessment simulations
with the three years. Then [118] for the selection of the months of the reference years
for the hygrothermal assessment (HRY) have used median, mean, minimum, maximum
value, the 25%, and the 75% quartile of air temperature and normal rain. The results of
HRY was compared with the standard methodology of EN ISO 15927-4:2005 and with
measured data on long-term.



9
Representative moisture weather

files

The most recent extended set of reference weather files for the Italian climate was
published by the Italian Thermotechnical Committee (CTI) in 2016, using the method
reported in [119], [120] and [121] in accordance with [111]. Further research has been
carried out on the topic, extending the TRY generation methodology using weighting
coefficients, for example in [122], which provided a study on the representativeness of
reference years obtained from sequentially reduced MY. A more recent study on the use
weighting coefficients is reported in [123].

This chapter is a summary of the work presented in [8]. The method described
by the standard EN ISO 15927-4:2005, typically used to design the TRY, has been
extended with 34 variations of the procedure. The 34 generation criteria have been
based on the assumption that the simulation results are influenced by rain deposition
on the considered wall and that the weather selection procedure could be different for
every considered wall exposure. For this reason, the procedure of the month selection
presented in 9.1.1 has been followed considering the driving rain on five exposures as
different weather variables, obtained combining the rainfall intensity, the wind velocity
and the wind direction. The years of the climate of Turin (Italy) between 2002 and
2016 have been considered as multi-year for the generation of the reference years. The
resulting years are intended to be representative of the weather climate, differently from
the TRY, also considering the moisture related variables.

The main reason for the proposal of this procedure is the fact that it is easily appli-
cable to all the hourly weather records in a structure independent procedure. The choice
of the primary variables for the selection procedure should depend on the problem to
be studied with the simulation. Given that every moisture related problem could be
triggered by different weather conditions, it is useful to identify the representative year
considering the critical variable that have major effect on the considered phenomenon.
For example, when the rain is involved in the calculations of an interstitial condensation
risk assessment, the standard TRY design procedure does not perform a statistical anal-
ysis of the rain distribution, while it could be the most important variable of the risk
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assessment procedure. The selected months could be the most dry months and provide
simulations with underestimations of the risk.

9.1 Method

The validation of the proposed representative years is carried out by comparing the
hygrothermal behaviour of building components simulated with the new reference years,
with the behaviour obtained with the weather conditions over the long term from the
measured weather file. The 34 reference weather files have been generated changing the
combination of the primary variables to be considered in the standard procedure of the
TRY generation. The combinations used are presented in Table 9.1. The weather record
data series, from 2002 to 2016, are provided by the Regional Agency for the Protection
of the Environment (ARPA) of the Piedmont Region (Italy).

9.1.1 Month selection procedure

The procedure for the selection of the most representative months is a generalised version
of the one presented in . In this case the set of primary variables p changes for every
representative year. The considered sets are identified with IID, where ID is the number
of the combination, listed in Table 9.1. In this procedure the secondary variable selection
is not used.

1. Calculation the daily means p̄ of the primary variables p from the selected set, for
the whole MY.

2. Calculation of the cumulative distribution function Φ(p,m(i), i) of the daily means
p̄ over the whole MY for each day i of a selected calendar month m, for each p.
The variable i represents the ordered number of a day in the MY, from 1 to N
(number of days in the MY), and it will be used as a timestamp. The function Φ is
obtained from the ranking K(p̄,m, i) by numbering the values of the distributions
of the considered p, separately for each m:

Φ(p,m(i), i) =
K(p̄,m(i), i)

N + 1
(9.0)

3. Calculation of the cumulative distribution function of the daily means within
each calendar month m of each year y, F (p, y(i),m(i), i) from the rank order
J(p̄,m(i), i), obtained by ordering the daily means p̄ within the calendar month
m and the year y:

F (p,m(i), i) =
J(p̄, y(i),m(i), i)

n+ 1
(9.0)

where n is the number of days of the m calendar month considered.

4. The Finkelstein-Schafer statistic FS is calculated for each p and each calendar
month m in the MY as:
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Table 9.1: Combinations of variables used for the generation of the 34 Moisture Ref-
erence Years. The MRYs generaon method is obtained changing the weather variables
used in the EN ISO 15927-4:2005 method. The considered weather variables are dry-
bulb air temperature (T ), irradiation (Eg), relative humidity (ϕ), wind speed (vw),
rainfall intensity on a horizontal surface (r⊥), rainfall intensity on a vertical wall (rd)
facing North, South, East or West (adapted from [8]).

ID T Eg ϕ vw r⊥ rd,S rd,E rd,N rd,W
ISO x x x x
1 x x x x
2 x x x x
3 x x x x
4 x x x x

5 x x x

6 x x x
7 x x x
8 x x x
9 x x
10 x x

11 x x
12 x x
13 x x
14 x x

15 x x
16 x x

17 x x
18 x x
19 x x

20 x x
21 x

22 x
23 x

24 x
25 x

26 x
27 x

28 x
29 x x x x
30 x x x
31 x x

32 x x

33 x x
34 x
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FS(p, y,m) =

n
∑︂

i=1

|F (p, y(i),m(i), i)− Φ(p,m(i), i)| (9.0)

5. For each p, the ranking R is assigned to each calendar month m, obtained from
the ordering of the FS(p, y,m) of each y separately for each calendar month m:

R(p, y,m) =
L(FS)

ny + 1
(9.0)

with ny the number of years of the MY.

