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Abstract
Timber-concrete composite structures are used with the intention of providing greater
capabilities than regular structures composed of a singular material. With its ben-
efits, the combination of the two materials comes with challenges that have to be
overcome. Moisture damage is one of the possible risks in combining these materials
and it has to be check thoroughly to ensure minimum risk of mould growth. Risk
of mould growth is either regulated by specifying the limit of humidity allowed for
a certain material, or by growth prediction through numerical modelling. Although
both are used in the construction industry, modelling is considered to be a more
detailed numerical approach as a means for assessing mould growth.

The composite structure focused in this study was a floor section with the combi-
nation of CLT and cast-in-situ concrete. The general aim was to identify possible
moisture damages on the CLT when exposed to the properties of fresh concrete
through transient heat and moisture simulation, and evaluated with a mould growth
model. The obtained results were used to evaluate moisture safety by observing the
possible levels of mould growth in the construction.

Several types of concrete were used as the moisture source: fresh concrete with 0.38
and 0.6 water-cement ratios, and hardened concrete with 0.5 water-cement ratio for
a comparison. The vapour diffusion resistance of the fresh concrete materials had to
be modified based on the findings of previous studies. This was done to overcome
one of the limitations of the program, in which it was not capable to model fresh
concrete. Different parameters were tested for the simulations, which were the cur-
ing and drying conditions, regional climates, initial concrete condition, addition of
vapour retarder and influence of building envelope. No possible moisture damages
were observed in the CLT for the case with fresh concrete materials under all the
simulated variables. For hardened concrete, at fully saturated condition, it did not
achieve moisture safety requirements under all the defined parameters. However,
lowering the initial relative humidity of the concrete to 95% was enough for the
construction to obtain satisfactory moisture performance.

Although the simulation results of fresh concrete showed that it was below the mould
growth safety limit under the simulated variables, in reality it could be higher. This
was due to the limitation of the program mentioned previously in regards to mod-
elling fresh concrete. Furthermore, the program did not take gravity force into
account, and it did not able to model non-porous material such as steel. However,
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these two factors were assumed not to impact the results by a large margin. Based
on these limitations, this study can be further improved by conducting experiments
to validate the results.

Keywords: CLT, concrete, composite slab, Mould Growth Index, transient, heat,
moisture.
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1
Introduction

This chapter presents the background of timber-concrete composite slab, aim, scope
and methods as well as the limitations of this research.

1.1 Background
Composite structure systems which consist of timber and concrete have been used
as building structures since the second quarter of the 20th century. The usage of
timber-concrete composite structures began because of a limited availability of steel
due to high demand during the period between first and second world war. This
steel shortage forced society to find another form of building structures and therefore
the composite timber-concrete structures came to life (Raquel de Sousa Monteiro,
2015). In 1943, One of the first projects that used timber-concrete composite struc-
ture was accomplished in USA, in which they investigated the capability to develop
cost-effective highway bridges with shorter span (Lukaszewska, 2009).

The purpose of using timber-concrete composite varies depending on continent or
country. For example, timber-concrete composite floors are mostly used for histor-
ical building in Europe to replace the old timber floor with a new floor that gives
a better mechanical behavior. In New Zealand, timber-concrete composite is used
in multi-storey buildings as it is considered to be a more sustainable choice com-
pared with traditional building materials, such as concrete or steel, because wood
has the ability to regrow and reproduce which eventually reduces carbon footprint
by storing CO2 during its lifespan (Yeoh, 2010). Timber-concrete composite slab
consists of a timber at the bottom and a concrete on the top. Shear connectors are
used to connect timber and concrete together as they increase the interaction rate
of the composite member (Svenskt Trä, 2017a). The timber segment can either be
glued laminated (Glulam), solid timber, laminated veneer lumber (LVL) or cross-
laminated timber (CLT). Concrete can either be prefabricated or cast-in-situ (Yeoh,
2010).

For this research, the focus was on composite slabs that consist of CLT and cast-
in-situ concrete. Combining CLT and concrete provides greater benefits compared
to slabs with CLT solely. Some of these benefits are higher flexural rigidity, which
allows for longer spans and a better dynamic behavior than the traditional timber
slabs due to higher damping ratio for the composite slabs, which make it less sen-
sitive to vibration and have a better acoustic behavior (Svenskt Trä, 2017a). An
illustration of this type of composite slab is shown in Figure 1.1.
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Figure 1.1: Timber-concrete composite slab illustration

Previous studies in the field of timber-concrete composite slabs focused more on the
structural behavior of the slab such as deflections, connections between timber and
concrete, dynamics and vibrations properties of the composite slab. Some studies
were done on the hygrothermal properties of CLT, such as the research of (Alsayegh,
2012) in Hygrothermal Properties of Cross Laminated Timber and Moisture Response
of Wood at High Relative Humidity, but none of the previous research found explicitly
concentrated on the possible moisture-related problems regarding the combination
of CLT and concrete.

1.2 Aim and Scope
The purpose of this master thesis was to investigate and determine the possible risks
in CLT when it is used in combination with concrete to make a timber-concrete
composite slab. More specifically, the following aims were pursued:

• To identify possible damages on CLT when it is subjected to the moisture,
heat and alkalinity of the drying process of fresh concrete.

• To investigate possible damages on various CLT-concrete floor details, prop-
erties and conditions.

1.3 Method
The methods used for this research were literature review and numerical simulation.
In the literature review, existing research and findings regarding concrete, CLT and
the hygrothermal behaviour of CLT were discussed and used as the base of this
research. Afterwards, different types of model were simulated using transient heat
and moisture transfer simulation software. The simulation results were evaluated
with a mould growth model to assess the impact of moisture source from drying
concrete on the potential moisture risks on CLT.
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1.4 Limitation
This study focused on moisture evaluation of the CLT-concrete composite slab and
therefore there were several limitations. The moisture evaluation of concrete in the
composite slab was not taken into account as it is only used to simulate a moisture
source to the CLT. Due to the limited time and unavailability of equipment at the
time of writing this master thesis, the results of the simulations could not be com-
pared with lab experiments in order to validate the simulation results. Furthermore,
the mechanical properties of the composite slab such as deflection, shear capacity
and moment capacity were not discussed in this research. However, some mechani-
cal properties such as noise insulation, vibration and fire resistance were taken into
consideration in designing the analyzed floor detail.
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Literature Review

In this chapter, literature studies are presented from several research, books, articles
and other sources. Different properties of wood, in general, are given and critical
elements which affect vapour permeability of wood during the drying process of
the concrete are discussed. Furthermore, various factors that contribute or prevent
growth of microorganisms are described and the threshold for mould growth from
various regulations and guidelines are presented.

2.1 Heat-Air-Moisture Properties of Wood

2.1.1 Moisture Storage
Wood is a hygroscopic material, which means it can gain or lose moisture from
or to the surrounding air. The amount of moisture gain or moisture loss depends
on moisture condition of the wood and its surrounding air. Air always contain a
certain amount of moisture in form of water vapour. The maximum amount of water
vapour in the air depends on the air temperature and pressure, and the higher the air
temperature is, the more moisture it can uptake. Relative humidity (RH) measures
the amount of water vapour the air contains and it can be calculated by dividing the
vapour content by the saturation vapour content in a certain temperature (Burström,
2007).

RH = v

vs

· (100) (2.1)

Where, RH is relative humidity (%), v is the vapour content of the air (g/m3) and
vs is the saturated vapour content of the air in a certain temperature (g/m3). A
relative humidity of 100% means that the air is fully saturated with vapour.

Moisture ratio (µ) measures the amount of moisture (water) in a material and it is
determined by taking the ratio between water weight of the moist material and dry
weight of the material (Forest Products Laboratory, 2010). Moisture content (w)
measures also the amount of moisture in a material but per cubic meter and it is
calculated by multiplying density of the material by its moisture ratio (Hagentoft,
2001).

µ = m−md

md

· (100) (2.2)

w = ρ · µ (2.3)
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Where, µ is the moisture ratio (%), m is the weight of the moist material (kg), md

is the dry weight of the material (kg), w is the moisture content (kg/m3) and ρ is
the density (kg/m3).

Moisture in wood can be categorized into two, hygroscopic moisture (bound mois-
ture), which is adsorbed moisture on the surface of wood cells, and capillary water
(free water), which is moisture in the form of liquid water inside the wood. The range
of relative humidity for hygroscopic moisture starts when the wood is completely
dry, i.e. at 0% RH, until the point where the moisture begins to condensate (likely
around 98% RH), with the assumption that no external moisture source such as
water leakage is present. Capillary water range starts after the condensation point
of the vapour until relative humidity reaches 100% (Alsayegh, 2012). Figure 2.1
shows the relation between moisture content and relative humidity and it illustrates
the two different regions for moisture storage in wood. It can also be seen that the
hygroscopic region starts at 0% RH until very high relative humidity (nearly 98%)
and continues with capillary water. In capillary water region, the moisture content
of wood increases greatly with increasing relative humidity.

Figure 2.1: Equilibrium moisture content profile of wood (Kumaran, 1996).

Fibre saturation point (FSP) is the moisture condition of wood in which the cell
walls are totally saturated with bound water but the cell lumina are not filled with
liquid water. fibre saturation point of wood is approximately at 28% moisture ratio
but it can vary by some few percentages depending on the species of wood (Forest
Products Laboratory, 2010).

Materials in general including wood, are always adjusting to become in equilibrium
with its surrounding when it is stored in a certain climate, where the temperature
and the vapour content are constant. Equilibrium moisture content (EMC) is the
condition in which the wood is no longer gaining nor losing moisture. The relation
between equilibrium moisture content and relative humidity of the surrounding air
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at a certain temperature is typically shown in a sorption isotherm. Adsorption is
the process when the material gain or adsorb moisture from the surrounding, i.e.
the initial condition of the wood is dryer than the surrounding air, while desorption
is the process where the material lose or desorb moisture into the surrounding, i.e.
the initial condition of the wood is wetter than the surrounding (Burström, 2007).
Figure 2.2 shows the desorption and adsorption isotherms at a temperature of 20°C.
As it can be seen in the figure that the adsorption curve is always located below
desorption curve and the moisture ratio of the wood varies between the two curves at
a certain relative humidity. The ratio between the adsorption curve and desorption
curve is approximately 0.85:1 at relative humidity between 80% and 90%. Such
relations in which different curves are given for the adsorption and desorption of a
material is known as hysteresis (Alsayegh, 2012).

Figure 2.2: Desorption (upper curve) and adsorption (lower curve) at
temperature of 20°C (Svenskt Trä, 2017b).

2.1.2 Moisture Transport
Transport of moisture through wood results from different types of transport mech-
anisms and it can either occur as vapour or liquid. Diffusion and convection are
the main moisture transport mechanisms in vapour phase, while capillary suction
is the main transport mechanism in liquid phase. Moisture transport rate can vary
remarkably depending on the transport mechanism. Although different types of
moisture transport are often occurring simultaneously, one mechanism always dom-
inates (Sandin, 1997).

2.1.2.1 Vapour Transport

Vapour transport occurs at moisture ratio below the fibre saturation point (FSP),
when the relative humidity is at hygroscopic sorption region. The two main mecha-
nisms for vapour transport in wood are diffusion and convection (Burström, 2007).
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Moisture diffusion is the movement of water vapour from high vapour concentration
towards low concentration region aiming to become in equilibrium with the sur-
rounding area. Water vapour can penetrate through the material at different rates
depending on the porosity of the material. The more porous the material is, the
faster water vapour penetrates. Vapour permeability (δv) describes moisture diffu-
sion penetration rate in a material and it depends on many factors, such as moisture
ratio, temperature and density of the material. Figure 2.3 describes the variation of
vapour permeability of wood as a function of relative humidity and it can be seen
that vapour permeability increases as relative humidity increases (Burström, 2007)
(Sandin, 1997).

Figure 2.3: Vapour permeability of pine and spruce as a function of relative
humidity (Svenskt Trä, 2017c).

Table 2.1 below presents the amount of water for cases of adsorption (Wads) and
desorption (Wdes) for different relative humidity. It also gives values of vapour
permeability for the given relative humidity.

Table 2.1: Moisture content and vapour permeability for spruce in tangential
direction at a given relative humidity (Hagentoft, 2001).

RH [%] Wdes [kg/m3] Wads [kg/m3] δv [10-6 m2/s]
35 40 35 0.3
50 50 45 0.3
70 70 60 0.6
80 80 75 1.0
90 105 95 1.6
95 120 115 2.1
100 145 135 ≈ 3.5

If the thickness of a material is known, it is possible to define moisture diffusion by
vapour resistance instead of vapour permeability. Vapour resistance describes the
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ability of a material to hinder moisture transport and it can be determined as the
ratio of material thickness and vapour permeability (Burström, 2007).

Z = d

δv
(2.4)

Where, Z is vapour resistance (s/m), d is the thickness of material (m) and δv is
the vapour permeability (m2/s).

Moisture convection is the transport of water vapour through air movement. Tem-
perature differences, drafts and ventilation are the main influences to create pressure
differences in buildings, which makes it possible for water vapour to transport with
the air movement into different parts of the construction. The rate of water vapour
transport depends on the pressure difference, water vapour of air and air permeabil-
ity of the construction (Burström, 2007).

2.1.2.2 Liquid Transport

As the relative humidity inside the wood increases and transforms from hygroscopic
sorption region to capillary water region, the moisture transport mechanism also
changes. Moisture transport in liquid phase occurs at very high relative humidity,
at moisture content above the fibre saturation point (FSP) (Burström, 2007). The
main mechanism for liquid transport in wood is capillary suction. Capillary suction
is the movement of moisture in the form of liquid from areas with high moisture
content to areas with lower moisture content, in special cases where the material is
in direct contact with liquid water. Driving force for capillary suction is capillary
forces which cause capillary pressure differences between the two areas (Burström,
2007). Moisture transport rate in capillary suction depends on pore size and pore
structure of the material. Water sorption coefficient is an indication of the rate and
amount of water that a material is capable to uptake when it is placed in contact
with liquid (Sandin, 1997). The amount of absorbed water per square meter, ms
(kg/m2), is calculated by Equation 2.5 shown below, where A is water sorption co-
efficient (kg/m2√s) and t is time (s).

ms = A
√
t (2.5)

Wood is an anisotropic material which means it has different properties in different
directions. The water sorption coefficient of wood varies depending on its direction
to the grain. Table 2.2 gives water sorption coefficient for wood in both parallel and
perpendicular to the grain direction.

