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Sammanfattning (på svenska) 
Träbyggnandet i Sverige gick in i en ny era när myndigheterna beslutade att upphäva 

förbudet mot att bygga byggnader som är högre än två våningar. Denna förändring i 

lagstiftningen har bidragit till att utveckla träbyggandet under det senaste decenniet. 

Cross Laminerat Timber (CLT) har blivit erkänt som en ny teknik som använt på ett 

korrekt sätt ger starka och pålitliga konstruktioner. Materialet visar sig mer och mer 

intressant huvudsakligen beroende på den styvhet och styrka det visar i olika tester.  

Ett av de projekt som använt CLT som bärande element är Limnologen i staden Växjö 

500 kilometer söder om Stockholm. I detta projekt har både väggar och bjälklag med 

bärande delar av CLT använts. En av utmaningarna i samband med högre 

träbyggande är att beräkna och ta hänsyn till de vertikala förskjutningarna i 

stommen. Orsakerna till förskjutningen är momentana samt tidsberoende. I denna 

uppsats utvärderas dessa vertikala förskjutningar med två olika metoder. Den första 

av dessa är experimentell. Förskjutningarna mättes av en grupp forskare från Växjö 

universitet och utvärderas i denna rapport. Den andra är en Finit Element Modell där 

förskjutningarna simuleras beroende på parametrar som anses viktiga. Resultatet av 

simuleringen jämförs med de experimentellt erhållna värdena. Simulering är ett 

viktigt sätt att förutsäga förskjutningar i CLT byggnader i framtiden. Alla modeller har 

gjorts med hjälp av finita element programmet Abaqus.  

FEM- modellen av Limnologen består av ett väggelement per våning i sex våningar. 

Detta element är det element där också förskjutningarna mätts på plats. På så sätt 

kan modell och verklighet jämföras. Förutom väggelement modelleras också 

bjälklagselement och kopplingen mellan vägg och bjälklag.  

De experimentella resultaten har analyserats i programvaran Matlab. Resultatet blev 

ett antal grafer som redovisar förloppet. Det viktigaste resultatet är det som visar 

både den totala relativa förskjutningen samtidigt som den visar fuktkvoten i CLT- 

skivan. Fuktkvoten beräknades från temperatur och relativ luftfuktighet som båda 

mättes på plats.  



Slutsatsen är att man med en simulering kan åstadkomma en acceptabel 

tillförlitlighet med avseende på vertikala förskjutningar. Krympningen har spelat en 

viktig roll för förskjutningarna. Den maximala förskjutningen som erhållits från 

mätningar var 21 mm medan det maximala förskjutningen fått från simuleringen 

baserad på tre olika antaganden var 35 mm, 33 mm och 17 mm. Skillnaden i 

resultaten kan delvis förklaras av de antaganden som använts för beräkning av 

fuktkvot och antagandet om fiberriktningen i timret. I simuleringen antogs 

fuktkvoten vara konstant över alla tre lager i CLT- skivan i de två första fallen. 

Orienteringen av fibrerna antogs radiell och tangentiell. Det tredje antagandet 

bygger på att fukten enbart påverkar det yttersta lagret i skivan. Detta antagande är 

rimligt på grund av tidsåtgången att uppnå fuktjämvikt och på grund av det limlager 

som skiljer lagren åt och hindrar fukt att vandra från ett lager till ett annat. 

Nyckelord 
Limnologen, Vertikalförskjutningar, Träkonstruktion, FEM 

Abstract (in English) 
The history of timber buildings in Sweden entered a new era when the authorities 

decided to lift the ban on constructing more than two-storey timber buildings in 

Sweden. This change in legislations has contributed to the emergence of timber 

construction during the last decade. The Cross Laminated Timber (CLT) has become 

recognized as a new technology that used correctly in construction gives strong and 

reliable structures. The building material is gaining more credit day by day mainly 

due to the stiffness and strength it proved throughout the tests in projects where it 

was used.  

One of the projects that used CLT as load bearing elements was Limnologen in the 

city of Växjö 500 kilometres south of Stockholm. In this project, a system of CLT 

floors as well as CLT walls has been used. One of the challenges related to medium-

rise timber buildings in general is to calculate and take account of the vertical 

displacement of the whole building. The sources for the displacements are 

instantaneous elastic as well as time dependent. In this thesis we are introducing 

two evaluation methods for the vertical displacements in Limnologen. The first is the 

experimentally measured vertical displacement that was performed by a group of 

researchers from Växjö University, and the second is a Finite Element Model 

simulating the vertical displacement according to the factors and parameters 

thought to be important to be included in the modelling. The output of the 

simulation was to be compared with the experimentally obtained values. Simulation 

is an important way to predict the vertical displacement in future CLT buildings. All 

modelling were done using the finite element software Abaqus. 

The Abaqus model of the Limnologen building consists of six wall elements from six 

storeys. The modelled wall elements are the wall elements that the vertical 



displacement devices were installed on. The reason for this is to get a better picture 

of how the results from the model would yield in comparison to the site 

measurements. The floor itself and the sylodyn used in the interface between wall 

and floor were also modelled. 

The data collected from the site were processed in the software Matlab. Several 

graphs were attained out of the data processing. The most important graph is the 

one that include both the total relative displacement and the equivalent moisture 

content in the CLT. The equivalent moisture content was calculated from the 

measured temperature and relative humidity.  

In this thesis it is concluded that a simulation can accomplish an acceptable reliability 

with respect to the vertical displacements. The shrinkage factor has played a vital 

role in simulation of the displacements. The maximum displacement obtained from 

the measurements was 21 mm while the maximum displacement gained from the 

simulation based on three different assumptions was 35 mm, 33 mm, and 17 mm 

respectively with the similar displacement pattern. The difference in the results can 

partly be explained by the assumptions used for the equivalent moisture content 

and local coordinate system of the CLT layers. In the simulation the moisture content 

was assumed to be equal over each layer of the CLT-panel. The first two assumptions 

were formulated due to the amphibolous grain of the middle layer of the CLT-panel 

which was considered having effect on the vertical displacement. The third 

assumption was formulated due to the glue layer between the wood layers of the 

CLT-panel which was considered having effect on preventing moisture diffuse from 

one layer to another layer. In reality it is questionable if the moisture content is 

varied in the different layers of the CLT-panel. The diffusion of the moisture content 

hasn’t been taken into account. 
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Abstract 

The history of timber buildings in Sweden entered a new era when the authorities 

decided to lift the ban on constructing more than two-storey timber buildings in 

Sweden. This change in legislations has contributed to the emergence of timber 

construction during the last decade. The Cross Laminated Timber (CLT) has become 

recognized as a new technology that used correctly in construction gives strong and 

reliable structures. The building material is gaining more credit day by day mainly 

due to the stiffness and strength it proved throughout the tests in projects where it 

was used.  

One of the projects that used CLT as load bearing elements was Limnologen in the 

city of Växjö 500 kilometres south of Stockholm. In this project, a system of CLT 

floors as well as CLT walls has been used. One of the challenges related to medium-

rise timber buildings in general is to calculate and take account of the vertical 

displacement of the whole building. The sources for the displacements are 

instantaneous elastic as well as time dependent. In this thesis we are introducing 

two evaluation methods for the vertical displacements in Limnologen. The first is the 

experimentally measured vertical displacement that was performed by a group of 

researchers from Växjö University, and the second is a Finite Element Model 

simulating the vertical displacement according to the factors and parameters 

thought to be important to be included in the modelling. The output of the 

simulation was to be compared with the experimentally obtained values. Simulation 

is an important way to predict the vertical displacement in future CLT buildings. All 

modelling were done using the finite element software Abaqus. 

The Abaqus model of the Limnologen building consists of six wall elements from six 

storeys. The modelled wall elements are the wall elements that the vertical 

displacement devices were installed on. The reason for this is to get a better picture 

of how the results from the model would yield in comparison to the site 

measurements. The floor itself and the sylodyn used in the interface between wall 

and floor were also modelled. 

The data collected from the site were processed in the software Matlab. Several 

graphs were attained out of the data processing. The most important graph is the 

one that include both the total relative displacement and the equivalent moisture 

content in the CLT. The equivalent moisture content was calculated from the 

measured temperature and relative humidity.  

In this thesis it is concluded that a simulation can accomplish an acceptable reliability 

with respect to the vertical displacements. The shrinkage factor has played a vital 
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role in simulation of the displacements. The maximum displacement obtained from 

the measurements was 21 mm while the maximum displacement gained from the 

simulation based on three different assumptions was 35 mm, 33 mm, and 17 mm 

respectively with the similar displacement pattern. The difference in the results can 

partly be explained by the assumptions used for the equivalent moisture content 

and local coordinate system of the CLT layers. In the simulation the moisture content 

was assumed to be equal over each layer of the CLT-panel. The first two assumptions 

were formulated due to the amphibolous grain of the middle layer of the CLT-panel 

which was considered having effect on the vertical displacement. The third 

assumption was formulated due to the glue layer between the wood layers of the 

CLT-panel which was considered having effect on preventing moisture diffuse from 

one layer to another layer. In reality it is questionable if the moisture content is 

varied in the different layers of the CLT-panel. The diffusion of the moisture content 

hasn’t been taken into account. 
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1 Introduction 

1.1 Background 

Over the years, timber frame construction is extensively accepted in Sweden where 

timber is readily sourced as a construction material due to the ample supply of 

timber. Plenty of advantages have been shown in using timber as the load bearing 

material in different construction types. One of these is that timber is an 

environmental friendly and easily renewable material. A study shows that one ton of 

CO2 is saved from the atmosphere by every cubic meter of wood used in 

construction instead of other construction materials (Advisory Committee for 

Forestry and Forest-based industries, 2003). Another advantage is that timber is 

lighter comparing to other materials in weight respect to the strength, which is 

favourable for transport and production. Furthermore timber is able to maintain a 

considerable load bearing capacity even after being exposed to fire for a long period 

(Eriksson, 2005). From the aesthetical aspect, timber does not rust and can be easily 

produced in various shapes. Besides, timber frame buildings are able to decrease on-

site construction period significantly under potentially adverse climate conditions 

comparing with cast concrete buildings. Additionally, the requirements of the 

foundation on which timber building is erected can be reached easily due to its light 

weight (Sjödin, 2008). 

  
Figure 1 Limnologen plan taken from the municipality detailed plan (left) along with a 

picture taken from the construction site during April 2008 (right). 

In Sweden it has been a long tradition that timber is widely used in the structural 

support system of single-family houses, which mainly refers to the one- or two-

storey buildings. During the 19th century, a series of severe fires took place in many 

cities in Sweden (Brandskyddsföreningen, 1927). Due to this, new regulations were 

legislated to prohibit the construction of wood buildings higher than two storeys. 

Gradually, tall timber buildings disappeared and timber was replaced by other 

materials as the main structural material for the buildings higher than two storeys. 
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As a consequence of this, the evolution of the construction knowledge of high-rise 

timber structure was almost halted. Fortunately, the building regulations were 

changed once again in 1994, allowing any structure to be built if fulfillment of the 

specified requirements could be shown. After the regulations were changed, a 

number of pilot projects were carried out at different places in Sweden. Typically, 

the first modern medium-rise timber building Wälludden was built in Växjö in 1995. 

In recent years, the Swedish government has promoted to increase the use of timber 

in construction (Mahapatra & Gustavsson, 2008), especially in medium-rise timber 

buildings. This proposal motivates many researchers to carry out activities connected 

to the field of tall timber buildings. In the future, the civil engineers and architects 

may face certain challenges, for instance how much vertical displacement of the 

structural elements will occur during their life time. The project called Limnologen in 

the city of Växjö shown in Figure 1 is an example of how far Sweden has developed 

the use of timber as a load bearing material. The project includes four medium-rise 

buildings, and each building comprises of eight storeys (Frantz, 2008). The vertical 

displacement in this medium-rise building will be scrutinized in the present study. 

1.2 Relevant similar project  

During past years, only a few studies of full-scale medium-rise timber buildings have 

been performed. One of these which addressed the topic of vertical displacement of 

tall timber building was carried out at a five-storey timber-frame building called 

Wälludden in Växjö, see Figure 2. The vertical displacement was measured by a tape 

measure. The experiment showed that the vertical displacement was approximately 

22mm in one year after the erection (Persson, 1998).  

 
 

Figure 2 Wälludden, the first five-storey timber house in Växjö, built in1995 and two 

measurement points of the vertical displacement in this building (Persson, 1998). 

Another full scale research was carried out by British Research Establishment (BRE) 

as a subproject of the investigation on the feasibility of medium-rise timber buildings. 