6. The ranking R of each calendar month is calculated for all the primary parameters
of the chosen set and then summed, to obtain the total ranking Rtot:

Rtot(y,m) =
∑︂

p∈IID

R(p, y,m) (9.0)

7. The representative year is composed of the hourly series of the weather variables
of the selected months and the continuity between months is set with a linear in-
terpolation, in order to provide a smooth transition between months from different
years.

9.1.2 Representative year description

It is possible to perform a first comparison of the obtained weather files comparing the
annual average values of the main weather variables and to evaluate the effects of the
statistical selection.

To highlight the differences among the considered years, a normalisation procedure is
applied on the variables. For example, for a generic variable P , the normalised auxiliary
variable IP , the normalised index of the variable P , is calculated as:

IP =
P − Pmin

Pmax − P
(9.0)

Where:

Pmax = maximum value of the variable P in the weather record

Pmin = min value of the variable P in the weather record

To identify the years with the larger wetting loads, the normalised values of the
rainfall on a horizontal plane are presented in Fig. 9.1.

The values of the years of the weather record are taken as reference then the nor-
malised index for the weather record has a minimum of 0 (for the year 2010, indicating
that it has the minimum average rainfall of the record) and a maximum of 1 (indicating
that it has the maximum average rainfall of the record). The index for representative
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years are calculated with the maximum and minimum value of the weather record, for
this reason the values could be larger than 1. Given that the average rainfall index
for the whole weather record is 0.4, it could be observed that most of the year provide
similar values, while the years obtained considering the driving rain on a wall facing
North are the ones with the average rainfall lower than 0, meaning that the average of
the reference year is lower than the minimum average rainfall of the weather record (ID
3,7,11,15,19,23), well representing the orientation with the lower levels of driving rain.
The years ID 5 and 20 show high values of MI due to the selection of months with high
values of rainfall intensity.

In [114], a generalised formulation of the concept of Moisture Index is presented as
an index that could be used to compare different weathers depending on the moisture
related weather variables. A Moisture Index (hereinafter referred to as MI), similar to
the MEWS Moisture Index described in [114], is here used to evaluate the results of the
representative year design process.

The MI is defined from two other indexes, the Drying Index (DI) and a Wetting
Index (WI):

MI =
√︁

WI2 + (1−DI2) (9.0)

The value of the MI could be larger than 1 and, if the DI or the WI is negative it
has been set to 0 before the calculation of MI. A low MI indicates that the year is less
critical, from the point of view of the moisture loads and the drying potential. With
this definition, the value of MI is defined with respect to the weather record (the MI is
intended as a ranking system of different years). The Wetting Index WI is defined as
the annual average rainfall r⊥̄ normalised with respect to the maximum and minimum
annual average rainfall of the weather record, it corresponds to the previously defined
rainfall normalised index (in Fig. 9.1):

WI =
r⊥̄ − r⊥̄min

r⊥̄max − r⊥̄
(9.0)

An higher WI indicates higher moisture loads, relatively to the values of the weather
record. Similarly, the Drying Index DI is defined as the annual average saturation

deficit δ̄
sat

, also normalised with respect to the maximum and minimum annual average
saturation deficit of the weather record:

DI =
δ̄
sat

− δ̄
sat

min

δ̄
sat

max − δ̄
sat (9.0)

The saturation deficit is defined according to [115] as the difference between the
humidity ratio and the humidity ratio of saturation calculated at the dry bulb air tem-
perature:

δsat = xsat − x (9.0)

A lower DI indicates a year with a lower drying potential with respect to the values
of the weather record. The Drying Index values for the considered weather years are
presented in Fig. 9.2, while the values of the Wetting Index are presented in Fig. 9.1.
The Moisture Index is presented in Fig. 9.3. The Drying Index shows higher values
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Figure 9.4: Annual mean water contents of the hollow brick wall for the measured
weather files simulations for the East exposition (top plot) and the West exposition
(bottom plot). The representative year is referred to as MRY (adapted from [8]).

mean moisture content and comparing it to the one evaluated with the historical data
set. An example of the results is presented in Fig. 9.4. The moisture content of the
wall obtained from the representative year (in the Fig. is referenced as “MRY Water
Content”) is the result of the repetition of the simulation of the same representative year,
while the “Multi-year Water Content” is obtained with the measured weather data,
thus every year is different from each other. the initial conditions of the simulations
are obtained after a simulation of a year, the representative year for the “MRY Water
Content” and the 2003 for the “Multi-year Water Content”. In these simulations a large
contribution of moisture content comes from the driving rain.

The reference years from number 1 to number 24 have been simulated considering
the design orientation (for example the reference year 1, designed considering the rain
deposition on vertical wall facing South has been used for the simulation of the wall
build-up facing South), while the reference years from number 25 to 34 have been used
for the simulations for the five expositions considered (since normal rain has a general
effect on all the expositions).
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9.2 Results

The walls passed the moisture accumulation assessment and the condensation risk as-
sessment for every representative year considered and for the historical data set. For
this reason the annual mean results (Fig. 9.5) have been compared in terms of relative
standard deviation from the annual mean values obtained by the measured weather
data. The Timber wall results show effective representative years, with lower values of
the relative standard deviation, with respect to the Hollow brick wall results.