Table 2.2: Water sorption coefficient for wood with grain directions (Hagentoft,
2001).

Direction A [kg/m2√s]
Wood parallel to grain 20 · 10-3

Wood perpendicular to grain 4 · 10-3
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Beside capillary suction, liquid can be transported by gravity and wind force. Grav-
ity causes water to flow downwards in a construction, while wind force can transport
liquid in lateral and vertical directions.

2.1.3 Thermal Properties

Wood is considered to have good insulation properties because of its high porosity.
As an anisotropic material, wood has different thermal conductivity values depend-
ing on heat flow direction with respect to the grains. Thermal conductivity of timber
is around 0.14 W/(m.k) in the direction perpendicular to the grains, and it increases
by 2.5 times when the heat flow direction is parallel to the grains. Beside the heat
flow direction, thermal conductivity of wood also depends on the moisture content,
density and temperature of the wood. Thermal conductivity increases linearly with
increasing moisture content and density. As for temperature, it has a minor impact
on thermal conductivity. It increases thermal conductivity by approximately 2% to
3% for every 10°C of increasing temperature (Burström, 2007).

Unlike thermal conductivity, heat capacity does not depend on wood’s density, but
temperature and moisture content has a big impact on it. Heat capacity increases
with increasing moisture content and temperature (Forest Products Laboratory,
2010). Generally, heat capacity of wood varies between 1500-1700 J/(kgK), which
considered to be relatively high compared with other building materials such as
concrete (Svenskt Trä, 2003).

2.1.4 Air Permeability

Permeability can be defined as a porous material’s ability in fluid migration from
influence of pressure differences (Perré, 2007). Liquid and air permeability of wood
highly affect its ability in being processed, such as from impregnation of wood preser-
vatives or pulping agents, or through diffusion from drying or fumigation. The level
of permeability impacts the time needed, the quality, and ultimately the cost of
processing wood (Cŏté, 1963). Other than that, air transport is considered to be
an important factor in environmental control, because air movement carries both
heat and moisture through the material. Air leakages through the building enve-
lope cause heat loss, and the use of wind/weather barrier is customary to prevent
this. Polyethylene sheets are commonly used to control air leakage, that could also
function as a vapour barrier (Bomberg, 1993).

Air permeability of wood is greatly influenced by the species itself and the grain
direction of air flow. It is highly anisotropic, as longitudinal permeability is typically
the highest compared to radial and tangential direction. Whether it is normal wood
or reaction wood (compression or tension) has some effect on permeability as well.
Research of air permeability on beech and spruce by (Tarmian, 2009), gives the
result shown in Figure 2.4.
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Figure 2.4: Radial and longitudinal air permeability for spruce (a) and beech (b).
NW, normal wood; TW, tension wood; CW, compression wood (Tarmian, 2009).

Normal wood tends to have higher permeability for both radial and longitudinal
direction than reaction wood for both beech and spruce. The thickness of the sam-
ple has a significant effect on the permeability as well, with lower permeability on
thicker specimens. It can be observed that longitudinal permeability is always higher
than radial, with a ratio of around 400 times bigger for the case of spruce normal
wood (105 · 10-15 m2 compared to 25 · 10-17 m2). This value for air permeability of
spruce perpendicular to the grain is similar to the value found on the Introduction
to Building Physics book by (Hagentoft, 2001), which is 20 · 10-17 m2.

A different research using Japanese cedar sapwood by (Tanaka, 2015) shows a similar
anisotopic behaviour regarding grain directions. Longitudinal permeability is the
highest with 2.4 · 10-12 m2, tangential permeability is the second highest with 37 ·
10-17 m2 and radial permeability is the lowest with 3 · 10-17 m2.

2.2 Cross-Laminated Timber
Cross-laminated timber (CLT) is a relatively new timber product that has been used
for different types of structures. CLT was developed in the beginning of 1990s in
central Europe, in Austria and Germany, and it began to be used as a construction
material by the end of the 1990s and the early 2000s (FPlnnovations, 2013). CLT
is manufactured with odd numbers of layers such as 3, 5, 7 or more, with the same
or varying thickness of the different layers (Svenskt trä, 2016). These several lay-
ers of lumber boards are oriented perpendicularly on each other and glued together
(FPlnnovations, 2013). There are several types of adhesives used for glueing CLT
layers together but the two standard adhesives that are commonly used in Europe
are, Polyurethane Reactive (PUR) and Melamine Urea Formaldehyde (MUF). The
thickness of the adhesive layer that is applied between CLT panels varies between
0.1 mm and 0.3 mm, which can make up to 1% of the total mass of the timber
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(Alsayegh, 2012). However, there are alternative methods to attach the different
layers of lumber together beside glueing and these are with nails or wooden dowels,
but they are less common (FPlnnovations, 2013). The size of CLT panels can be as
large as 500 mm thick, 3000 mm wide and with a length of up to 24 m. Further-
more, CLT is a flexible material and it can be used alone as a building material or
in combination with other building materials (Svenskt trä, 2016).

The demand for wood-based material in general is currently growing because of the
positive impact on the environment regarding carbon footprint. Figure 2.5 shows the
carbon footprint for traditional building materials during production. It can be seen
that timber stores a large amount of CO2 and the emissions during the production
of it are very minimal in comparison to concrete, steel or masonry (Scalet, 2015).

Figure 2.5: The carbon footprint of materials during production (Scalet, 2015).

The production of the CLT panels are nearly emission-free and consume very min-
imal fossil fuel. The maximum emission of CLT panels during its production is
0.44% from the limited emission value. However, the sustainability of CLT becomes
questionable when the glue is taken into consideration. The production of glue
for CLT is based on synthetic material, which is not environmentally friendly and
causes health problems. Although there are new ecological types of adhesive in the
market, they are not used in CLT productions because they don’t meet the bond-
ing requirements. Despite this, the production of CLT in general still requires less
energy, water, fossil fuel than other building materials and it has a negative carbon
footprint since the wood in CLT can store CO2 under its lifespan. Recycling CLT
waste is possible in small scale in laboratories by separating the CLT layers from
the glue and recycle the layers individually. It is currently not possible to recycle
the CLT in large scale due to unavailability of recycling machines that can handle a
big amount of waste. As a result, reusing CLT waste is the most common solution
and it is done by chopping the CLT into small pieces and used for manufacturing
of wood composite panels such as chipboard, wood bonded panel and wood fibre
insulation panels. Disposal of the CLT waste by incineration or landfill disposal are
also another option, however, these two alternatives are considered less sustainable
due to emissions of greenhouse gases as a result of burning or landfilling (Scalet,
2015).

CHALMERS, Architecture and Civil Engineering, Master’s Thesis, ACEX30-18-46 11



2. Literature Review

Wood-based materials can only be considered as sustainable if it comes from a sus-
tainably managed forests, where wood is grown and harvested responsibly. Excessive
use of wooden materials may result in deforestation which makes the use of wood
no longer sustainable. Deforestation permanently damages the harvested area, un-
less they are carefully treated. Some parts of the world had given effort on the
importance of conserving wood. For example, in Europe, it is currently under a
reforestation phase, where there are more trees growing than they are cut. Other
than the source of wood, the durability of the wood-based product such as CLT
is another aspect to consider. The lifespan of CLT buildings are approximately 50
years and any cause that shorten the lifespan, e.g. moisture damages, will affect
the sustainability aspect of the CLT. A CLT building component that is torn down
before its lifespan is burned or disposed of in landfills, which results in the release
of CO2 that is stored in the wood during its lifetime and it needs more energy to
regrow the wood to replace it (Scalet, 2015).

2.3 Heat-Air-Moisture Properties of CLT
The hygrothermal properties of CLT described in this section are mainly based on
the research of (Alsayegh, 2012). European spruce CLT was tested among several
other CLT specimens in the research. The dry density of the specimen was 340 ±
12.7 kg/m3.

2.3.1 Moisture Storage
The specimen used to find the equilibrium moisture content (EMC) in the exper-
iment from Alsayegh was plain spruce. This was based on the acknowledgment of
the contributed overall weight of glue on a CLT specimen is less than 1%. As it was
treated as plain wood, it had similar equilibrium moisture content as other plain
wood specimens from previous research. Figure 2.6 shows the adsorption isotherm
result for the specimen.

Figure 2.6: Adsorption isotherm of european spruce (Alsayegh, 2012).
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2.3.2 Vapour Transport

Water vapour transport (WVT) of CLT shows similarities to plain wood. The
specimens are tested using the dry and wet cup method as specified in ASTM E96
(2010). Cups are filled either to represent low RH (0%) or high RH (100%) with
the specimen sealed to the mouth of the cup. The surrounding RH environment is
set to either 50%, 70% or 90%. This causes the water vapour to move between the
higher RH to lower RH condition. The RH within the specimen can be assumed as
the average between the RH inside the cup and the surrounding environment, e.g.,
when the cup has 0% RH and the surrounding is 70% RH, the material is considered
to have 35% RH. Table 2.3 shows the result of the WVT of European spruce CLT
from (Alsayegh, 2012) and a comparison to spruce wood stud from (Wu, 2007).

Table 2.3: Water vapour transport comparison between european spruce CLT
(Alsayegh, 2012) and spruce wood stud (Wu, 2007).

CLT WVT RH of specimen Spruce wood stud WVT
kg/m.Pa.s % kg/m.Pa.s

- 10 2.92 · 10 -13

- 20 5.05 · 10 -13

(7.59 ± 0.82) · 10 -13 25 -
- 30 8.02 · 10 -13

(12.7 ± 1.46) · 10 -13 35 -
- 40 12.6 · 10 -13

(25.2 ± 3.68) · 10 -13 45 -
- 50 20.0 · 10 -13

- 60 32.3 · 10 -13

- 70 53.2 · 10 -13

(60.3 ± 11.9) · 10 -13 75 -
- 80 90.0 · 10 -13

(83.4 ± 18.6) · 10 -13 85 -
- 90 156 · 10 -13

(110 ± 25.7) · 10 -13 95 -
- 100 281 · 10 -13
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2.3.3 Liquid Transport

The presence of glue between the wood layers has made some difference regarding
the behaviour of liquid water transport between CLT and plain wood. The glue
limits the movement of liquid which lowered the liquid transport coefficients of
CLT. The transport coefficient taken from the test for CLT in perpendicular (radial
and tangential) direction is 1.63 · 10 -3 kg/m2√s. As for plain spruce, the transport
coefficient is 12 · 10 -3 kg/m2√s (WU, 2007), which is about seven times larger.

2.3.4 Thermal Properties

Thermal conductivity of CLT is similar to plain wood specimens. Its performance
is not affected by the presence of glue between the layers. It is mostly affected by
the density of each specimen and the moisture content. Table 2.4 shows a thermal
conductivity comparison between CLT and plain wood tested at 12% moisture ratio.

Table 2.4: Thermal conductivity comparison between CLT (Alsayegh, 2012) and
plain wood (Forest Products Laboratory, 2010).

Specimen Density (kg/m3) Thermal Conductivity (W/(mK))
CLT test 1 340 0.103
CLT test 2 340 0.104

Pine (Eastern white, Sugar) 370 0.110
Spruce (Engelmann, White) 370 0.110

Spruce (Red, Stika) 420 0.120
Pine (Lodgepole, Ponderosa) 400-430 0.130

2.3.5 Air Permeability

Air permeability of CLT depends on the glue discontinuity within the specimen.
Some specimen has been found to be permeable and others to be impermeable. Def-
inition of impermeable from the research of (Alsayegh, 2012) is that the air flow
resistant cannot be measured by the equipment used for the experiment because it
is very low. All three European spruce CLT tested were impermeable.

Research from (Raji, 2009) showed similar results. The air permeability was tested
for both solid pinewood and laminated pinewood, and the laminated specimen gave
a lower air permeability. The average permeability in perpendicular direction to
the grain of solid pinewood was 5.8 · 10-17 m2 and 0.78 · 10-17 m2 for laminated
pinewood. Although the presence of adhesive seal had a significant impact on air
permeability, it was concluded that it does not have a big influence on thick wood
specimens as it has low permeability to begin with.
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2.4 Drying Process of Fresh Concrete
The properties of fresh concrete were considered to be the possible source of moisture
on CLT layer of the composite slab. Several important properties of the drying
process were studied, as it might affect in either stimulating or preventing moisture
damages with regards to mould growth.

2.4.1 Curing Condition
Curing of concrete is defined as providing proper conditions for concrete in terms of
moisture and temperature in order to achieve the desired concrete quality. Duration
of curing can vary depending on specific demands but mainly it lasts between 3-14
days. During the curing period, the relative humidity of air inside the concrete
has to exceed 80% and the temperature of concrete has to be higher than 10°C.
The most important benefit of curing is to increase the strength of concrete and
it increases as the curing duration increases which can be seen in Figure 2.7. The
strength of concrete increases greatly during the first few days and after a period of
7 days, a cured concrete has 50% higher strength than uncured concrete. Another
benefit of curing is to reduce cracking of concrete, in which it decreases permeability
(Kosmatka, 2008).

Figure 2.7: Concrete strength increases with increasing curing duration
(Kosmatka, 2008).

Curing period of concrete depends on many factors, such as the type of concrete,
ambient temperature and moisture condition, desired strength and eventual expo-
sure condition. Curing temperature for concrete varies between 10-50°C depending
on the desired early and final strength of concrete. Higher early strength can be pro-
vided by increasing the curing temperature, but the 28-day strength decreases as a
consequence. Figure 2.8 describes the development of concrete strength at different
curing temperatures. The recommended curing temperature for concrete according
to (Powerblanket, 2017) is approximately 13°C as shown in Figure 2.9.
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Figure 2.8: Concrete strength at 1 and 28 days at varying temperatures
(Kosmatka, 2008).

