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Internal insulation of masonry walls may significantly increase the decay risk of embedded wooden beams due to
lower temperature and consequently lower drying potential in retrofitted existing walls. Since high moisture
contents will affect performance and service life of wood, the assessment of moisture-related damage risks in
wooden beam-ends in internally insulated masonry walls is particularly relevant to heritage buildings. The
proper selection of indoor and outdoor materials and the addition of an embedded heating source offer means of
decreasing this risk. Numerical studies of hygrothermal performance of wooden beam-ends support risk
assessment but traditionally this has been performed with 2D models. Therefore, in order to assess whether a 2D
numerical model can represent accurately the 3D hygrothermal behavior of wooden beam-ends, the difference
between 2D and 3D model results of the hygrothermal performance of wooden beam-ends embedded in inter-
nally insulated masonry wall is analysed for a northern continental climate. Given the small differences in
relative humidity, temperature and mould index between the 2D and 3D models, it is suitable to replace 3D
models with 2D ones for predicting the risk of moisture-related problems in the wood beam-end when studying
the impact of different envelope components. However, for evaluating the effect of active heating on wooden
beam-end performance, it is found that a 3D hygrothermal model should be used. In this case, a 2D model cannot
accurately model heating locally at the beam-end resulting in an over prediction of temperature and thus in an
underprediction of the moisture damage risk.

1. Introduction is of high practical importance [11] and should be correctly evaluated
[12].
Moisture play an important role on the durability of building enve-

lopes [13-15]. Wind-driven rain is the most important moisture source

Many historical buildings are built with solid brick walls and wooden
beam constructions. These buildings are, for the most part, not energy

efficient and represent a significant energy-saving potential. For his-
torical buildings with a worth-preserving facade, the only possible en-
ergy retrofit measure possible given their heritage value is internal wall
insulation. It is possible to reduce the heating energy consumption in the
historical buildings by 30-40% by retrofitting the existing walls with
internal insulation [1]. However, adding insulation to masonry walls
from the indoor side may significantly increase moisture-related damage
risks to the building materials and components that are exposed to lower
temperature and consequently lower drying potential in the existing
wall [2-10]. As the floors in old masonry buildings are often carried by
wooden beams embedded in the brick masonry, moisture-related
problems in wooden beam-ends in internally insulated masonry walls

to building envelopes. High wind-driven rain loads onto load-bearing
masonry walls can lead to high moisture contents and eventually to
the decay of wooden beam-ends embedded in such walls. Sustained
exposure to conditions resulting in high moisture content can lead to
wood biodegradation and affect wood performance and service life.
Mould growth on moist wooden surfaces will produce large numbers of
spores, give off unpleasant odors and impair air quality, while wood rot
results in decomposition and loss of mechanical properties [16]. Means
of control can be passive by material selection or active, i.e. with local
heating. Hence, field investigations and numerical studies indicate that
the exterior render of masonry walls affects water uptake during wind
driving rain events [3,6,17,18]. Exterior renders with high liquid water
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permeability tend to lead to high moisture contents in the masonry.
Therefore, the response of masonry walls to internal insulation may be
very different depending on the moisture transport properties of the
rendering. Kiinzel [19] recommended improving the rain protection
measures at the facade. As an active control means, local heating is a
method that allows increasing the temperature at the wooden beam-end.
Wegerer and Bednar [20] used a metal sheet, driven into the construc-
tion at the joint between the wooden beam and the surrounding ma-
sonry, to heat the wooden beam-end. The higher temperature at the
wooden beam-end will increase the drying potential and lead to lower
moisture content levels, thus lowering moisture risks for the wooden
beam-end.

Moisture and heat transport in masonry walls with wooden beams is,
in reality, a three-dimensional problem [21,22]. However, many nu-
merical studies use only two-dimensional hygrothermal models to study
the moisture risk of wooden beam-ends in internally insulated masonry.
For example, Guizzardi et al. [3] analysed such risk of biodeterioration
with WUFI 2D, a two-dimensional hygrothermal model. Johansson et al.
[23] used also WUFI 2D for investigating the hygrothermal performance
of a similar assembly internally insulated with vacuum insulation
panels. Harrestrup and Svendsen [4] used the 2D model Delphin to
investigate the effect of three different insulation strategies on the risk of
mould growth in the wooden beam-ends. In a 2D model, the wooden
beam is assumed to have the same width as the wall envelope. However,
in reality, the width of wooden beam is much smaller compared to that
of the wall envelope. The much larger width of wooden beam in the 2D
model could have influence on moisture and heat transport in the wall
envelope as the hygrothermal properties of wood is quite different from
masonry. It is still an open question whether a simplified
two-dimensional numerical model can represent accurately the hygro-
thermal conditions as modeled in 3D.

The objective of this paper is to study moisture risk of wooden beam-
ends embedded in internally insulated masonry walls with 2D and 3D
hygrothermal modelling. A hygrothermal model that can consider both
moisture and heat transport in building envelopes is developed. A 2D
model with a simplified distribution of bricks and mortar joints is built
and compared with a detailed 2D model. Based on the results of the
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simplified 2D model, a 3D model is developed. The influence of varying
materials, i.e. render type and vapour control strategy, or of active local
heating on 2D and 3D modelling is analysed. The difference in relative
humidity, moisture content, temperature and mould index between 2D
and 3D modelling is compared.