9.2.1 Rain influence

The aim of this analysis is to evaluate the influence of the rain on the months selection
and the consequent effects on the results of the simulations. The influence of rain can
be seen in 9.6, where the moisture content results are compared with the driving rain
for two simulations. It has to be noted that also the duration of rain, not the intensity
alone, has an influence on the simulation results. The exposition of the walls present
some common trends. For the Timber wall, the ID 34 (based on r⊥) better represents
the South, East and North expositions, while the West exposition is better described
by the ID 25 (based on ϕ) and the Horizontal by the ID 28 (based on I). The ID ISO
and the ID 28 are the years better representing the walls in the five directions. The
Hollow brick wall shows different exposition specific trends: the South facing exposition
is better represented by the ID 34 (based on T and ϕ), the East and West by the ID
ISO, the North by the ID 7 (based on T , ϕ, rd) and the Horizontal by the ID 32
(based on T and ϕ). From Fig. 9.5 it is also possible to observe some overall results.
The ID from 1 to 24, considering rd are generally less representative for the most rain
exposed directions (West and Horizontal). Exclusively rd based years (21-24) are less
representative than ID from 29 to 34, based also on r⊥. For the Timber wall the ID
from 25 to 28 and the ID ISO (not based on r⊥ or rd) are better performing than the
r⊥ based ones, while for the Hollow brick wall, their behaviour is similar.

9.3 Material influence

The relative standard deviations of the Timber wall are lower than the Hollow brick wall.
This difference is due to the different hygrothermal properties of the materials. The
Hollow brick wall external layer has higher liquid transport coefficient values than the
Timber wall, which has also higher moisture storage function values, and that could lead
in faster responses to the rainfall (larger water content variations), with larger differences
from the historical data set results. The moisture representative years depending on rain
deposition on vertical wall (obtained from wind speed, direction and normal rain) led to
less representative years than the ones generated by the standard method. This result
could be related to the features of the climate of Turin (Italy), whose rains are brief and
quickly dried afterwards. On the other hand, one of the reasons could also be the fact
that the external material layers do not respond instantly to the transient hourly rainfall
excitations (slower than the heat excitations) and that the total water content of the
wall is more influenced by the long term mean values of the environmental excitations,
which is also been discussed in [9].
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Figure 9.5: Relative standard deviations of the moisture contents between the simulation
of the historical years and every reference year described in Table 9.1. The results for
the timber wall are in the top plot, while the results for the hollow brick wall are in the
bottom plot.The representative year is referred to as MRY (adapted from [8]).
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Figure 9.6: The water contents of the wall and the rain deposition on the southern wall
for the year 2010 are shown in the plots. Two wall types (Timber wall and Hollow brick
wall) are considered in the study. The walls are considered in South, East, North, West
and Horizontal orientations. The simulations have been performed using the software
WUFI Pro 6. The representative year is referred to as MRY (adapted from [8]).
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9.4 Applications

The results suggest that, when the use of a single year is preferred, the proposed rep-
resentative years obtained with the standard procedure EN ISO 15927-4:2005 better
reproduces the results obtained with the simulation of the measured weather files. As
expected, the response to the representative years is structure dependent and the re-
sults confirm that these weather years should not be used for risk assessment simulations
alone, without other weather files designed to represent critical events.

Using these representative years for moisture related simulations instead of critical
years can lead to a valid risk indicator for non-extreme weather and for the simulation
of drying processes in which a critical reference year could lead to overestimations of the
risk. This could be seen in Fig. 9.4. The moisture content of both walls calculated with
the weather record show a peak at year 2015, which is not represented by the results
of the representative year. On the other hand, the moisture accumulation condition is
not met in both simulations, even if the moisture contents of the full weather record are
higher than the ones of the representative year, the final moisture content is lower than
the starting moisture content, showing that the wall is not accumulating moisture year
after year.

Furthermore, if the risk assessment involves a threshold, extreme weather files (see
Chapter 12) should be used. As an example, the wood decay risk analysis, that requires,
as a rule of the thumb, to limit the moisture content under a threshold of 20% in mass,
should be performed using an extreme reference year, selected to expose the wall to
extreme moisture loads, in order to avoid to reach the wood decay conditions even in
conditions with a low return period.

Further work should be carried out to establish if the approach of the representative
years could be extended to other applications, like energy simulations, in which the
efficiency of the components of the systems depends on moisture related environmental
conditions, such as evaporative towers [124], evaporative cooling systems for industrial
buildings [125], shopping malls [126] and other heat recovery systems [127].
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In Section 9.2.1 the influence of rain on the results of the simulations has been evaluated
and it has been observed that the duration of the rain events influences the moisture
content of the wall 9.6.

On the other hand, the Finkelstein-Schafer statistic application methodologies are
based on daily means, which implies that only the total rainfall of the day is considered
in the statistic and the rain duration is not considered.

If a rain event lasts 10 hours and has a hourly rainfall intensity of 1 kg
m2 , the daily

mean rainfall intensity will be of 10 kg
m2 , which is the same mean rainfall intensity of an

event with a duration of 1 hour and a rainfall intensity of 10 kg
m2 . Depending on the

materials of the wall, the former rain event will cause a larger ingress of water in the
structure, with respect to the second one.

In order to consider this effect, a new parameter, the rain duration tr is considered
among the primary variables for the representative weather files composition. This
parameter will be created counting the hours of consecutive rain in the weather file and
assigning the time duration of the rain event in hours, at the end of the said event. In
this way the two rains described above would evaluated by their duration and not by
their intensity better representing the influence on the building envelopes. This work is
presented in [128].

10.1 Method

With a similar analysis procedure followed in Chapter 9, the influence of the duration
of the rain events in the selection of the representative months is evaluated. In this case
the values of the statistic are summed together using a weighting coefficient, similarly
to [123].