Figure 2.9: Strength test of concrete cured at temperatures of 55°F (13°C), 73°F
(23°C), 90°F (33°C), 105°F (41°C) and 120°F (49°C) (Powerblanket, 2017).

2.4.2 Drying Condition
Drying of concrete describes as providing suitable conditions for concrete to dry and
reaches the desirable moisture condition in order to decrease the possibility of dam-
ages due to high moisture content. Drying is a critical aspect for concrete floors due
to the fact that flooring materials are commonly sensitive to high moisture content.
The rate of drying depends primarily on shape and thickness of concrete elements
and elements with a large surface area, such as concrete slabs, dries relatively faster
than elements with a smaller surface area. Beside the shape and thickness of con-
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crete element, there are other factors affecting the drying rate of concrete, such as
water to cement ratio (w/c), drying temperature, curing conditions, one sided or two
sided drying, cement type and relative humidity of the surrounding air (Kosmatka,
2008). The most significant factor among them in most cases is the w/c ratio. The
drying time for concrete with 0.5-0.7 w/c ratio to reach 90% relative humidity is
anywhere in between 3 to 9 months. For concrete with a w/c ratio of 0.38-0.5, it
could take around 2 to 3 months for it to reach 90% relative humidity with adequate
drying conditions (Laticrete International Inc., 2017).

Svenska Byggbranschens Utvecklingsfond (SBUF) (Development Fund of the Swedish
Construction Industry) describes the expected time for concrete slabs with different
w/c ratio to dry to the desired relative humidity (either 90% or 85%) and it can
be seen in Table 2.5. The values in Table 2.5 are preliminary and it can be ad-
justed by using correction factors. The correction factors can increase or decrease
the time needed for drying and they are depended on the thickness of the slab,
ambient temperature and relative humidity, one side or two sides drying and curing
conditions.

Table 2.5: Standard drying time (SBUF, 1995).

RH [%] w/c =0.4 w/c =0.5 w/c =0.6 w/c =0.7
85 50 days 90 days 135 days 180 days
90 20 days 45 days 65 days 95 days

Table 2.6 gives the correction factors for common thicknesses for the concrete slab
with different w/c ratio. The correction factor increases as the thickness of concrete
slab increases.

Table 2.6: Correction factor for different slab thickness (SBUF, 1995).

Thickness w/c =0.4 w/c =0.5 w/c =0.6 w/c =0.7
100 0.4 0.4 0.4 0.4
150 0.8 0.8 0.8 0.7
180 1.0 1.0 1.0 1.0
200 1.1 1.1 1.1 1.2
250 1.3 1.4 1.5 1.8

The drying time decreases as the temperature increases and it increases as the
relative humidity increases. Table 2.7 shows the correction factors for temperature
and relative humidity.
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Table 2.7: Correction factor for temperature and relative humidity (SBUF, 1995).

RH [%] 10°C 18°C 25°C 30°C
35 1.2 0.8 0.7 0.6
50 1.2 0.9 0.7 0.6
60 1.3 1.0 0.8 0.7
70 1.4 1.1 0.8 0.7
80 1.7 1.2 1.0 0.9

One- or two-sided drying have a big impact on drying time. One-sided drying
requires longer time to dry than two-sided drying as can be seen in Table 2.8.

Table 2.8: Correction factors for one- or two-sided drying (SBUF, 1995).

Drying condition w/c =0.4 w/c =0.5 w/c =0.6 w/c =0.7
One-sided 2.0 2.3 2.6 3.2
Two-sided 1.0 1.0 1.0 1.0

The time needed for drying is affected also by curing conditions and Table 2.9 takes
this factor into consideration.

Table 2.9: Correction factors for variations in curing conditions (SBUF, 1995).

Curing Condition (drying to 90% RH) w/c =0.5 w/c =0.6 w/c =0.7
Dry 0.5 0.5 0.7

4 weeks of high moisture (tight cover) 0.5 0.7 0.8
4 weeks of rain 1.0 1.3 1.3

Another factor that can be taken into consideration to speed up the drying process
is adding silica fume into the concrete mix. This reduces the drying time of concrete
by almost 50%. The required amount of silica fume is 10% for w/c ratio higher
than 0.5 and 5% for w/c ratio less than 0.5. The actual time needed for drying of
a concrete slab is difficult to determined theoretically but an estimation of it can
be made by multiplying all the different factors that are described above with the
preliminary approximated drying time.

The drying time for a concrete slab can also be estimated with software aided com-
putation such as TorkaS. It was developed by a collaboration of Lund University,
with SBUF, Tyréns, Swerock AB and Cementha AB. This program is under con-
stant development and continuously updated. It works by simulating the process
of drying concrete with time steps and dividing the slab into calculation cells. All
properties of drying concrete such as hydration and moisture transport are calcu-
lated in each time step interval (Hassan, 2017).

18 CHALMERS, Architecture and Civil Engineering, Master’s Thesis, ACEX30-18-46



2. Literature Review

In another research done by (Mjörnell, 2003), the drying time for self-compacting
concrete and ordinary Portland concrete from build-in moisture were studied, with
different w/c ratios and different climate conditions. The specimens used were cylin-
drical shaped with diameter of 200 mm and height of 100 mm. The climate condition
for drying of concrete was a constant temperature of 20 °C with relative humidity
of 50%, water storage in 28 days and afterwards drying in a constant temperature
of 20 °C and relative humidity of 50%, and self-drying by sealing all surfaces after
casting of concrete. The duration of the three experiments setup were one year (365
days) in which the relative humidity was measured for each specimen after 7, 14,
28, 90, 180 and 365 days of casting.

Figure 2.10 shows the resulting relative humidity for the different type of specimen
for one experiment case. It was measured at 40 mm from the drying surface under
one-sided drying condition of 20 °C and 50% relative humidity. Curve 1 is self-
compacting concrete with w/c ratio of 0.38 and curves 2, 3, 4 and 5 are also self-
compacting concrete but with w/c ratio of 0.6 and different types of fillers. However,
the curves that were of interest are curve 6 with w/c ratio of 0.38 and curve 7 with
w/c ratio of 0.6 because the type of cement used for the mixture was ordinary
Portland cement without any fillers. It can be seen in the figure that the time
needed for curve 6 to reach relative humidity of 90%, 85% and 75% is 15, 61 and
365 days, respectively. Curve 7 needed 75 and 175 days to reach a relative humidity
of 90% and 85%, respectively.

Figure 2.10: Drying time for different types of concrete with accuracy ± 1.5%
RH (Mjörnell, 2003).

Mjörnell also compared the experiment results with the results from the SBUF
method and TorkaS program as can be seen in Table 2.10. The comparison shows
that the estimated time for drying in SBUF method is significantly shorter than the
measured results. TorkaS gave relatively closer results to the experiment measure-
ments compared to SBUF method.
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Table 2.10: Estimated drying time (days) to reach 90% and 85% RH for concrete
specimen 6 and 7 (Mjörnell, 2003).

Concrete RH = 90% RH = 85%
Experiment SBUF TorkaS Experiment SBUF TorkaS

6 (w/c=0.38) 15 14 15 61 34 93
7 (w/c=0.6) 75 29 61 175 60 207

2.4.3 Moisture
Moisture transportation in concrete can be in the form of liquid water or water
vapour. For concrete that is fully saturated, the driving force for movement is ei-
ther capillary action or evaporation from exposure to the surrounding air. When
concrete is no longer in a state of full saturation, the difference of relative humidity
on either side of the surface is the driving force for moisture movement (Kosmatka,
2008).

One cubic meter of concrete with 0.5 w/c ratio commonly holds 125 kg of water,
in which half of it is used in the hydration process of cement, and the other half
is free water that has to be dried out until the concrete has an acceptable relative
humidity level. This drying process of concrete starts with evaporation of liquid
water on the surface into the air. As the moisture in the surface evaporates, water
from within the concrete moves outwards to replace it. This in turn causes shrinkage
development in the absence of water. After all the liquid water have evaporated, the
surface is no longer covered with water and the concrete stops shrinking. Then the
drying process continues by evaporation and vapour diffusion from moisture within
the body to the surrounding air (Laticrete International Inc., 2017). This causes
variation of relative humidity along the depth of concrete and Figure 2.11 gives an
illustration for the distribution of relative humidity in different depth and shrinkage
value for a 150 × 300 mm cylinder specimen. The specimen is moist cured for 7
days and dried afterwards at a temperature of 23°C.

Figure 2.11: Distribution of relative humidity in various depth (a) and shrinkage
of concrete (b) in one year period (Kosmatka, 2008).
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2.4.4 Temperature
Mixtures of water and cement form a chemical reaction that produces heat discharge,
which is called heat of hydration (HOH). This increases the temperature of concrete
during the drying period. There are many factors affecting the amount of heat that
is emitted to the surrounding, such as volume of concrete, cement composition, wa-
ter to cement ratio (w/c) and size of cement particles. High temperature causes
concrete to expand, and the temperature difference causes nonuniform cooling in
concrete that might cause cracks to develop. The general rule to prevent this is to
control the temperature within the concrete so that the difference between the inner
layer and the outer layer does not exceed 20°C (Portland Cement Association, 1997).

In a typical construction, the temperature change is not considerable as the heat of
the concrete is easily released to the surrounding environment, whether it is air or
soil. For thicker concrete construction such as foundation, the internal heat takes a
longer time to be dissipated and the temperature inside the concrete remains high.
Some of the impacts of concrete thickness on temperature can be seen on Figure
2.12.

Figure 2.12: Influence of thickness on concrete temperature (Portland Cement
Association, 1997).

Cement composition is another important aspect to consider that contributes to
heat generation during the hydration process of cement paste. Cement properties is
influenced by the formation of clinker in which it depends on oxide composition of
the cement. The main clinker components are tricalcium silicate (C3S), dicalcium
silicate (C2S), tricalcium aluminate (C3A) and tetracalcium alumino-ferrite (C4AF).
The clinker components are responsible for heat generation during hydration process
and they determine the cement type. The more of C3S is in cement, the faster the
cement hydrates and greater heat is generated, and the opposite applies when the
cement contains more of C2S (Sedaghat, 2016).

Sedeghat also discusses in his research the influence of w/c ratio on heat genera-
tion. The heat released during hydration in seven days increases by increasing w/c.
Sedeghat further addresses the effect of cement fineness on HOH and the finer the
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cement particles are, the higher the surface area for cement is to react with water,
which results in generating greater heat.

Sedeghat investigated the amount of heat generated from typical Portland cement
paste by conducting experiments on several cement types, in which he calculated
total heat and heat flow for a period of 7 days. One of the specimen which is called
Cement A, had 57% C3S, 14% C2S, 7% C3A, 12% C4AF and a Blaine fineness of 417
m2/kg. The experiment on the specimen has the properties stated in Table 2.11.

Table 2.11: Experimental specimen properties (Sedeghat, 2016).

Properties Internal External External
Mixing A.1 and A.2 Mixing A.1 Mixing A.2

Cement (g) 3.3 9.81 3.38
Water (g) 1.65 4.9 1.69
w/c ratio 0.5 0.5 0.5

Ambient temperature (°C) 23 23 23
Test duration (h) 168 168 168

The mixing of the cement followed the methods stated in ASTM C1702, for internal
mixing and external mixing. The detailed procedure of the two methods was not
discussed in detail in this research, but it was noted that both methods yielded
similar results regarding the generated heat. The results of the experiment are
given in Figure 2.13 and 2.14. Total average generated heat during the hydration
process of the Portland cement in a period of seven days is 350 J/g for internal
mixing and 358 J/g for external mixing. Most of this hydration heat is generated
during the beginning of hydration process, in the first 48 hours. It could be seen that
the curve in Figure 2.14 has an initial drop at the beginning, which may be caused
by the speed of internal mixing with the chosen mixing tools of the experiment.

Figure 2.13: Heat of hydration of cement paste (Sedeghat, 2016).
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Figure 2.14: Heat flow of cement paste (Sedeghat, 2016).

2.4.5 Alkalinity
Concrete is well-known to be a highly alkaline material. The pH value of a typ-
ical fresh concrete is usually around 13, but it also depends on the cement type
used. This value decreases until it reaches about 8.5 throughout the drying pe-
riod, due to reactions from the surrounding carbon dioxide to the exposed concrete
surface. This carbonation process also gradually affects concrete underneath the
surface layer. The whole concrete section ends up having the same overall pH value
in the final stage of drying (Grubb, 2007).

The depth of carbonation is of interest in the construction industry for several
reasons. The exposure to carbonated concrete can potentially cause corrosion, even
though the alkaline state of concrete is favourable to prevent the steel reinforcement
from being corroded (Grubb, 2007). High pH value of the concrete surface also
negatively affects adhesives in floor installations. The mixture of substrates with
pH value of greater than 9 can compromise the adhesive and its bonding system
(Moisture Meter, 2015).

2.5 Bio-deterioration Risk of Timber
A proper knowledge of the different types of microorganisms is important to under-
stand their mechanism and their effect on timber, as well as the ideal environments
and factors that could make them grow.

2.5.1 Wood Fungi
There are different types of fungi that grow on and in wood. The main two types of
fungi are mould fungi which cause wood discoloration, and decay fungi which cause
degrading of the wood (Ewing, 2003).
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Mould fungi are the common name for different types of fast-growing fungi. Mould
can grow on the surface of a material and often cause discoloration, as black or
greenish-brown marks. Beside discoloration, mould fungi can form spores which
have a negative effect on people’s well-being and eventually causes allergies and
health problems. Mould fungi do not cause any change in mechanical properties of
timber and it can be removed by wiping it out with a mixture of water and bleach.
It can also be removed by peeling the affected surface. Treating of mould fungi helps
to eliminate or reduce the negative effect of mould (Zabel, 1992).