The subproject was a part of TF2000 project and was aimed to verify the various 

22 

http://www.panoramio.com/photos/original/4289238.jpg
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effects of the cumulative vertical displacement on a six-storey brick cladding timber 

building, see Figure 3.  

 
 

Figure 3 The TF2000 building with brickwork cladding built in the UK and the predicted 

vertical displacement (Grantham & Enjily, 2003). 

The vertical displacement of the wall and floor components at the first storey was 

monitored by displacement transducers. The moisture contents in the wood and the 

hydrothermal atmospheric conditions were logged by instruments installed at the 

beginning of the construction. Based on the detailed measurement of the first storey, 

it was predicted that the total vertical movement of the whole timber frame would 

be about 20 mm after the building was fully occupied, see Figure 3. Around half of 

that displacement was due to the compression and the other half was due to 

shrinkage. The conclusion drawn from the TF2000 project indicated that owing to 

the occupancy heating and variable loads it is important to take the shrinkage and 

compression into account, because these are the main sources causing the vertical 

displacement. 

1.3 Aim and scope 

The present work has been carried out with focus on the vertical displacements 

using experimental equipment and using numerical analysis with finite element 

method. The aims can be divided into two different parts. 

1. Evaluation of the relative vertical displacements measurements that are 

performed at Limnologen. 

2. To make a numerical simulation by means of the commercial finite element 

software Abaqus.  

In the model the two major sources for displacements addressed in the TF2000 

project, that is, shrinkage and compression should be considered. The simulation 

20 Total displacements 
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results shall be compared with the measurement results in order to explore a 

reliable method and make it possible to provide guidance for the vertical 

displacement analysis in future CLT timber construction project. 

1.4 Hypothesis and limitations 

The working related to the vertical displacement of Limnologen in this thesis is based 

on the previous relevant researches and existing theories. In the present work, the 

authors are not intending to modify the quoted theory or create new theory. The 

present research assumes the feasibility of simulating the building by means of the 

finite element software ABAQUS and the simulations are going to be validated by 

comparing the computational results with the experimental results. The simulations 

are based on the common hypothesis that the vertical displacement will be affected 

by the timber’s moisture content and the physical loads.  

Besides that, there are a few limitations associated with the current work. 

 The experimental data used in this work are obtained from the supervisor, 

and it is presumed that all those data are sufficiently accurate for the 

follow-up work. 

 In the simulations wood is assumed to be an orthotropic material with 

given material data without defects such as knots, cracks and 

compression wood. 

 The load from supplementary material inside the object building will be 

considered according to the European Code 5. 

 Short term loading subject to storm, snow, etc that may affect the 

displacements will not be considered. 
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2 Material properties of wood 

2.1 Wood as a structural material 

Wood is one of the oldest building materials and it is naturally occurring in many 

parts of the world. It is non-homogenous and orthotropic therefore its strength is 

affected by the direction of the load. Since wood is a biological material, its strength 

is dependent on the conditions which it has been subjected to in its life time. Wood 

buildings have proved its durability, strength and long lasting for hundreds of years 

as the historical buildings showed all over the world (Aghayere & Vigil, 2007).  

2.2 Typical properties of wood 

2.2.1 General comments on wood 

Wood is typically classified in terms of two groups, the hardwood and softwood. The 

present thesis deals entirely with buildings constructed in softwood (for instance 

Norway spruce), as nearly all the timber buildings in Sweden are carried out with 

softwood. The obvious feature of softwood is the needle-like leaves i.e. conifers, 

which remain green throughout the year (Zylkowski, 2002).  

Generally, the trunk and branches of a tree are covered with a layer of bark. Directly 

under the bark there is a zoon called cambium, followed by xylem and the pith which 

form the trunk. As a result of cell division in the cambium, which is a lateral 

meristem and subsequent expansion of the new cells, the cylindrical fibre layers are 

produced and the diameter of the trunk is increased which in turns leading to what is 

known as growth rings. A growth ring, sometimes referred as annual ring, is typically 

formed during one year period. It is customary to distinct a growth ring by two parts. 

In spring, tree grows fast resulting in low density and lighter colour on the pitch side. 

This is known as early wood. In contrast, when growth becomes slower in summer, a 

darker colour compact material is formed along the outer portion of the annual ring 

which is known as late wood. The growth rings are visible to the naked eyes, see 

Figure 4. 
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Figure 4 A appearance of wood macrostructure shown on the left where includes X-cross-

sectional or transverse surface, R- radial surface, T-tangential surface, (Yaghmaie & Catling, 

1984); A section on the right shows annual growth rings, sapwood and heartwood 

(Wikipedia, 2009). 

The wood also can be classified in terms of sapwood and heartwood, shown at the 

right in Figure 4. The sapwood contains both living cells and dead cells. Its main 

functions are to conduct water transport, provide nutritional storage and give minor 

mechanical support for tree. Nevertheless, no water transportation and nutrition 

storage take place in the inner region of the trunk which is known as the heartwood. 

The heartwood plays the role of supporting tree due to its high mechanical stiffness. 

For softwood (e.g. Norway spruce) the moisture content is much higher in sapwood 

compare to the heartwood. 

2.2.2 Wood – an orthotropic material 

Wood is typically defined as an orthotropic material which implies that the 

mechanical properties are variable in three perpendicular directions, the longitudinal, 

the radial and the tangential. Previous studies showed that the material stiffness is 

more than 40 times greater along the longitudinal direction than that in the 

tangential direction, whilst it is 20 times as great as compared to the radial direction. 

The wood is subjected to shrinkage or swelling due to the moisture variation. These 

movements take place in the three main directions. The relations between the 

movements are around 1:14:28 in the three directions respectively when subjected 

to a moisture variation.  

Heartwood 

Sapwood 

http://upload.wikimedia.org/wikipedia/commons/0/0b/Taxus_wood.jpg
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Figure 5 The wood trunk on the left is a tree trunk as the wood on the right is a cut wood 

(Porteous & Kermani, 2007). 

Wood is orthotropic with respect to strength, stiffness and moisture induced 

movements. Figure 5 shows the directional properties in three perpendicular axes 

which align with the grain direction L, the radial direction R and the tangential 

direction T.  

2.2.3 Factors influencing the strength and stiffness of wood  

The strength property of wood is strongly affected by a wide range of factors. In 

terms of material aspects, it mainly includes the density, the grain angle, and the 

ratio of knots. Other factors that may affect the material properties are dependent 

on the ambient environment and are of great interest in the present study. 

 Moisture Content has effect on timber with regard to modulus of elasticity 

and dimensions. There is a research pointed out timber’s stiffness may 

increase if it is dried to a very low moisture content, for instance 12 %. On the 

other hand, if timber is exposed to a humid environment, its stiffness 

decreases noticeably with the increased moisture content (J.M.Dinwoodie., 

2000). The fresh wood starts to lose moisture as soon as it is cut which leads 

to the shrinkage along its three dimensions. The tangential and radial 

directions are more sensitive to the variations in moisture content as 

mentioned previously. 

 Temperature is affecting stiffness parameters at low moisture content. That is 

to say, at low moisture contents a linear relation can be found between 

stiffness and temperature. However, Gerhards (1982) has confirmed that the 

stiffness reduces significantly with the elevated temperature (between -20 oC 

and +60 oC) at higher moisture content. The wood will suffer from thermal 

degradation when the temperature climbing to 90-95 oC. Moreover, the 

stiffness reduces permanently as the temperature above 95 oC. 
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 Duration of load basically refers to the time dependent behaviour of timber 

when it is loaded. Plenty of studies show that the timber strength decreases 

proportionally with the logarithm of loading time with respect to the 

constant temperature, moisture content and the magnitude of load (Wood, 

1951). This relationship is typical for bending strength. 

2.3 Time dependent behaviour of wood 

Wood is neither truly elastic in behaviour nor truly viscous, but rather a combination 

of the two behaviours. This combination is commonly described as viscoelastic. 

Viscoelasticity refers to timber’s time dependent behaviour. That is to say 

viscoelasticity is a function of the load history. When a wood sample is initially 

loaded, it deforms elastically. If the load held continuously for a period of time, 

additional time-dependent deformation occurs. This is defined as creep, which can 

happen even under low stress and continue over a period of years. Two types of 

creeps, the elastic and plastic creep, are presented in Figure 6 (J.M.Dinwoodie., 

2000). 

 
Figure 6 Deformation caused by constant stress and after unloading(J.M.Dinwoodie., 2000). 

The main cause for creep is the changes of moisture content caused by varying 

humidity and temperature in the close surroundings. This moisture rate dependent 

behaviour usually occurs on the mechanical-stress interface or the moisture-sorption 

interface, and it is defined as mechanosorptive creep. Researchers found out that a 

wood loaded in a varying moisture content environment may result to higher 

deformation comparing to that in a constant moisture content environment 

(J.M.Dinwoodie., 2000). 

Elastic 

Delayed elastic 

Plastic 

Load constant Load removed t1 

Recoverable 

creep 

Irrecoverable 

creep 

time 
t2 
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2.3.1 Total strain model 

Wood is difficult to model due to its complex material properties. Many researchers 

had tried to develop various methods to model wood structures whereas rheological 

model is one of those methods, and most of those rheological models are 1D and 2D 

(Mirianon, Fortino, & Tomi, 2008). 

In the present work, a 3D rheological model suggested by VTT is used as a base for 

discussion because this model takes the load-bearing time into account. Other 

factors included in this model are material properties, moisture content variations, 

temperature and mechanical loading (Mirianon, Fortino, & Tomi, 2008). 

 
Figure 7 A rheological model promoted by VTT (Mirianon, Fortino, & Tomi, 2008, p. 15) 

In the above model, the total strain is considered as the composition of five sub-

strains which are referred to different deformation mechanisms acting in series: 

ε = εe + εu +  εi
ven

i=1 +  εj
msm

j=1 + εms (irr )   (1) 

In equation (1),  ε  is the total strain vector, εe  is the elastic strain vector, εu  

represents the hygroexpansion strain vector, also named as the shrinkage and 

swelling strains, εve  stands for the viscoelastic strain vector, εms  stands for the 

recoverable mechanosorptive strain vector, and εms (irr ) stands for the irrecoverable 

mechanosorptive strain vector.  

If equation (1) is differentiated with respect to time, it can be rewritten as: 

∆ε = ∆εe + ∆εu +  ∆εi
ven

i=1 +  ∆εj
msm

j=1 + ∆εms (irr )
 (2) 
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The wood material modelling in the present study primarily takes elastic and 

hygroexpansion deformation into account and the deformation induced by 

viscoelastic and mechanosorptive effects are not considered. 

2.3.2 Elastic strain vector 

According to Hooke’s law, the elastic strain is related to stress, i.e. εe = Ce  σe , where 

Ce  is a symmetric compliance matrix and  σe  is a stress column matrices. For an 

orthotropic material, such as wood, the matrices εe , Ce  and  σe  are defined as: 

𝜀𝑒 =

 
 
 
 
 
 
 
𝜀𝑙
𝑒

𝜀𝑟
𝑒

𝜀𝑡
𝑒

𝛾𝑙𝑟
𝑒

𝛾𝑙𝑡
𝑒

𝛾𝑟𝑡
𝑒  
 
 
 
 
 
 

    𝜎𝑒 =

 
 
 
 
 
 
 
𝜎𝑙

𝑒

𝜎𝑟
𝑒

𝜎𝑡
𝑒

𝜏𝑙𝑟
𝑒

𝜏𝑙𝑡
𝑒

𝜏𝑟𝑡
𝑒  
 
 
 
 
 
 

 

𝐶𝑒 =

 
 
 
 
 
 
 
 
 
 
 
 
 
 

1

𝐸𝑙
−

𝑣𝑟𝑙

𝐸𝑟
−

𝑣𝑡𝑙

𝐸𝑡
0 0 0

−
𝑣𝑙𝑟

𝐸𝑙

1

𝐸𝑟
−

𝑣𝑡𝑟

𝐸𝑟
0 0 0

−
𝑣𝑙𝑡

𝐸𝑙
−

𝑣𝑟𝑡

𝐸𝑟

1

𝐸𝑡
0 0 0

0 0 0
1

𝐺𝑙𝑟
0 0

0 0 0 0
1

𝐺𝑙𝑡
0

0 0 0 0 0
1

𝐺𝑟𝑡  
 
 
 
 
 
 
 
 
 
 
 
 
 

 

The parameters inside Ce  are  𝐸𝑙 , 𝐸𝑟 , 𝐸𝑡  which are the modulus of elasticity in 

longitudinal, radial, and tangential directions of local coordinate system, 𝐺𝑙𝑟 , 𝐺𝑙𝑡 , 𝐺𝑟𝑡  

which are shear modulus in the respective orthotropic planes, 

𝑣𝑙𝑟 , 𝑣𝑟𝑙 , 𝑣𝑙𝑡 , 𝑣𝑡𝑙 , 𝑣𝑟𝑡 , 𝑣𝑡𝑟   which are Poisson’s ratios (Ormarsson, 1999, p. 22) . Both 

the elastic and shear modulus are assumed to be functions of time, moisture content 

as well as temperature, where the moisture content will not influence the modulus 

when it is higher than the fibre saturation point. 