10.1.1 MRY generation procedure

The following procedure is followed:
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1. Calculation the daily means p̄ of the primary variables p from the selected set, for
the whole multi-year.

2. Calculation of the cumulative distribution function Φ(p,m(i), i) of the daily means
p̄ over the whole multi-year for each day i of a selected calendar month m, for each
p. The variable i represents the ordered number of a day in the multi-year, from
1 to N (number of days in the multi-year), and it will be used as a timestamp.
The function Φ is obtained from the ranking K(p̄,m, i) by numbering the values
of the distributions of the considered p, separately for each m:

Φ(p,m(i), i) =
K(p̄,m(i), i)

N + 1
(10.0)

3. Calculation of the cumulative distribution function of the daily means within
each calendar month m of each year y, F (p, y(i),m(i), i) from the rank order
J(p̄,m(i), i), obtained by ordering the daily means p̄ within the calendar month
m and the year y:

F (p,m(i), i) =
J(p̄, y(i),m(i), i)

n+ 1
(10.0)

where n is the number of days of the m calendar month considered.

4. The Finkelstein-Schafer statistic FS is calculated for each p and each calendar
month m in the multi-year as:

FS(p, y,m) =

n
∑︂

i=1

|F (p, y(i),m(i), i)− Φ(p,m(i), i)| (10.0)

5. For each p, the ranking R is assigned to each calendar month m, obtained from
the ordering of the FS(p, y,m) of each y separately for each calendar month m:

R(p, y,m) =
L(FS)

ny + 1
(10.0)

with ny the number of years of the multi-year.

6. The modification of the procedure is applied at this point. The ranking R of each
calendar month is calculated for all the primary parameters of the chosen set and
then summed, using the weighting parameters ap from Table 10.1 to obtain the
total ranking Rtot:

Rtot(y,m) =
∑︂

p∈IID

ap ·R(p, y,m) (10.0)

7. The representative year is composed of the hourly series of the weather variables
of the selected months and the continuity between months is set with a linear in-
terpolation, in order to provide a smooth transition between months from different
years.
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Table 10.1: Combinations of weighting factors ap of the variables used for the rep-
resentative year generation procedure. The MRY numbers are used to identify the
combinations.

ID T pv Eg vw r⊥ tr
1 1 1 1 1 1 0
2 1 1 1 0 1 0

3 1 1 0 0 1 0
4 1 0 0 0 1 0

5 0 0 1 0 1 0

6 0 1 0 0 1 0

7 1 1 1 1 0 1
8 1 1 1 0 0 1

9 1 1 0 0 0 1
10 1 0 0 0 0 1

11 0 0 1 0 0 1

12 0 1 0 0 0 1

13 1 1 1 1 1 1

14 1 1 1 0 1 1

15 1 1 0 0 1 1

16 1 0 0 0 1 1

17 0 0 1 0 1 1

18 0 1 0 0 1 1
19 1 1 1 1 0,2 0,8

20 1 1 1 0 0,2 0,8

21 1 1 0 0 0,2 0,8

22 1 0 0 0 0,2 0,8

23 0 0 1 0 0,2 0,8

24 0 1 0 0 0,2 0,8

25 1 1 1 1 0,8 0,2

26 1 1 1 0 0,8 0,2

27 1 1 0 0 0,8 0,2

28 1 0 0 0 0,8 0,2

29 0 0 1 0 0,8 0,2

30 0 1 0 0 0,8 0,2

31 1 1 1 1 0 0

32 1 1 1 0 0 0

33 1 1 0 0 0 0

34 1 0 0 0 0 0

35 0 0 1 0 0 0

36 0 1 0 0 0 0
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In this analysis, for simplicity, only the rain fall on the horizontal plane is considered,
and the other vertical wall expositions are not considered.

10.1.2 Representative year evaluation

The 36 representative weather files are compared first in therms of Wetting Index (nor-
malised annual average rainfall intensity), Drying Index (normalised saturation deficit)
and Moisture Index. The three indexes are defined in Section 9.1.2. The Wetting In-
dex is presented in Fig. 10.1. The values are generally close to 0.4, the average of the
weather record. It is observed that the years ID from 31 to 36 have the most extreme
values, accordingly to the fact that the rainfall intensity or the rainfall duration has not
been considered in the design process. The IDs that do not take in consideration the
Eg and vw, ID 3,9,15,21,27,33 produced years with lower Wetting Index values than the
other IDs. The larger Wetting Indexes are obtained from the IDs designed considering
T , ϕ, Eg and vw togheter with a combination of r and tr. The IDs that considered the
tr in the procedure with weighting factors of 0.8 or more (IDs from 7 o 12 and from 19
to 24) produced conservative values of MI.

The Drying index values in Fig. 10.2 are also generally close to the weather record
average (0.3). Also for this index, the ID 3,9,15,21,27,33 years produced more dry years,
with Drying Index values slighlty higher than the other IDs, differently in this case, the
highest DI values are the ID 4,10,16,22,28 and 34 produced by the combinations that
consider only T and with other rainfall variables.

As a result, the Moisture Index values (Fig.10.3) confirm that the ID 3,9,15,21,27,33
years are the most dry years and that considering the rain duration as a principal
variable, with a coefficient higher than 0.8, lead to Moisture Index values closer to the
weather record average 0.8. Not considering the rainfall intensity and duration (IDs
from 31 to 36) causes higher or lower Moisture Indexes.