Decay fungi are any type of fungi that cause degrading of wood and there are up
to 200 different types of decay fungi. They form inside of the wood which becomes
difficult to detect them in the early stages, but there are some indicators that refer
to the decay fungi existence in wood even if they are not visible. Some of these in-
dicators are moisture stains, unpleasant smell and even cracks in the wood in later
stages. Another indicator can be the presence of insects and spiders (Ewing, 2003).
High content of moisture, above fibre saturation point (FSP), is needed in order
for decay fungi to colonize in wood, but after they have been colonized they can
continue to grow in lower moisture content (Zabel, 1992). Wood decay fungi can
be divided into three major types according to the way they attack the cell of the
wood. These are brown-, white- and soft-rot fungi (Ewing, 2003).

Brown-rot fungi attack cellulose part of the wood and they cause decaying of wood
which gives a brownish colour that refers to the name of the fungi. Brown-rot cause
cracks in wood and they affect the mechanical properties in the early stages. On the
other hand, white-rot fungi attack both cellulose and lignin of wood and break them
down which cause deterioration of the mechanical capacity of the wood. However,
soft-rot fungi belong to mould fungi, but they act as rot-fungi in terms of degrading
of the wood. After soft-rot fungi attack, the wood becomes soft on the outside and
hard from the inside which cause deterioration of load carrying capacity of the wood
(Ewing, 2003).

In addition to mold fungi and decay fungi, there are other types of bacteria that
attack wood and change the properties of the wood. Examples of these bacteria are
erosion and tumbling bacteria which attack the moist wood in the early stages and
cause increasing of wood permeability (Hansson, 2010).

2.5.2 Growth Factor of Wood Fungi
There are many physical and chemical factors affecting on formation and develop-
ment of wood fungi. These factors are relative humidity, temperature, time, oxygen,
the substrate (the wood itself), pH condition and UV light. Some of these factors
are presented and described in more detail in this section.

2.5.2.1 Relative Humidity, Temperature and Time

Relative humidity and temperature have the biggest impact on the growth and de-
velopment of wood fungi. They are also depended on each other in terms of fungi
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growth, and the critical value of one depends on the other.

According to a previous study by (Viitanen, 1996), it is stated that the growth of
mould fungi takes several weeks for a temperature range of 5-50°C if the relative
humidity is kept at 80%. The growth of mould fungi can become very slow at the
same relative humidity if the temperature is lowered to 0-5°C. However, growth of
mould fungi becomes much faster if the relative humidity becomes above 95% even
though the temperature is low. The time needed for the appearance of mould fungi
in very high relative humidity (above 95%) is relatively short, a few days if the
temperature is between 25-40°C, and 1-2 months when the temperature is between
10-20°C (Viitanen, 1996).

In 1991, Viitanen and Ritschkoff came to a conclusion in their study that the risk
for mould growth would not exist if the relative humidity kept under 75% under nor-
mal temperature variations, 0-40°C. Figure 2.15 shows the relation between relative
humidity, temperature and time needed for initial mould growth.

Figure 2.15: Minimum relative humidity required for initial mould growth in
wood at different temperatures (Viitanen, 1996).

As stated previously, the mould fungi require moderately low relative humidity to
grow, but in order to produce spore they need higher relative humidity (Grant,
1989). Mould growth does not become visible to the naked eye unless they start
to produce spore, which determines a critical relative humidity for mould growth
to become visible (Nilsson, 2004). (Viitanen, 1996), in his research, claims that a
relative humidity of minimum 85% and a temperature above 20°C in a period of three
months is required for mould growth to become visible. Increasing relative humidity
or temperature results in producing spores in a shorter period of time (Nilsson,
2004). Figure 2.16 shows the relation between relative humidity, temperature and
time needed for the visual appearance of mould growth.
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Figure 2.16: Minimum relative humidity required for visible appearance of
mould in wood at different temperatures (Viitanen, 1996).

On the other hand, decay fungi need significantly higher relative humidity to grow.
In order for the decay fungi to establish, the moisture ratio in the wood must be
above FSP, approximately 26% for CLT (FPlnnovations, 2013). The relative hu-
midity has to increase to nearly 100% so the moisture ratio in the wood becomes
above FSP. The ideal moisture ratio for brown-rot fungi is between 30-70% (Viita-
nen, 1994). However, once the rot-fungi have established in the wood, they have
the possibility to grow even though the moisture ratio decreases to 20% (Alsayegh,
2012), partly due to their ability to provide water from other sources than the ma-
terial that they grow on (Nilsson, 2004). The critical relative humidity for different
microorganisms can be seen in Table 2.12.

Table 2.12: Critical relative humidity for different types of microorganisms
(Hocking, 1993).

Microorganisms Critical RH [%]
Aspergillus versicolor 90-97

Cladosporium sphaerospermum 96
Penicillium brevicompactum 95
Penicillium chrysogenum 75
Ulocladium consortiale 62-83

Stachybotrys atra 61-72

2.5.2.2 pH

Fungi build-up is most effective in a slightly to strongly acidic environment with a
pH value of 3 to 6. Each type of wood decay fungi has their own ideal pH condition
for optimal growth, and their own top and bottom pH limit where growth stops.
Wood-stain fungi are very dependent on the pH. They are rendered inactive if ex-
posed to pH of more than 5. Other fungi such as brown-rot grow best at a pH of
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around 3 (Zabel, 1992).

Extreme levels of acidity and alkalinity hinders the growth of fungi. Different
species of fungi have different tolerance to extreme pH conditions. Some species
of Aspergillus still showed some growth in pH range of 2 to 10.5 with the ideal
temperature of 30°C, although with very poor activity compared to in optimum pH
range. Species of Fusarium and Penicillium does not show any growth at above
10 pH (Wheeler, 1990). These findings correlate to a common method of remov-
ing mould fungi, and that is by applying water mixture solution with either baking
soda, detergent or bleach. These household products are highly alkaline, with bleach
having the highest alkalinity out of them with a pH value of around 12. Dozens of
mould removal commercial products that are currently available are highly alkaline.
As mentioned in Section 2.4.5, concrete is also highly alkaline, which could affect
mould growth activities in its surroundings.

2.5.2.3 UV Light

Ultraviolet (UV) light is widely known to have the ability to kill or stop the growth
of microorganisms. This property of UV light has made it useful to be used for de-
contamination of microbial activity in hospitals, food products or building materials.
The type of UV light that is usually used is UVC which has a basis wavelength of
200-280 nm. Microorganisms such as mould- and decay-fungi are harmfully affected
if exposed to UV radiation within the 250-260 nm wavelength. One study shows
that UVC light was very effective in disabling the activity of several spore genera,
including P.corylophilum, a type of fungi that appear in damp buildings (Begum,
2009). The analyzed area for mould growth in this study was the CLT located under
the concrete layer. The drying conditions were assumed to be weather protected as
well, which gave no exposure to UV light. With this dark and damp surroundings,
gave suitable conditions for potential mould growth.

2.6 Mould Growth Threshold
Certain conditions have to be met for any building material to be considered as
moisture safe. The regulations/guidelines mentioned in this subsection were selected
as the threshold for the analyses.

2.6.1 BBR
(Nilsson, 2015) in his handbook, states that the Boverkets byggregler (BBR) (Swedish
Building Regulations), recommends the relative humidity for wood or wood-based
materials should not exceed 75% over a long period of time. The critical value of
75% for timber products is considered to be valid at room temperature. Nilsson
mentions also that a higher relative humidity than the critical relative humidity is
acceptable only if the exposure time is relatively short. On the other hand, if wood
is exposed to moisture conditions higher than its critical value, consequences are
present in terms of changing of thermal, mechanical and moisture properties of the
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wood. High moisture value also affects on growth of mould and bacteria. However,
the growth of mould and decay fungi does not just depend on relative humidity but
as well on the temperature, exposure time and many other factors as it described
previously (Nilsson, 2015).

2.6.2 ASHRAE Standard 160 - 2009

Conditions that stimulate mould growth depends on various factors that have been
mentioned in Section 2.5.2. However, standards tend to simplify in determining the
criteria for the construction industry to follow (TenWolde, 2011). In accordance with
ASHRAE standards, performance criteria for mould growth depend on the temper-
ature and humidity conditions of the building material’s surface. These conditions
must be followed to negate any mould growth activity:

1. 30-day running average surface RH < 80% with temperature between 5°C and
40°C (41°F and 104°F).

2. 7-day running average surface RH < 98% with temperature between 5°C and
40°C (41°F and 104°F).

3. 24-hour running average surface RH < 100% with temperature between 5°C
and 40°C (41°F and 104°F).

There might potentially be further simplifications of these criteria in the future
revised version, where only criterion (1) is stated, and criteria (2) and (3) are to be
removed. The simple nature of the standard could be improved with more detailed
performance criteria for the materials, but as moisture performance of building
materials are rather difficult to acquire, it would be quite demanding to fulfill if the
standard is specified in more detail (TenWolde, 2011).

2.6.3 Mould Growth Index

Based on the research of (Viitanen, 1991), a mould growth model for pine and spruce
is currently available. The model is well fitted for these analyses as a large scope of
North-European timber were used in the making of the model. The mould growth
model takes into account relative humidity, temperature and exposure time to sim-
ulate the growth of mould in a certain material with their respective properties.
The bare minimum and maximum condition of the aforementioned factors need to
be known for the simulation of mould growth. The model is evaluated using the
Mould Growth Index (MGI) from the same research, which can be seen in Table 2.13.

Anything above 1 can be considered as a risk of mould, because mould already
exists beyond that point, even though at an MGI of 1 or 2 it is only possible to be
seen with a microscope. An MGI of 1 or 2 is usually considered to be safe in most
construction, but in some cases it is a possible health risk for a person who is very
sensitive towards allergens. A typical construction should have an MGI of below 3
to be considered as moisture safe, because above that point mould can already be
seen by the naked eyes.
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Table 2.13: Mould growth index (Viitanen, 1991).

Index Growth Rate Description
0 No growth Spores not activated
1 Small amounts of mold on surface (microscope) Initial stages of growth
2 <10% coverage of mold on surface (microscope) -
3 10%–30% coverage of mold on surface (visual) New spores produced
4 30%–70% coverage of mold on surface (visual) Moderate growth
5 >70% coverage of mold on surface (visual) Plenty of growth
6 Very heavy and tight growth Coverage around 100%

The model suggests that the overall condition needed for mould growth can be
presented in a purely mathematical model, in Figure 2.17. The relative humidity
curve for possible mould risk is a function of temperature, described in the following
function:

RHcrit =
{
−0.00267T 3 + 0.160T 2 − 3.13T + 100.0 when T ≤ 20

80% when T > 20 (2.6)

Figure 2.17: Conditions favourable for initiation of mould growth on wooden
materials (Hukka, 1999).

In the model, possible mould risk could be defined as 1 in the MGI. tm represents
the time needed for the MGI to reach 1 in constant RH and temperature conditions.
It is found with Equation 2.7, where W is the wood species (0 = pine, 1 = spruce)
and SQ is the surface quality (0 = resawn, 1 = original kiln-dried).

tm = exp(−0.68lnT − 13.9lnRH + 0.14W − 0.33SQ+ 66.02) (2.7)
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Equation 2.7 is no longer valid when the mold growth passed the M = 1 threshold,
therefore it is further developed by the assumption that the mould index increases
linearly with time, resulting in Equation 2.8 :

dM

dt
= 1

7exp(−0.68lnT − 13.9lnRH + 0.14W − 0.33SQ+ 66.02)k1k2 (2.8)

k1 =


1 when M < 1

2
tv/tm − 1 when M > 1 (2.9)

tv = exp(−0.74lnT − 12.72lnRH + 0.06W + 61.5) (2.10)

k2 = max(1− exp[2.3(M +Mmax)], 0] (2.11)

Mmax = 1 + 7RHcrit −RH
RHcrit − 100 − 2

(
RHcrit −RH
RHcrit − 100

)2
(2.12)

Relative humidity is not always a constant value. As it fluctuates, conditions for
mould growth may go through cycles of favourable and unfavourable condition. This
deceleration of growth from exposure to unfavourable conditions can be described
using the time of the dry period (t - t1):

dM

dt
=


−0.032 when t− t1 ≤ 6h

0 when 6h ≤ t− t1 ≤ 24h
−0.016 when t− t1 > 24h

(2.13)

As the result is purely numerical, it can be interpreted as a risk of possible growth
or activity of various mould fungi on the surface of the material (Hukka, 1999).

In a more recent study by (Viitanen, 2007), it discusses the possibility to improve
the model to be used for other types of building material, in addition to timber.
The method used is to apply material data from other studies to the same equa-
tion. Experiments are done with specimens of various building materials, that are
exposed to a certain temperature and relative humidity condition. The materials
used include spruce plywood and a pine sapwood model for reference. The results
of the experiments can be seen in Figure 2.18.
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Figure 2.18: The growth of mould on building materials at constant humidity
and temperature conditions. 90% RH, 15°C; 90% RH, 23°C; 97% RH, 15°C; 97%

RH, 23°C (Viitanen, 2007).

At RH 90% and temperature 23°C, it takes around 7 weeks for pine sapwood to
reach an MGI of above 3 with a maximum of 4, while the spruce plywood stays at
maximum MGI of 2 even after 28 weeks. At RH 97% with the same temperature,
pine sapwood reaches above 3 in the 3rd week and continues until more than MGI
of 5 on the 5th. The spruce plywood reaches above 3 at approximately the same
time as pine with a maximum MGI of just below 5 after the 12th week. The results
mentioned are with conditions of constant RH and temperature throughout the
duration of the experiment, which is not always the case in reality.

2.6.4 Regulations/Guidelines for The Study
From the three regulations/guidelines stated above, the mould growth index was
chosen as the threshold for measuring potential moisture risks. Regulations from
BBR and ASHRAE have relatively simple but strict guidelines that are meant to
prevent any risk of mould activity by explicitly limiting the allowed relative humidity
level in the construction in cases where mould growth risk are not assessed. The
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mould growth index is a more detailed numerical approach in determining potential
mould activity by taking into account relative humidity, temperature and exposure
time of the material. It also allows some level of mould growth as long as it is below
the safety level. The study involved materials with high levels of humidity that does
not fulfill requirements from BBR and ASHRAE, but the construction can still be
considered as moisture safe if it can be proved with a more detailed approach.
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3
Cross Section Design

In this Chapter, a design for the CLT-concrete composite slab was made in order
to define a proper cross section of the floor. The floor details were determined
by building usage specification according to Eurocode, as well as fire protection
and noise insulation requirements from the Boverkets byggregler (BBR) (Swedish
Building Regulations). The final cross-section detail was determined by the mar-
ket availability of CLT-concrete composite slab from manufacturers that fulfill all
requirements. A proper exterior wall design in joint connection with the floor was
also determined and presented.