2. Modelling
2.1. Methodology

A typical historical masonry wall structure of Switzerland consists of
2-4 brick wythes, finished on the exterior with exterior rendering and on
the interior with plaster, and receives wood floor members. The geom-
etry of the 2D model with a detailed configuration of bricks and mortar
joints is shown in Fig. 1a. The 2D model comprises, from exterior to
interior, an exterior render, a masonry wall (three wythes of clay brick)
and an original interior plaster. As a mode of inside retrofit, we select to
add an aerogel-based insulation layer and a new interior plaster layer.
Aerogel-based insulations are characterized by a low thermal conduc-
tivity and due to the ease in applying the render by spraying on uneven
surfaces, it is an appropriate inside insulation method for heritage
buildings. We consider here a mix of aerogel particles and plaster binder.
The minimized inner space loss as a result of using a highly-insulating
plaster, such as the aerogel-based insulation, is an attractive feature,
especially for buildings in cities in Switzerland. We select a main beam,
as the inserted wood member, that measures 30 cm high by 20 cm wide.
A 1-cm thick air gap lies in front of the wooden beam-end. The air gap
prevents direct contact between the wooden beam and the masonry and
functions as a capillary break. The U value of the non-insulated wall
envelope is 1.20 (W/m?/K). In Switzerland, it is required by the SIA-
Norm 380/1 that the U value for wall envelopes after energy renova-
tion should be smaller than 0.25 W/m?K. However, for internal thermal
insulation projects, an exception is allowed. Considering energy saving
and space loss, the thickness of aerogel insulating plaster is selected as 6
cm. Thus, after internal energy retrofitting, the U value of the wall en-
velope decreases to 0.31 W/m?K.

Masonry is a system made of a large number of bricks joined by
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Fig. 1. (a) Two-dimensional schematic representation of computational domain for a wooden beam embedded in an internally insulated masonry wall, using the
detailed description of the masonry configuration; (b) Two-dimensional schematic representation of computational domain for a wooden beam embedded in an
internally insulated masonry wall, using a simplification of the masonry configuration; (c) Three-dimensional schematic representation of computational domain for
a wooden beam in an internally insulated masonry wall, where due to symmetry only one quarter of the geometry of the 3D model is retained for modelling; (d)

Liquid permeability of the materials.
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mortar. From a modelling point of view, it is hardly feasible and prob-
ably not relevant to model all bricks and mortar joints of a masonry wall
in 3D, since such approach would yield large computational meshes and
high computational costs. We thus simplify the masonry in a 2D model
built with simplified vertical layers of bricks and mortar joints, as hor-
izontal mortar joints are discarded. The simplified 2D model of this wall
is shown in Fig. 1b. The main moisture flow direction is in horizontal
direction. Therefore, the vertical mortar joints are kept since they may
act as barriers to moisture flow. The simulated results from the 3D and
2D models are compared and discussed. The 3D model follows the ge-
ometry of the simplified 2D model, as shown in Fig. 1c. In 3D, the width
of the masonry wall is 100 cm and the width of the wooden beam is 20
cm. Considering the symmetry of the geometry, only the top half of the
2D geometry, i.e. above the dashed line in Fig. 1a and b is simulated. For
the 3D model, a quarter of the geometry of the 3D model is simulated
owing to the symmetry of the geometry (Fig. 1c).

We monitor relative humidity, temperature and moisture content at
three locations denoted A, B and C as shown in Fig. 1a and b. Point A is
located next to the air gap in front of the wooden beam. Point B is
located on the top of the wooden beam in contact with the masonry wall.
Point C is located at the corner of the beam. In the 3D simulations, these
three locations are considered in two longitudinal cross section of the
wood beam: at central and at the edge of the wood beam, thus for a total
of 6 locations.

We study here the influence of the render type, the vapour perme-
ability of the insulation system and the presence of heating at the end of
the wood beam on the hygrothermal performance considering the 2D
and 3D models. Three types of renders with different water uptake ca-
pacities are considered. Regarding the vapour permeability of the
insulation system, we consider both a vapour-open and a vapour-tight
interior insulation systems.

2.2. Material properties

Three types of exterior render are considered, namely cement lime
plaster, lime cement plaster and mineral plaster, which are used to study
the influence of the level of rain protection provided by the render on the
moisture-related damage risks of wooden beam-ends embedded in

Table 1
Properties of the building materials.
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internally insulated masonry walls. The cement lime plaster shows the
highest liquid permeability, followed by the lime cement plaster and the
mineral plaster shows the lowest liquid permeability and thus the
highest rain protection (Fig. 1d). The vapour resistance factor of the
renders is similar ranging between 19 and 25 (Table 1). The material
properties of brick and interior plaster are taken from Hagentoft et al.
[24]. The material properties of mortar are taken from Guizzardi [25].
No hydraulic interface resistance is considered between brick and
mortar. The material properties of aerogel plaster are taken from
Guizzardi [25]. The wood species of the beam is spruce. Its material
properties are obtained from the WUFI database [26]. The wood is
considered orthotropic, with the longitudinal direction along the beam
orientation. Vapour permeability and thermal conductivity along the
longitudinal direction are different from those of the transverse, i.e.
radial and tangential directions (Table 1). The material properties of the
1-cm thick air layer are taken from the WUFI database [26]. The
effective material parameters of air consider total heat transport due to
heat conduction, free convection and radiative transport and total
vapour transport due to diffusion and free convection in an unventilated
air layer between non-metallic surfaces. No liquid water transport may
occur in the air layer (liquid permeability set to 0 (s)).

