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Abstract 

 

A problem has been observed by many researchers regarding the cracks caused mainly 

by moisture variation in timber structures. However, this effect has been neglected 

over the past decades. In addition, many design codes do not have a room for a realistic 

formulation of the moisture diffusion and its effect in causing internal stress, 

deformation, and cracks. Moreover, if this effect occurs in connection areas, usually 

the weakest structural section, it has and also had shown a devastating effect on the 

service life of many wooden structures. In the current work a Fickian moisture 

diffusion model is implemented by use of finite element simulation with the help of 

the commercial software ABAQUS for a dowelled beam column connection. The 

results of such moisture diffusion were used to analyse the stress situation inside the 

timber section. Moreover, an extended finite element method was applied in ABAQUS 

to investigate how moisture induced crack develops into the timber section. 

Furthermore, a parametric study was performed by using Python scripting to 

investigate the effect of dowel spacing (horizontal and vertical) and critical energy 

release rate on the development of the moisture induced crack. The results obtained 

revealed that for the same material property when the dowel spacing increases (either 

horizontal or vertical) the crack length increases significantly. Likewise, the crack 

length increases when the critical energy release rate requirement of the timber is 

decreasing. 
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1. Introduction 

1.1 Background and problem description 

Scandinavian countries have a long history of using wood as a building construction 

material which could be explained by their rich forest resource. Currently, more than 

50% of the total number of housings in Sweden used wood as the main building 

material and around 90% of the single-family houses are also built by using wood [1].  

Even though timber building constructions are becoming more popular over the past 

decades, it has passed a darker period in connection with fire. Due to the fire safety 

issues, in 1874 Sweden has passed a legislative measure which limits the construction 

of multi-story wooden buildings to two stories. However, this restrictive measure was 

lifted in 1994 when a functionality-based building code specification was introduced 

in the European Union rather than a material based approach [2]. 

Consequently, the timber market started to grow and over the past two decades and 

several multi-story timber based buildings were constructed in Sweden. In September 

2009 four 8 story apartments were inaugurated in the city of Växjö, see figure 1.1 (a). 

These apartments were constructed by using prefabricated cross laminated timber 

(CLT) as a load bearing structural element [10]. In addition, on July 2009 a project 

named Limnologen was completed in Växjö. The project consists of four 8 story 

apartment buildings constructed by using prefabricated stud and rail elements in 

combination with CLT. The buildings in the Limnologen project are regarded as the 

largest wooden based residential buildings in Sweden. 

    
(a)                                                                   (b) 

 

Figure 1.1 Wooden apartment buildings in Växjö (a)Portvakten in Växjö (b) 

Limnologen  

In general, wood as a building construction material offers many advantages. These 

can be categorized into three; environmental, structural and aesthetical. Usually, 

wooden buildings are referred as environmentally green and sustainable; which can 

absorb and store carbon dioxide throughout their life time from the environment. In 

addition, wooden buildings have much lower embodied energy than other materials 

[3], i.e. concrete and steel. Moreover, wood wastes from the timber industry can be 

used as a source of energy, as in the case of Växjö city.  
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Structurally, wood has a relatively higher strength in its fibre direction [3] which offers 

a great advantage of manufacturing engineered wood products such as glulam and 

LVL. It has also a higher strength to weight ratio as compared to other conventional 

construction materials, i.e. concrete and steel. Due to this, designing and construction 

of foundation structures for timber buildings, especially with a poor sub-soil condition, 

might get easier and simpler. Wooden buildings also have higher aesthetic values 

which give a design freedom to architects. One example is shown in figure 1.2, a 

wooden skyscraper called Trätoppen designed by Anders Berensson Architects and 

planned to be constructed in Stockholm, Sweden. The scraper will have a total height 

of 133m and 40 stories. 

          
 

Figure 1.2 Trätoppen a 3D view  

As compared to concrete and steel, wood is a natural and sustainable construction 

material. On the contrary, it possesses very complex physical and chemical properties. 

This is evident in its orthotropic material property, having a different physical property 

in the three different orthogonal axes (see figure 3.3). Additionally, it is hygroscopic 

meaning it strives to adjust its moisture content in accordance with its surrounding. 

Due to its hygroscopic property and the variable climate condition in the surrounding 

environment, i.e. relative humidity and temperature, there is a continuous process of 

adhesion and/or removal of water molecules (moisture) to the surface of the wood cell 

wall. In turn, the wood section will undergo swelling, if concentration of water 

molecules is increased in the cell wall, or else shrinkage movement if moisture is being 

removed from the cell wall [4]. Moreover, its anisotropic property gives a different 

coefficient of shrinkage in its three orthogonal directions (see figure 3.3) leading to an 

uneven expansion or shrinkage movement [5]. 

When this movement is constrained, e.g. by mechanical conditions, it may lead to the 

development of internal stress in the wood section [6]. This stress could be coupled 

with the stresses caused by possible applied mechanical loadings. If these internal 
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stresses exceed the strength capacity of the timber, a crack may initiate at an arbitrary 

point and propagate through the section. Specifically, the tensile strength of wood 

perpendicular to the grain is the lowest strength relative to the other directions shown 

in figure 3.3, with the maximum value of 0.5 MPa [3]. Therefore, when this strength 

limit is exceeded a crack parallel to the fibre direction might occur. Likewise, as it is 

stated in [6] most of the cracks in the timber structural elements are caused by change 

of moisture content in the timber section. 

When this crack occurs around or in the connection area, this might have a pronounced 

structural effect on the connection. Ultimately, the crack may weaken the load carrying 

capacity of the structural elements [6] leading to the collapse of the structures [7]. In 

order to support this argument, investigative works of different researchers on several 

hundreds of failed timber structures are presented in the coming paragraphs.  