3.1 Design Requirements
Dimensioning in timber construction is typically governed by noise insulation, fire
resistance performance and vibration requirements. In the case of CLT-concrete
composite slab, the presence of concrete helps to add mass which can contribute
to the performance of the floor section regarding those three criteria. Load bearing
requirements is an important aspect as well in sizing of floor section, but it is usually
not the determining factor for timber construction.

The floor section was designed for a multi-storey office building with a minimum
clear span of 6 m. However, the final floor span depended on the market availability
of the product. In order to do the simulations of the CLT-concrete composite slab,
a floor had to be modelled in which it would fulfills regulations.

3.1.1 Träguiden Preliminary Design
CLT-concrete composite slabs can be constructed with a span between 6-12 m with
a total height depending on the span length. The total height of the slab increases
as the span of the slab increases and it can be preliminarily calculated by dividing
the span length with 25 (lspan/25). The total height of the span consists of CLT slab
thickness and concrete slab thickness and an appropriate distribution of the total
height can be 60% for the CLT slab and 40% for the concrete slab (Svenskt Trä,
2017a).

In order for the CLT and concrete to have a sufficient interaction, shear connectors
have to be applied in between the two composites. These shear connectors make
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the CLT and concrete behave as close as possible to a single building material
instead of two separate materials. Shear connectors must have enough rigidity to
transform the force between CLT and concrete without any sliding between the two
layers, they also have to be easy to install without taking a long time. There are
different types of shear connectors with varying efficiency and cost (Svenskt Trä,
2017a). The presentation of Timber-Concrete Composite floor system (TCC) by
(Merz, 2018) showed the most common types of shear connectors in CLT-concrete
composite slab, which are described in Figure 3.1.

Figure 3.1: Types of shear connectors.

Träguiden further specifies that these types of connection have their own interaction
rate between the concrete and CLT layer. The glued-in steel connector has approx-
imately 85% interaction rate and the threaded steel fastener has 70%. This means
that a composite section with glued-in steel connectors has 85% effective bending
stiffness capacity, compared to the same floor section with assumed full interaction.

3.1.2 Eurocode Regulations
The cross-section was designed to withstand the floor loading requirements of an
office building with a minimum span of 6 m. According to Chapter 6.3 in Eurocode
1 (EN 1991-1-1), office building is considered to be building category B with charac-
teristic load of 2.0 to 3.0 kN/m2 for general distributed load (qk) and 1.5 to 4.5 kN
for local concentrated load (Qk). Vibrations of the floor slab must also be taken into
consideration while designing the cross-section of the floor. Regulations regarding
vibrations are mentioned in Chapter 7.3 in Eurocode 5 (EN 1995-1-1).

3.1.3 BBR
The designed CLT-concrete composite slab has to fulfill BBR regarding fire safety
and noise insulation.

3.1.3.1 Fire Safety

BBR sets requirements regarding fire safety that every building has to fulfill in order
to minimize the risk of loss of lives in the event of fire. According to BBR, buildings
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or areas inside the building such as rooms are divided into different activity classes
depending on various factors which are the following (Fallqvist, 2016).

• If a person has a good knowledge of the building and evacuation route.
• If a person is capable to evacuate without any help.
• If a person is awake

Beside the activity classes, buildings are divided into different building classes de-
pending on the area of the building, number of floors, number of people, protection
requirements and activity class (Fallqvist, 2016).

The building in this research was considered to be a multi-storey office building
in which it met activity class 1 (VK1). The number of floors in the building was
assumed to be more than three floors and less than sixteen floors, which falls into
building class 1 (BR1). Fire resistance classification for an intermediate floor, which
was studied in this research, was R60 (Fallqvist, 2007). The CLT-concrete composite
slab must resist fire without losing its stability in a minimum of 60 minutes in
ordinary fire development aspect. In cases for architectural design which desires
exposed timber, additional timber thickness have to be considered as a sacrificial
layer in the event of fire.

3.1.3.2 Noise Insulation

It is appropriate to have further understandings regarding airborne and impact
noise experience for a person under different activities, to better understand the
regulations. The noise level typically produced from human activities can be seen
in Figure 3.2. Dark blue boxes mean that the noise is easily heard. Light blue boxes
mean the noise can also be heard but does not interfere under normal circumstances,
while white boxes mean the noise is not heard (Boverket, 2008).

Figure 3.2: The practical experience for different airborne and impact noises
(Boverket, 2008).
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R´
w is the airborne noise insulation level and L´

nT,w is the impact noise insulation
level. A difference of 3 dB is considered to be an audible change in noise level, and
a difference of 8 to 10 dB would feel as a 100% increase or decrease in sound level
(Hagberg, 2007).

Just as fire safety requirements, BBR has specific demands regarding noise insu-
lation. The need for noise insulation varies depending on the noise sources and
the required noise insulation in the room or in the building. These regulations are
divided into four different category or classes. Class C is the minimum demand
according to BBR and every building has to fulfill this requirement. Class B has
generally 50% better noise insulation than class C, while class A is the most strict
class and it provides the best acoustic conditions, and it has approximately 100%
better noise insulation than class C. Class A is the most desirable class to achieve,
but the typical aim for most construction is to achieve class B or C. The last category
is class D which applies only if class C can not be achieved such as in older buildings,
and it has about 50% lower noise insulation than class C (Hagberg, 2007). Each and
every building type have these four different regulation classes but the value of the
noise insulation in each class varies depending on the usage or type of the building,
i.e. residential building, commercial building and etc (Swedish Standard Institute,
2007).

As it was mentioned in the design requirements, Section 3.1, this research addresses
multi-storey office building. The critical factors for noise insulation in an intermedi-
ate floor slab were airborne and impact noise insulation. Tables 3.1 and 3.2 show the
impact and airborne noise index for different types of spaces and classifications. The
floor section for the chosen sound class must have a higher value than the airborne
noise insulation index (R´

w) and must be lower than the impact noise insulation
index (L´

nT,w).

Table 3.1: Highest impact noise insulation index, L´
nT,w, for office space (Svensk

Standard SS 25268:2007).

No Type of room/space

From space with
low step noise load

From space with
high step noise load

L´
nT,w (dB) L´

nT,w (dB)
Sound class Sound class

A B C D A B C D

21a Conference room for
more than 20 person 52 60 60 - 48 56 56 64

21b Private work space or
conversation space 68 - - - 64 64 68 -

21c Space with requirements
for freedom of movement

64 - - - 60 60 64 -

21d From other occupation 64a 64a 68a - 60a 60a 68a -
a The requirement relates to normalized step noise level, L´

nT,w
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Table 3.2: Lowest airborne noise insulation index, R´
w, for office space (Svensk

Standard SS 25268:2007).

No Type of room/space

Between rooms From corridor
R´

w (dB) R´
w (dB)

Sound class Sound class
A B C D A B C D

20a Private work space or
conversation space 40 35 35 - 35 30 30 -

20b with moderate privacy 48 44 44 40 40a 35a 35a 30
20c with high privacy 52 52 48 48 44 44 40 40

20d Space for socializing such as
break room or dining room 48 44 44 40 - - - -

20e Hygienic area or restroom 48 44 44 40 35 30 30 -
20f Between hygienic area 35 35 - - - - - -
20g Space with other tenant 52 52 48 44 52 52 48 44
20h Common stairwell/corridor

with other tenant
52 48 44 35 35 35 30 -

a For construction with a large glass portion that gives a good amount of outside
view, 5 dB lower values are accepted.

In Table 3.1, whether it is low or high step noise load is determined by the frequency
of activity inside the room/space. Normalized step refers to adjusting the measured
sound level differences from similar dwellings that use different sound absorbing
material using the Sabine Equation, which was not discussed in this research. This
research was performed without any specific demands regarding noise insulation,
thus the minimum requirement for the noise insulation (class C) was considered to
be sufficient for the CLT-concrete composite slab to achieve.

3.2 Market Availability
A market research was done to gather information and different alternative for CLT-
concrete composite slab. Most of the information regarding the composite slab was
found from either Austrian or German manufacturer, in which CLT production
started from. It can be presumed that it is a big market there as there were several
CLT-concrete composite slab manufacturers as well as shear connector manufactur-
ers available. However, the product data obtained were fairly limited due to the
unavailability of the detailed specifications of the floor product from some manufac-
turers. Table 3.3 shows the properties of the floor section found from the available
market which fulfills the criteria mentioned in previous sections. The floor properties
were taken from Xlam Concrete product, from Austrian based production company
called MMK Holz-Beton-Fertigteile GmbH, and HBV-Balkendecke product from a
German based company called TiComTec GmbH.

CHALMERS, Architecture and Civil Engineering, Master’s Thesis, ACEX30-18-46 37



3. Cross Section Design

Table 3.3: Properties of CLT-concrete composite floor.

Properties Product name Units
Xlam Concrete HBV-Balkendecke

Total height 240 280 240 250 mm
Concrete quality C35/45 C35/45 C30/37 C30/37 -
Concrete thickness 100 120 80 110 mm
CLT quality C24 C24 GL24h GL24h -
CLT thickness 140 160 160 140 mm
Maximum span 6.6 7.45 7.00 8.00 m
Variable load capacity 3.5 3.5 2.7 2.7 kN/m2

Floor const. load capacity 1.0 1.0 1.5 1.5 kN/m2

Self-weight 300 360 280 345 kg/m2

Airborne noise insulation R´
w - 64 56 58 dB

Impact noise insulation L´
nw - 47 46 43 dB

Fundamental frequency f1 - - 7.05 7.00 Hz
Fire resistance R60 R60 - - -

According to (TiComTec GmbH, 2017), glued-in steel connectors are commonly used
for their timber-concrete composite system with a height of either 90, 105 or 120
mm and a length up to 1000 mm. Due to the limited scope of this research, the
given products in Table 3.3 was assumed to also fulfill the vibration requirements
that are mentioned in Section 3.1.2.

3.3 Floor Section Design
Based on the design requirements and product specifications found in the market,
the chosen CLT-concrete composite floor section was Xlam Concrete with the height
of 240 mm. The reason behind it was, it fulfilled all the criteria mentioned previously
and considered to be the more economical option since less material is used. It can
be seen in Table 3.3 that this product does not have the data for noise insulation
properties, but it can be assumed that it is likely to have similar properties as the
BHV-Balkendecke product with the same height. Furthermore, the Xlam Concrete
has higher concrete thickness than the BHV-Balkendecke product which means it
possibly has better noise insulation properties.

The thickness of concrete layer was 100 mm and CLT was 140 mm. According to
CLT handbooks, a thickness of 140 mm can be produced with either three or five
layers with many different arrangements of the panel thickness. In this research,
five layers were used in accordance with the product drawings from Xlam Concrete,
with the panel thickness of 20 mm and 40 mm for odd and even panels, respectively
(Svenskt trä, 2017a). Glued-in steel connectors were used for the designed floor
section with a height of 90 mm, in which 40 mm was glued inside the CLT and
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50 mm was left to interlock with concrete when it was cured. The length of shear
connectors was 1000 mm and they extended through the length of the slab. (Bathon,
2005) suggests that a span of 320 mm between shear connectors would be sufficient.
The glued-in steel connectors would not hinder moisture transport in horizontal
direction due to their mesh-shaped profile. Figure 3.3, 3.4, 3.5 gives the drawing of
the designed floor section.

Figure 3.3: Top view of designed floor section (mm).

Figure 3.4: Cross section A-A of designed floor (mm).

Figure 3.5: Cross section B-B of designed floor (mm).
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3.4 Building Envelope Design
The building envelope was designed for the purpose of simulations in which the floor
was at a joint connection with the exterior wall. The impact of outdoor conditions
on the moisture behaviour of the floor was of interest to investigate. The aim is to
have a typical wall design with thermal performance that fulfills Swedish standards.
BBR 25 recommends U-value for a wall to be less than 0.18 W/m2K. Due to the
limited scope of this research, the wall design that fulfills BBR was taken from
Träguidens proposal of exterior walls.

Figure 3.6 and Figure 3.7 below describes the cross-section of the exterior wall in
connection with the designed floor. The total thickness of the exterior wall was
409 mm and it had a U-value of 0.15 W/m2K, 41 dB sound insulation, and REI60
fire resistance classification (Svenskt Trä, 2017a). The chosen exterior wall met the
regulation from BBR regarding the thermal performance.

Figure 3.6: Top view of floor-wall section.

Figure 3.7: Cross section A-A of designed exterior wall (Svenskt Trä, 2017a).
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4.1 Method

The simulation method used in this thesis was to model the hygrothermal behaviour
between concrete and CLT with commercial software, WUFI 2D. The inner workings
of the program is described in the report of (Künzel, 1995). The calculated tempera-
ture and relative humidity variations were studied, evaluated and compared between
the variables. The results were further evaluated for risk of mould growth using the
Finnish mould growth model. This section explains about the model framework of
WUFI 2D and the Finnish mould growth model.

4.1.1 WUFI 2D

WUFI (Wärme- und Feuchtetransport Instationär) is a commercial program for
transient heat and moisture transport calculations in constructions and building
components. Transient calculation takes into consideration the temperature and
moisture variation over time which gives a more realistic result, compared to steady
state calculation which does not account for dynamic temperature and moisture
change. WUFI was developed in Fraunhofer Institute for Building Physics in Ger-
many. It includes a material database which was developed in cooperation with
Lund University, Sweden, and other institutions. The program includes many dif-
ferent software versions, such as WUFI Pro, 2D, Plus and Passive. The software
version used for this research was WUFI 2D version 3.3 and it gave the possibility
to model the designed floor in two-dimension and calculate the moisture and tem-
perature transfer for the building component. The following section explains the
simulation steps through the different inputs in the software.