The capillary pressure curve of the building materials is described
using a multimodal function of the van Genuchten model [27,28]:

N kz
W=V D T s W
where w.g, is the capillary saturation moisture content (kg/m); p, is the
capillary pressure (Pa); k is the weighting parameter, a, m and n are
fitting parameters where m = 1-1/n; N is the modal number and i is the
counter.

The thermal conductivity of the building materials is given by:

A= /ldry +aw @

where A4yis the dry thermal conductivity (w/mx), a is a parameter
describing the influence of moisture content on thermal conductivity, w
is the moisture content (kg/rn3).

The interior insulation with aerogel insulation is very vapour-open.

Density Heat Capillary moisture ~ Water absorption

Moisture retention

Water vapour Thermal conductivity

(kg/m®) capacity content (kg/m>) coefficient parameters resistance factor, dry
2105
(J/kg/K) (kg/m?/h">) N k a N (mugry) My (Wm0 a
Cement lime plaster 1900 850 210 0.47 3 0.21 5.0e-5 1.6 19 0.8 3.4e-3
0.36 2.6e-5 1.2
0.43 2.0e-7 1.4
Lime cement 1900 850 210 0.26 3 021 5.0e5 1.6 19 0.8 3.4e-3
plaster 0.36 2.6e-5 1.2
0.43 2.0e7 1.4
Mineral plaster 1900 850 210 0.14 3 0.21 5.0e5 1.6 25 0.8 3.4e-3
0.36 2.6e-5 1.2
0.43 2.0e-7 1.4
Brick 1600 1000 373.5 202.8 2 046 4.8¢e5 1.5 7.5 0.68 0.0
0.54 2.0e-5 3.8
Mortar 1623 850 146 1.51 2 05 7.0e-8 3.0 19 0.63 0.0
0.5 2.0e7 22
Aerogel plaster 200 1000 400 / 2 08 6.9e7 2.3 4 0.025 6.0e-4
0.2 1.8e-6 2.0
Interior plaster 79 790 209 / 1 1.0 2.0e6 1.27 3 0.2 4.5e-3
Air layer 1.3 1000 0.017 / /7 / / 0.73 0.071 0.0
Wood (longitudinal 455 1500 600 / 3 025 9.0e7 25 4.3 0.23 6.6e-4
direction) 0.4 7.0e-7 1.42
0.35 9.0e-5 2.0
Wood (radial and 455 1500 600 / 3 025 9.0e7 25 130 0.09 2.6e-4
tangential directions) 0.4 7.0e-7 1.42
0.35 9.0e-5 2.0
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Moisture in the wall envelopes can dry both to the outside and inside
environments. In order to also compare the hygrothermal performance
of 2D and 3D models in vapour-tight insulation system, a paint layer
with vapour diffusion resistance of 10 m is added on the inside surface of
aerogel insulation layer. This would also be the equivalent of adding a
vapour barrier to the inside surface of the aerogel insulation layer. This
case is considered since the render may be painted in future by a more
vapour-tight paint.

2.3. Governing equations for moisture and heat transport

The three-dimensional governing equations for coupled moisture
and heat transport in the building wall assemblies are [29]:
Conservation of moisture:
ow dp. 0

e ot -‘ra( g+g)=0 3)

with liquid flow:

9 c
8= — KLij(]j(‘) % )

J

and vapour flow:

(). P Ope (w)- Dy oT )

y= — S S 'L‘,- —
8 P/ R T 0)6'] w p]'Rv'Tz (p/ )axj

Conservation of heat:

or
(copy+ecr-w) =+ V-(c

ot '(TﬁTref)'gl’f’(Cv'

(Tf Tref) +L‘,) . g‘,) = —

where w is the moisture content (kg/mB), D. is the capillary pressure
(Pa), g and g, are the liquid and vapour flows (kg/mzs), ,j=1,2,3(x
=X, X2 =Y, x3 = ), KL;;(p.) is the liquid permeability (s), &;;(w) is the
water vapour permeability (s), p, is the vapour pressure (Pa), p, is the
density of water (kg/m3), R, is the gas constant of water (J/kg K), T is
the temperature (K), c, is the specific heat capacity of solids (J/kg K), ¢;
is the specific heat capacity of water (J/kg K), c, is the specific heat
capacity of vapour (J/kg K), p, is the density of solid (kg/m3), T is the
reference temperature (273.15 K), L, is the latent heat of vapourization
(J/kg), 4ij(w) is the thermal conductivity (W/mK).