In January 2003 the roof structure of a newly built sports arena in Copenhagen, 

Denmark collapsed, even if there was no snow load imposed on the roof, nearly after 

one year of its inauguration (see figure 1.3(b)). The roof structure was composed of 

72m span glulam trusses with spacing of 10.1m (see figure 1.3(a)). After an 

investigation, the main reason for the collapse was reported to be a major design error 

[8] made by the design company. The collapse started through the first row of the 

dowelled connection joining the top and the bottom truss members (see figure 1.6(c)).               

       
(a)   (c)  

 

 
   (b)                                                                   

 

Figure 1.3 (a) the 72m span glulam truss (b) aerial view of the collapsed roof 

structure (c) the first failed dowelled connection [8] 
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In addition, the roof structure (glulam trusses) for another sports arena located in 

Jyväskylä, Finland partially collapsed after two weeks of its opening. The investigation 

made by The Finnish Accident Investigation Board (FAIB) found out that the main 

reason for the collapse was design and installation errors [9]. According to [9], together 

with other reasons, poor arrangement of the dowels and oversized drilled holes for the 

dowelled connection contributed to the failure. The initial collapse occurred in the 

connection where the number of dowels provided was nearly 80% less than specified 

by the design drawing.  Furthermore, a study conducted by [9] over the failure of 127 

timber structures concluded that among the total studied failures 23% of the failures 

involved connections and from this 57 % of them occurred in a dowelled type timber 

connection. 

Furthermore, the study presented by [7] analysed 550 damages that have occurred in a 

total of 428 timber structures. The result showed that majority of the failures, around 

70%, was initiated by cracks developing in the fibre direction. The main reason for this 

crack is mentioned to be a higher tensile stress perpendicular to the fibre direction [7]. 

Based on [7], these stresses might also be pronounced by the shrinkage anisotropic 

property of wood. Moreover, according to [7] varying climatic condition causing a 

moisture content variation within the timber element are found to be one of the main 

reasons for the cracks to occur in the fibre direction. 

1.2 Aim and purpose 

As it has been discussed in the previous sub-section, variation of moisture content in 

the timber section could have a significant influence on crack development along the 

fibre direction. Hence, this master thesis will study moisture driven crack initiation and 

propagation in the close surrounding of dowelled timber connections by using an 

extended finite element method (XFEM) provided by the finite element software called 

abaqus. Moreover, a secondary aim is to investigate how various parameters, i.e. dowel 

spacing and fracture energy, influences the moisture induced crack propagation and 

length through the timber section.  

The main purpose of this study is to create a better understanding of how a dowelled 

connection should be designed with respect to moisture content variation. Thereby, to 

contribute to the prevention of possible connection failures related to moisture induced 

cracks along the fibre direction. 

1.3 Hypothesis and limitations 

Since wood is a hygroscopic material, the first hypothesis is that the shrinkage and/or 

swelling caused by the moisture content variation coupled with mechanical constraints 

will initiate a crack in a dowelled timber connection along the fibre direction. 

Additionally, it is hypothesized that the vertical and horizontal dowel spacing will 

affect the crack propagation into the considered timber section. 

The work in this thesis is limited only to two-dimensional (2D) XFEM simulations in 

ABAQUS, with a background theory of linear elastic fracture mechanics (LEFM). It 

is assumed that crack will initiate at a preselected single point with an elastoplastic 



Tadios Habite 

- 8 - 

 

material property defined in ABAQUS. Moreover, it is assumed that the cracks studied 

in this thesis work will follow a Mode I crack opening. Finally, Fick's law of diffusion 

will be employed to model transient moisture diffusion. 

1.4 Reliability, validity and objectivity 

The simulation models will be performed for a wide range of actual relative humidity 

(RH) and temperature variation causing a specific moisture value change over a 

specified time. Moreover, an orthotropic material property including shrinkage 

coefficient, diffusion coefficient, and elastic property will be modelled. This will allow 

the measurement of nodal moisture content in the 2D XFEM model to be more accurate 

and realistic. 

The results obtained from the XFEM models of this study are based on a parametric 

study. Moreover, the results will be validated by mechanical experiments conducted 

by previous research works at Linnaeus University, Building Technology department 

[40 and 41] 
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2. Literature Review 

2.1 General 

Moisture content is the most important parameter influencing the physical properties 

of wood such as strength, stiffness, mode of failure, dimensional stability and 

workability [12, 25, and 27]. Over the past decades, several researchers have conducted 

researches which relate moisture content with the mechanical behaviour of wood due 

to an alternating climatic condition [16, 18-19, 21, 25-26]. In this section, past research 

works regarding moisture induced stresses will be presented, especially around a 

dowelled timber connection. In all of the coming sections and subsections, the term 

internal stress is used to denote the tensile stress perpendicular to the grain caused by 

moisture variation. 

2.2 Moisture induced stresses 

According to the Swedish standard, solid timber has the lowest characteristic tensile 

strength perpendicular to the fibre direction as compared to its strength in the other 

direction [3]. Thus, once this strength limit is exceeded a fracture or a crack in the fibre 

direction may start to occur. In the recent decades, several experimental and numerical 

researches regarding moisture induced internal stresses have been carried out [14, 29-

30]. Accordingly, in this section, three papers will be discussed. The first paper [14] 

presents a numerical modelling approach to quantify the moisture-induced stresses 

perpendicular to the grain in a timber section. In addition, the last two papers [29-30] 

present experimental approaches to determine the moisture induced stress 

perpendicular to the grain in a dowelled timber connection.   

The first paper [14] gives three different computer simulation models: a moisture 

transport model, a frame analysis model (which will calculate the viscoelastic, 

mechano-sorptive and swelling deformation of a timber frame), and a stress model at 

the cross-section level. Here only the last two models will be discussed. The work done 

by [14] employed a two-step formulation in order to calculate the moisture induced 

(including mechanical load) stress perpendicular to the fibre.  