4.1.1.1 Geometry

This menu gives the possibility to draw the desired geometry of the building com-
ponent in X and Y coordinates, as shown in Figure 4.1. The building component is
limited to be drawn in shape of square or rectangle.
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Figure 4.1: Geometry in WUFI 2D.

4.1.1.2 Grid

The grid density of the building component can be changed from the grid menu. The
drawn components have different grid element size depending on the position of the
element, as it can be seen in Figure 4.2. Elements near to the boundary layer have a
smaller grid size than the ones in the middle. The program can automatically choose
the grid size, but it is also possible to change the grid density in three different levels,
which are fine, medium and coarse. Finer grid level gives more accuracy during the
simulation with longer simulation time. If the required grid is different than the
program’s default options, it is possible to set the grid size manually in X and Y
coordinates.

Figure 4.2: Grid size in WUFI 2D.

4.1.1.3 Material

The choice of materials can be done in this menu, see Figure 4.3. The program has
different database sources with the largest from Fraunhofer-IBP. A Swedish material
database from Lund University is also available in the program. It is also possible
to manually define a database if the properties of the material are known.
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Figure 4.3: Materials in WUFI 2D.

4.1.1.4 Initial Condition

The simulation in the program begins with the initial condition for the materials
regarding temperature and moisture content. The moisture content (W) increases
as the RH increases, and RH of 1 indicates that the material is fully saturated.
These conditions can be defined in this menu, see Figure 4.4.

Figure 4.4: Initial condition in WUFI 2D.

4.1.1.5 Climate

With the help of this menu, the temperature and relative humidity of the boundary
is defined for the material. It can either be set as outdoor or indoor climate, for
example, Figure 4.5 shows the temperature and relative humidity of Gothenburg for
a period of one year. The program has climate data for different cities in Europe
and the climate data for the cities in Sweden are developed in cooperation with
Lund University. For indoor climate, the temperature can be set with the moisture
content derived from the current outdoor condition. Further in this dialogue box,
the surface inclination and the exposure orientation can be defined so the program
takes rain and solar radiation into consideration, as it can be seen in Figure 4.6.
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Figure 4.5: Gothenburg temperature and relative humidity in WUFI 2D.

Figure 4.6: Climate menu in WUFI 2D.

4.1.1.6 Sources

In the sources menu, moisture, heat and air exchange source can be added to the
material to simulate cases such as leakage, solar radiation or air gap circulation.
Figure 4.7 shows an example for a heat source that is imported from a text file.

Figure 4.7: Heat source in WUFI 2D.

44 CHALMERS, Architecture and Civil Engineering, Master’s Thesis, ACEX30-18-46



4. Modelling and Methodology

4.1.1.7 Computational Parameters

The start date, time and duration of the simulation are defined in this menu, shown
in Figure 4.8. The default time step for the simulation in the program is one hour but
this can be changed to the desired time step and interval. It is also possible to decide
which result to show after the simulation. This information can be either water
content, relative humidity, temperature, capillary transport, diffusion transport,
vapour pressure or heat flux. If more information is desired to get along with a
smaller time step, more time is required to do the simulation.

Figure 4.8: Computational parameters menu in WUFI 2D.

4.1.1.8 Limitation of WUFI 2D

Like many other programs, WUFI 2D could not simulate the given model perfectly
as in reality. One of the factors for this research that the program has difficulties
in is simulating fresh concrete. The program is fully capable to model hardened
concrete, but not fresh concrete with regards to the hydration process that goes
through it. Fresh concrete consume approximately half of its water during the hy-
dration process, and the other half is dried out. However, the program neglects this
water consumption during the hydration process and only simulate drying through
moisture transport. This in turn, prolonged the drying process than in reality, which
is why it was necessary to change the moisture transport properties of the concrete
material to have a similar drying time as fresh concrete.

Another factor that the program does not take into account in its simulation is
gravity force. This factor was relevant to the research as the wet concrete layer
was located on top of the CLT layer. There was a potential liquid transport due
to gravity as fresh concrete contains free water, and this water would gather on
the lower part of concrete, causing a higher risk for moisture problem in the CLT.

CHALMERS, Architecture and Civil Engineering, Master’s Thesis, ACEX30-18-46 45



4. Modelling and Methodology

However, this factor was considered to be less important to the research, as capillary
suction is the dominant mechanism for liquid transport in wooden materials, with
the assumption that there are no cracks in wood and no gaps between wood lamellas.

Lastly, the program lacks the capability in modelling non-porous materials such as
steel. The program assumes that any given material is porous. Materials such as
steel can still be modelled in the program by giving it a very low porosity and a
very high vapour diffusion resistance, but it gives unreliable results in its simulation.
Although, in the studied floor section, the steel shear connector does not play a sig-
nificant role in the heat and moisture transport due to their mesh-shaped profile
and small size percentage to the overall floor section. This had made the steel un-
necessary to be modelled and this limitation of the program did not have an impact
on the simulation.

4.1.2 Finnish Mould Growth Model
The Finnish mould growth model was developed by VTT Technical Research Cen-
tre of Finland and Tampere University of Technology (TUT). It is based on the
original mould growth model, which is mentioned in Section 2.6.3. The collabora-
tion between VTT and TUT resulted in a spreadsheet and a MATLAB script that
can evaluate the risk for mould growth in a material from the hourly change of
temperature and relative humidity for the investigated material. The model takes
into consideration the different types of material, surface type, surface coating and
their sensitivity towards mould, by defining mould sensitivity class and mould de-
cline factor of the material in the model. The mould sensitivity class is divided
into four categories, which are very sensitive, sensitive, medium resistant and resis-
tant. The mould decline factor also consists of four classes, which are strong decline,
significant decline, moderate decline and almost no decline. After determining the
previous factors along with the temperature and relative humidity, the model cal-
culates the mould index which varies between 0 to 6, explained in detail on Table
2.13. For a typical construction, an MGI of below 3 is considered as moisture safe.

4.2 Variables
The variables which were taken into consideration during the simulation process of
the model are described in this section.

4.2.1 Water-Cement Ratio of Concrete
Higher water to cement (w/c) ratio results in a longer drying period. One of the
most common w/c ratio used for a slab section is 0.4 as it has a relatively fast
drying time with sufficient workability. Due to unavailability of a detailed research
on the drying behavior of fresh concrete with 0.4 w/c ratio, the nearest w/c ratio
were considered as an adequate substitute. The research found on concrete with
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w/c ratio closest to 0.4 was from (Mjörnell, 2003), where the drying behavior of
a 0.38 w/c ratio concrete was studied as mention in Section 2.4.2. The research
also conducted experiment with 0.6 w/c ratio concrete, which was also used as a
comparison between low and high w/c ratio in this study.

The material properties that were taken from the research of (Mjörnell, 2003) for
both w/c ratios included the density, porosity, moisture storage function and vapour
diffusion resistance factor. In order to get the moisture storage function, the mois-
ture ratio curve from Mjörnell’s research for the both materials were multiplied with
their density. The vapour diffusion resistance factors were modified through trial
and error, to simulate the drying performance of concrete with 0.38 and 0.6 w/c
ratios used in the experiment mentioned in Section 2.4.2. This was done due to the
limitation of the program in modelling fresh concrete stated in Section 4.1.1.8. All
other material properties needed for the simulation were taken from the provided
Fraunhofer-IBP material properties for concrete with w/c ratio of 0.5 in the pro-
gram. The two experiment-based materials were also compared to the original 0.5
w/c ratio from Fraunhofer-IBP for a better understanding of the drying behaviour.
The properties of these materials are shown in the following Table 4.1 and Figures
4.9 to 4.12. W38 and W60 are the experiment-based concrete with w/c ratio of 0.38
and 0.6, respectively. H50 is the concrete based on Fraunhofer-IBP with 0.5 w/c
ratio.

Table 4.1: Concrete material properties used for the simulations.

Properties W38 W60 H50 Units
Bulk density 2380 2323 2300 kg/m3

Porosity 0.128 0.172 0.18 m3/m3

Specific heat capacity, dry 850 850 850 J/kgK

Figure 4.9: Moisture storage function of W38, W60 and H50 concrete.
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Figure 4.10: Vapour diffusion factor of W38, W60 and H50 concrete.

Figure 4.11: Liquid transport coefficient for W38, W60 and H50 concrete.

Figure 4.12: Thermal conductivity for W38, W60 and H50 concrete.
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The drying performance comparison between the material used in this study and
the material from Mjörnell’s research can be seen in Figure 4.13. The drying climate
condition and dimensions for the experiment-based materials were the same as in
Mjörnell’s research. It can be seen in the figure that curve W38 corresponded to
curve 6 and curve W60 corresponded to curve 7. This verified the drying behavior
of experiment-based materials with the behavior of fresh concrete.

Figure 4.13: Drying performance comparison between experiment-based
materials (top) and materials from Mjörnell’s research (bottom). 6 = 0.38 w/c

ratio; 7 = 0.6 w/c ratio.

4.2.2 Curing and Drying Conditions

The condition during curing and drying of fresh concrete has to be controlled to
a certain temperature to achieve the targeted concrete quality and time of dry-
ing. This affects the temperature and relative humidity of CLT and has a potential
impact on mould growth. The period of casting concrete also has an important in-
fluence on the drying time of fresh concrete. The temperature and relative humidity
changes constantly depending on the seasons, which was why summer and winter
conditions were taken into consideration in the simulations as the relative humidity
and temperature vary the most between these two seasons. With these considera-
tions, the climatic conditions used for the simulations were determined and shown
in Table 4.2.
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Table 4.2: Climate file used for simulations.

Name Start Date Curing T (°C) Drying T (°C)
for the first 28 days for the 29th day onward

Summer A June 1st Outdoor Outdoor
Summer B June 1st 13 Outdoor
Summer C June 1st 13 23
Winter A January 1st Outdoor Outdoor
Winter B January 1st 13 Outdoor
Winter C January 1st 13 23

Summer A and Winter A were used as a reference case where the slab was dried
fully in Gothenburg’s outdoor temperature and relative humidity conditions from
start to finish, without the use of heaters. Summer B and Winter B had been set to
a temperature of 13°C for the first 28 days. This followed the requirement for ideal
concrete curing temperature mentioned on Section 2.4.1. Summer C and Winter
C controlled both curing and drying condition, heated to 23°C from the 29th day
onward, to simulate the concrete being heated at room temperature.

The relative humidity of all the B and C climate files were modified from extracting
Gothenburg’s outdoor climate data in the program. Heating or cooling has an impact
on the relative humidity of air. It changes the air temperature, which consequently
changes the saturation vapour content, but not the actual vapour content in the
air. Based on Equation 2.1, a change of saturation vapour content (vs) changes the
relative humidity (RH) if the air vapour content (v) stays the same. With this, the
relative humidity on Gothenburg’s climate file had to be converted to accommodate
the temperature changes from heating or cooling for the indoor heated climate files.
This conversion was done with a simplification by rounding up the temperature to
the nearest 1, as the difference of saturation vapour content between 0.1 and 0.9 °C
is not significant. An example of this conversion is shown on Equation 4.1 with the
example climate data shown on Table 4.3.

Table 4.3: Example of climate data conversion from outdoor condition to heated
indoor condition.

Climate file T (°C) Rounded T (°C) Saturation vapour RH (%)
content (g/m3)

Gothenburg 4.2 4 6.37 85
Heated 13 13 11.35 RH13

v = RH4 · vs4 = 85
100 · 6.37 = 5.4 g/m3

RH13 = v

vs13
· 100 = 5.4

11.35 · 100 = 47.55 %
(4.1)
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This conversion of Gothenburg’s climate data was done for the whole year for every
hour. With this conversion, climate data Summer C and Winter C had different
relative humidity, even though the temperature is the same. The complete climate
data can be seen in Appendix A.

4.2.3 Regional Climates
In addition to Gothenburg’s climate condition, the regional climate for three other
cities was simulated to see the mould growth activity across the areas in Sweden.
The four cities chosen were Kiruna, Lund, Stockholm and Gothenburg, to represents
the climate condition in the north, south, east coast and west coast, respectively,
during summer and winter.

4.2.4 Initial Concrete Condition
The initial condition of concrete has a critical effect on moisture safety of timber.
It takes several months for fresh concrete to dry to a certain relative humidity level
which is considered to be safe regarding mould growth, while precast concrete is
already hardened with lower relative humidity. A comparison between cast-in-situ
and precast concrete was studied in order to be able to understand the risk for
different initial conditions of concrete. Since the initial relative humidity of precast
concrete varies depending on the desired delivered condition, different values for the
initial relative humidity were chosen to be analyzed, which were 80%, 90%, 95%
and 100%. Precast with a high relative humidity of 100% in this study was purely
theoretical as it is unlikely to occur in constructions. The material properties for
precast were taken directly from the program for hardened concrete with w/c ratio
of 0.5 from the Fraunhofer-IBP material database, as discussed in Section 4.2.1.

4.2.5 Existence of Vapour Retarder
The main purpose of this research was to determine if casting fresh concrete directly
on top of CLT floor would cause any moisture related problem in the timber. The
addition of vapour retarder between the concrete and CLT may provide a better
protection for the CLT, thus it was of interest to investigate this alternative. The
location of vapour retarder can be seen in Figure 4.14.

Figure 4.14: Floor drawings without and with vapour retarder.
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The most common vapour retarders used for a construction have Sd values of lower
than 10 m, therefore the vapour retarder used in the simulations had an Sd value
of 10 m. It was also of interest to simulate using a vapour retarder with a higher
Sd value (100 m) to study the influence of vapour retarders in the floor section. Sd
value describes the thickness of stagnant air that has the equivalent vapour resis-
tance as a certain material. For example, the resistance of a material with an Sd
value of 10 m is equivalent to the resistance of 10 m of stagnant air.