The finite elastic strain increment at a particular time  ∆εn+1
e  is obtained from the 

differentiation of εe  with respect to the specific moment of time, i.e. ∆εn+1
e  =

∆Ceσn+1 + Ce∆σn+1 = ∆ε1
e + ∆ε2

e . 

In the above equation, Ce  is the elastic compliance matrix; ∆Ce  is the increment of 

the elastic compliance matrix due to the change of moisture content; σn+1 is the 
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stress state at the beginning of current time step; and ∆σn+1 is the stress increment 

to be calculated at the current time step (Mirianon, Fortino, & Tomi, 2008, p. 16). 

2.3.3 Hygroexpansion strain vector 

The wood behaviour is affected by its surroundings. A change of moisture content 

may cause a noteworthy shrinkage or swelling on a wood. The change of 

hygroexpansion strain is assumed to be proportional with the change of moisture 

content, i.e.  

∆𝜀𝑢 = 𝛼𝑤 ∙ ∆𝑤 

In the above equation, ∆w denotes the increment in moisture content below the 

fibre saturation point or at the fibre saturation point for that specific point. 

The matrix αw  is defined as: 

αw =

 
 
 
 
 
 
αl

αr

αt

0
0
0  
 
 
 
 
 

 

The parameters αl  , αr  , αt  are material coefficients of moisture-induced strain, 

known as shrinkage parameter, on the orthotropic directions, i.e. longitudinal, radial 

and tangential directions. 

2.3.4 Viscoelastic strain vector 

Viscoelasticity refers to wood members performing a time dependent behaviour. 

That is to say its performance will be a function of the load history. Mirianon, et al. 

(2008) provides an equation to calculate the increment of viscoelastic strain. This 

equation is based on the work of Hanhijarvi & Mackenzie-Helnwein (2003). Mirianon, 

et al. (2008) integrated Hanhijarvi & Mackenzie-Helnwein’s equation over time to get 

the viscoelastic strain for its increment. Due to the complexity of those equations, 

the detailed information regarding to those equations is not presented here. 

2.3.5 Mechanosorptive strain vector 

Mechanosorption is defined as the deformation of load-bearing wood which is 

subjected to cyclic changes in moisture content (Bengtsson, 1999). The creep 

appeared under varying moisture conditions is named mechanosorptive creep. 



XIONG YU, ZENG; SU XIN, REN; SABRI, OMAR 

~ 12 ~ 

The mechanosorptive strain vector presented in the rheological model mentioned in 

Figure 7 is consisted of two parts, i.e. recoverable mechanosorptive strain and 

irrecoverable mechanosorptive strain. Mirianon, et al. (2008, pp. 19-20) provided a 

solution to calculate both parts of the mechanosorptive strain vector which is also 

very complex. The detailed information about the calculation of mechanosorptive 

strain vector is not presented here, because this strain vector is not the interest of 

this work. 

2.4 Moisture content in the wood material 

2.4.1 Moisture content and fibre saturation point 

Wood is a highly hygroscopic material, which means wood absorbs or desorbs water 

from ambient air to reach the equilibrium with the surrounding water vapour 

conditions. The amount of water is normally measured as the moisture content in a 

percentage value. It is defined as the weight of water per weight of oven dried wood. 

It is well known that moisture content can exceed 100% in the fresh cut trees. The 

cell cavities are full of free water and the cell walls are bonded with water as well. 

When a timber is dried, the water goes out of the cell cavities and the moisture 

content of wood decreases until it reaches about 28%. This point is commonly 

referred as the fibre saturation point which means there is no free water in the cell 

cavities and the walls hold the maximum amount of bound water. The fibre 

saturation point is significant to the physical and mechanical properties of wood. 

When the moisture content is below this point the properties vary as a function of 

the moisture content.  

The strength, stiffness, and the creep behaviour of a timber are affected by the 

moisture content. Therefore the timber properties are affected by the relative 

humidity and the temperature. The relation between the strength adjustment and 

the moisture content for Douglas fir is shown in Figure 8. 

 
Figure 8 Moisture content effects on the compression strength of Douglas fir when loaded 

parallel to the grain (Porteous & Kermani, 2007). 
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The Figure 8 shows that if a timber’s moisture content increases, its strength parallel 

to the grain will decrease before reaching to its fibre saturation value. However, the 

strength will not decrease any more after the moisture content becomes higher than 

its fibre saturation point.  

2.4.2 Equilibrium moisture content and relative humidity 

The equilibrium moisture content (EMC) is defined as the moisture content that at a 

dynamic balanced state where the moisture adsorption rate equals the desorption 

rate. That is to say, the wood is neither gaining nor losing moisture when the 

equilibrium is reached. The surrounding atmosphere is of great importance for EMC. 

Based on an experimental study of substantial wood species, the fundamental 

relationship between moisture content and the relative humidity as well as the 

temperature was described as following (Simpson & TenWolde, 1999): 

𝐸𝛭𝐶 =
1800

𝑊
 

𝐾

1 − 𝐾
+

𝐾1𝐾 + 2𝐾1𝐾2𝐾
22

1 + 𝐾1𝐾 + 𝐾1𝐾2𝐾22
  

Where EMC is the equilibrium moisture content (%) and h refers to the relative 

humidity (%/100). For the temperature T in Celsius, the parameters W, K, K1, and K2 

are defined as below, 

𝑊 = 349 + 1.29𝑇 + 0.0135𝑇2 

𝐾 = 0.805 + 0.000736𝑇 − 0.00000273𝑇2 

𝐾1 = 6.27 − 0.00938𝑇 − 0.000303𝑇2 

𝐾2 = 1.91 + 0.0407𝑇 − 0.000293𝑇2 

The equilibrium moisture content as a function of relative humidity is plotted at 0 oC, 

20 oC, and 40 oC in Figure 9, which shows that a slight increased influence on the 

sorption curve such that for a given relative humidity the corresponding EMC is 

slightly lower. 
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Figure 9 Moisture content formulation test 

The fundamental relationships between equilibrium moisture content and relative 

humidity at three different temperatures are displayed graphically with different 

colours in Figure 9, where the moisture content is estimated according to the EMC 

formula quoted previously. All the curves in the figure are absorbing curve originated 

at 0 % relative humidity and 0 % EMC. When the relative humidity reaches to 100 %, 

the corresponding EMC values represent the fibre saturation with respect to the 

specific temperature. The equilibrium moisture content is lower at higher 

temperature when the relative humidity is the same. Whereas there are some 

studies found that the moisture content is more dependent on humidity than 

temperature (Ozelton & Baird, 2002). However, in practice the matter is more 

complicated as the changes in relative humidity and temperature do not result in the 

instantaneous change in timber’s moisture content. It takes time for water diffusing 

from the timber surface to the inward and reaching new equilibrium moisture 

content ultimately. The result of this fact is that the absorbing curve shown in Figure 

9 is not the same curve if the wood is drying. In the analysis to be performed in this 

work, this fact is considered by assuming that EMC can be obtained by fitting the 

data as a mean value of EMC 30 days before the current day. 
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Figure 10 Indoor and outdoor relative humidity in Malmö and Luleå (Skogsindustrierna, 

2004). 

A record of indoor and outdoor relative humidity in percentage during the whole 

year in Malmö and Luleå was investigated by Swedish Forest Industries Federation – 

Skogsindustrierna. Since the two cities are located in the southernmost and 

northernmost of Sweden respectively, it shows a general case of relative humidity 

variation in Sweden. It implies that during the summertime owing to the dryness of 

outdoor air, the indoor relative humidity is higher comparing with that in other 

seasons. The indoor relative humidity in summer time is between 50 and 60 %. In 

contrast, the relative humidity falls down to around 20 % in wintertime due to the 

house heating, whereas the outdoor relative humidity increases to 80 % 

approximately. As the vertical displacement equipment in the objective building is 

installed in the exterior wall and the measurement channel is covered by the wall 

isolation, as a result the monitored relative humidity data is considered more close 

to the indoor level in the current analysis. 

2.4.3 Moisture consideration in building codes 

In Eurocode 5 the effect of moisture in timber is being considered by a service class 

due to which local climate is assumed the contribution belongs to. These three 

classes are defined as follows. 

Service class 1 – the average moisture content in most softwood will not exceed 

12 %. This corresponds to a temperature of 20 oC and a relative humidity of the 

surrounding air only exceeding 65 % for a few weeks per year. 
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Service class 2 – the average moisture content in most softwood will not exceed 

20 %. This corresponds to a temperature of 20 oC and a relative humidity of the 

surrounding air only exceeding 85 % for a few weeks per year. 

Service class 3 – the average moisture content in most softwood exceeds 20 %. 

The influence of moisture on timber strength and stiffness is being considered by a 

reduction factor. When the service class is estimated, the design strength can be 

calculated easily through the equation below: 

𝐹Rd = 𝑘mod

𝐹Rk

𝛾M
 

kmod is the reduction factor that takes the effects of the environmental conditions as 

well as the duration of load (DOL) into consideration (Häglund, 2009). 

Since “The service class method is however very summary in its nature. It is based on 

anticipated equilibrium moisture content (EMC) and does not consider the actual 

dynamic variation of moisture of the surrounding climate” (Häglund, 2009), This 

indicates that the building codes need to be changed in order to take more detailed 

account of the influences to the strength and stiffness.  

When a timber is subjected to long time loading, its strength will decrease, and the 

longer the load bearing time the more reduction in strength will be (Porteous & 

Kermani, 2007). The bellow table generalizes the cases that may occur in practice 

into various classes. 

Table 1 Class categories of load duration (Porteous & Kermani, 2007). 

Class Period of time 
Examples given in NA.2.1 of the UKNA to 

EC 5 

Permanent ＞ 10 years Self-weight 

Long term 
6 months to 10 

years 

Storage loading(including in lofts) 

Water tanks 

Medium term 
1 week to 6 

months 
Imposed floor loading 

Short term ＜1 week 

Snow 

Maintenance or man loading on roofs 

Residual structure after an accidental 

event 

Instantaneous Instantaneous 

Wind 

Impact loading 

Explosion 
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The values of kmod used in Eurocode 5 which takes the duration of load and the 

service classes mentioned above into account are given in Table 2. 

Table 2 The values of kmod (Porteous & Kermani, 2007) 

 

2.4.4 Dimensional changes caused by variation of moisture 

content 

Normally, a wood’s dimensions will change if the moisture content alters below its 

fiber saturation point. It shrinks when water is losing from the wood cell walls and 

swells when gaining water into the wood cell walls. The magnitude of moisture 

related movement depends on which of the three main directions l, r or t that is 

studied. A study shows that the normal shrinkage for Norway spruce is 2 % in the 

tangential direction, 1 % in the radial direction and 0.1 % in the longitudinal direction 

while the moisture content changes from 20 % to 10 % (Carling, 1992). The moisture 

movement can cause a problem to the timber frame buildings. The difference in 

vertical movements between different parts in the timber frame may cause 

additional loads. In extreme case it may cause local failures or timber cracks. 

Therefore, it is important to take this phenomenon in to account when wood is used 

as construction material in higher houses. 
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3 Measurement of vertical displacements in Limnologen 

3.1 The structural system at Limnologen  

For the sake of overcoming the weakness of wood, the Engineered Wood Products 

(EWPs) such as CLT, Glulam, and LVL are developed. By using this technique, a 

normal quality wood can be made to a high quality structural timber with the major 

defects cut off and minor defects distributed over a large volume. For this reason, 

the load bearing structures of Limnologen project mainly use CLT in the walls and 

floors, see Figure 11. 

 

 

Figure 11 Examples of exterior wall and floor elements used in Limnologen (Martinsons, 

2006). 

3.2 Cross Laminated Timber (CLT) as construction material 

3.2.1 Short historical overview 

During the time of urbanization, timber was used in a conventional way to construct 

houses. When further development took place horizontally and vertically, oriented 

logs become widely used. This development resulted in the existence of more 

sophisticated houses in the rural areas (Bas Boellaard, 2007). 