The first step devised a finite element method with three beam elements, i.e. 4 nodes, 

in which each node has three degrees of freedoms (for detail see [14]). This finite 

element formulation is an extension of the classic one by adding pseudo load vector 

into the original load vector (boundary and load vector). This pseudo load vector 

accounts for the moisture induced deformations and is comprised of free shrinkage, 

mechano-sorption and creep strain vectors. Consequently, [14] applied the model to 

get the moisture induced, together with mechanical load, stresses and deformation for 

a curved statically indeterminate glulam frame. In the second model, the paper used a 

Fickian transient moisture transport model as an input and calculated the tensile stress 

perpendicular to the fibre direction for a glulam timber cross section. 

The result of the first model showed that within 50 years of service deformation of the 

frame structure increased from 30.2mm (1st year of service) to 152.6mm (50th year of 

service) under combined load of mechanical and moisture load. Moreover, the result 



Tadios Habite 

- 10 - 

 

for the second model revealed that within 8 months of service, under mechanical and 

moisture loading, the tensile stress in the glulam section reached 1.0MPa which is 

double the characteristics tensile strength (perpendicular to fibre) of the section. 

Accordingly, the paper concluded by emphasizing the need to take the effect of 

moisture into account in designing wooden structures.  

In addition, the work presented by [29] applied a contact free measuring technique to 

measure the strain by slicing a specimen into two parts and examining the dimensional 

change before and after the slicing under a moisture load. Also, the paper devised three 

types of moisture loadings. The first one is a moisture load attained by putting the 

specimen into a single moisture change pattern. The second type exposes the 

specimens into a cycling climatic change. The final approach exposes the specimens 

to a natural climatic condition free from direct rain and sun light radiation. In all of this 

approaches, [29] assumed a one-dimensional moisture transport, perpendicular to the 

grain, through the considered timber specimens attained by moisture sealing the flat 

side of the test specimen with a dimension of 16x90x270 mm (see [29]). Among the 

three types of moisture loading, only the first and the last types are presented hereafter. 

In the first moisture loading case, the specimens were first seasoned in relative 

humidity (RH) of 40 and 80% at 20oC. After moisture sealing, the specimens with an 

initial RH of 40% were seasoned to 80% (moistening) and specimens with 80% initial 

RH were seasoned to RH of 40% (drying). At this stage, the stress induced by the 

moisture gradient was measured. For the third type of moisture loading, all the 

specimens were seasoned to a RH of 60% and put into a natural climate, after moisture 

sealing. However, the specimens were protected from direct sun light radiation and 

rain. The main reason for this is to avoid the effect of liquid water diffusion and to 

consider only vapour diffusion. 

After the experiment is done the paper presented the following results. For the first 

type of moisture loading, both the tensile and compressive stress induced by the 

moisture gradient was very high with a maximum tensile stress value of 0.6 MPa 

(perpendicular to the grain); which is greater than the characteristics tensile strength 

perpendicular to the grain. In addition, the moistening moisture gradient yields higher 

stresses than the drying with almost twice and three times the compressive and tensile 

stresses respectively. The third type of moisture loading is done by placing the 

specimens into an actual outdoor climate variation for the total of 317 days. The result 

obtained was, for a period of around 80 days out of the 317 days the tensile stress 

perpendicular to the grain exceeds the maximum 0.5 MPa strength with a maximum 

value of 0.8 MPa.  

Furthermore, the paper presented by [30] also conducted 40 experiments with an aim 

to investigate the influence of moisture-induced stresses in dowelled steel to timber 

connection, with two dowels. Among these 40 experiments, half of the experiments 

were conducted with a dowel inside a predrilled hole and the rest without a dowel and 

like [29] the strain calculation was done by a contact free measurement method. In 

addition to other results, a very high tensile stress nearly 11 MPa perpendicular to the 

grain closer to the dowel was calculated. However, on the result presented by [30], no 

crack was observed because of this stress and the paper tried to explain this by pointing 

out that there was a plastic deformation around the dowel and the predrilled hole is 

widened.  
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3. Theory 

3.1 Moisture in Wood  

3.1.1 Structure of Wood 

As a living organism, wood is composed of plant cells, the smallest unit and the 

building block of life, and its supporting frame work is called the cell wall.  This 

supporting framework is mainly composed of Cellulose, Hemicellulose, and Lignin 

[12]. The cellulose comprises around 40% – 50% of the mass of the wood. The 

cellulose itself is composed of a long chain of glucose (C6H12O6) molecules. The 

hydroxyl group attached to the side of the glucose chain will be used to form a 

hydrogen bond to other chains of glucose within the cell wall. 

Hemicelluloses are also composed of carbohydrates sugar molecules but shorter than 

the glucose chain present in the cellulose and it comprises 25% - 40% of the wood. 

However, Lignin has a different chemical composition than the two but it amounts as 

equal percentage to the hemicellulose [10]. Lignin can be characterized as a highly 

complex, three dimensional and non- crystalline molecule mainly contains a phenyl-

propane units.   

According to [10] and [12], wood can be defined as a natural fibre composite which 

has a fibre portion and a matrix portion. In its crystalline state the cellulose act as the 

fibre constituent of the composite which will contribute a lot to the tensile strength of 

the composite (wood) and is called micro fibrils [3]. The hemicellulose and lignin are 

considered as the matrix component, which will bind the fibres together and thereby 

provides the necessary lateral stiffness and toughness to the wood material.  

 

Figure 3.1 Microscopic structure of wood 

When a plant cell undergoes a cell division it will form primary cell walls to each 

daughter cell. Within this primary cell wall, a secondary cell wall will be formed. 