4.2.6 Influence of Building Envelope

Other than floor details, the other type of section that are of interest to analyze
in this research was a floor to wall connection detail. The influence of outdoor
temperature and relative humidity through the building envelope can potentially
affect the drying behaviour of the floor. Two types of floor to wall section were
analyzed in this research. Both sectional details were the designed building envelope
from Section 3.4, with one detail lacking a vapour retarder within the wall compared
to the other.

4.3 Modelling Simplifications

Some simplifications had to be made to the floor section due to one of the limita-
tion of the program. These simplifications were to remove the shear connectors and
the shrinkage reinforcement and model it as plain timber and concrete as shown in
Figure 4.15. As mentioned in Section 4.1.1.8, the program is unable to model non-
porous materials, although the steel shear connectors in this floor section does not
play a significant factor in the heat and moisture transfer, due to their mesh-shaped
profile and small size percentage in comparison to the whole floor section.

From preliminary simulations with the inclusion of steel shear connectors, the results
showed that the program did not perform well with the transition from the steel
to the surrounding material. Regarding relative humidity, the addition of steel did
not affect the results significantly, but temperature-wise it differed by some degree.
The addition of steel had made the concrete and CLT around it slower in terms of
temperature change and the closer the material was to the steel, the greater this
effect was. At a point in the CLT located directly under the steel, it took around 26
days for it to change temperature from 20°C (initial temperature) to 13°C (curing
temperature). In comparison, it took 8 days for the same temperature change in
the same monitoring point for the simulation case without the added steel shear
connectors. Therefore, it was decided to exclude the steel shear connectors in the
simulation.

52 CHALMERS, Architecture and Civil Engineering, Master’s Thesis, ACEX30-18-46



4. Modelling and Methodology

Figure 4.15: Simplified floor section for the simulations.

Simplifications were also made for the designed floor to wall connection in order
to have a more time efficient model for the simulation. All of the steel parts were
removed from the model for the same reasons explained previously. The external
panel and nail studs were also removed from the wall to reduce the needed time for
simulations. These were done simultaneously with removing exposure to driving rain
and solar radiation from the outdoor climate. These simplifications were assumed to
give the same result as a model that included cladding that is exposed to driving rain
and solar radiation. The simplified wall connection can be seen in Figure 4.16. It
could be noticed that the rubber list in Figure 3.7 are replaced with vapour retarders.
This was due to the unavailability of a rubber material in the program. Vapour
retarders were considered as an adequate substitute as it has similar properties
to rubber with regards to moisture transport. Although vapour retarders have a
higher thermal conductivity than rubber list, the overall contribution on the thermal
behavior in the construction is neglectable due to its small thickness.

Figure 4.16: Simplified floor to wall section for the simulations.
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4.4 Input Data for The Base Model
A description of the simulation steps for the base model is presented in this section.
The base model referred to the simplest model made for the simulation, which
included neither building envelope nor vapour retarder, concrete with 0.38 w/c ratio,
saturated initial condition and Summer A drying condition.

4.4.1 Geometry and Grid
The CLT layer had a thickness of 140 mm with a length of 1000 mm and the concrete
layer had a thickness of 100 mm with the same length. An example of the geometry
is shown in Figure 4.17. The type of grid used for the models was coarse in Y
direction and manually set to 1 in X direction. The number of elements in both
materials in X and Y directions can be seen in Figure 4.18.

Figure 4.17: Geometry of the simulated models.

Figure 4.18: Grid of the simulated models.

4.4.2 Material Properties
The simulations material for CLT used the material properties provided by Stora
Enso on their website (Stora Enso, 2013). The properties were tested by the Fraun-
hofer Institute and included in the material database of the program, which are
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shown in Table 4.4 and Figure 4.19 to 4.22. As for concrete, the material used was
W38 which was concrete with 0.38 w/c ratio discussed in Section 4.2.1.

It can be noticed that in Figure 4.21 the material has zero liquid transport co-
efficient. It was assumed that this was not measured by the material properties
provider. However, liquid water transport was not a significant factor in this study
as previous research had found that the glue layers in the CLT limits the movement
of liquid, except for the top and bottom CLT layer where they are not covered by
glue. Preliminary simulations were done with using plain spruce material from the
Fraunhofer-IBP database as the top CLT layer and Stora Enso CLT for the other
four layers. The results were not significantly different compared to simulation with
Stora Enso CLT as the whole floor section. It can be assumed that this was due to
the low liquid water transport coefficient of spruce in the tangential direction. For
these reasons, the whole floor was modeled as Stora Enso CLT.

Table 4.4: CLT material properties used for the simulation.

Properties Stora Enso CLT Units
Bulk density 410 kg/m3

Porosity 0.74 m3/m3

Specific heat capacity, dry 1300 J/kgK

Figure 4.19: Moisture storage of Stora Enso CLT.
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Figure 4.20: Vapour diffusion of Stora Enso CLT.

Figure 4.21: Liquid transport coefficient of Stora Enso CLT.

Figure 4.22: Thermal conductivity of Stora Enso CLT.
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4.4.3 Initial Conditions
The initial temperature for concrete and CLT was assumed to be 20°C. The initial
relative humidity for cast-in-situ concrete was 100%. The highest acceptable mois-
ture ratio for the CLT at delivery is 16%, in which it was suitable to assume the
initial relative humidity for CLT to be 80%. Figure 4.23 shows the initial tempera-
ture and relative humidity for CLT and cast-in-situ concrete.

Figure 4.23: Initial conditions of the simulated models.

4.4.4 Climate Data and Boundary Conditions
The climate file used in the simulations were discussed in Section 4.2.2. For the
base model, the climate file used was Summer A, which was the default outdoor
Gothenburg climate provided in the software. This climate file was set at the top
and bottom surfaces, while the left and right boundaries of the model were set to
adiabatic. The blue boundaries in Figure 4.24 are adiabatic and green boundaries
are the Summer A climate file.

Figure 4.24: Boundary condition of the simulated models.

4.4.5 Heat Source
Casting freshly mixed concrete on top of CLT causes heat generation due to the
hydration process of concrete, and this heat of hydration is modelled as a heat
source in the program. The heat source data used in the model was the heat flow
data provided by Sedaghat in his experiment, mentioned previously in section 2.4.4.
The heat flow data was in mW/g unit and it had to be converted into applicable
units for the software, which is in W/m. This was done by extracting the values
of heat flow (Q) from Graph 2.14 and multiplying them with the cement content
(wcement), height (hconcrete) and width (bconcrete) of the modelled concrete floor. An
example of this heat flow conversion at the 28th hour can be seen in Equation 4.2
which gives the correct units (W/m) to be used for the modelling. Figure 4.25 shows
the converted heat flow in a period of 168 hours. It can be observed that the heat
flow started to decrease gradually after 48 hours until it converges towards zero by
the end of the experiment.
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˙Q28h = Q28h · wcement · hconcrete · bfloor
Q28h = 1 mW/g
wcement = 360 · 103g/m3

hconcrete = 0.1 m
bconcrete = 1 m

˙Q28h = 36 W/m

(4.2)

Figure 4.25: Converted heat flow of cement paste.

The duration of Sedaghat’s experiment was one week, 168 hours, but the heat source
data had to be inserted for one year in the software to avoid the cyclical effect of
the heat source data. The heat flow data was extrapolated from 168 hours to one
year period with the assumption that the heat flow decreases continuously towards
zero. The red area in Figure 4.26 shows the generated heat source from concrete
with the dimensions given in the figure.

Figure 4.26: Heat source of the simulated models.
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4.4.6 Computational Parameters
Figure 4.27 shows the computational parameters set for the simulation. Most of
the settings were left to the default option. The model was set for 1 year (8760
hours) period of simulation. This was due to the fact that the experiment-based
materials were made to mimic the drying behaviour of fresh concrete based on a
1-year experiment explained in Section 4.2.1. Any simulation beyond that point
would be invalid as the behaviour of concrete was unknown. Moreover, in reality,
the building could soon be used after the floor dries. By that point in time, the
indoor climate condition is no longer the same as during curing or drying, which is
why it was not reasonable to simulate for longer periods.

Figure 4.27: Computational parameters of the simulated models.

4.5 Finnish Mould Growth Model MATLAB Script
The mould growth model has different sensitivity classes and mould decline factors
depending on the material, as mentioned in Section 4.1.2. These determines the
inclination and declination rate of mould growth, as well as the maximum mould
growth index possible. Inorganic material such as glass is defined as resistant in
the sensitivity class and considered to have a strong decline in the mould decline
factors. For planed or shaved wood, the mould sensitivity class is sensitive and the
mould decline factor is moderate decline. Along with these classifications, the hourly
temperature and relative humidity results from the model is processed to show a
mould growth index graph using the mould growth model MATLAB script.
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In this Chapter, the results from WUFI 2D and the Finnish mould growth model
are presented and followed by discussions. The monitoring points of the simulations
for each variable are shown in Figure 5.1. Point F1 was used to compare the dry-
ing behavior between the experiment-based fresh concrete and the default hardened
concrete from the software. The highest MGI was suspected to be in the top CLT
layer (F2) where the CLT met the wet concrete. If that monitoring point showed
mould growth, it was important to also check the moisture condition on the second
CLT layer which was point F3. Point F4 was the farthest from the concrete, if that
point showed any signs of mould growth, then every other point in the CLT would
be subjected to mould growth as well.

Figure 5.1: Monitoring point of the floor simulations

For simulation cases with the addition of building envelope, the monitoring points
are described in Figure 5.2. Point BE3 should have a similar behavior to point F2
due to its location, which was relatively far from the building envelope. Point BE2
was a joint connection which has a high moisture transport rate and therefore it
was of interest to show the MGI for this point. Point BE1 was used to check the
moisture safety of the CLT wall that was in contact with the fresh concrete.
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Figure 5.2: Monitoring point of the floor to wall simulations

5.1 Base Model

Figure 5.3 shows the relative humidity decline of air at point F1 (middle of the
concrete). The concrete in the base model needed approximately 4 months to reach
a relative humidity of 82%. It can also be noticed that the relative humidity started
to follow the outdoor relative humidity after reaching 82%. The reason behind this
behaviour was that the vapour diffusion resistance factor of W38 concrete was very
low at high relative humidity with the modification, which made it very vapour open
in humidity range of above 80%. This made the material easily influenced by the
outdoor conditions.

Figure 5.3: Relative humidity for W38 at point F1.

Figure 5.4 shows the mould growth index (MGI) at points F2, F3 and F4 for the
base model. The results showed that the highest MGI at the investigated points
were at point F2 and it had an MGI of slightly above 1.2. All the examined points,
including F2, had MGIs of much lower than 3, thus they were considered to be
moisture safe as the risk for mould growth were below the safety limit.
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Figure 5.4: MGI at different points for the base model.

5.2 Water-Cement Ratio of Concrete
Figure 5.5 shows the relative humidity of the air inside the drying concrete located
at point F1 with different w/c ratios. The climate data used for the simulations was
Summer A, in accordance with the base model. The properties of W38 andW60 were
based on (Mjörnell, 2003), which reflected the drying behaviour of fresh concrete
with w/c ratios of 0.38 and 0.6 respectively. H50 was taken from the Fraunhofer-
IBP material database which reflected the behaviour of hardened concrete with w/c
ratio of 0.5. The results showed that the relative humidity of H50 was still above
90% after one year, while W38 and W60 reached 90% in approximately 16 and 54
days, respectively.

Figure 5.5: Relative humidity decline at point F1.

It can be observed that the W38 curve started to follow the outdoor relative hu-
midity after 5 months and the same applies to the W60 curve, but in a smaller
scale. The reason behind this behaviour was the low vapour diffusion resistance
factor at high relative humidity as mentioned in Section 5.1. The vapour diffusion
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resistance factor of the H50 curve was constantly high, which made the decline of rel-
ative humidity less rapid than the other two materials and took a longer time to dry.

In reality, the relative humidity decline of fresh concrete should be somewhere in
between the drying behaviour of hardened concrete and fresh concrete shown in
Figure 5.5. Fresh concrete gradually hardens and less water is consumed along the
hydration process of cement over the course of its drying period. Evaporation and
vapour diffusion govern the drying mechanism of the concrete afterwards. This
means that the initial relative humidity decline of fresh concrete should look similar
to W38 or W60, where all three drying mechanism works to its fullest simultaneously.
The rate of cement hydration slows down as concrete hardens, and evaporation as
well as vapour diffusion dominates the drying process. At this stage, the concrete
should have a similar relative humidity decline to H50 where the variation is less
volatile. This indicates that the resulting MGI for fresh concrete in reality could
also be between the experiment-based material (W38 and W60) and the default
hardened concrete (H50) discussed in the following sections.

5.3 Curing and Drying Conditions

Figures 5.6 and 5.7 show mould growth index at point F2 (top CLT layer) for W38
and W60, respectively. The simulations were done for the 6 climate files which
were described previously. Results for both w/c ratios showed that the Summer A
climate file gave the highest MGI, although there were still below 3 in both cases
which meant that the CLT was moisture safe. The MGI for Summer C started to
decline rapidly after approximately half a year for W38, while the mould index for
W60 with the same climate file declined constantly after approximately 8 months.
This was reasonable with the assumption that heating would help with drying of
concrete and lowered the relative humidity in the CLT. Winter B and Winter C gave
worse initial performance than Winter A, as the use of heater gave a more suitable
temperature for mould growth during the initial winter period.

Figure 5.6: MGI at point F2 for W38 concrete.
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Figure 5.7: MGI at point F2 for W60 concrete.

For all climate files, the MGI started to incline as it reached summer as it provided
suitable temperatures for mould growth. Afterwards, as the temperature fell during
winter, the MGI decreased as well, even though the outdoor relative humidity were
higher during the winter period. It can also be observed that the MGI at winter
climate for W38 declined for a short period (between February and April) and in-
clined afterwards as the summer approached. The reasoning was that within the
same winter season, with the same temperature range, the relative humidity in CLT
started to decrease as the concrete dried. However, this was not the case for W60 as
it contained more water which needed longer time to dry and decrease the relative
humidity significantly in the CLT.