10.1.3 Risk analysis

The evaluation of the MRY has been performed comparing the probability of failure
for three failure conditions, presented in Table 10.3, for six wall types typically used in
the Friuli-Venezia Giulia region. The wall layers are listed in Table 10.2 and the layer
compositions is illustrated in Fig. 10.4. The material properties are taken from the
Delphin material database and for each material the conductivity, the moisture retention
curve, the vapour permeability, and the liquid diffusivity are provided in function of the
relative humidity.

10.1.4 Simulations

The simulations are performed using DELPHIN 6. The internal conditions are set to
“normal moisture load”, defined in the standard EN 15026:2007. The initial conditions
of the walls are set to constant values: the temperature is set to 20 ◦C C and the
relative humidity to 80%. The wall is set as horizontal, fully exposed to rain. This
modelling choice is not a realistic situation, but it is considered to reduce the influence
of the direction of the wall exposure. The risk of failure has been calculated using the
damage criteria presented in Table 10.3. The risk evaluations have been performed for
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Table 10.3: Description of the failure modes considered in the analysis. The involved
parameters are the relative humidity ϕ and the temperature T .

Failure mode Position Condition
Mould growth Internal surface ϕ >80%
Moisture Accumulation Internal layers ϕ >95%
Freeze damage External surface ϕ >98% and T <0◦C

the mould growth , the interstitial condensation and the freeze-thaw damage. The used
failure criteria are simplified, for the sake of the representative years comparison. The
risk has been calculated as the rate of days in which the risk condition is found.

10.1.5 Multi-year weather file

The multi-year weather file used as source has been measured by the weather station
of Udine Sant Osvaldo. The data has been kindly supplied by ARPA FVG. The worse
missing data rate is of the 1,5 % for the wind direction measurements. For the other
variables the missing data rate is less than the 1 %. The missing data is corrected with
a linearisation when shorter than 5 hours and with an averaging between the previous
known day and the following known day for the larger data gaps. For gaps larger than
seven days found in rain and wind data series only, the values are integrated with values
of the previous years.

10.2 Results

The risk analysis is performed on the resulting distributions of relative humidity and
temperature. For each wall, the calculated risk for each representative year is compared
with the calculated risk of the multi-year. The superficial mould growth risk has been
found to be 0% for every simulation performed in agreement between the multi-year
results and the representative year results. For the accumulation risk assessment calcu-
lation, the external layers of the walls, exposed to rain and sun, thus frequently wet and
easily dried, have not been considered.

10.2.1 Moisture accumulation risk

The resulting moisture accumulation risks for the six walls and for every representative
year and the multi-year are used for the comparison of the representative years’ set of
variables. For the comparison, the difference between the risk of every representative
year and the multi-year is calculated for every wall, and the mean value of the difference
is plotted in Fig. 10.5. The moisture accumulation risk of the multi-year is found to
be better represented by the results of the IDs 2,8,14,20,26 generated by the statistical
combination of air temperature, vapour pressure, global irradiation and a combination
of rain intensity and rain duration. Among the combinations of rain duration and
intensity, the one with the lower mean risk difference is the one obtained with the
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Influence of the multi-year length

To achieve a representative TRY, The standard [111] suggests using a multi-year of 10
years or longer. This requirement could be very restrictive, for example for recently
installed weather stations. In this chapter the influence of the multi-year length on the
moisture accumulation risk assessment performed using TRY and representative years
is investigated for four cities of Northern Italy. This comparison is presented in [10].
Similar comparisons are presented in [129] and [130] where the impact of the weather
record is evaluated for the building energy simulations and on the building optimisation
procedures.

11.1 Method

Again, the representative weather files are obtained with a modification of the stan-
dard procedure presented in Chapter 9.1.1. For this comparison, the combination of
primary parameters ID 14 from Table 10.1 is used: in addition to the primary param-
eters used in [111] for the generation of the TRY (dry-bulb air temperature T , vapour
pressure pv, global irradiation Eg) also rainfall intensity (r⊥) and rainfall duration (tr)
are used. Moreover, the secondary selection is not performed. The rainfall duration
has been calculated as the number of consecutive hours with rainfall. This choice has
been made considering the fact that low intensity rainfalls with a long duration could
be more influential on the moisture content of a wall than short high intensity rainfalls.
The resulting representative years will be indicated in the plots, for brevity, as MRY
(Moisture Representative Years).

11.1.1 Simulations

The multi-years measured by four weather stations of Northern Italy were considered,
the cities and the weather station locations are listed in Table 11.1. The representative
years and TRY were designed for every station, considering, when possible, 5 differ-
ent multi-year lengths: 1996-2017, 1996-2006, 2002-2017, 2007-2017, 2012-2017. The
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obtained weather files were compared and then evaluated by performing moisture ac-
cumulation risk analysis on six walls, illustrated in Fig. 10.4 and described in Table
10.2.

Table 11.1: Positions of the considered weather station and length of the Multi-year
record.

Station Lat. Long. Alt. MY years

(◦) (◦) (m a.s.l.)

Aosta 45.75 7.68 569 1996-2017

Bergamo 45.66 9.66 211 1996-2017

Torino 44.96 7.71 226 2002-2017

Udine 46.03 13.23 91 1996-2017

11.1.2 Multi-year weather record

To highlight the difference between the two additional variables, rainfall intensities and
the rainfall duration, a short presentation of the rainfall intensities and the rainfall
duration is illustrated in the plots of Fig. 11.1. Even though the two plots are different,
the two show a similar behaviour with some exceptions. These differences are due to high
intensity rainfalls with a duration of less than an hour, which could be less influential
on the moisture content of building materials than long-lasting low intensity rains.