Around 1920, a development took place in North America where the first sawn 

planks and timber plates were used instead of the ordinary logs. The same 

development reached Scandinavia as well, and it was developed further to the 

widely used framing system with a sheet fastened to a timber frame by means of 

screwing or nailing. This system often referred to two types of systems, as timber 

frame can be subdivided into two different types:  

1. Balloon structure: Installed by erecting a continuous planks in the outside of 

the facade and running through the floor beams in the wall surface. 
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2. Platform structure: Installed by erecting floor by floor and locating beams 

under the floors between the storeys. 

The prefabricated houses emerged in Sweden during the 20th century. The concept 

of prefabricated houses resulted in the assembly of larger houses with less time and 

eventually no skilled workers were needed in the same way as previously (Bas 

Boellaard, 2007). 

Owing to the vast numbers of fire accidents that occurred during the 19th century, 

few regulations were introduced through the 20th century. Those regulations 

affected the timber industry in a negative way especially regarding the construction 

of multi-story buildings that were limited to not more than two floors. In 1994 

Sweden decided to impose restrictions on the performance instead of the 

construction material. This opened the doors for the developments in timber 

industry. One example of such development is seen in Figure 12 where a three 

storey building is being rebuilt to a six storey building by means of CLT. 

 
Figure 12 Three storeys building are being stretched to six soreys with the use of cross 

laminated timber (Martinsons, 2006). 

3.2.2 Technical details of CLT 

CLT is produced in the form of multi-layer timber, and each adjacent layer is 

assembled with orientation of perpendicular to the grain direction (Stora Enso CLT, 

2008). Timber is a heterogeneous material with many natural defects such as knots 

or sloped grain which may lead to low load capacity. Rather than that, timber is 

typically defined as orthotropic material, especially, when a timber is loaded 

perpendicularly to the grain, it shows a pretty poor load bearing capacity. Gluing 

timbers in a crosswise orientation way results in the readjustment of stiffness in 

different direction. A noticeable property of cross laminated timber is its high load 
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bearing capacity in both directions. Therefore, nowadays CLT is commonly used for 

external walls, internal walls, floors, and roofs in timber building. 

3.2.3 Multi-Storey buildings built by Cross Laminated Timber 

During the industrialization period in the 20th century, concrete or steel was 

common to use when constructing multi-storey buildings. With the increased 

demand and the development in the construction branch, construction companies 

tried to find a better way to glue three or more layers of timber into different fiber 

orientation in order to get the needed strength and shape (Bas Boellaard, 2007).  

With this intention, CLT system becomes popular. Comparing to normal timber, CLT 

is able to overcome some normal timber’s flaws. Normal timber is a natural 

heterogeneity material which means the defects such as knots, cracks and different 

ring width may appear on it. These defects can be optimized by the process of 

timber grading, sawing out the knots then finger jointing or gluing the components 

together. 

Walls and floors made of cross laminated timber are nowadays being used due to its 

high stiffness and strength. The cross laminated timber used in walls and floors can 

be diversified layers, and the process of development is still running (Bas Boellaard, 

2007).  

There are two types of floor namely the flat floor and the cassette floor. The one 

used in Limnologen, shown in Figure 13, is the cassette one. This floor system is able 

to reduce the vibrations caused by activities on floor. The inverted T-Sections glued 

to the upper part of the floor provide increased strength and stiffness (Martinsons, 

2006).  

 
Figure 13 Cassette floor along with its connection to the wall that is used in Limnologen 

(Martinsons, 2006). 
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Cross laminated timber has been tested by some researchers, and it is approved that 

CLT can be used to produce a high level stiffness CLT wall which can provide a strong 

stabilization when used in timber buildings (Vessby, 2008). 

 
Figure 14 CLT experiment performed by other researchers (Vessby, 2008). 

3.3 Measuring devices installed at Limnologen 

The equipment measuring the vertical displacement in Limnlogen is permanently 

installed on the exterior wall of the second building, which was firstly constructed in 

the Limnologen block. The measuring equipment was installed vertically on the 

outside part of the cross-laminated timber panel of the building’s north-west side. 

This equipment measures the vertical relative displacement of each floor. Beyond 

this, the relative humidity (RH) and the temperature on the panel’s surface are 

monitored. (Serrano, 2008, p. 43).  

The displacement data was collected starting from the second floor up to the 

seventh floor because the ground floor was built by concrete. The displacement for 

the second floor was measured from the concrete floor to the upper edge of the 

cross-laminated panel. Starting from the third floor, the displacement was measured 

from the upper edge of the CLT panel on lower floor level to that of current floor 

level. The measurement system was made in a way that makes it possible to 

measure the displacement on each studied floor level including the deformation of 

the connection section between each floor. The total displacement can be attained 

by summing up each floor’s displacement. Furthermore the measurement system 



XIONG YU, ZENG; SU XIN, REN; SABRI, OMAR 

~ 23 ~ 

measures the RH (relative humidity) and the temperature on the second floor and 

the seventh floor.  

 
Figure 15 The location of measurement system (left); Floor- to-wall Connection (right). 

(Enquist, Serrano, & Vessby, 2008) 

The measurement equipments for capturing the displacement consists of a steel rod 

made of invar (20 mm in diameter), with cantilevers connected to the CLT panels to 

support the rod arrangements. At the end of the rod a potentiometer (Regal- WPL 

50EFZ) is installed. The cantilever provides the necessary support for the steel rod in 

the lower end. As for the horizontal directions the rod is supported by aligning 

instruments. Every potentiometer is connected to a data collection device separately 

(Datataker DT85). Two devices of brand Vaisala (HMP50) are used to log the 

temperature and the relative humidity at the highest and lowest point of the rod. 

The data collector comprises of a battery which provides back-up power for 

recovering the already gathered data. In case of power break, the collection of data 

become unlikely since the measurement system operates with external low voltage. 

The accuracy is approximated to be ±0.12 mm. A part of this accuracy number 

related to the accuracy of the potentiometer. It is believed that temperature change 

of 10 oC would affect the expansion of the rods thermal-wise. The coefficient of 

expansion of the invar rods is α=1.5x10-6/K. It is much lower comparing to normal 

steel rod which is α=12x10-6/K. The accuracy of the measurements of relative 

humidity is approximated to be ±3 %. The accuracy of the temperature 

measurements is approximated to be ±0.6 oC. 
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The instrument is placed in a plastic protection channel with dimension 60 mm x 100 

mm, see Figure 16.  

 
Figure 16 Details of the measurement system with vertical view of the wall-system 

connection (left). A cross-section of the covering channel holding the device (right). (Enquist, 

Serrano, & Vessby, 2008) 

The measurement system was erected at the end of July 2007, and started logging 

data from 6th September 2007. The displacement during the erection of the building 

was not measured in the study. Better information about the installation of the 

measurement system can be found in Figure 17. 
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a b 

  
c d 

Figure 17 (a) The temperature and relative humidity sensor at the second floor; (b) The 

displacement sensor and the CLT panel; (c) The line of measurements at the 7th floor along 

with temperature and RH sensor; (d) The channel filled with insulation. (photos by Bertil 

Enquist) 

3.4 Processing of the data collected from the site 

The processing of data collected from the measurements system was done by using 

the software Matlab. The intention of processing the collected data is to evaluate 

the vertical displacement and visualization the outcome appropriately. Some data 

were missing owing to approximate one month power cut, which caused the system 

to crash during the period of 15th November to 19th December. Due to other 

reasons, some data at certain times are abnormal. Therefore the following time 

periods’ data are excluded from the collected data file. 

2007-11-15 14:30 – 2007-12-19 09:00 (Lack of data due to power cut) 

2007-12-20 10:30 (the data is incorrect for all floors) 

Temp- and 

RH- sensor 

Displacement 

sensor 

Temp- and 

RH- sensor 

CLT panel (floor) 
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2008-10-31 23:00 – 2008-11-01 17:00 (the data on fourth floor is incorrect  

2008-11-02 06:00 – 2008-11-02 13:00 (the data on fourth floor is incorrect) 

2008-11-02 16:00 (the data on fourth floor is incorrect) 

2008-11-02 18:00 – 2008-11-02 20:00 (the data on fourth floor is incorrect) 

2008-12-05 09:00 (the data is incorrect for all floors) 

2008-12-31 11:00 – 2009-01-10 01:00 (the data on fourth floor is incorrect) 

2009-01-10 06:00 – 2009-01-10 18:00 (the data on fourth floor is incorrect) 

3.4.1 Displacements of each storey 

The installed equipment that collects data usually logs several times per day. In order 

to obtain the displacement for each day, the average of displacements recorded 

within one day was calculated. The calculations and the plotting processes were all 

conducted in MATLAB using a self written code. The graph that was drawn has two 

axes, where the horizontal one represents the time in days from the day starting 

measurement, while the vertical axis represents the displacements in millimetres. 

The Figure 18 shows the displacement of each floor. 

 
Figure 18 The displacement of each storey. 

The above figure shows that the displacement on the second storey is relatively 

smaller than other storeys. The reason is it does not include the displacement in the 

joint section. It is observed that the deformation data logged within first two months 

seems quite irregular. The possible reason is it may be subjected from the 

construction activities ongoing at that time. The displacement on the seventh storey 

seems unexpected larger than that on the fifth and sixth storey, and the reason for 

0 100 200 300 400 500 600 700
-1

0

1

2

3

4

5
Daily Displacement of Each Store

Days

D
is

p
la

c
e

m
e

n
t 
[m

m
]

Storey 2

Storey 3

Storey 4

Storey 5

Storey 6

Storey 7

Storey 3

Storey 4

Storey 2

Storey 6

Storey 7 Storey 5



XIONG YU, ZENG; SU XIN, REN; SABRI, OMAR 

~ 27 ~ 

that may be explained by the different sylodyn type used on the sixth storey, see 

Table 7. The common feature is that the displacement on all storeys is rigidly 

increasing within the first year, and then the increasing speed significantly slows 

down in the following years. The cause can be found in the Figure 19 and Figure 20. 

3.4.2 Relative humidity and temperature 

The temperature and relative humidity were measured on the second floor and the 

seventh floor. After the data was plotted, it gives almost identical graph for both 

temperatures and relative humidity respectively in these two points, see Figure 19. 

There are two groups of graphs in the Figure 19. The first one is the time-relative 

humidity relation, and the second one is the time-temperature relation. As the 

measurement devices take several readings every day, the average of those readings 

was calculated in order to get one data point for each day. 

 
Figure 19 The relative humidity and the temperature on the second and the seventh storey. 

As mentioned in section 3.3 the data started logging from 6th September 2007. The 

summer already passed in Sweden, and the weather started getting colder and 

colder. That is why it is observed that the recorded temperature was decreasing 

within first 200 days. After 200 days, it was April in Sweden, and the weather started 

getting warmer until the end of August, it was around 350. After that, the 

temperature was decreasing up to 560 days which was April again in Sweden. 

The relative humidity in Figure 19 is observed noticeably decreasing in first 280 days 

from around 80 % down to 35 %. It was noticed that the relative humidity recorded 

in the first September was relatively higher than what is expected from Figure 10 
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which is around 50 %. The building location which is just beside Trummen Lake and 

the on-site construction environment are the suspected reasons, because they may 

cause relatively higher humidity. The relative humidity logged during next August in 

2008 is about 55 %, around 360 days from the day starting record, which is according 

with what is shown in Figure 10. After 360 days, the relative humidity is gradually 

decreasing to around 30 % until the next April in 2009.  

3.4.3 Calculation of equilibrium moisture content 

The relative humidity and the temperature that were retrieved from the site have 

been used to calculate the equivalent moisture content of the second and the 

seventh floor respectively. This was done by using the equation discussed in section 

2.4.2. The equivalent moisture content at all recorded points was calculated first, 

and then the daily moisture content was obtained as the average of the moisture 

content within one day. In other words, the daily moisture content graph is a 

relation between the time and the moisture content following the same sequence 

and procedure used in the processing of data illustrated earlier in this section. The 

moisture content for the first floor is depicted in blue colour while it is green colour 

for the sixth floor, see Figure 20.   

 
Figure 20 The moisture content on the second and the seventh floor. 

It may be observed that the moisture content has similar pattern on both the second 

storey and the seventh storey, and the pattern is similar to the relative humidity 

tendency in Figure 19. The moisture content was dropping around the first 280 days, 

and then recovered little bit during the following 150 days. After around 400 days, it 

started dropping again. It was thought that this pattern was mainly shaped by the 

season swap. 
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3.4.4 Comparison between displacements and equilibrium 

moisture content 

The displacements shown in Figure 18 have been summed in order to obtain one 

graph of total displacement of the six storeys. The moisture content attained in 

Figure 20 was averaged in order to obtain one graph of mean moisture content. 