Accordingly, the plant cell wall is composed of four layers, one primary wall called P, 

and three secondary walls: S1, S2, and S3. The Primary wall is usually a very thin layer 

Microfibril angle 
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and for instance, in a spruce timber it comprises only 3% of the total thickness of the 

cell wall and the microfibrillar orientation is found to be random [10]. Among the 

secondary walls, the outer most layer is the S1 amounting around 10% of the total 

thickness of the cell wall. Unlike primary layers, the micro fibrils are parallel to each 

other with a micro fibril angle (MFA) from 50o – 70o. Most of the cell wall thickness, 

around 85%, is filled with the middle layer called S2. The microfibrillar angle in this 

layer is approximately 10o–30o and this will highly affect the behaviour of the wood, 

mostly orthotropic behaviour, and tensile strength [10]. The inner most layer of the 

secondary wall is termed as S3 and like the S1 layer it has almost similar orientation 

of the micro fibrils but covers only   1% - 2% of the total thickness of the wall [10] and 

[12]. 

3.1.2 Moisture Content 

Moisture content can be defined as the percentage of the mass of water in wood in 

relative to oven dry mass of the wood. Moisture (water) in wood is present mainly in 

two forms, free and bound water. The free water is stored in the cell cavities. However, 

the bound water is chemically attached to the hydroxyl (-OH) group in the cellulose 

via a hydrogen bond. The physical state (ideal) when there is no free water inside the 

cell cavity is called fibre saturation point (FSP). According to [10] the physical and 

mechanical properties of wood will not be affected by moisture change above the FSP. 

This is because above the FSP point liquid water will only be added to or removed 

from the cell cavity and this will not affect the outer dimensions of the wood [3]. 

However, below FSP the concentration of bound water will start to be affected and 

since it is bounded on the cellulose it will affect most of the physical and mechanical 

properties of the wood including micro fibril angle and spacing. Thus it will contribute 

to the strength variation, shrinkage/swelling characteristics and dimensional instability 

of the wood. 

With regard to moisture, wood will readily absorb and retain moisture from its 

surrounding environment. If the wood section is relatively wet the process is called 

desorption and will release moisture to the surrounding. If it is relatively dry it will 

absorb moisture and the process is called adsorption. This unique property of wood is 

called hygroscopicity. Particularly, during this process bound water concentration will 

be adjusted (increased or decreased) according to the difference in vapour pressure or 

relative humidity between the wood and the surrounding environment. When the 

moisture content within the wood is equal to that of the surrounding it is called 

Equilibrium Moisture Content (EMC). When such stage is reached there will be no 

sorption (adsorption or desorption) process [14].  The value of EMC can be calculated 

using the equation presented by [15]. 

 

 
 𝐸𝑀𝐶 =

1800

𝑊𝑒𝑚𝑐

(
𝐾𝐻𝑅ℎ

1 − 𝐾 𝐻𝑅ℎ

+
𝐾1 𝐾  𝐻𝑅ℎ + 2 𝐾1𝐾2𝐾

2𝐻𝑅ℎ
2  

1 +  𝐾1 𝐾  𝐻𝑅ℎ + 𝐾1𝐾2𝐾
2𝐻𝑅ℎ

2 ) 
(3.1) 

where 

 𝑊𝑒𝑚𝑐 = 349 + 1.29𝑇𝑐 + 0.0135 𝑇𝑐
2 (3.2) 
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 𝐾 = 0.805 + 0.000736𝑇𝑐 − 0.0000027𝑇𝑐
2 (3.3) 

 𝐾1 = 6.27 − 0.00938𝑇𝑐 − 0.0000303𝑇𝑐
2 (3.4) 

 𝐾2 = 1.91 + 0.0407𝑇𝑐 − 0.000293𝑇𝑐
2 (3.5) 

and   𝐻𝑅ℎ is the relative humidity in % and 𝑇𝑐 is temperature in oC.  

It can be seen from equation (3.1), [12] and [14] that the value of EMC mainly depends 

on temperature and the initial moisture content of the wood (specifically the relative 

humidity). Therefore, it can be easily concluded that for a constant temperature or 

isotherm EMC is directly proportional to the relative humidity. 

3.1.3 Moisture Transport 

According to [14] and [19] there exist three types of moisture transport mechanism in 

wood: transport of free liquid water, bound liquid water, and gaseous water vapour 

transport mechanism. Based on [19] the classical diffusion equation of Fick’s second 

law is capable of satisfactorily simulating the physical moisture transport in wood. 

Also, a model called total moisture diffusion model was used by [14, 16 and 25-26] in 

order to simulate this Fickian moisture transport in wood. The model works by 

combining the bound and vapour water diffusion below the fibre saturation point (FSP) 

[26].  

Fick’s second law describes the time dependent form of Fick’s first law of diffusion 

described in [28]. The Fickian model uses one diffusion coefficient to represent all the 

three moisture transport mechanisms stated above [16, 18, and 25-26]. Moreover, it 

assumes that the moisture content inside the wood section, the gaseous water vapour, 

is in equilibrium with bound water; however, in the non- Fickian moisture transport 

model the diffusion coefficient for the three different transport mechanisms are 

presented separately [19]. 

Fick’s first law of diffusion 𝐉 = −𝐃∇𝝋 (3.6) 

 

Fick’s second law of diffusion 𝜕𝜑

𝜕𝑡
= 𝐃∇𝟐𝝋 

(3.7) 

where 𝐉 is the diffusion flux,  𝐃 is the diffusivity coefficient, ∇ is the gradient operator 

and 𝝋 is the moisture content. 

However, it should be noted that the Fickian model works quite well in the desorption 

process [19].  While in the adsorption process, it is shown in [19] that the model does 

not give a reasonable result. Due to this, the current thesis work mainly simulates the 

drying process of a timber section. Accordingly, for the current work, it is believed 

that using the total moisture diffusion model will give a satisfactory result [19].  
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3.2 Finite Element Formulation 

In this thesis work, the maximum nominal stress criterion is used as the crack initiation 

condition. According to the criteria, a crack will initiate once the maximum strength 

capacity of the timber is exceeded by the combined stresses, caused by the mechanical 

and/or moisture gradient loading. In the current work, a crack is expected to initiate 

along the grain direction. This is because the tensile strength perpendicular to the grain 

direction is the lowest as compared to the strength in the other principal directions. 