In Figure 11.2 the annual mean rainfall intensity in Udine is presented. The values
are calculated as the total rainfall of the year divided by the number of hours of the
year. The relatively large standard deviation shows that the r⊥ has a large variability
compared to that of the other variables.

For example, the air dry-bulb temperature plot in Figure 11.3 shows a relatively
small standard deviation, indicating fewer extreme values and a more regular trend.
Similar behaviours have been observed for the other stations.

This behaviour is explained in Figure 11.4 and in Figure 11.5, where the single
year are plotted separately in order to appreciate the irregular distribution of the peaks
among the months. They show the monthly mean values of the whole multi-year respec-
tively of air dry-bulb temperature and rainfall intensity. The air dry-bulb temperature
curves of every year closely match the multi-year mean, denoting an analogous be-
haviour, while the rainfall intensity has relatively larger variations from the multi-year
mean.

11.1.3 Representative years evaluation

The obtained representative years are first evaluated comparing the Wetting Index, the
Drying Index and the Moisture Index normalised over the full weather record. The
Indexes are defined in Section 9.1.2.

For the case of Aosta the Wetting Index (Fig. 11.6) values are higher than the
weather record average for all the MRY except for the one obtained with the full weather
record (22 years), while the TMY have lower values. For the case of Bergamo the WI
values are mostly lower than the record average, with the exception of the MRY 07-17
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door surface boundary conditions for the the HM simulation simulations are set using
the weather files in accordance with [132], the internal boundary conditions are calcu-
lated using the “normal occupancy” conditions described in the standard. The Glaser
method boundary conditions are set in accordance with the [17] and the internal con-
ditions are obtained from the external climate with the “normal occupancy” condition.
The material properties are taken from the DELPHIN material database. In both ap-
proaches the internal surface thermal resistance is set to 0.25 m2·K/W and the external
thermal resistance to 0.04 m2·K/W. In the the HM simulation simulations the surface
vapour exchange equivalent air layer thickness is set to 0.003 m on the outside and to
0.008 m on the inside. For both simulation procedures, a risk of 0 indicates that the
water condensation has never occurred, while a risk equal to 1, denotes the presence
of liquid water in a layer of the wall in every time-step of the simulation period. The
risk assessment was performed for six walls, typical of the Northern Italy regions [133],
redesigned to have liquid water condensation and accumulation between the material
layers. The walls are described in Figure 10.4. The wall properties are summarized in
Table 10.2.

The values used for the comparison and presented in the plots are differences ∆P I

(defined in Eq. 11.1.4) between the risk P I
RY calculated with the use of a representative

year (specified on the x axis) and the risk P I
MY , obtained using the multi-year from

the year as boundary conditions. In order to be representative, the generated years,
should provide interstitial condensation risk values close to the ones obtained with the
multi-year. Larger ∆P I values indicate less representative years. The superscript I
indicates the calculation method used: G for the Glaser method and D for the the HM
simulation simulation.

∆P I = P I
RY − P I

MY (11.0)

Negative values of ∆P I indicate greater values of P I
MY , meaning the the represen-

tative year is not conservative (not desirable for risk analyses).

11.2 Results

The representative years (MRY) and TRY generated from the five different multi-year
tend to have rainfall intensities closer to the multi-year mean values. The months
with the extreme values are excluded by the ranking procedure in both reference year
generation methods. The same behaviour is found considering the rainfall intensity
annual mean values in Figure 11.10 and for the rainfall duration. In Figure 11.11 the
rainfall intensity monthly mean value is presented for the five multi-year considered,
showing that a common evolution is not found. This behaviour of the variable could
prevent the statistical framework used in this work from identifying a main trend to
be represented by the reference years. The results of the evaluation are presented in
Figures from 11.12 to 11.19.

The multi-year for the stations of Aosta, Bergamo and Udine is from the year 1996
to 2017, while the one for Torino is form the 2002 to 2017. Positive values of ∆P I

indicate higher P I
RY values, meaning that the reference year simulation is conservative.
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layers of insulation, the risk differences calculated with the HM simulation, are from 0.5
to 0.75, showing that the choice of the weather file is more relevant for the transient
coupled heat and moisture transfer simulations.
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Extreme reference years

The representative years generated in the previous chapters are designed to represent the
average year for a given location. However, the produced years, thanks to the application
of the Finkelstein-Schafer statistic, are selected to not contain extreme weather events.
These extreme weather events are the ones that can possibly bring the buildings to
failure, therefore they should be used to design the building envelopes.

In this chapter, two Extreme Moisture Reference Year design procedures (ERYm1

and ERYm2), already presented in [11] are reported. The Extreme Moisture Reference
Years are designed, contrary to the representative years, to contain the most extreme
weather events, in order to provide a conservative weather file for the moisture risk
analyses.

The selection of the critical weather events is obtained simply reversing the rank-
ings obtained using the Finkelstein-Schafer and applying a secondary selection. In this
way, the presented reference year design produced are not structure-dependent and also
suitable for the risk assessments that involve extreme weather variable values.

The reference for the selection of the extreme weather series can be found in [134],
in particular, it is used for the development of Extreme Reference Years ERY to be used
in building energy simulations.