Based on this summation, the graphs of the total displacement and the average of 

the moisture content were drawn and shown in one figure in order to get a wider 

picture of the relationship between the displacement and the moisture content with 

respect to time.  

 
Figure 21 The comparison between displacement and moisture content with respect to time 

Figure 21 illustrates three phases in the moisture content and the relative 

displacement of the whole building with respect to time. During the first 300 days 

there was a gradual decline in moisture content, from 18 % to 6 %, which was partly 

caused by the variation of temperature and relative humidity. The big change in the 

moisture content gave a noticeable increase in the relative displacement of the 

whole building which was approximate 18 mm. The second phase is from day 300 to 

day 450, where a slight fluctuation took place in the both curves. In this phase, the 

total displacement reduced to approximate 17 mm, and moisture content increased 

to 10 %. After that it is the third phase, where the moisture content reduced from 

around 10 % to 6 % which caused about 4 mm increase in the total relative 

displacement. 
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3.4.5 Conclusion from experimental data processing 

From the graphs that were drawn in Figure 21, the following conclusion can be made. 

The displacement has three phases where the first one occurs directly after 

completion of the construction. In the erection phase of the construction of any 

building it is known that a certain amount of displacement usually occur and it is 

called the instantaneous displacement (discussions with Doctor Marie Johansson, 

March 2009). This instantaneous displacement was not recorded because it has 

occurred before the measurements devices started logging data. However, part of 

the viscoelastic displacement may be included in the first displacement phase. This 

gradual increase in displacement is being stretched during a one-year span of time. 

The main reason for the sharp increase in displacement during the first phase is 

thought to be caused by the notable decrease in moisture content and also other 

factors such as creep. The displacement of second phase is reduced when the 

moisture content increase, in other words, the building expands a little bit after the 

moisture content increase around 5 %. The third phase starts when the moisture 

content decreases again, and the amount of displacement in this phase has 

recovered the reduction in the second phase even more than that although the 

moisture content decrease around 5 % which is approximate the same amount of 

that in the second phase. The displacement in third phase also releases a message 

that the total displacement of the building continues. One reason for that may be 

that the creep and mechanosorptive displacement are playing some roles there.  

The Figure 21 shows three displacement phases, and it was decided to select four 

points on the curves for later-on simulation work. Those four points are chosen by 

observing the maximum or minimum point in total displacement graph. The Figure 

22 shows the corresponding date of the selected points from both total 

displacement and moisture content. 
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Figure 22 The selected points for later-on simulation. 

The values of the selected points to be used in the simulation are shown in Table 3. 

Those of moisture content are obtained by calculating the mean value of each point 

according to the last 30 days readings. The average value of the 30 days readings is 

used as the corresponding value for the selected day. There is an exception for the 

first day, since no data is recorded before that day. So instead the first 30 days 

readings were used. For the value on day 285, 437 and 603, the 30 days readings 

before that day were used. Those readings are averaged in order to get the targeted 

value for that specific day. The displacement values shown in Table 3 are obtained by 

directly quoting the value on the selected day. But the displacement for the first day 

is set to zero since it is assumed that no displacements occur on the first day.  

Table 3 The selected data points. 

Days 1 285 437 603 

Displacement [mm] 0 18.4 16.8 20.8 

Moisture Content [%] 14.4 6.8 9.7 7.4 

Changes in MC 
 

-7.6 -4.7 -7 
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4 Modelling the structure in the finite element software 

Abaqus 

4.1 Overview of Abaqus 

Given that Abaqus is going to be the mainly analysis tool for the simulation process 

in the present work, some basic information about this software is presented here. 

Abaqus is a finite element analysis software owned by Dassault Systèmes Simulia 

Corp, which was founded in 1978. Abaqus is able to simulate the physical response 

of a solid body to load, such as temperature variation, contact between bodies, 

impact, and many other cases.  

Abaqus is a powerful tool for engineering simulation based on the finite element 

method, and it is able to provide the linear and nonlinear simulation for various 

loading. It mainly consists of three modules, one preprocessor, one analysis module 

and another for postprocessor.  

In general, the process of a complete Abaqus analysis consists of three separate 

stages: preprocessing, simulation, and postprocessing shown in Figure 22. 

 

Figure 23 Abaqus analysis process (Abaqus, 2004). 

In the pre-processing stage, the model of object is created by using Abaqus/CAE or 

by another third companies’ product, for example, AutoCAD, Solidworks, and so on. 

After the geometric structure of object is created, Abaqus will generate an input file 

Preprocessing 
Abaqus/CAE or other software 

Simulation 
Abaqus/Standard 

 or Abaqus/Explicit 

Postprocessing 
Abaqus/CAE or other software 

Input file: 
Job.inp 

Output files: 
Job.odb, job.dat, 

Job.res, job.fil 
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for the simulation stage.  The simulation is performed by either Abaqus/Standard or 

Abaqus/Explicit which are solving the unknowns in the numerical problem defined in 

the input file from previous stage. The results from the simulation are visualized in 

the post-processing stage. Abaqus provides a visualization module to read the 

output files and display the results with respect to various methods, including colour 

contour plots, animations, deformed shape plots, and X-Y plots (Abaqus, 2004). 

4.2 Methods employed  

As understood from the theoretical section, a complete numerical simulation of the 

timber mechanical behaviour based on the introduced theory is going to be very 

complicated. From the practical view, it is necessary to make certain simplification 

within acceptable tolerance range during the modelling. Therefore only the 

deformation caused by the gravity and moisture content change, i.e. the elastic 

deformation and the hygroexpansion deformation will be involved in the simulation 

procedure. It is estimated that these two represent the major part of the 

displacements obtained. 

4.3 Determination of local coordinate system  

The natural properties of wood indicate that it is wise to define a local coordinate 

system at every point in wood material when modelling a timber material 

(Ormarsson, 1999). Normally, a timber material is assumed as a point-wise 

orthotropic material. The most common way is to establish a local coordinate system 

at a material point aligning with the longitudinal, radial and tangential directions of 

the timber section. The letters l, r, t in Figure 24 denote the directions of wood log’s 

longitude, radial, and tangential directions at that point respectively. 

 
Figure 24 Local and global coordinate systems (Ormarsson, 1999, p. 20). 
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Ormarsson (1999, pp. 35-39) provides a transformation relation between the local 

coordinate system and global coordinate system as: 

 
l
r
t
 = AT  

X
Y
Z
  

Where A is the transformation matrix with expression that: 

A =  

𝑙0𝑥 𝑟0𝑥 𝑡0𝑥

𝑙0𝑦 𝑟0𝑦 𝑡0𝑦

𝑙0𝑧 𝑟0𝑧 𝑡0𝑧

  
cos(∅) −sin(∅) 0
sin(∅) cos(∅) 0

0 0 1

  
cos(𝜃) 0 sin(𝜃)

0 1 0
−sin(𝜃) 0 cos(𝜃)

  

The angles ∅  and 𝜃  in the matrix A are conical angle and spiral grain angle 

respectively. The parameters 𝑙0𝑥  , 𝑙0𝑦  , 𝑙0𝑧 , 𝑟0𝑥 , 𝑟0𝑦 , 𝑟0𝑧 , 𝑡0𝑥 , 𝑡0𝑦 , 𝑡0𝑧  are the vector 

components of the unit vectors 𝑙0, 𝑟0, 𝑡0.  

Mirianon, et al. (2008, p. 14) presents a similar local coordinate system, named local 

cylindrical coordinate system, for each piece of wood cross section. This coordinate 

system is based on the material properties of timber in the grain direction and in the 

perpendicular-to-grain directions (see Figure 25).  

 
Figure 25 a) Cylindrical coordinate system for a wood log. b) Cylindrical coordinate system 

for a wood section. (Mirianon, Fortino, & Tomi, 2008, p. 14) 

In this cylindrical coordinate system, Z axis indicates the position of wood pith, i.e. 

longitudinal direction; R and T indicate the radial and tangential directions of the 

material orientation which are perpendicular to each other in the cross-sectional 

plane.  It is obvious that the conical angle mentioned by Ormarsson is presumed to 

zero, i.e. the Z axis is perpendicular to the cross-section, in Mirianon’s proposal 

coordinate system. 
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Based on the concept obtained from above two coordinate systems and the widely 

accepted theory that wood material can be modelled as an orthotropic material, the 

local coordinate system used in this work will be three dimensional cartesian 

coordinate system with the y-axis aligning with radial direction, z-axis aligning with 

tangential direction on the cross-section and x-axis aligning with longitude direction 

of wood material, see Figure 26. The picture in Figure 26 also shows that annual 

rings are assumed to be parallel to each other. The regenerate grains and structures 

of the walls and floors used in Limnologen may look like what the pictures present in 

Figure 27, which shows how to assign the material coordinate system to the 

different layers on each CLT element. 

 
Figure 26 Local orthotropic cartesian coordinate system. 
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Wall structure and grain Floor structure and grain 

Figure 27 The reality grain and structure of wall and floor used in Limnologen. 

As it shown in Figure 27, the floor is built up by a three layer CLT element, while the 

load bearing wall consists of a three layer CLT board with a glued piece of timber 

formed like a U shape layer on top in the simulation. Each layer of the CLT will be 

associated with its own local coordinated system, as well as for the U shape layer on 

the top of wall. 

4.4 Stiffness parameters for the CLT 

The wood parameters applied in current thesis are based on the work of Ormarsson 

(Ormarsson, 1999). The material of the experimental specimen he used is Norway 

spruce which is the component of CLT material used in Limnologen, and the 

parameters Ormarsson used to represent Norway spruce as shown in Table 4. Those 

parameters are going to be quoted in the later-on simulated model. 

Table 4 Material Parameters Used in the Simulation. (Ormarsson, 1999) 

Elastic stiffness parameters 

El  = 9700 MPa 

Glr = 400 MPa 

Vlr = 0.35 

Er  = 400 MPa 

Glt = 250 MPa 

Vlt = 0.6 

Et  = 220 MPa 

Grt = 25 MPa 

Vrt = 0.55 
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Where E is the elastic modulus in a direction indicated by the subscript, G is the 

shear modulus in a plane indicated by the subscript and V is the Poisson’s ratio for an 

extensional stress. 

4.5 Loads applied in the simulation 
4.5.1 Loads due to variation of moisture content 

The Swedish forest industry (Skogsindustrierna, 2004) mentioned that a piece of 

wood, which was considered as Norway spruce, with dimension 100 x 100 x 100 

mm3 have a shrinkage 0.1 mm in longitudinal direction, 2.8 mm in tangential 

direction, and 1.4 mm in radial direction, when its moisture content changes from 

20 % to 10 %, see Figure 28. The shrinkage parameters applied in the current thesis 

will be calculated based on these data.  

 
Figure 28 Shrinkage of a cube with sides of 100 mm during drying from 20 % to 10 % 

moisture. (Skogsindustrierna, 2004) 

Based on the dimension changes shown in Figure 28, the shrinking percentage for 1 % 

moisture change can be obtained by a simple calculation. For example, the fact that 

the length decreases 2.8 mm from 100 mm in the tangential direction when the 

moisture content reduces from 20 % to 10 % means that the shrinking is 2.8 % 

corresponding to 10 % moisture content change. This implies that the shrinkage 

percentage in the tangential direction will be 0.28 %. The shrinking percentage for 

other two directions can be gained in the same way, which gives 0.14 % in the radial 

direction and 0.01 % in the longitudinal direction respectively. It is obviously that the 

change in the longitudinal direction is much smaller respect to 1 % moisture 

variation. The shrinkage parameter will be applied to the model in the later-on 

simulation to present the loads from moisture variation. 
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4.5.2 Loads from floor and wall 

The vertical displacement simulation in the current study mainly focuses on the CLT 

elements where the measurement equipment was installed. Section 3.3 has 

demonstrated a clear picture of the specific location for the objective wall elements. 

In the simulation, the dimension of wall elements model is created according to the 

identical dimension with reality that is 85 mm, 2922 mm, 8041 mm. The floor 

elements connected with the wall from the second to the sixth storey are simulated 

by an integrated dimension 73 mm, 85 mm, 8041 mm, where the thickness and 

length are the physical values but a smaller value 85 mm is applied for the width of 

the floor. The dead load for the wall and floor will be given as gravity working on an 

equivalent density. The equivalent density obtained is taking all materials in the wall 

and the floor to consideration. The live load is applied to the surface of the floor 

element. The dead load and imposed load from upper floor will transfer to the lower 

level floor through the joint between the wall and floor elements. The calculation of 

the equivalent density is performed as following based on the drawings in Appendix 

A. 