Once a crack has initiated, it will propagate when the strain energy release rate is 

exceeded or equal to the critical energy release rate given by section 3.4.4 equation 

(3.68). 

In order to reach the aim of this thesis work, finite element modelling will be 

commenced. However, since the crack opening within the element creates a 

discontinuous (geometrical) elements, re-meshing or a procedure that will adjust the 

old mesh in accordance with the new discontinuous geometry must follow [23]. In the 

present thesis an extended finite element method (XFEM) will be used which is, 

according to [24], capable of modelling the geometric discontinuities created by the 

crack opening without the need for re-meshing. In order to capture the discontinuities 

created by the crack through the finite elements, the XFEM adds an enrichment 

function to the standard finite element (FE) formulation. Subsequently, in the 

following sub-sections the finite element formulation for the XFEM and the transient 

moisture transport together with the linear elastic fracture mechanics (LEFM) will be 

discussed. 

3.2.1 FE formulation of two-dimensional transient moisture flow 

In this section the strong and weak formulation for a 2D transient moisture flow will 

be formulated in order to get the governing finite element equation. However, in the 

coming sub-section it is found appropriate to formulate first the FE for heat transfer. 

The FE results of the heat transfer will be adapted to the moisture transfer problem, by 

simply considering and replacing temperature with moisture content. This is done with 

the notion that heat transfer follows the same transient mechanism as moisture. Thus, 

by considering a thermal energy balance of the infinitesimal volume element illustrated 

in figure 3.2 the heat conduction equation is derived as follows. Accordingly, the 

thermal energy balance can be described as follows 

[Thermal energy accumulation rate] = [Thermal energy generation rate] +                           

  [Thermal energy in] – [Thermal energy out] 

The thermal energy going into and out of the considered cube, figure 3.2, can be written 

simply by using first order Taylor series as given in equation (3.8) 

       [Thermal energy into] = 𝑞𝑥  ;   [Thermal energy out] = 𝑞𝑥+𝑑𝑥 
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Figure 3.2 Infinitesimal volumetric element 

 

By using first order Taylor series:  

 

, and    

[Thermal energy in] – [Thermal energy out] = 𝑞𝑥 − [𝑞𝑥 +
𝜕𝑞𝑥

𝜕𝑥
𝑑𝑥]          

The inflow thermal energy, 𝑞𝑥, is described over the transverse cross-sectional area, 

dzdy, in which it is entering into the system. (see figure 3.2) 

   

 
𝑞𝑥 = −𝐃(𝑑𝑧 𝑑𝑦) 

𝜕𝑇

𝜕𝑥
 

(3.10) 

where 𝐃 is the constitutive matrix which contains information about the heat 

conductivity of the material, in this case diffusion coefficient. 

  

 (for two-dimensional flow) 𝐃 = [
𝑘𝑥𝑥 𝑘𝑥𝑦

𝑘𝑦𝑥 𝑘𝑦𝑦
] (3.12) 

 
𝑞𝑥+𝑑𝑥 = 𝑞𝑥 +

𝜕𝑞𝑥

𝜕𝑥
𝑑𝑥 

                            (3.8) 

 
= − 

𝜕𝑞𝑥

𝜕𝑥
𝑑𝑥 

 (3.9) 

 
 
𝜕𝑞𝑥

𝜕𝑥
=

𝜕

𝜕𝑥
(𝐃(𝑑𝑧 𝑑𝑦)

𝜕𝑇

𝜕𝑥
) 𝑑𝑥 

 

(in the x-direction), 
𝜕𝑞𝑥

𝜕𝑥
=

𝜕

𝜕𝑥
(𝐃

𝜕𝑇

𝜕𝑥
) 𝑑𝑥 𝑑𝑦 𝑑𝑧 

  (3.11) 

(in the y-direction), 
𝜕𝑞𝑥

𝜕𝑦
=

𝜕

𝜕𝑦
(𝐃

𝜕𝑇

𝜕𝑦
)𝑑𝑥 𝑑𝑦 𝑑𝑧 

 

(in the z-direction) 

 

 
𝜕𝑞𝑥

𝜕𝑧
=

𝜕

𝜕𝑧
(𝐃

𝜕𝑇

𝜕𝑧
)𝑑𝑥 𝑑𝑦 𝑑𝑧 

 

𝑞𝑥+𝑑𝑥 
  

𝑞𝑥 
  

Y 

X

 
dz 

dy 

dx 
Z

 

 

X+dx X 
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The rate of energy generation is the amount of energy per unit volume, �̇�, times the 

volume of the cube illustrated in figure 3.2. 

  

                              (3.13) 

The rate of energy accumulation is the rate at which internal energy changes over 

time. But we use a variable, u, to represent the internal energy per unit mass. 

Therefore, to get the rate of energy accumulation the rate of internal energy has to be 

multiplied by mass:  

 

    

where u is the internal energy per unit mass, dV is the infinitesimal volume shown in 

figure 3.2, and 𝜌 is the density of the considered material. It is also possible to write u 

in a different expression: 

 

 𝑢 =  𝐶𝑃(𝑇 − 𝑇𝑟𝑒𝑓) (3.15) 
 

where T is the temperature of the volume and 𝑇𝑟𝑒𝑓 is a temperature at an arbitrary 

reference point. Differentiating the internal energy with respect to time will give

  

 𝑑𝑢

𝑑𝑡
=  𝐶𝑃

𝑑𝑇

𝑑𝑡
 (3.16) 

 

where  𝐶𝑃 is a constant called the heat capacity of the material and 
𝑑𝑇

𝑑𝑡
 is the rate of 

change of the temperature in the considered material over time. Finally, the rate of 

energy accumulation can be written as  

  

 

          (3.17) 

 

Therefore, after combining equation 3.9, 3.13, and 3.17 together and eliminating the 

area element we get: 

 