Assuming that the coordinate axes x, y and z are alined with the
principal directions of the tensors of liquid permeability, water vapour
permeability and thermal conductivity, equations (4) and (5) can be
changed to:

op. op.
KL,y (p) 5 D KL..(p) L @)

017(
&= — KL, .(p. ) 0z

&= _‘71'7&-7‘ (5“( )BP( +5”(W)0p( +3:2(w) oz)

Py or aT or
)+ (8009 1 8,00 G 8.0 5

_p]'RV'TZ
The governing moisture and heat transport equations (3) and (6) can
be changed to

(8)
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5 2 (2 (a.x(w)‘)a”;) % (av.y<w>‘)§;) +a (500 %))
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For two-dimensional modelling, the properties in the y-direction are
not used. The coupled heat and mass transfer model was validated with
HAMSTAD benchmark 4 and 5 [24].

(10)

2.4. Initial and boundary conditions

The hygrothermal performance analysis is based on the moisture
reference year 1999 for Zurich [30]. This year is a moist year with a
return period of 10 years, selected over the period 1981-2010. The
selected wall orientation is 240° from north (WSW), which shows the
highest risk for moisture-related problems. The exterior conditions
consist of hourly values of outdoor air temperature, relative humidity,
wind speed, wind direction, solar radiation and horizontal precipitation,
as given by the meteorological data from the MeteoSwiss meteorological
station for Ziirich. The exterior convective heat transfer coefficient is

5 (M,/(W) g%) (6)
i i

calculated according to the European standard EN15026 [31]. The
exterior mass transfer coefficient is related to the exterior convective
heat transfer by the use of the Lewis analogy. The short-wave and
long-wave absorptivity of the exterior wall surface are 0.7 and 0.93,
respectively. The calculation of net radiation at the exterior wall surface
follows the method used in Janssen et al. [29]. The wind-driven rain
load on the wall surface is calculated according to ASHRAE Standard
160 - Criteria for Moisture Control Design Analysis in Buildings [32].
According to Kiinzel and Kiessl [33], 70% of the wind-driven rain hitting
the facade remains pinned in place; the rest splashes off the surface. The
interior conditions are determined according to the European standard
EN15026 [31], in which the indoor air temperature and relative hu-
midity depend linearly on the outdoor temperature. The building com-
ponents have an initial temperature of 20.0 °C and a relative humidity of
60%. The simulation is started from October 1st and repeated for 8
years. The results of the 8th year, which are found to be independent of
the initial conditions, are used for the present analysis.

3. Results

We present the results of the investigation in three parts. First,
considering the 2D approaches, we look at the consequences of simpli-
fying the configuration of the masonry. Then, we look at the impact of
modelling the beam 3-dimensional versus 2-dimensional for different
cases obtained by varying the material properties. Third, we investigate
the effect of active local heating on the assembly hygrothermal perfor-
mance with the 2D and 3D models.
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3.1. Comparison of results between detailed and simplified 2D models

The simulated results of the 2D detailed and simplified models are
given for the three selected positions at the wooden beam for different
renderings. Although the distribution of bricks and mortar joints is
different between the detailed and simplified 2D models, the relative
humidity profiles are very close between these two models (Fig. 2). For
the render of cement lime plaster and mineral plaster, the largest dif-
ference in relative humidity between the two models is less than 0.01.
For the render of lime cement plaster, the largest difference in relative
humidity is less than 0.02. For all the three renders, the relative hu-
midity is almost the same between the two models at Point C. In general,
the relative humidity in the simplified 2D model is slightly higher during
the cold period, whereas it is slightly lower during the warm period. The
simulated temperature at the three positions in the wooden beam for the
detailed and simplified 2D geometries are compared in Fig. 3. The dif-
ference in temperature between different points is for all cases very
small, the largest difference in temperature being less than 0.1°C. The
difference in moisture content is larger for the wall envelopes with the
render of cement lime plaster than the other two renders (Fig. 4). For the
envelopes with the render of cement lime plaster, the difference in
moisture content is larger at point C than at points A and B. The
maximum difference in moisture content is 0.023 kg/kg at point C in the
case of vapour-tight insulation system. For the renders with lime cement
plaster and mineral plaster, the difference in moisture content is very
small and the largest difference in moisture content is only 0.009 kg/kg.
As the moisture-related damage occurs in the cold period, the result
from the simplified 2D model will be slightly conservative compared to
the detailed model.

The reasons for higher moisture content and relative humidity in the
simplified model versus the detailed one at points A, B and C regardless
of the render type are explained as follows. The capillary moisture
content of the mortar is much smaller than that of brick (Table 1). The
number of mortar joints in the simplified model is much smaller than