1. Dead load acting on the floor 

The floor consists of many different components, and a cross section of the floor is 

shown in Figure 29. In order to calculate the loads per square meter all the 

components are picked up from one square meter floor element. The reference 

densities (Hugues, Steiger, & Weber, 2004) for the materials are shown in Table 5. 

 
Figure 29 Cross section of a floor element of the type used of Limnologen. 
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Table 5 Floor components properties. 

Floor Components Dimension [mm] Material Density [Kg/m3] 

Cross Laminated Timber 73 x 1000 x 1000 

450 
Inverted T-Section 

Web: 220 x 42 x 1000 

Flange: 56 x 180 x 1000 

Wood Studs 220 x 45 x 1000 

Wood Blocks 80 x 80 x 1000 

Mineral Wool Isolation 
Upper: 874 x 170 x 1000 

18 
Bottom: 750 x 70x 1000 

Plaster (Gypsum boards) 26 x 1000 x 1000 880 

The volume of each component for one square meter floor element is calculated 

below: 

Cross Laminated Timber: 73 x 1000 x 1000 = 73 x 106 mm3  

Upper Isolation:  874 x 170 x 1000 = 148.58 x 106 mm3 

Bottom Isolation: 750 x 70 x 1000 = 52.5 x 106 mm3 

Gypsum Boards: 26 x 1000 x 1000 = 26 x 106 mm3 

The center distance between two inverted beams is 470 mm. Therefore, the volume 

of invert T beam is divided by 0.47 to obtain the value respect to one square meter. 

The same method is applied to the calculation of wood studs and wood block. 

Web: 220 x 42 x 1000 = 9.24 x 106 mm3 

Flange: 56 x 180 x 1000 = 10.08 x 106 mm3 

Total Volume: (Web + Flange) / 0.47 = 41.1 x 106 mm3 

The center distance between two studs is 600 mm, therefore the volume of wood 

studs is (220 x 45 x 1000) / 0.6 = 16.5 x 106 mm3. 

The center distance between two wood blocks is 900 mm, therefore the volume of 

wood block is (80 x 80 x 1000) / 0.9 = 7.11 x 106 mm3. 

According to the basic formula 𝑚 = 𝜌 ∙ 𝑉, the mass of one square meter floor 

element is calculated: 

450 x (73 + 41.1 + 16.5 + 7.11) x 106 x 10-9 + 18 x (148.58 + 52.5) x 106 x 10-9 + 880 x 

26 x 106 x 10-9= 88.47 Kg 
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Figure 30 The modelled wall and the affecting floors. 

The Figure 30 shows two span regions, one with the span 5.3 m and one with the 

span 2.75 m, that the floor elements crossing over the modelled wall. The floors 

elements are acting like simply supported continuous beams. Each element is 

participating in loading the wall YV-X15. According to the theory of analysis of 

structure, it is approximated 2/3 length of the continuous beam (floor element) 

affecting the outside wall. For the shorter span of beams (floor elements) affecting 

the 2.75 m long of wall YV-X15 the ratio will be 1/2. 

The effective length of the floors elements affecting the 5.3 m length of wall YV-X15 

is:  
2

3
× 3.47 =  2.31 m  

The effective length of the floors elements affecting the 2.75 m length of wall YV-X15 

is:  
1

2
× 3 = 1.50 m 

Therefore, the effective area of the effecting floor where the load completely carried 

by wall YV-X15 is 2.31 × 5.3 + 1.5 × 2.75 = 16.37 m2 

The total dead load of the studied floor element is 88.47 x 16.37 = 1448.25 Kg. The 

volume of the floor model in Abaqus is: 0.073 x 0.085 x 8.041 = 0.05 m3 , so the 

equivalent density of the floor model in Abaqus is obtained by equation:  

ρ
Equivalent  = 

Total  Mass
Volume  of  Abaqus  Model
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ρ
Equivalent  = 

1448.25
0.05

=28965 Kg /m3  

The dead load of the effective floor element can be obtained in Newton by 

multiplying with the gravity, i.e. 1448.25 x 9.81 = 14207.33 N ≈ 14.21 KN. 

The dead load distributed on the wall YV-X15 per meter is obtained by:  

𝐷𝑒𝑎𝑑 𝐿𝑜𝑎𝑑

𝐿𝑒𝑛𝑔𝑡 𝑜𝑓 𝑊𝑎𝑙𝑙
=

14.21

8.041
= 1.77 𝑘𝑁/𝑚 

2. Live loads acting on the floor 

Generally, the design live load for buildings used as domestic and residential 

activities is prescribed by 2.0 kN/m2 in eurocode 5. For the sake of approaching the 

live loads acting on Limnologen in reality, it is advised to use  
1

3
  the live loads 

affecting the floor elements. This approximation is usually used when long time 

loading of structures is considered. Therefore, the effective live load per square 

meter is   2.0 ×
1

3
= 0.7 kN/m2 

However, for the floor simulation model which employs an assumed dimension, the 

effective live load shall be distributed to the simulated surface, which is 85mm ×

8041mm in dimension. 

Live load for the effective floor area is: 0.7 X 16.37 = 11.46 KN. 

Equivalent effective live load used in the simulation is:  
11.46

0.085 x 8.041
= 16.77 kN/m2  

The equivalent live load distributed on the wall YV-X15 per meter is obtained by:  

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑙𝑖𝑣𝑒 𝑙𝑜𝑎𝑑

𝐿𝑒𝑛𝑔𝑡 𝑜𝑓 𝑊𝑎𝑙𝑙
=

11.46

8.041
= 1.43 𝑘𝑁/𝑚 

3. Dead loads acting on walls 

The wall element is built up by many components including the cross laminated 

timber, insulation, sawn timber, Fasadskiva (which is a Swedish type of insulation), 

Protect F (to protect the facade) and plaster (gypsum boards). The reference density 

of the materials is listed below. 
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Table 6 Wall components properties. 

Wall Components Thickness [mm] Material Density [Kg/m3] 

Cross Laminated Timber 85 450 

Plaster (Gypsum boards) 20 880 

Insulation 45 18 

Fasadskiva 180 180 

Protect F 15 1100 

Sylodyn  300 

Total mass of the Wall YV-X15 for one square meter is: 

0.085 x 450 + 0.02 x 880 + 0.045 x 18 + 0.18 x 180 + 0.015 x 1100 =105.56 Kg/m2 

The known areas on a wall element are: 

Wall:    2922 mm x 8041 mm 

Window (x 2):   1610 mm x 1510 mm 

Door:    1010 mm x 2310 mm 

The effective area of the Wall = 8.041 x 2.922 - (1.510 x 1.610 x 2) - 1.010 x 2.310 = 

16.30 m2. 

Mass of wall = 105.56 x 16.30 = 1720.68 kg. 

The mass of sylodyn is excluded from the calculation of the wall, since mass of 

sylodyn is small. 

The volume of the wall model in Abaqus is: 2.922 x 8.041 x 0.085 = 2 m3. 

Hence, the equivalent density of the wall model for Abaqus is calculated based on 

the following equation: 

ρ
Equivalent  = 

Total  Mass
Volume  of  Abaqus  Model

=
1720.68

2
=860.34 kg /m3  

 

Then, the dead load of the wall = 1720.68 x 9.81 = 16879.87 N = 16.88 kN 

The dead load per meter is:  
Dead  Load

Length  of  wall
=

16.88

8.041
 = 2.1kN/m  
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4.6 Stiffness parameters of sylodyn 

The sylodyn is adopted in the joints between wall and floor components from the 

second storey to the sixth storey in Limnologen. The material mainly reduces sound 

and vibration transmission between walls and floors. For the wall (YV-X15) simulated 

in this work, two different types of sylodyn, sylodyn NF and sylodyn T, are applied in 

the objective wall. sylodyn NF is installed from the second storey up to the fifth 

storey. sylodyn T is used in the sixth floor. Both type of sylodyn possess an identical 

cross sectional dimension which is 25 mm × 40 mm along the whole wall. 

The modulus of elasticity and Poisson’s ratio for the different types of sylodyn are 

obtained on the basis of product information provided by the producer Getzner 

Werkstoffe GmbH. 

For the specific load bearing type, the determinative shape factor (q) is defined by 

the following equation q =
loaded  area

perimeter  surface  area
  in the product information. 

 

For the dimensions of the current sylodyn, the shape factor is calculated as: 

q =
0.04 × 8.041

2 × (0.025 × 0.04 + 0.025 × 8.041)
= 0.80 

The closest shape factor where MOE is defined in the product data sheet is 1.5, and 

the specification graphs of this shape factor are shown in Figure 31. 

 

 

Loaded area 

Perimeter 
Surface area Perimeter 

Surface area 
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Figure 31 Modulus of elasticity for sylodyn NF (on the left) and sylodyn T (on the right). 

According to the information shown in Figure 31, the modulus of elasticity depends 

on the natural frequency of the load. In the present work, only static load is taken 

into account. For every storey the load distributed on the sylodyn surfaces is a result 

from loading above. The specific loads is the sum of dead load and live loads from 

the above storeys divided by the area of the sylodyn , the magnitude of specific loads 

supported by the load bearing surface of sylodyn in each storey is listed in the 

following table. The positions of sylodyn are between the wall and floor joints from 

the plan 2 to plan 6.  

Table 7 Specific loads distributed on sylodyn. 

Storey
Sylodyn 

Type

Upper 

Floor Load 

[N]

Upper 

Wall Load 

[N]

Upper 

Live Load 

[N]

Total Load 

[N]

Specific Loads 

on Sylodn 

[N/mm2]

Storey 2 85260 84400 57300 226960 0.71

Storey 3 71050 67520 45840 184410 0.57

Storey 4 56840 50640 34380 141860 0.44

Storey 5 42630 33760 22920 99310 0.31

Storey 6 Sylodyn T 28420 16880 11460 56760 0.18

Sylodyn NF

 

Table 7 indicates that the specific loads on sylodyn from plan 2 to 5 are all less than 

1 N/mm2, similarly for plan 6 the value is smaller comparing with 0.4 N/mm2. As a 

consequence modulus of elasticity equals 11 N/mm2 for sylodyn NF and 5.5 N/mm2 

for sylodyn T, see Figure 31. The Poisson’s ratio for the two types of sylodyn is 0.42 

and 0.40 respectively.  

4.7 Determination of boundary condition  

It is known that the ways of defining boundary condition might introduce significant 

stresses to the model. In order to know which boundary condition introduces the 
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least stress to the model, a few potential boundary condition solutions are studied. 

The prescribed boundary conditions were applied to a cube 100 x 100 x 100 mm3 

modelled in Abaqus with material parameters according to Table 4. These cubes 

were loaded by predefined field with same moisture content variation in order to 

compare the resulted stress among them. The combinations of boundary condition 

that introduces the minimum stress to the model will be further used in the later-on 

model. 

Table 8 Prescribed boundary conditions. 

Prescribed BC Description Stress Introduced 

1. 

 

Line1: U1=U3 =0 

Line2: U1=U2 =0 

Line3,4: U1 =0 

From: +2.265e-08 

Up to: +1.058e-05 

2. 

 

Line1: U1=U3 =0 

Line2: U1=U2 =0 

Surface: U1 =0 

From: +1.834e-08 

Up to: +9.481e-06 

3. 

 

Line1: U1=U3 =0 

Line2: U1=U2 =0 

Line3: U2=U3 =0 

From: +3.925e-08 

Up to: +1.568e-05 

4. 

 

Surface: U1 =0 

From: +4.691e+04 

Up to: +1.057e+08 

5. 

 

Line1: U1=U3 =0 

Line2: U1=U2 =0 

From: +2.538e-08 

Up to: +2.806e-05 

Based on the outcomes of those prescribed boundary conditions in Table 8, the 

second case is going to be selected since it has the least stress. 

1 

2 
Y 

X 
Z 

Y 

X 
Z 

3 

1 

2 
Y 

X 
Z 

1 

2 
Y 

X Z 

1 

2 

3 

4 

Y 

X 
Z 



XIONG YU, ZENG; SU XIN, REN; SABRI, OMAR 

~ 47 ~ 

4.8 Verification of shrinkage model  
4.8.1 A homogenous cube 

In order to analyze whether the shrinkage parameters obtained from the section 

4.5.1 are correct, the cube model used in section 4.7 is reused here to verify the 

shrinkage parameters. The selected boundary condition will be applied to this 

validation. The criteria is that if moisture content reduces 10 % , the cube shown in 

Figure 32 should have the shrinkage magnitude about 0.1 mm in X-axis, about 1.4 

mm in Y-axis, and about 2.8 mm in Z-axis, the same as that in Figure 28. 