 𝜌𝐶𝑃

𝑑𝑇

𝑑𝑡
=   �̇� +  

𝜕

𝜕𝑥
(𝐃

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝐃

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝐃

𝜕𝑇

𝜕𝑧
) (3.18) 

Finally, rearranging the above equation will give the strong form of a two-dimensional 

transient flow equation as follows:  

 

[Rate of energy accumulation] =
𝑑𝑢

𝑑𝑡
x mass      (3.14) 

 
= 

𝑑𝑢

𝑑𝑡
𝜌 𝑑𝑉 =

𝑑𝑢

𝑑𝑡
𝜌 𝑑𝑥 𝑑𝑦 𝑑𝑧 

 

[Rate of thermal energy generation]  =  �̇� x volume = �̇� 𝑑𝑥 𝑑𝑦 𝑑𝑧 

[Rate of thermal energy accumulation]  =  𝜌𝐶𝑃

𝑑𝑇

𝑑𝑡
𝑑𝑥 𝑑𝑦 𝑑𝑧 
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 𝑑𝑖𝑣(𝑡𝐃∇𝑇) + 𝑡𝑄 =  𝜌𝑡𝐶𝑃

𝑑𝑇

𝑑𝑡
 (3.19) 

where t is the thickness of the material in the z- direction (if the two-dimensional flow 

is being considered in the x and y direction) and 𝑄 is the amount of heat supplied to 

the material per unit volume per unit time.  

After the strong formulation, derivation of the weak form follows. Deriving the weak 

formulation is crucial for the establishment of the finite element formulation. The weak 

form will allow us to select an approximation equation for the unknown variable, 

temperature (in this thesis context moisture content), which needs to be differentiable 

once. However, the strong form needs an approximation equation which has to be 

differentiable twice. This gives a clear advantage of the weak form towards the FE 

formulation. Multiplying the strong form by an arbitrary weight function, 𝜈, and 

integrating it with the considered area, A, will give us: 

 

Now it is possible to use the Gauss theorem and integration by-part method, only for 

the first term of the above equation, to further simplify it: 

 

 ∫𝜈𝑑𝑖𝑣(𝑡𝐃∇𝑇)𝑑𝐴

.

𝐴

= ∮𝜈𝑡𝐃∇𝑇
.

𝐿

𝑑𝐿 + ∫(∇𝜈)𝑇(𝑡𝑫∇𝑇)𝑑𝐴  

.

𝐴

  (3.21) 

where L is the boundary of the area region A. Putting the expression of equation (3.21) 

into equation (3.20) gives: 

 

 ∮𝜈𝑡𝐃∇𝑇
.

𝐿

𝑑𝐿 + ∫(∇𝜈)𝑇(𝑡𝐃∇𝑇)𝑑𝐴

.

𝐴

+ ∫𝜈(𝑡𝑄)𝑑𝐴

.

𝐴

= ∫𝜈𝜌𝑡𝐶𝑃

𝑑𝑇

𝑑𝑡

.

𝐴

 𝑑𝐴 (3.22) 

The line integral in equation (3.22) is evaluated over the boundary of the region A and 

to solve the above equation we need to prescribe boundary conditions, natural and 

essential boundary conditions. The essential boundary condition prescribes the 

unknown variable which is the temperature, T=g, and it is denoted as 𝐿𝑔. The heat flux 

q, given by equation (3.9), for this type boundary, 𝐿𝑔, is denoted as 𝑞𝑛. The natural 

boundary condition, on the other hand, prescribes the rate of the unknown variable, 

temperature, which is heat flux, q = h, and is denoted by 𝐿ℎ. Hence, by substituting all 

the necessary variables and boundary conditions we can write the weak form of the 

two-dimensional transient heat flow as follows: 

 

 ∫(∇𝜈)𝑇(𝐃∇𝑇)𝑑𝐴

.

𝐴

+ ∫𝜈𝜌𝐶𝑃

𝑑𝑇

𝑑𝑡

.

𝐴

 𝑑𝐴 = ∫𝜈(𝑄)𝑑𝐴

.

𝐴

− ∮ 𝜈𝑞𝑛

.

𝐿𝑔

𝑑𝐿 − ∮ 𝜈ℎ
.

𝐿ℎ

𝑑𝐿   

  (3.23) 

 ∫𝜈(𝑑𝑖𝑣(𝑡𝐃∇𝑇) + 𝑡𝑄)𝑑𝐴

.

𝐴

= ∫𝜈𝜌𝑡𝐶𝑃

𝑑𝑇

𝑑𝑡

.

𝐴

 𝑑𝐴 (3.20) 
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In order to proceed with the FE formulation an approximation equation for the 

temperature, T(x,y), is chosen 

 

 𝑇(𝑥, 𝑦)  ≈  𝐍(𝒙, 𝒚) ∙ 𝒂 (3.24) 

where 𝐍( x,y) is the global shape function matrix and a is a matrix containing the nodal 

temperature of the whole considered region, A. For a body containing n number of 

nodes, 𝐍( x,y) and a can be written as follows 

 
 𝐍(𝒙, 𝒚) = [𝑁1(𝑥, 𝑦)    𝑁2(𝑥, 𝑦)… 𝑁𝑛(𝑥, 𝑦)];  𝒂 = [

𝑇1

𝑇2

⋮
𝑇1

] 
(3.25) 

This follows that 

 

 ∇𝑇 = 𝐁𝒂;   𝑩 = 𝛁 𝐍 ;  

 

𝐁 =  

[
 
 
 
𝜕𝑁1

𝜕𝑥

𝜕𝑁2

𝜕𝑥
…………

𝜕𝑁𝑛

𝜕𝑥
𝜕𝑁1

𝜕𝑦

𝜕𝑁2

𝜕𝑦
…………

𝜕𝑁𝑛

𝜕𝑦 ]
 
 
 

 

(3.25) 

 

According to [33] and Galerkin method the weight function introduced in the weak 

formulation is assumed to be  

 

 𝜈 =  𝐍 ∙ 𝒄 (3.26) 

The weight function, 𝜈, is taken to be arbitrary and the fact that N is known, we can 

say that c is arbitrary too. Thus, in accordance with Galerkin 𝜈 = 𝜈𝑇 

 

 𝜈 = 𝒄𝑻  𝐍𝑻; (∇𝜈)𝑇 = 𝒄𝑻 𝐁𝑻 (3.27) 

After substituting equation (3.27) into equation (3.23), the Fem formulation can be 

written as follows 

 

∫(𝐁𝑻𝐃𝐁)𝑑𝐴 𝒂

.