Wall envelopes with vapour-tight insulation
i) T T T T T r
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that in the detailed one, resulting in less capacity to store moisture in the
masonry. As the moisture supply by rain is the same for both models, the
fact that less moisture is stored in the masonry in the simplified 2D
model results in more moisture that can be stored in the wooden beam.
Consequently, the points A, B and C in the simplified model show higher
moisture content. When the render has a larger liquid permeability such
as the cement lime plaster, the moisture content and relative humidity in
the wall are at higher level. Consequently, the differences in moisture
content and relative humidity between the simplified model and the
detailed model are larger. In reverse, the renders with lower liquid
permeability such as the lime cement plaster and mineral plaster, yields
lower levels of moisture content and relative humidity and smaller dif-
ferences in moisture content and relative humidity between the models
are observed. As the thermal properties of brick and mortar are very
close to each other, the difference in temperature between the two
models is very small. Considering the small difference in relative hu-
midity, temperature and moisture content between the simplified and
detailed 2D models, simplification of the detailed distribution of brick
and mortar joint is reasonable and justified and the simplified 2D model
is retained as a good model for the actual masonry configuration.
Looking at the temperature at the three points in the wall assemblies
with different renders, the influence of the render type is very small as
the cases with different renders have almost all the same temperature
profiles (Fig. 3). The relative humidity and moisture content in the
wooden beam-end is, however, strongly affected by the type of exterior
render. The render with a larger liquid permeability, namely cement
lime plaster, leads to higher values in relative humidity and moisture
content in the wooden beam end. We note that for this render, the
relative humidity and moisture content are much higher in the case with
vapour-tight insulation than the case with vapour-open insulation. For
example, for the simplified model, the relative humidity (RH) at point B
in the case with vapour-tight insulation varies between 0.89 and 0.95,
while in the case with vapour-open insulation RH varies between 0.77
and 0.90 (Fig. 2). The moisture content at point B varies between 0.20 -

Wall envelopes with vapour-open insulation
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Fig. 4. Moisture content at points A, B and C in the detailed and simplified 2D geometries using different renderings.

0.28 and 0.14-0.22 kg/kg for the vapour-tight and vapour-open insu-
lation, respectively (Fig. 4).

The 2D relative humidity distribution is compared between the wall
envelopes with vapour-open and vapour-tight insulations in Fig. 5a.
Relative humidity is the largest at the upper left corner of the wooden

beam for both cases. The contour lines indicate the edge of the wooden
beam-end shows larger relative humidity than the other part of the
wooden beam-end. The 2D relative humidity distribution also shows
higher relative humidities in the wooden beam-end in the case with
vapour-tight insulation than the case with vapour-open insulation. For
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the wall envelope with the render of lime cement plaster and mineral
plaster (lower liquid permeability), the difference in relative humidity
between the wall envelopes with vapour-open and vapour-tight insu-
lation is much smaller (Fig. 2). Compared to the wall envelopes with
vapour-open insulation, the wall envelopes with vapour-tight insulation
show smaller fluctuations in RH, which is due to lower drying ability to
the indoor environment. To illustrate this lower drying, we report the
total vapour flux calculated along the whole interior surface in the
simplified 2D model for wall envelope with the render of cement lime
plaster retrofitted with vapour-open and vapour-tight insulations, see
Fig. 5b. A negative value indicates drying flux to the indoor environ-
ment. The drying vapour flux to the indoor environment is very large
from April to September for the wall envelope with vapour-open

(@)

Vapor-open insulation

Vapor-tight insulation
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insulation. By comparison, the drying flux is very small for the wall
envelope with vapour-tight insulation in this period.

3.2. Comparison of results between 2D and 3D models

As the wood beam embedded in the masonry has a width, we
consider the real width of the wooden beam of 20 cm in the 3D model. In
contrast, in 2D the wooden beam spans over the total width of the wall.
Although wood has a rather low thermal conductivity, the wooden beam
is a thermal bridge in the internally insulated masonry wall due to much
lower thermal conductivity of the insulation layer. The thermal bridge
effect leads to higher temperature and thus lower relative humidity in
the wooden beam than in the masonry wall. Due to the higher heat flux

RH
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Fig. 5. (a) Relative humidity distribution on 1st April in the simplified 2D model for wall envelope with the render of cement lime plaster retrofitted with vapour-
open and vapour-tight insulation (the dashed box indicates the location of the wooden beam); (b) Total vapour flux across interior boundary of the simplified 2D
model for wall envelope with the render of cement lime plaster retrofitted with vapour-open and vapour-tight insulations.
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in the beam, the central cross section of the wooden beam embedded in
the masonry wall will be the warmest cross section of the wooden beam
during the winter period, while the edge cross section in contact with
masonry wall will be the coldest one. Similarly, the central cross section
will have the lowest relative humidity whereas the edge cross section
will have the highest one during the winter period. For example, Fig. 6
shows relative humidity distribution on the 1st of April in the 3D model
for the wall envelope with the render of mineral plaster and vapour-open
insulation. In the wooden part at the outside of the insulation (region I),
the relative humidities in the wooden beam are smaller than the ma-
sonry above. At the surface of the wooden beam-end, the edge part in
contact with the masonry wall shows higher relative humidities than the
inner part, which is due to higher relative humidity in the surrounding
masonry wall. At the surface of the wooden beam-end, the region closer
to the central cross section shows lower relative humidity.