 
Figure 32 The specimen cube for shrinkage parameter verification. 

The change of moisture content is carried out by applying a predefined field with 

magnitude of -10 to the cube model. The result of cube shrinkage is presented in 

Figure 33.  
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Figure 33 Shrinkage magnitude alongU1 , U2 and U3. 

The outcome shown in Figure 33 shows that the shrinkage parameter works in the 

method it is defined. Although there are some nodes having positive movement 

along the radial and tangential direction, for example there is +2.903e-17 meter 

showing on U2 and +2.161e-16 meter on U3 respectively. Those movements are 

ignorable comparing to the shrinkage discussed in section 4.5.1 which is -1.400e-03 

meter on the radial and -2.800e-03 meter on the tangent. Based on those numbers, 

it can be concluded that the parameters are able to give an acceptable shrinkage 

along longitudinal, radial, and tangential directions when the moisture content 

reduces 10 %. 

4.8.2 Cube of CLT 

The CLT used in Limnologen is composed by three layers of wood where the material 

orientations are perpendicular with each other. When the moisture content is 

reduced, the shrinkages in different direction will generate certain stress between 

each layer and lead to irregular shrinkage comparing to what it is in section 4.8. In 

order to know the shape of CLT after shrinkage, a CLT unit is modelled with the 

dimension of 73 mm x 85 mm x 100 mm as shown in Figure 34. 
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Figure 34 The CLT unit in Abaqus with the global and local coordination system. 

 

  

 
 

Figure 35  Shrinkage shape of the CLT unit. 

Figure 35 shows the shrinkage shape of CLT after reducing 10 % moisture content. 

Both the deformation shape and stress distribution are according with what it is 

expected. The discussion in section 4.8 denotes that the shrinkage in X-axis is much 
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less than the shrinkage in Y-axis and Z-axis, and Z-axis direction has the largest 

shrinkage. The view on global Y-X plane (upper left) shows that the middle part of 

CLT is curved in. The reason for the in-curved shape is that the global X-axis direction 

is local tangential direction in the middle layer which has the largest shrinkage, but 

the upper and bottom layers corresponding to the longitudinal direction have the 

least shrinkage. Due to the effect from the upper and bottom layers on the middle 

layer, the middle section of CLT has larger shrinkage than other two layers. The same 

explanation applies to the in-curved shape on the upper and bottom layers from the 

global Y-Z plane view (upper right). The Von Mises stress distribution is shown in 

Figure 35. The red band inside the figure indicates that the stress concentrates on 

the surfaces between each layer.  

4.9 Interaction between parts 

The joint section between flooring and wall, see Figure 36, consists of three parts – 

the wall (45 mm x 85 mm x 100 mm), the sylodyn (25 mm x 40 mm x 100 mm), and 

the floor (73 mm x 85 mm x 100 mm). The interaction between these three parts 

depends on the interaction definition method chosen. In Abaqus there are a few 

methods available. In this work three methods, tie, equation, and contact, are going 

to be compared and then one of them will be selected for the later-on simulation.  

 

Figure 36 Parts of joint section. 

Generally, there are going to be two types of sources for deformation in the 

simulation, one is caused by the dead load, and the other is caused by the changes of 

moisture content. In order to find out whether the interaction between the parts is 

functional, these two types of deformations are examined separately for each type 

of interaction model. The following surfaces take part in the interaction and are 

therefore named: Concave-up, Concave-side1, Concave-side2, Sylodyn-bottom, 

Sylodyn-up, Sylodyn-side1, Sylodyn-side2, and Floor-bottom, see Figure 37. 

Floor 

Sylodyn 

Upper part of wall 
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Figure 37 Sets indication. 

By means of Tie 

The tie definition implying full interaction between nodes on two surfaces is applied 

to the four groups of surfaces. They are Concave-up and Sylodyn-bottom, Concave-

side1 and Sylodyn-side1, Concave-side2 and Sylodyn-side2, and Sylodyn-up and 

Floor-bottom. 

Deformation caused by applying pressure at 

the top of the floor 

Deformation caused by applying shrinkage 

to the wall 

  
(a) (b) 

Figure 38 Deformation of the cross-section of the joint using tie method in case of (a) dead 

load and (b) moisture load. 

The observation of the sylodyn’s deformation in Figure 38 shows that the interaction 

between each part seems correct. The figure of deformation due to load effect 

shows that sylodyn is curved down. This can be explained by the resistance forces 

between sylodyn’s side surfaces and the wall’s concave side surfaces. These 

resistance forces reduce the downward movement on the sides of sylodyn, i.e. the 

downward movement on the middle part of sylodyn is larger as compared to the 

vertical displacement on the two sides. Therefore on the sylodyn mesh appears the 

downhill curve. On the contrary, the sylodyn deformation caused by shrinkage has 

Concave-side1 Concave-up 

Concave-side2 

Sylodyn-up 

Sylodyn-side2 

Sylodyn-side1 

Sylodyn-bottom Floor-bottom 
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the uphill curve. This is caused by the tangential shrinkage from the wall. The 

shrinkage of the wall in the horizontal direction causes the sylodyn to be pressed in 

the wall’s U shape and lead to the upward movement. The movement on the sides of 

sylodyn is prohibited, and as a result the uphill curve is produced. 

By means of Contact 

The contact property used implies contact behavior only in the normal direction of 

the surface. This means that no friction is assumed. Two groups of surfaces, 

Concave-up and Sylodyn-bottom, and Sylodyn-up and Floor-bottom, are defined by 

Tie. Another two, Concave-side1 and Sylodyn-side1, and Concave-side2 and Sylodyn-

side2, are defined by contact. 

Deformation caused by applying pressure at 

the top of the floor 

Deformation caused by applying shrinkage 

to the wall 

  
(a) (b) 

Figure 39 Deformation of the cross-section of the joint using contact method in case of (a) 

dead load and (b) moisture load. 

The observation of sylodyn deformation in Figure 39 shows that the interaction is 

not represented correctly as the sylodyn penetrates into the wall and vice versa. It 

may be possible to improve this analysis by changing certain option settings. The 

sylodyn deformation due to moisture variation seems correct. However, after 

enlarging the deformation visualization in Abaqus it shows some extent penetration 

as well. The resistance force between surfaces is not reflected in deformation by this 

type of interaction definition. What is noticeable is that the computational cost is 

much higher using this interaction assumption comparing to the tie method. 

By means of Equation 

By using the equation interaction method, the displacement on one surface is 

prescribed to one chosen degree of freedom at another node. Therefore the sets 
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containing one member are added and the surface groups used previously have to 

be modified in order to be able to apply the equation method. In this case, one more 

partition on sylodyn is created as shown in Figure 40. 

 
Figure 40 Modified parts of joint section. 

Two sets of vertices sets are added under the names Concave-point1 and Concave-

point2. In order to prescribe the frame lateral degree of freedom is associated to 

those nodes. The two existing surface sets Sylodyn-side1 and Sylodyn-side2 are 

modified, see Figure 41 for all four sets. 

  
Figure 41 Added sets and modified sets. 

The equation interaction method is applied to the groups of Concave-point1 and 

Sylodyn-side1 and Concave-point2 and Sylodyn-side2 respectively. The tie method is 

maintained on the surface groups Concave-up and Sylodyn-bottom and Sylodyn-up 

and Floor-bottom respectively. 

 

Sylodyn-side2 

Sylodyn-side1 

Concave-point1 

Concave-point2 
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Deformation caused by applying pressure at the 

top of the floor 

Deformation caused by applying 

shrinkage to the wall 

  
(a) (b) 

Figure 42  Deformation of the cross-section of the joint using equation method in case of (a) 

dead load and (b) moisture load. 

The observation of sylodyn deformation in Figure 42 shows there is a notable 

penetration between sylodyn and wall under both situations comparing to the 

contact interaction method. The equation method seems not to be able to reflect 

the real deformations. The stress visualization shows that the stresses are also not 

correctly revealed. This method may work well if refined, but it would imply too 

much work to prepare in such way. 

In summary, after comparing the three interaction methods performed above a 

decision was made to use the Tie method in the further work on account of the 

following reasons: 

1. Tie method seems to be able to reflect the real displacement and reactive 

stress. 

2. Tie method has low computational cost and is time efficient as compared to 

the other two methods. 

4.10  Convergency study 

In order to pursue the correct accuracy within the available on-hand computational 

resource, it is necessary to find out the sufficient mesh size for the simulation. Since 

the vertical displacement is the interest of this work, the displacement in vertical 

direction U2 will be studied on the convergency study. 

A one-storey model, see Figure 43 containing four parts, the wall (85 mm x 2877 mm 

x 8041 mm), the upper part of the wall called wall concave (85 mm x 45 mm x 8041 

mm), full sylodyn (40 mm x 25 mm x 8041 mm), and the floor (85 mm x 73 mm x 
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8041 mm), is used in the convergency study. The selected mesh size will be applied 

to the six storeys model to calculate the total displacement of our objective building. 

 
Figure 43 The model of one storey. 

It is obvious that the parts in one-storey model can be categorized into two groups, 

wall and joints section respecting to the dimension on Y direction. Therefore the 

focus of the mesh size investigation will be put on the wall and joint section. 

To verify the mesh, two points each on the wall and Joint section, see Figure 44. The 

vertical displacement between these two sets of points will be studied. 

 

 

Figure 44 Checked points on wall and joint section. 

Checked 
points 
on wall 

Checked points 
on joint section 
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As mentioned the vertical displacement is the most interesting, therefore the study 

is performed by fixing the mesh element on Z and X direction and varying mesh 

element on Y direction. In this case, 50 elements are chosen on the Z direction and 4 

elements are chosen on X direction, but 2 elements are on the sylodyn’s X direction 

regarding to its dimensions on this axes. Since the wall part has much larger 

dimension than that of concave and floor on Y direction, the mesh size on the wall 

part is going to be bigger. Considering that the sylodyn has lower stiffness than that 

on timber’s tangential direction, the mesh sizes on concave part’s Y direction are 

fixed to be 3 and 4 on floor part. The type of element used here is C3D20R, and only 

mechanical loads will be applied in this study. 

Table 9 Comparison of relative displacement on vary degree of freedom. 

Degree of 

freedom 
38232 57474 93828 119952 

Wall 2.00E-05 1.99E-05 1.98E-05 1.97E-05 

Joint 

Section 
9.40E-05 1.00E-04 1.03E-04 1.04E-04 

 

Table 9 shows the relative vertical displacements between the selected nodes on 

wall and joint section under the different mesh size on the Y direction. With the 

values presented in Table 9, it is possible to obtain the graphs in Figure 45. 
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(a) (b) 

Figure 45 Plots of relative displacement as a function of total number of degrees of freedom 

for (a) the wall part and (b) the joint section. 

The Figure 45 (a) shows that when the total number of degrees of freedom is around 

57474, the wall deformation accuracy has reached to an acceptable level because 

the line slope between the second point and the third point is similar with that 

between the third point and the fourth point. The variation in displacement after 

increasing the number of degrees to the third point level is around 1.0E-07 m which 

is very small and ignorable. Therefore the degree of freedom level on the second 

point is selected, and the wall part has 10 elements on its Y direction at this level. 

Figure 45 (b) indicates that when the degree of freedom is around 93828, the joint 



XIONG YU, ZENG; SU XIN, REN; SABRI, OMAR 

~ 57 ~ 

section reaches to the acceptable accuracy level because the line slope between the 

third point and the fourth point is less than that between other two points. The 

difference in displacement between the third point and the fourth point is around 

1.0E-06 m which is very small and ignorable. Therefore the degree of freedom level 

on the third point is selected. On this degree of freedom level, the sylodyn part has 7 

elements on its Y direction. 

To summarize the above, it is determined that the type of element is going to be 

C3D20R, and 10 elements will be placed on the wall’s Y direction, 3 elements on the 

concave’s Y direction, 8 elements on sylodyn’s Y direction, 4 elements on floor’s Y 

direction, 50 elements on all parts’ Z direction, and 4 elements on X direction for the 

calculation of whole building’s vertical displacement. 
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4.11 Simulation of the mechanical behaviour 

The mechanical behaviour of the 

Limnologen building is modelled with 

6 storeys. In reality, there is no 

sylodyn on the top of wall in the 

seventh storey, and the installed 

measurement equipment is ended at 

the top of the seventh storey’s wall, 

see the picture (c) in Figure 17. 

Therefore, the wall on the seventh 

storey does not contain the concave, 

sylodyn, and floor parts in this model. 

The meshed holistic model is shown in 

the Figure 46. 