𝐴

+ ∫𝐍𝑻𝜌𝐶𝑃𝐍

.

𝐴

𝑑𝐴 �̇� = ∫𝐍𝑻(𝑄)𝑑𝐴

.

𝐴

− ∮ 𝐍𝑻𝑞𝑛

.

𝐿𝑔

𝑑𝐿 − ∮ 𝐍𝑻ℎ
.

𝐿ℎ

𝑑𝐿 

  

  (3.28) 

      Equation (3.28) can be written in the form of the governing FE equation,  

 𝐊𝒂 + 𝑪𝒑�̇� =  f𝑏 + f𝑙 (3.29) 

where  
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𝐊 = ∫(𝐁𝑻𝐃𝐁)𝑑𝐴

.

𝑨

 
 

 𝐂 = ∫𝐍𝑻𝜌𝐶𝑃𝐍𝑑𝐴
.

𝑨

 
(3.30) 

 f𝑏 = −∮ 𝐍𝑻𝑞𝑛

.

𝐿𝑔

𝑑𝐿 − ∮ 𝐍𝑻ℎ
.

𝐿ℎ

𝑑𝐿  

 f𝑙 = ∫𝐍𝑻(𝑄)𝑑𝐴

.

𝐴

  

  

According to [14] equation (3.29) can be adapted to a moisture problem as shown 

below, f𝑏 and f𝑙 are considered to be equal to zero. 

 

 𝑲𝒘 𝒘 +  𝑪 �̇� =  0 (3.31) 

where w is the unknown moisture content, C is the capacity matrix and 𝑲𝒘 is the 

diffusivity matrix. Note that equation (3.30) works also for variables in equation (3.31). 

The diffusion coefficient used in equation (3.7), in the total moisture diffusion model, 

depends on moisture content, temperature and material direction [18, 25]. As it can be 

seen from equation (3.7), the diffusion coefficient acts as a proportionality constant 

between moisture flow and gradient of moisture concentration. Because of the 

orthotropic nature of wood, we have three diffusion coefficients; diffusion coefficient 

in the longitudinal direction, in the radial direction and in the tangential direction and 

it can be presented as a matrix format. However, in this thesis work, only two-

dimensional analysis is being considered. Therefore, only the longitudinal and the 

transversal diffusion coefficients are used.as shown in equation (3.32) below. This is 

because the tangential and the radial diffusion coefficients are assumed to be equal. 

𝐃 =  [
𝐷𝐿 0
0 𝐷𝑇

]       (3.32) 

In order to determine the longitudinal and the transversal diffusion coefficient, the 

model presented by [28] is used. The model gives an expression for the longitudinal 

and tangential diffusion coefficient by combining diffusion coefficients in different 

phases, i.e. bound water and water vapour phase. According to [28] the expression for 

longitudinal and tangential diffusion coefficients are described below. 

 

          (3.33) 

 

 

𝐷𝐿 =
𝑎2

1 − 𝑎2

𝐷𝑣𝐷𝐵𝐿

𝐷𝐵𝐿 + 0.01(1 − 𝑎)𝐷𝑣
       𝑀𝐶 ≤ 20% 

𝐷𝑇 =
1

1 − 𝑎2

𝐷𝑣𝐷𝐵𝑇

𝐷𝐵𝑇 + (1 − 𝑎)𝐷𝑣
               𝑀𝐶 < 𝐹𝑆𝑃 
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where 𝐷𝐿 is the longitudinal diffusion coefficient, 𝐷𝑇 is the transversal diffusion 

coefficient, 𝐷𝑣 is the water-vapour diffusion coefficient, 𝐷𝐵𝑇 and 𝐷𝐵𝐿 are the tangential 

and longitudinal bound-water diffusion coefficients respectively, and a is the square 

root of the wood porosity. 

As it is stated in section 3.3, due to its orthotropic nature, wood has different properties 

across its three main orthogonal axes namely lateral, longitudinal and radial. Its 

expansion (shrinkage or swelling) coefficient is one of the properties that vary across 

this axes. According to [3], the variation of expansion coefficient between the three 

orthogonal axes is due to the variation of the micro fibril angle to the orthogonal axes. 

 

 

Figure 3.3 Tangential radial and longitudinal axes orientation 

Combined with its hygroscopic property, wood will shrink or swell based on the type 

of sorption process it is undergoing, desorption or adsorption respectively, below FSP. 

During the adsorption process, water molecule will be attached to the hydroxyl group 

of the cellulose (micro fibril) via a hydrogen bond. Thereby, the spacing between the 

micro fibrils will increase causing it to swell. However, during desorption process the 

water molecule will be detached from the micro fibril and thereby the spacing between 

the micro fibrils will decrease and thus the wood will shrink. This shrinkage below the 

FSP will cause a strain called free shrinkage strain [16] or moisture induced strain. 

Based on [27] its rate can be expressed as follows. 