12.1 Method

Three locations from the Northern Italy are considered:

• Gemona del Friuli (Udine, Friuli-Venezia Giulia), provided by ARPA FVG (OS-
MER) - series from 2000 to 2018;

• Legnaro (Padova, Veneto), provided by ARPA Veneto - series from 2008 to 2018;

• Trento (Trentino – Alto Adige / Südtirol), provided by the Autonomous Province
of Trento (IASMA Fondazione Edmund Mach) - series from 1986 to 2014.

and for each of these multi-years, three reference years are generated:
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• TRYEN, Typical Reference Year according to the EN ISO 15927-4:2005, with dry-
bulb air temperature (T ), irradiation (Eg) and relative humidity (ϕ) as primary
variables and wind speed (vw)as secondary variable;

• ERYm1, Extreme Moisture Reference Year with dry-bulb air temperature (T ) and
air humidity ratio (x) as primary variables;

• ERYm2, Extreme Moisture Reference Year with air humidity ratio (x) as primary
variable.

12.1.1 Extreme moisture reference years generation

For the generation of the ERYm1 and ERYm2 from the MY, the following procedure is
used:

1. Calculation the daily means p̄ of the variables p in the set of primary variables
IID for the whole MY. Where ID is the considered reference year.

2. Calculation of the cumulative distribution function Φ(p,m(i), i) of the daily means
p̄ over the whole MY for each day i of a selected calendar month m, for each p.
The variable i represents the ordered number of a day in the MY, from 1 to N
(number of days in the MY), and it will be used as a time-stamp. The function Φ is
obtained from the ranking K(p̄,m, i) by numbering the values of the distributions
of the considered p, separately for each m:

Φ(p,m(i), i) =
K(p̄,m(i), i)

N + 1
(12.0)

3. Calculation of the cumulative distribution function of the daily means within
each calendar month m of each year y, F (p, y(i),m(i), i) from the rank order
J(p̄,m(i), i), obtained by ordering the daily means p̄ within the calendar month
m and the year y:

F (p,m(i), i) =
J(p̄, y(i),m(i), i)

n+ 1
(12.0)

where n is the number of days of the m calendar month considered.

4. The Finkelstein-Schafer statistic FS is calculated for each p and each calendar
month m in the MY as:

FS(p, y,m) =

n
∑︂

i=1

|F (p, y(i),m(i), i)− Φ(p,m(i), i)| (12.0)

5. For each p, the ranking R is assigned to each calendar month m, obtained from
the ordering of the FS(p, y,m) of each y separately for each calendar month m:

R(p, y,m) =
L(FS)

ny + 1
(12.0)
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with ny the number of years of the MY.

6. The ranking R of each calendar month is calculated for all the primary parameters
and then summed, to obtain the total ranking Rtot:

Rtot(y,m) =
∑︂

p∈IID

R(p, y,m) (12.0)

7. Each calendar month m of the reference year is chosen among the months m of
the MY with a further secondary selection. Ranking the months with the Rtot

the variable series more distant from the mean values are selected, but it is not
specified if they are greater or smaller values with respect to the mean values. To
resolve this ambiguity, a further selection is performed:

• For each month ranking, the months with the highest Rtot are selected;

• The deviation from the mean value of the primary variables is calculated for
every month;

• The month m that complies with the desired criteria is chosen (low temper-
atures or high specific humidity values).

8. The reference year is composed of the hourly series of the weather variables of
the selected months and the continuity between months is set with a linear inter-
polation, in order to provide a smooth transition between months from different
years.

12.1.2 Extreme moisture reference year evaluation

The resulting TRYEN and ERYm weather files have been used as input for heat and
moisture transfer simulations with the software DELPHIN in a moisture-related risk
analysis on a set of three typical Italian walls and two single-material walls used as a
reference (listed in Table 12.1). The simulations have been performed without consid-
ering the rain for four wall orientations (North, East, South and West) and with rain
only for Gemona del Friuli.

Two different indoor boundary conditions have been considered in the simulation:

• typical residential dwelling (normal moisture load according to WTA 6.2 guide-
lines, with the relative humidity values included between the 20% and the 60%);

• larger indoor humidity generations (high moisture load according to WTA 6.2
guidelines, with the relative humidity values included between the 40% and the
70%);

Two comparisons have been held with the calculated results: the comparison of the
annual moisture contents in the walls and the occurrences of interstitial moisture accu-
mulation.
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Table 12.1: Properties of the walls used in the simulations.

Wall dtot Utot Sd,tot

(cm) (W/m2K) (m)

Timber wall (TW) 53 0.13 56
Hollow brick wall (HB) 51 0.36 8
Stone wall (SW) 34 0.19 4
Concrete layer (CONC) 20 10.50 15
Timber layer (TIMB) 20 1.75 4

12.2 Results

A relevant difference has been found between the mean values of the temperatures and
the relative humidities of the generated reference years.

12.2.1 Weather file comparison

The obtained years ERYm1 and ERYm2 for the three considered cities are compared in
terms of monthly average dry-bulb temperature values and monthly average air humidity
ratio. The comparisons show a general agreement with the month selection criteria:

• ERYm1 extreme values dry-bulb air temperature (lower values) and relative hu-
midity (higher values);

• ERYm2 extreme relative humidity values (higher values);

• TRYEN representative values of temperature and relative humidity.