3.2.1. Comparison of relative humidity

For the interior insulation system with vapour-tight insulation,
relative humidity in the 2D cross section is very similar to that in the 3D
central cross section (Fig. 7). Relative humidity at the edge cross section
of the 3D model is slightly larger than the RH at other cross sections. The
difference in relative humidity between the 2D and 3D models is mostly
very small (ARH<0.014) except at point A for the wall envelope with the
render of cement lime plaster (highest liquid permeability), which is
0.033. Point A at the edge cross section of the 3D model is in contact
with the masonry wall whereas point A in the 2D model and at the
central cross section of the 3D model is separated from the masonry with
the air gap. As the liquid permeability of cement lime plaster is relatively
large allowing liquid water to ingress into the wall, moisture transport at
point A at the edge cross section of the 3D model can be greatly influ-
enced by liquid transport, which explains the higher relative humidity at
point A. By comparison, point A in the 2D model and at the central cross
section of the 3D model is separated from the masonry due to the

Insulation

ij/'x I’

Region |

Wooden beam end
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presence of the air layer and is thus subjected to a lower relative hu-
midity. As the interior insulation system is vapour-tight, drying towards
the indoor environment is quite limited and thus the variation of relative
humidity over the year remains small. Renders with larger liquid
permeability lead to larger relative humidity values in the wall enve-
lope. The relative humidity at points A, B and C varies around 0.9 for the
wall envelope with cement lime plaster (large liquid permeability). By
comparison, it varies around 0.7 for the wall envelope with mineral
plaster (low liquid permeability).

For the vapour-open interior insulation system, the differences in
relative humidity among different cross sections are larger (Fig. 8). The
largest difference is in the wall envelope with mineral plaster (low liquid
permeability). The difference in relative humidity between the 2D and
3D models for the wall envelope with mineral plaster can reach 0.06. In
general, the fluctuation of relative humidity at the edge cross section of
the 3D model is larger than at the central cross section, especially during
the cold period. Relative humidity at point A at the central and edge
cross sections is quite different depending on assembly composition
whereas relative humidity at points B and C at the central and edge cross
sections is very similar in all cases. For the wall envelope with the
mineral plaster, relative humidity at point A is continuously below 0.8 in
the 2D model while it can be slightly above 0.8 from February to June at
the edge cross section in the 3D model.

3.2.2. Comparison of temperature

For wall envelopes with vapour-open and vapour-tight insulation,
the temperature at the points A, B and C is very similar. We here only
show the temperature in the winter period at points A, B and C in the 2D
and 3D models for the wall envelopes with vapour-tight insulation
(Fig. 9). In general, there are some differences in temperature between
the 2D and 3D models. The temperature in the 2D cross section is the
highest. The higher temperature in the 2D cross section is due to the
larger width of the wooden beam and thus larger thermal bridge effect in

RH
0.8

0.75

Wooden beam

Fig. 6. Relative humidity distribution on 1st April in the 3D model for the wall envelope with the render of mineral plaster and vapour-open insulation. (The layers

outside the wood beam-end surface are removed.)
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Fig. 7. Relative humidity at points A, B and C in the 2D model and central and edge cross section of the 3D model for wall envelopes with vapour-tight insulation.
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Fig. 8. Relative humidity at points A, B and C in the 2D model and central and edge cross section of the 3D model for wall envelopes with vapour-open insulation.

the 2D model. The largest temperature difference at points A, B and C
between the 2D and 3D cross sections is 1.18°, while the smallest one is
0.02°. In the 3D model, the temperature in the central cross section is
higher than that in the outermost cross section. The largest temperature
difference at points A, B and C between the 3D central and 3D edge cross

sections is 0.48°, while the smallest one is 0.02°.

It is found that the difference in temperature among wall envelopes
with different renders is small. For example, the maximum temperature
difference for the wall envelopes with different renders is 0.39° at point
A. The difference is due to the different moisture content in the building
materials, which affects the thermal conductivity of the building mate-

rials. However, in terms of temperature distribution, the difference
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between the 2D and 3D models is overall quite small.

3.2.3. Comparison of moisture content

The differences in moisture content between the 2D and 3D models

Fig. 10. Moisture content at points A, B and C in the 2D model and central and edge cross sections of the 3D model for wall envelopes with vapour-tight insulation.
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envelope with the render of cement lime plaster (Fig. 10). However, the
difference in moisture content among the different cross sections at
point C, the location with the highest moisture content, is small. The
difference in moisture content among the different cross sections at
points A, B and C for the wall envelopes with the render of lime cement
plaster and mineral plaster are very small.

For the vapour-open interior insulation system, the differences in
moisture content among the different cross sections are mostly larger
compared to the vapour-tight interior insulation system (Fig. 11). Points
A, B and C at the edge cross sections mostly undergo larger moisture
content than the points A, B and C at the central and 2D cross sections.
Moisture content difference at point A between the difference cross
sections is larger than at points B and C.

Comparing vapour-open and vapour-tight interior insulation sys-
tems, it is found that relative humidity and moisture content in the
wooden beam in a vapour-tight interior system are smaller than in a
vapour-open interior system, when the render has a low liquid perme-
ability such as mineral plaster. By contrast, when the render has a high
liquid permeability such as cement lime plaster, relative humidity and
moisture content in a vapour-tight interior system are larger than in a
vapour-open interior system. This result is similar to the results of one-
dimensional parametric study from Zhou et al. [6]. When the liquid
permeability of the render is large, moisture transport in the wall en-
velopes will significantly increase due to the liquid transport through the
exterior render. Under such conditions, a vapour-open interior system
provides additional drying potential towards the inside environment
and leads to smaller moisture content in the wall. When liquid perme-
ability of render is small, moisture transport will be mainly influenced
by vapour transport. A vapour-tight insulation system will reduce
vapour transport from the inside to the wall and eventually prevent
condensation at the interface between masonry wall and interior insu-
lation layer during cold periods and lead to a smaller relative humidity
in the wall envelope.