The live load applied to each storey is 

16770 N/m2 (see the section 4.5.2), 

and the moisture content changes 

according to the selected day shown 

in the Table 3 in section 3.4.5. 

The simulated displacement of each 

storey is measured from the bottom 

of concave part up to the top of the 

up-layer wall part. The second storey 

is an exception due to the fact that the 

first storey was constructed by casted 

concrete. Therefore, the relative 

vertical displacement on the second 

storey is measured from the bottom 

of the wall up to the top of the same 

wall. 

The results from the holistic model 

simulation for each storey’s vertical 

displacement are presented in Table 

10 and in Figure 47. 

 

 

 
Figure 46 The whole model consisting of six 

storeys. 
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Table 10 Displacement result from the simulation. 

Select Day 1 285 437 603 
 

Select Day 1 285 437 603 

Storey 2 0.0000 0.0049 0.0031 0.0046 
 

Storey 2 0.0000 0.0046 0.0029 0.0043 

Storey 3 0.0000 0.0076 0.0053 0.0072 
 

Storey 3 0.0000 0.0061 0.0038 0.0056 

Storey 4 0.0000 0.0073 0.0050 0.0068 
 

Storey 4 0.0000 0.0061 0.0038 0.0056 

Storey 5 0.0000 0.0070 0.0047 0.0065 
 

Storey 5 0.0000 0.0061 0.0038 0.0056 

Storey 6 0.0000 0.0067 0.0044 0.0062 
 

Storey 6 0.0000 0.0061 0.0038 0.0056 

Storey 7 0.0000 0.0063 0.0041 0.0059 
 

Storey 7 0.0000 0.0058 0.0036 0.0053 

Total caused by 

load and MC 
0.0000 0.0399 0.0266 0.0371 

 

Total caused 

by MC 
0.0000 0.0348 0.0215 0.0320 

 

 
Figure 47 Visualisation of simulation results. 

Comparing the graph in Figure 47 to that in Figure 22 in section 3.4.5, it is observed 

that the simulation results are not compatible with the results drawn from 

experimental data. Two possible reasons for this are concluded. The first one is 

related to the fibre orientation of the middle layer of CLT wall. The result presented 

in Figure 47 is based on the assumption that the fibre orientation aligned to Y 

direction in CLT’s middle layer is tangential direction. However, due to the realistic 

fibre grain, this assumption may somehow underestimate the real strength of CLT’s 

middle layer in load bearing. Another possible reason is that there is a layer of glue 

lying between CLT’s each layer that prevents diffusion. The glue lying between CLT’s 

layers may prevent the moisture diffuse from one layer to another layer. In our case, 

the CLT’s outmost layer may be more subject to the moisture variation comparing to 

another two layers. Based on these two possible concluded reasons, two more 

simulations were performed. 
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Simulation based on the modification of fibre orientation 

By rotating the CLT’s middle layer’s local coordinate system, it is able to align the 

fibre radial orientation to global Y direction in the model, see Figure 48. 

  
(a) Local coordinate system before rotation (b) Local coordinate system after rotation 

Figure 48 Modification of CLT’s middle layer’s local coordinate system. 

The numerical and visual result from the simulation is shown in the Table 11 and the 

Figure 49. Comparing to what was shown in the Table 10, the simulation based on 

this assumption is able to reduce the displacement about 2 mm. however, it seems 

still not compatible with the experimental result either. 

 

Table 11 Displacement result from the simulation by modifying the direction of the middle layer 

coordinate system. 

Select Day 1 285 437 603 
 

Select Day 1 285 437 603 

Storey 2 0.0000 0.0047 0.0030 0.0043 
 

Storey 2 0.0000 0.0044 0.0027 0.0041 

Storey 3 0.0000 0.0072 0.0050 0.0068 
 

Storey 3 0.0000 0.0057 0.0035 0.0053 

Storey 4 0.0000 0.0069 0.0047 0.0064 
 

Storey 4 0.0000 0.0057 0.0035 0.0053 

Storey 5 0.0000 0.0066 0.0044 0.0062 
 

Storey 5 0.0000 0.0057 0.0035 0.0053 

Storey 6 0.0000 0.0063 0.0041 0.0058 
 

Storey 6 0.0000 0.0057 0.0035 0.0053 

Storey 7 0.0000 0.0059 0.0039 0.0055 
 

Storey 7 0.0000 0.0054 0.0034 0.0050 

Total caused by 

load and MC 
0.0000 0.0376 0.0252 0.0351 

 

Total caused 

by MC 
0.0000 0.0327 0.0202 0.0301 
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Figure 49 Visual result from the simulation based on the modification of coordinate system. 

Simulation based on the assumption that only CLT’s outset layer is subject to 

moisture variation 

By only loading the moisture variation to the CLT’s outmost layer, wall concave part, 

and floor part, the simulation provides the result as shown in the Table 12 and Figure 

50. However, this simulation required an additional boundary condition to prevent 

the deformation coming out of the wall surfaces plane. This was done by preventing 

the wall surface’s movement on global X-axis, i.e. U1 = 0. From the reality perspective, 

the application of this boundary condition in simulation is acceptable because there 

are studs installed on the CLT’s surfaces to support the isolation material. Those 

wood studs are able to prevent the deformation out of the plane of the CLT.  

Table 12 Displacement result from the simulation by loading moisture variation on CLT's outmost 

layer. 

Select Day 1 285 437 603 
 

Select Day 1 285 437 603 

Storey 2 0.0000 0.0020 0.0013 0.0019 
 

Storey 2 0.0000 0.0017 0.0011 0.0016 

Storey 3 0.0000 0.0046 0.0034 0.0043 
 

Storey 3 0.0000 0.0030 0.0019 0.0028 

Storey 4 0.0000 0.0041 0.0030 0.0039 
 

Storey 4 0.0000 0.0029 0.0018 0.0027 

Storey 5 0.0000 0.0038 0.0027 0.0036 
 

Storey 5 0.0000 0.0029 0.0018 0.0027 

Storey 6 0.0000 0.0036 0.0024 0.0033 
 

Storey 6 0.0000 0.0029 0.0018 0.0027 

Storey 7 0.0000 0.0036 0.0025 0.0034 
 

Storey 7 0.0000 0.0031 0.0019 0.0029 

Total caused by 

load and MC 
0.0000 0.0218 0.0154 0.0204 

 

Total caused 

by MC 
0.0000 0.0167 0.0103 0.0153 
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Figure 50 Visual result from the simulation by loading moisture variation on outmost layer. 

The simulation result indicates that the displacement caused by moisture variation 

was lower than that resulted from experimental data. However, this simulation 

result should be considered rational. As it is mentioned at the beginning, the 

simulation in this work does not take the viscoelastic deformation and 

mechanosorptive deformation into account. If these two factors are simulated as 

well, then the displacement may be able to approach closely to experimental result. 
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5 Discussion and Conclusion 

According to the theory presented in the thesis there are five parameters 

contributing in the vertical displacement. In the present simulation only the first two 

parameters, the elastic and the one depending on moisture content variation, have 

been addressed. The others were not been addressed due to the complexity in 

simulating them, and it is reasonable to believe that they would not essentially 

contribute to the total calculated displacements. One reason for this is the low 

stresses in the walls.   

There are two aims in this thesis. The first aim was to evaluate the vertical 

displacements measurements that were taken from the Limnologen block. The data 

processing of the captured data from the site provides two graphs, seen Figure 21. 

The first graph is the displacements graph, giving a clear picture of how the building 

has displaced vertically since the day it was erected. The maximum displacement 

was found to be more than 20 mm, and it is expected to become higher with the 

time passing. The displacements were increasing from zero to 18 mm within the first 

one year. Then the displacements slow down during summer time, even become 

negative. The explanation to that can be seen in the second graph which gives a 

picture of the moisture content variation. There is an observed increase in moisture 

content during days 280 and days 440. This may be the reason that the 

displacements decreased a little bit owing to the increase in equivalent moisture 

content. It also gives a clue that the moisture content is playing the most important 

role in relation to the vertical displacements. The later-on displacement between 

days 450 and days 600 is an evidence for this clue because the equivalent moisture 

content was decreasing during this period. 

The second aim of the thesis is to simulate the vertical displacement of the object 

building. In this thesis two simulation models were introduced, the general model 

containing walls, floors and sylodyns, and the verification model of the wooden cube. 

The cube was built in order to verify the calculated the moisture induced movements 

for model. The shrinkage parameter α, was taken from the literature, therefore the 

error in this parameter is difficult to be evaluated.  

To overcome the problems associated with the equivalent moisture content, a 

compromising way is to calculate the mean value of the moisture contents from the 

previous days. In our case, the value of the moisture content was calculated as a 

mean value of the equivalent moisture content took from 30 days before the 

selected day. In this way, it may possible to avoid the discrepancies that might occur 

from the daily readings of temperature and relative humidity.  
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The results from the Finite element model that was built using Abaqus showed that 

the trend of the graph is the same as experimentally obtained but the values are not 

the same. The displacements are beginning from zero and reach its peak on days 285 

of an amount equal to 34.8 mm. The trend of the graph in this stage is positive. It is 

important to mention that the initial moisture content value used in the simulation 

was 14.4 %. After that it was a negative change in the displacements beginning from 

days 285 and lasting on days 437. The value of the displacement is 21.5 mm. The 

moisture content during this period is 6.8 to 9.7 %. After days 437 the displacement 

increases steadily from 21.5 mm to 32 mm. The moisture fluctuation for the period 

between days 437 to day 603 is 9.7 to 7.4 %. This simulation result was considered 

not sufficiently accurate. 

There were two alternatives considered to improve the simulation result, one was 

dealing with the shrinkage parameter, and another was related to the moisture 

content. In the first alternative, the middle layer’s fiber orientation in CLT wall was 

considered as radial orientation aligned to the Y direction. A total displacement of 

the magnitude 32.7 mm was gained in this simulation. The second alternative was 

considering that moisture content in CLT’s outmost layer may not leave that layer 

owing to the glue attaching between this layer and the middle layer, then only the 

outmost layer timber was subject to the moisture content variation. In this case, it 

yielded a displacement equal to 16.7 mm which was rationally close to the 

displacement measured in the Limnologen building (18.4 mm), and this case might 

be the governing case. It is unlikely to say firmly which case is the right one due to 

the lack of diffusion moisture content measurements in site. The later is an 

important addition needed to be considered in future studies as it is declared in the 

next chapter. 

The simulation progress indicates that the main component of the vertical 

displacement of a timber building may be the moisture related movement, although 

the simulated vertical displacement is not totally compatible with that obtained from 

the measurement data. The simulated result demonstrates that the moisture 

content change applied to simulated model is larger than the reality. There are a few 

possible reasons leading to high calculated equilibrium moisture content in this work. 

One is that in Sweden the room temperature almost keeps around 20 ℃ the whole 

year, while the outside temperature is varied from -10 up to 30 ℃. This may lead to 

the imbalance of the moisture content along the wall differing from the equilibrium 

value used in this work. Another possible reason is that in the reality the moisture 

content takes a long time to approach the holistic equilibrium over a wall. This leads 

to the calculated moisture content becomes higher or lower than what it should be 

depending on whether it is increasing or decreasing. The third possible reason is the 

parameters used in the equation for calculating the moisture content maybe not 
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suitable for the Norway spruce. Another is that the shrinkage may also vary slightly 

between different boards. 

  



XIONG YU, ZENG; SU XIN, REN; SABRI, OMAR 

~ 66 ~ 

 



XIONG YU, ZENG; SU XIN, REN; SABRI, OMAR 

~ 67 ~ 

6 Further work 

The FE simulation performed in the present thesis aims at demonstrating the vertical 

displacement in the eight-storey timber building of Limnologen under varying 

moisture content, induced by temperature and relative humidity. To do this, a 

simplified linear model was employed. As it is difficult to measure the accurate 

material parameters applied in the simulation realistically, the present work is based 

on the material parameters obtained from the previous research. Several aspects are 

desired to improve in the future studies of such movements: 

 Moisture content should be based on a diffusion calculation so that a coupled 

analysis of diffusion and moisture induced deformations could be performed. 

The moisture content should be measured in the CLT for all layers. Apart 

from that measuring the moisture content for all the floors is also important, 

and might provide valuable information to further studies. 

 It would be interesting to obtain experimental data of vertical displacement 

from a number of different locations in a similar timber construction. These 

should preferably be collected from the first possible day of erection of the 

building. 

 Creep deformation is not included in the present study. The material creep 

deformation occurs after the building is erected for a certain time. It may be 

necessary to consider creep in the modelling. It would also be preferable to 

consider Mechanosorption creep in the model.  
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