Observing the plots 12.3, 12.4 and 12.5, it is possible to compare the general behaviour
of the reference files. The position of the curves and their extension in the plane can
be used to compare the years considering both the effects of temperature and relative
humidity. In Fig.12.3 the monthly mean dry-bulb air temperatures and the relative
humidity values for the three reference years of Gemona del Friuli are presented. The
temperatures of the TRYEN lower than the ERYm1, while the ERYm2 are in between
the other two, because the temperatures are not constrained by the selection method.
Similarly the relative humidity monthly average values of the three reference year for
the same location show that the ERYm2 has higher values of relative humidity than the
TRYEN, while the ERYm1 values are in between, given that its selection procedure is
also involving the air temperature values. Similar behaviours have been found for the
location of Legnaro, while for the location of Trento the TRYEN presented some extreme
values during the year. This is due to the fact that some of the selected months of the
reference year resulted to have some extreme weather events. This is confirmed in Fig.
12.4, where the plot of the TRYEN has three months with air temperature values shifted
to the right (high temperature values). This feature has been presented and discussed
in [134].

The effect of the selection on an annual base is presented in Fig. 12.1 , in terms
of means of the humidity ratio values. In each case the humidity ratio is lower for the
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Figure 12.6: Moisture content of the concrete single layer facing North, for Gemona del
Friuli (adapted from [11]).

Figure 12.7: Moisture content of the hollow brick wall facing North, for Gemona del
Friuli (adapted from [11]).
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Figure 12.8: Annual mean total moisture contents of the five walls considered for the
North orientation (adapted from [11]).

Figure 12.9: Moisture accumulation risk (days with relative humidity values over the
80%) for the considered walls (adapted from [11]).
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Conclusions

The problem of the modelling of the coupled heat and moisture transfer in buildings,
depends strictly by the hygrothermal behaviour of the materials. In this thesis, it
has been analysed with advanced simulation methods from the point of view of its
applications.

First, a knowledge gap has been identified (Chapter 1): the rising damp has been
pointed out as the most common moisture related damage found in public buildings
and it has been clarified that the practitioners and the contractors are not able to
assess quantitatively if a restoration project could be used effectively to solve the
problem. The reduced availability of material parameter values for the materials
used locally and the absence of a database of weather files to be used as boundary
conditions, have been identified as the main obstacle to the utilisation of the heat
and moisture transfer models for these assessments.

Then, the theoretic principles of the heat and moisture transfer modelling in build-
ing materials have been shortly presented (Chapters 2 and 3) with the most com-
monly used damage models (Chapter 4). For the interstitial moisture accumula-
tion risk analysis, a comparison between the widely used Glaser method and an
advanced simulation procedure for the moisture accumulation risk assessment, is
presented (Chapter 5). The results show that the Glaser method could be used a
conservative simplified analysis for the typical wall types of Central and Southern
Europe, but with caution, given that some exceptions are found.

In order to identify two simplified procedures for the material property estimation,
two experimental activities have been presented (Chapter 6), one concerning the
identification of the parameters describing the vapour transfer in a wood based
insulation (Section 6.1) and one focusing on the liquid water transport in solid
bricks (Section 6.2). In both cases the new material properties are derived from
other similar materials and then compared with the experimental results by means
of heat and moisture transfer transient simulations. The obtained results are
close to the experimental measurements, showing that heat flux and temperature
measurements could be used to analyse moisture migration in the materials and
to perform validation of the numerical simulations.

In the evaluation of the water vapour transport of the wood based insulation the
phenomenon of the hysteresis of the moisture retention of the material has been
observed. In Chapter 7 a method for modelling the hysteresis is presented and its
influence on the simulation of heat and moisture transfer in buildings is presented.
The simulations have been performed for a cross-laminated timber wall and it has
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been found that the differences calculated could be relevant for risk assessment
calculations and considering hysteresis reduces the peaks of moisture content found
in critical points of the wall layers. It has been proven that the hysteresis should
be included in simulations and that it is crucial for the risk evaluation methods
based on threshold values of moisture content.

The problem of the boundary conditions is then addressed. The focus is given on
the representativeness of the available weather files and on the proposal of new
methodologies for the generation of reference years (extreme weather conditions)
and representative years (average weather conditions) to be used in the heat and
moisture transfer simulations. First, the generation of the representative years for
the moisture related simulations is presented and discussed (Chapter 8). Then,
further modifications are proposed, in order to identify the most relevant weather
parameters for the selection of the weather files (Chapters 11 and 10). It has been
shown that other weather file generation procedures could provide weather files
more representative for the heat and moisture transfer simulations. Depending
on the application of the weather file, the relevance of the weather variables is
different, and this could be considered in the generation of the representative
wether files.

Finally, the reference year generation method - to be used in the risk analyses
- is presented in Chapter 12. The resulting weather files are compared to the
representative weather files and it has been shown that the obtained risk values
are higher, confirming that the proposed extreme weather files should be preferred
to the typical reference years weather files when performing moisture accumulation
risk assessments.

In conclusion, few small steps have been made towards the accessibility and the
usability of the heat and moisture transfer simulations. Even if the software tools are
user friendly, other obstacles are in the way, preventing from a widespread use of these
advanced models.

Future work

Starting from the results reported in this thesis, further studies should be carried on,
focusing on the influence of the modelling tools and of the different models on the results
of the risk assessment analyses. It is also not clear yet which is the impact of hysteresis
on the risk analysis and how the moisture transfer through the building envelope affects
the whole building energy simulations.

After the evaluation of the proposed procedures for the generation of reference and
representative weather files, the research effort could be moved on the assessment of the
risk levels for the most common building typologies of a climate region, obtaining an
overall evaluation of the presence of moisture damages.
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