3.2.4. Comparison of mould risk
The risk related to sustained exposure to moisture risk in the wall

Building and Environment 193 (2021) 107460

envelope is evaluated using the VIT Mould Index model [34] as indi-
cator of risk. The VIT model is based on an empirical mould prediction
model that considers the influence of temperature, relative humidity,
surface, exposure time and dry periods. Fig. 12 show the maximum
mould indices at the different wall envelopes. In general, for both
vapour-open and vapour tight insulation systems, the moisture risk in
the 2D model is slightly smaller than that in the 3D model. In the 3D
model, the risk is higher at the edge cross section than at the central
cross section. The difference in mould index between the 2D and 3D
models is larger in the wall envelopes with vapour-open insulation than
the wall envelopes with vapour-tight insulation.

For wall envelopes with render such as mineral plaster (low liquid
permeability), the mould index at the wood beam-end is 0, because the
relative humidity is continuously below the critical value of 0.8, and
there is no risk of moisture problems after internal thermal insulation.
For wall envelopes with render such as lime cement plaster (middle
liquid permeability), the maximum mould index is below 1.0. In general,
amould index of 1 is regarded as tolerable since it means small amounts
of mould on the wood. Therefore, the risk of moisture problems for these
envelopes is acceptable. However, for envelopes with render such as
cement lime plaster (high liquid permeability), the maximum mould
index at the wood-beam end can reach 5. Such a mould index value
means significant mould growth on the wood. The moisture risk in these
wall envelopes is too high. Rain protection is thus needed for these wall
envelopes to reduce moisture risk in the wooden beam.

Considering the small difference in mould indices, it is possible to
replace a 3D model with a 2D model for evaluating the mould risk of
wooden beam-ends embedded in internally insulated wall envelopes. In
general, the difference in mould indices between the 2D and 3D models
are relatively small and the mould risk at the different cross sections is in
the same range. However, the 2D model will, in general, underestimate
to some extent the mould risk compared to the 3D model. If more ac-
curate relative humidity and moisture content in the wooden beam-end
is needed, it might not be suitable to replace a 3D model with a 2D one
for the envelopes with the render of cement lime plaster.
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3.3. Influence of active heating on 2D and 3D models

The effect of actively heating the wooden beam-end is studied here
with the 2D and 3D models. Wall envelopes with the render of cement
lime plaster demonstrate much higher moisture risk than wall envelopes
with the other two renders. For wall envelopes with cement lime plaster,
interior insulation with vapour-open insulation will lead to much lower
moisture risk than with vapour-tight insulation. Due to the high liquid
permeability of the cement lime plaster, a large amount of rainwater can
penetrate into the wall envelope. A vapour-open interior system can dry
the accumulated moisture in the wall towards both outside and inside
environments whereas a vapour-tight insulation system can only dry the
accumulated water towards outside environment. Hence the selected

12

wall envelope for analysis here is the vapour-open wall envelope with
cement lime plaster as render. Heating plates are applied at the wooden
beam end for active heating. A heating flux of 90, 150 and 210 W/m? is
applied continuously from 1 November to 30 April to increase the
wooden beam-end temperature in the cold period. The energy demand
for heating plate is:

@y =0y-A-12.78-1077 amn
where ¢y is the active heating energy demand (kWh), Qg is the heating
flux (W/mz), A is the size of heating plate, t is the time (s), 2.78-1077 is
the conversion factor from Joules to kWh. With a wooden beam-end area
of 0.06 m?, the total energy demand of the active heating system is 23.5,
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39.1 and 54.8 kWh, respectively, for the heating flux of 90, 150 and 210
W/m?. As a note the energy demand by the active heating represents a
very small fraction of the normal heating demand in a building.

Figs. 13 and 14 show the simulated temperature and relative hu-
midity in the 2D model and the central and edge cross sections of the 3D
model. The simulated temperature in the 2D model is much higher than
those in the 3D model from November to April (Fig. 13). In the other
periods when active heating stops, the temperature of the 2D model
becomes almost the same as those in the 3D model. Similarly, the rela-
tive humidity in the 2D model is much smaller than those in the 3D
model over the heating period (Fig. 14). For example, when the active
heating flux is 210 W/m?, the relative humidity at point A in the 2D
model varies around 0.2 whereas the RH at the central cross section of
the 3D model varies around 0.4 and at the edge cross section of the 3D
model around 0.8. The large difference in temperature and relative
humidity between the 2D and 3D models is due to the simplification of
the wooden beam in the 2D model. In the 2D model, the heat flux is
applied over the entire width of the wall envelope, whereas in the 3D
model the heating is only active over the area of wooden beam-end.
Consequently, the heating effect is much smaller in the 3D model
compared with that in the 2D model.