Figure 5.8 shows the MGI for 6 climate files at point F2 for H50 concrete. It
can be noticed in the figure that the MGI were relatively high for all the climate
files as they reached 3.5 in around half a year. An MGI of 3.5 means that new
spores are produced and mould cover approximately 30% of the surface. The MGI
showed similar behaviour to the previous w/c ratios, as the mould growth index
increased during summer. However, the winter climate had the highest MGI in
this case, instead of summer. The reason was that an initial mould growth had
already existed for winter climate when it reached summer time, in which it gave a
better chance for higher MGI than if it started from zero, which was the case for the
summer climate. Although the same phenomenon occurred for W38 and W60 when
they reached summer, the winter climate did not give the highest MGI because the
materials were more vapour open, which made the relative humidity in materials
low when summer time approached. This can be confirmed by following the relative
humidity variation in Figure 5.9. W38 and W60 reached their maximum relative
humidity in a period of 12 days, while H50 needed 82 days to reach its maximum
relative humidity. Maximum relative humidity for W38, W60 and H50 were 95.9%,
96.4% and 95.7%, respectively. At the start of summer time (June) the relative
humidity of W38 and W60 had already declined to 85.2% and 88.3% respectively,
while H50 still had a high relative humidity of 94.7%.
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Figure 5.8: MGI at point F2 for H50 concrete.

Figure 5.9: Relative humidity decline at point F2 with Winter A.

As mentioned in Section 2.4.5, concrete is a highly alkaline material and it could
compromise the adhesive’s bonding system and affect the rate of mould growth as
mould needs a suitable pH range to grow rapidly. However, the results showed that
the relative humidity at point F2 did not reach 100% for both the fresh and hard-
ened concrete, which meant that there would not be any liquid water transport in
the CLT, only vapour transport. Therefore, the effect of pH on both the CLT and
the adhesive was considered to be negligible because pH transfers through liquids,
but not through vapours.

The results for the different w/c ratios also showed large variations of mould growth
index. This was due to the difference of nature between fresh and hardened concrete.
All of the previous results showed that outdoor Gothenburg condition (Winter A
and Summer A) gave the worst performance for the construction with regards to
mould growth. The use of heating in climate files B and C had hindered mould
growth activity to some extent. Therefore, the climate file used for further analysis
was Summer A which gave the worst result for the experiment-based materials, un-
less it was stated otherwise.

The simulation results with the Summer A climate data were further analyzed at
points F2, F3 and F4 of the CLT, which can be seen in Figure 5.10. The results
showed that at point F4 for all w/c ratios was moisture safe and had an MGI of
nearly zero. Point F3 for W38, W60 and H50 were also moisture safe, although the
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MGI of the hardened concrete seemed to be increasing at the end of the first year.
In all cases, the MGI at point F3 was lower than F2, which was expected.

Figure 5.10: MGI at different CLT layers for different w/c ratios.

5.4 Regional Climates
Figures 5.11, 5.12 and 5.13 show the MGI at point F2 of the CLT at different re-
gional climates. The climate file used was each region’s summer and winter outdoor
conditions. The results showed that the more south the location was, the higher risk
of mould growth there was in the construction. The combination of temperature
and relative humidity of each region was the reason behind these results. Kiruna
showed the lowest MGI as it had the lowest temperature, which was not suitable
for mould growth. Stockholm had the highest relative humidity out of all regions
but the temperature was lower and less suitable than Gothenburg or Lund, hence
it showed less MGI. Gothenburg and Lund had a similar temperature through the
year, but Lund had a higher relative humidity, which is why the mould growth index
was the highest.

(a) Summer (b) Winter

Figure 5.11: MGI at point F2 for W38 concrete in different regions.
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(a) Summer (b) Winter

Figure 5.12: MGI at point F2 for W60 concrete in different regions.

(a) Summer (b) Winter

Figure 5.13: MGI at point F2 for H50 concrete in different regions.

5.5 Initial Concrete Condition

Figure 5.14 shows the mould growth index at point F2 for H50 concrete with different
initial relative humidity. This simulates the use of precast concrete as an alternative
of fresh concrete in the composite floor. The lowest chosen relative humidity for the
precast concrete in this research was 80%, and with that level of concrete humidity,
there was no risk of mould located in all layers. Concrete with relative humidity of
90% and 95% were also tested and compared with the previous result using 100%
relative humidity condition. The MGI shows that the construction was moisture
safe for up to 95% RH, resulting in a maximum MGI of less than 2. All the results
with different initial relative humidity showed that the MGI started to incline by
the end of the simulation period. This is due to higher temperature during summer
which increase the MGI.
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Figure 5.14: MGI at point F2 for H50 concrete with different initial RH.

5.6 Existence of Vapour Retarder

Figure 5.15 shows the MGI at point F2 with concrete W38, W60 and H50. The
simulations were done with the addition of vapour retarder with Sd values of 10 m
and 100 m. The results were compared thereafter with the case without a vapour
retarder. The results showed that the vapour retarder could reduce the mould
growth index significantly, negating the risk of mould growth. H50 concrete, which
constantly showed the worst performance out of all water-cement ratios was greatly
improved with the added vapour retarder. The MGI were below 0.5 for both vapour
retarder with Sd 10 m and 100 m and the higher the Sd value, the lower was the
mould index.

Figure 5.15: MGI at point F2 for different w/c ratios and vapour retarder
properties (Vr).
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5.7 Influence of Building Envelope

Figures 5.16, 5.17 and 5.18, show the mould growth index at points BE1, BE2, BE3
and F2 for concrete W38, W60 and H50 with the influence of building envelope.
The previous results of the model without building envelope are also shown for
comparisons. The climate file used at the exterior part of the building envelope was
Summer A, and Summer C was used for the interior side, which was the wall, and
top and bottom side of the floor. The reasoning for this was, with the use of heater
on the summer C climate file and with no added indoor moisture load from people
and people related activities, the relative humidity is much lower than the outdoor
condition. With this difference of relative humidity, it would trigger the movement
of moisture from higher outdoor humidity to lower indoor humidity, which was of
interest to see compared to having the same climate condition over all boundaries.

The results showed that by comparing the MGI at point BE3 and F2, the presence
of wall would not make any noticeable difference regarding MGI in the top CLT
layer. However, at point BE2 near the joint had a lower MGI than BE3. This could
be due to the existence of rubber in the joint which acted as a vapour retarder and
reduced the relative humidity in that area of the construction. The MGI at point
BE1 was relatively similar to BE3 as both are fully exposed to the wet concrete. It
was also noticeable that the mould growth index in BE1 started to decrease sooner
than BE3 and this could be because of the difference of surface area between the
CLT floor and the CLT wall that were exposed to the concrete. The CLT wall had
a lower surface area that was in contact with the wet concrete than the CLT floor,
which made the relative humidity on point BE1 decline faster and had lower MGI
as it can spread the moisture to the other parts of the wall that is not in direct
contact with concrete.

Figure 5.16: MGI at different monitoring points for W38 concrete with influence
of building envelope.
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Figure 5.17: MGI at different monitoring points for W60 concrete with influence
of building envelope.

Figure 5.18: MGI at different monitoring points for H50 concrete with influence
of building envelope.

Figures 5.19, 5.20 and 5.21 show a comparison of mould growth with and without
the presence of vapour retarder in the wall, at the same monitoring points. It was
of interest to remove the vapour retarder from the wall structure to enable moisture
movements between the concrete and the outdoor climate through the wall. For
point BE3, the results showed that the mould growth was not affected by the removal
of the vapour retarder as the monitoring point was located relatively far from the
wall. For point BE2, the change had an effect on the MGI where it declined faster
by a small amount. Meanwhile, the resulting MGI in point BE1 declined faster
without vapour retarder in the wall. The absence of vapour retarder had helped the
structure that was close to the wall to dry out faster through moisture movement
towards the outdoor. Moisture moves from high humidity to low humidity, and the
floor construction had the highest humidity of all from the saturated fresh concrete.
Removing the vapour retarder had helped the structure to dry towards both vertical
and horizontal direction.
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Figure 5.19: MGI at different monitoring points for W38 concrete with and
without vapour retarder in the wall.

Figure 5.20: MGI at different monitoring points for W60 concrete with and
without vapour retarder in the wall.

Figure 5.21: MGI at different monitoring points for H50 concrete with and
without vapour retarder in the wall.
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6
Conclusion and Recommendations

The main purpose of this research was to evaluate CLT-concrete composite slab with
regards to moisture-related problems in the CLT due to the exposure to fresh con-
crete. This was done by simulating various floor details, properties and conditions
for the composite slab in a transient heat and moisture transfer simulation software
and evaluated with a mould growth model. Concrete with different water to cement
ratios were investigated in this research and the material properties of the fresh
concrete had to be modified due to the limitations of the program. The duration
of the simulations in this study were one year because the drying behaviour of the
fresh concrete was based on a one year experiment. The results of this research were
solely from computational simulations and were not validated with experiments,
therefore the presented results were not to be fully depended without any further
investigations.

6.1 Conclusion

The experiment-based fresh concrete material with 0.38 and 0.6 w/c ratios had sig-
nificant differences in results compared to the default hardened concrete with 0.5
w/c ratio from the program’s material database. The results of the analysis showed
that the studied CLT-concrete composite floor sections with concrete of either 0.38
or 0.6 w/c ratios were safe from possible moisture damages under all the simulated
variables. Analyses using the 0.5 w/c ratio showed risks of potential mould growth
and some cases reached an MGI of above 3.5. With properties of hardened/pre-
cast concrete of the 0.5 w/c ratio, simulations with fully saturated condition did
not achieve results under the safety limit under the defined variables. Lowering the
relative humidity to 95% and below showed some improvement in the results, as
the mould growth index were within the allowable range. Adding a vapour retarder
between the concrete and CLT also reduced the mould growth substantially, but
the details between the vapour retarder and the shear connectors and the possible
changes in interaction rate were not further investigated in this research. Regarding
the high alkalinity of concrete for all the studied concrete types, the results showed
that the moisture transport in the CLT occurred only by vapour and not by liquid,
thus the effect of concrete’s alkalinity was neglectable.

The use of heater during curing or drying period had a mixed impact on the different
climate conditions regarding the rate of mould growth in the construction. The use
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of heaters could help the mould growth to rise faster than without heaters when the
heating did not help the concrete to dry significantly faster, as it only gave a more
suitable temperature for mould to grow. Temperature was equally as important
to the rate of mould growth as relative humidity. High humidity without suitable
temperature conditions resulted in a lower MGI, which was evidently shown with
using different regional climates. Stockholm had a higher relative humidity than
Gothenburg, but the temperature was lower and less suitable, which made its MGI
lower than Gothenburg. Kiruna showed the lowest MGI of all as it had the lowest
temperature out of all the region.

Analyses from the floor to wall section showed that the addition of wall made no
significant impact on the moisture behaviour on the CLT floor. The CLT segment
of the wall that was in direct contact with concrete showed almost the same mould
growth levels as the top CLT layer of the floor, although it dried faster due to the
smaller area of exposure to the wet concrete. Removal of the vapour retarder within
the wall construction had made the drying faster to some extent, by allowing mois-
ture movement in the horizontal direction towards the outdoor.

6.2 Recommendations for Future Research
The material properties of the fresh concrete with water-cement ratios of 0.38 and
0.6 used in this study were based on one previous research. To replicate the dry-
ing behaviour of other concrete w/c ratios, it could be done by using TorkaS or
the SBUF method. However, these two methods showed some diversity from real
experiments, with TorkaS showing a relatively closer result. To have an accurate
drying behaviour, it would be best to base any w/c ratio simulations of concrete
from experiment results.

The cement type used in this research was ordinary Portland cement without fillers.
However, the use of new types of cement, such as Bascement, is growing in the
construction industry. Bascement contains fly ash and is considered to be a possible
replacement for Portland cement as it has a lower CO2 emissions, better workabil-
ity, and needs a lower amount of water and admixtures. Despite these benefits, it
takes a longer time for this cement type to dry, causing a higher risk for moisture
problems in the CLT if it is used in composite slabs. It would be of interest to study
the combination of CLT and concrete with Bascement as it is considered to be more
environmentally friendly than ordinary Portland cement.

Although the simulation results showed that both fresh concrete were well below
the safety limit, in reality the MGI could be higher. This comes from the limita-
tion of the program in modelling fresh concrete. Fresh concrete dries out through
the hydration process of cement, and evaporation as well as vapour diffusion of the
free water inside. The hydration process gradually slows down as concrete hardens.
The program could not model this hydration process, where the water inside the
concrete is self-consumed, therefore the drying mechanism in the model is constant
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throughout the period. As concrete hardens, the drying behaviour should gradually
be similar to hardened concrete, which is less moisture-sensitive. This means the
relative humidity decline of fresh concrete in reality could be somewhere in between
the results of the experiment-based fresh concrete and the default hardened concrete
used in the simulation. Other than fresh concrete, the program has several other
limitations related to this study. The potential liquid transport through gravity
force was neglected in this study due to the inability of the program to include this
factor in the simulation. The steel shear connectors were also neglected in the sim-
ulations due to unreliable outcomes in using non-porous materials. Based on these
limitations, this study can be further developed by conducting some experiments to
validate the results of the simulations.

Further simulations should also consider the stages of construction to better rep-
resents the building assembly of an actual project. In reality, the indoor climate
conditions would change after the building envelope becomes air-tight, which could
be done well before the one year period. The climate surrounding the floor section
would no longer be purely outdoor conditions as it is affected when it passes through
the air-tight envelope. Afterwards, the climate inside the building is further affected
by the HVAC system after it starts to function, and when people and people-related
activities begin. This construction timeline needs to be considered in future simu-
lations with the use of different time steps to accommodate the change in boundary
conditions of the composite floor along the course of construction.
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A
Climate Data

Figure A.1: Summer A climate file

Figure A.2: Summer B climate file
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A. Climate Data

Figure A.3: Summer C climate file

Figure A.4: Winter A climate file

Figure A.5: Winter B climate file
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A. Climate Data

Figure A.6: Winter C climate file
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