The influence of active heating on temperature is location depen-
dent. At point A in the central cross section of the 3D model, there is a
relatively large temperature increase due to the important effect of
active heating. However, point A in the 3D edge cross section shows a
much smaller temperature increase, due to its proximity to the unheated
and colder masonry wall. Points B and C show lower temperatures both
at the central or edge cross sections in the 3D model, which are all in
proximity to the unheated and colder masonry wall, leading to higher
humidity levels.

Fig. 15a compares the temperature distribution on the 18th of
January at the central and edge cross sections of the 3D model. The
active heating greatly increases the temperature around the wooden
beam-end at the 3D central cross section, reaching the highest

Active heating 90 W/m?

Active heating 150 W/m?
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temperature of 35 °C. However, the region of elevated temperature is
quite limited. Due to 3D-dimensional heat flow effects, the center of the
wooden beam-end, here shown as the lower part, is much warmer than
the upper part. The temperature at the beam-end at the edge cross
section is between 13 and 17 °C (Fig. 13), which is much lower
compared to the central cross section. The influence of active heating on
relative humidity distribution is related to temperature distribution
(Fig. 15b). There is a large decrease of relative humidity around the
wooden beam-end at the 3D central cross section whereas relative hu-
midity decreases at the edge cross section is much smaller.

Point C at the edge cross section has the highest relative humidity
and thus the highest mould risk in the wooden-beam. The magnitude of
the active heating flux has very large influence on mould index at this
point. The maximum mould index at this point is 2.2, 1.5, 1.1, respec-
tively, for the heating flux of 90, 150 and 210 W/m? (Fig. 15c). By
comparison, these values are much smaller than the mould index of 3.4
at this point for the same assembly without active heating (Fig. 15c).

It is concluded that the 3D effect is important in assessing the effect
of active heating. The hygrothermal performance of wooden beam-end
in the internally insulated masonry walls has to be analysed with a 3D
model when local heating is considered. Active heating combined with
rain protection will greatly reduce the risk of moisture-related problems
at a wooden beam-end. The analysis using a 2D model will lead to sig-
nificant underestimations of moisture damage risk as the heating area in
the 2D model is spanning over the total width of the wall, while in the 3D
model heating only happens over the width of the wooden beam-end.

4. Discussions

The risk of moisture-related problems at the wooden beam-ends is
low when wind-driven rain load on the wall surface is low or a water
repellent exterior plaster is used on the wall to protect it against rain.
Morelli and Svendsen [2] showed that wind-driven rain has a great in-
fluence on moisture content at the wooden beam-end. When the

Active heating 210 W/m?
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wind-driven rain catch ratio is 0.1, there is no moisture risk in the
wooden beam-ends. However, when the wind-driven rain catch ratio
increases to 0.3, there is moisture risk in the wooden beam-ends. Har-
restrup and Svendsen [4] presented that the risk of mould growth at
wooden beam-end is larger for facade with higher wind-driven rain load.
Kopecky et al. [21] demonstrated that artificial rain load applied on the
experimental walls clearly increased the moisture content level in the
wooden beam-ends. Dumont et al. [35] measured low moisture content
level of 10-15% in wooden elements embedded in an internally insu-
lated house that has a low wind-driven rain load. By comparison, they
measured moisture content level above 20% in wood members of an
internally insulated house that has moisture penetration due to wet
foundation and wind-driven rain. Kehl [11] summarized measurement
results in different studies and indicated that moisture content of the
wooden beam-ends stays between 10 and 18% for walls with water re-
pellent exterior plaster or with low wind-driven rain load. All these
findings are similar to our results that exterior render with larger liquid
permeability leads to higher moisture risk in the wooden-beam end. In
our study, for the wall envelopes with the exterior renders of lime
cement plaster and mineral plaster, moisture content at the wooden
beam-ends is also in the range between 10 and 18%.

In the study, it is assumed that there is perfect hydraulic contact at
the interface between brick and mortar. However, capillary moisture
transport in masonry walls can be strongly affected by the interface
resistance between brick and mortar [37-39]. Currently, the experi-
mental studies on interface resistance between brick and mortar are only
at the laboratory scale under simplified conditions. There is a need to
study the effect of interface resistance in situ in the walls.

5. Conclusions

The hygrothermal performance of a wooden beam-end embedded in
an internally insulated masonry wall is compared in this study using 2D
and 3D models. The influence of render type and vapour control strategy
in 2D and 3D modelling is considered. A 2D model with a detailed dis-
tribution of bricks and mortar joints is built. Then a 2D model with a
simplified distribution of bricks and mortar joints is built and compared
with the detailed 2D model. The simulated results in these two 2D
models are found to be very close. Based on the results of the simplified
2D model, a 3D model is developed. The results in the simplified 2D and
3D models are compared. In general, the difference in relative humidity
and temperature between the 2D and 3D models is relatively small. The
difference in mould index between the 2D and 3D models is also small.
Therefore, it is suitable to replace 3D models with 2D ones for predicting
the risk of mould problems in the wood beam-end. However, for eval-
uating the effect of active local heating on the moisture risk at wooden
beam-end, a 3D hygrothermal model has to be used, since the effect of
heating will be seriously overpredicted in a 2D hygrothermal model.
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