 

 �̇�𝒘 = 𝛼𝑤 . 𝒘 ̇                      (3.34) 

where �̇�𝒘 is the rate of moisture induced strain over time, 𝛼𝑤  is moisture induced 

expansion coefficient and 𝒘 ̇ is the rate of change of moisture change with respect to 

time. If the structure is loaded while it is exposed to a varying climate change, then the 

mechanical deformation is called mechano-sorptive strain [17] (the reader is referred 

to [27] for a detailed explanation of mechano-sorptive effect). According to [27] the 

mechano-sorptive strain rate can be calculated as follows  

 

 �̇�𝒎𝒔 = �̅� ∙  �̅�|�̇�𝒂| (3.35) 

where �̇�𝒎𝒔 is the mechano-sorptive strain rate, �̅� is the stress matrix, |�̇�𝒂| is an absolute 

value of the rate of change of moisture, and �̅� is the mechano-sorptive property matrix. 
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Both strains, moisture induced and mechano-sorptive strains, will cause an internal 

stress in the geometrically restrained wooden structure and for elastic material property 

it could be calculated by Hook’s law [18] as 

 

 �̇� = 𝐂 �̇�𝒆 = 𝐂 (�̇� − �̇�𝒘 − �̇�𝒎𝒔 − �̇�𝒄) (3.36) 

where �̇� is the stress rate, 𝐂 is the modulus of elasticity matrix, �̇�𝒆 is the total strain 

rate, �̇�𝒎𝒔 is the mechano-sorptive strain rate, �̇�𝒘 is the rate of moisture induced strain 

and �̇�𝒄 is the rate of creep strain. For the current study, the creep and mechano-sorption 

strains are not considered. 

3.2.2 Extended Finite Element Method formulation (XFEM) 

Since this work is dealing with crack formation and development, it is found to be 

necessary to have the finite element model of the considered timber structural element. 

However, by using the extended finite element method (XFEM) it will be possible to 

model the structural element even after a crack has already developed and caused 

geometrically discontinuous finite elements without going through additional steps to 

re-mesh the model after the discontinuity. 

In an XFEM the FE formulation, generally, is composed of two parts: one is the 

standard FE formulation representing the elements which are not affected by the 

discontinuity created by the crack and the second is the modified formulation which 

will represent the elements affected by the crack. This modified part of the finite 

element formulation is called enriched part [23]. For FE model without any 

discontinuity, the FE approximation can be written as  

 

 𝑢 =  ∑ 𝑢𝑖𝑁𝑖

𝑛

𝑖=1
 (3.37) 

 

where n is the number of nodes in the FE model, 𝑢𝑖 is the displacement degree of 

freedom at node i and 𝑁𝑖 is the shape function related to node i. Now let us consider a 

4 element and 9 node rectangular elements without any discontinuities as shown in 

figure 3.4 (a). Its FE formulation can be expressed using equation (3.37) with n=9. 

However, if an edge crack initiates at node number 8 and continues through the 

elements as shown in figure 3.4(b) it could be very difficult to formulate the finite 

element equation with the discontinuity. Therefore, the extended finite element method 

(XFEM) will be discussed in next paragraphs that will accommodate the discontinuous 

elements into the FE formulation. As described in [23], the two vertices at the edge of 

the crack mouth are considered as additional nodes in the FE, node 9 and 10. 
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(b) 

Figure 3.4 Considered meshed finite elements (a) Without any discontinuity (b) with 

discontinuity (Cracked FE elements) [23] 

So according to equation (3.37), for the given model the finite element approximation 

for n=10 will become,  

  
𝑢 =  ∑ 𝑢𝑖𝑁𝑖

10

𝑖=1
 

(3.38) 

  𝑢 =  ∑ 𝑢𝑖𝑁𝑖
8
𝑖=1 +(𝑢9𝑁9) + (𝑢10𝑁10)  

In order to separately consider the two additional nodes, 9 and 10, from the original 

FE formulation [23] gives two additional variables a and b, where 

  

 𝑎 =  
𝑢9 + 𝑢10

2
 (3.39) 

 
𝑏 =  

𝑢9 − 𝑢10

2
 

(3.40) 

      After this, we can express 𝑢9 and 𝑢10 in terms of a and b as follows 

 

 𝑢9 =  𝑎 + 𝑏  (3.41) 

 𝑢10 =  𝑎 − 𝑏 (3.42) 

Now we can insert the above changes into equation (3.38). But we need additional 

numerical multiplier 𝐻(𝑥, 𝑦) to account for all the elements above and below the x-

axis.  

 

 𝑢 =  ∑ 𝑢𝑖𝑁𝑖

8

𝑖=1
+ 𝑎(𝑁10 + 𝑁9) +  𝑏 (𝑁10 + 𝑁9)𝐻(𝑥, 𝑦) (3.43) 

       where 𝐻(𝑥, 𝑦) is called the Heaviside or jump function and can be expressed as  

1 2 3 
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 𝐻(𝑥, 𝑦) = {
1    𝑓𝑜𝑟 𝑦 > 0
−1 𝑓𝑜𝑟 𝑦 < 0

  (3.44) 

       Equation (3.43) can be further written as   

                             (3.45) 

 

      (3.46) 

In conclusion, the first term of equation (3.40) is what we call the classical FE 

approximation and the last two parts are called Enriched FE approximation [23]. 

The enrichment approach presented above only accounts for an edge crack lining up 

on the mesh (element edge). However, if an edge crack is following a direction that 

does not align with the specified FE mesh, then the jump function in equation (3.46) 

will not sufficiently describe the geometric discontinuity, see figure 3.5. According to 

[23], there is a need for an additional function to account for and enrich the nodes 

disturbed by the crack tip, the hatched rectangular nodes shown in figure 3.5. All the 

nodes around an element which is completely separated by a crack are enriched by the 

jump function H(x) and nodes around an element which is not fully separated by the 

crack are enriched by the asymptotic tip function F(x). The circular nodes are enriched 

by the jump function.  

 

Figure 3.5 a cracked meshed FE considered for enrichment 

According to [23] for the cracked element shown in figure 3.5 the FE approximation 

equation is given as 

 

          (3.47) 

 

 

Where n is the number of normal nodes, 𝑏𝑗  is the additional vector for modeling the 

crack face nodal freedom (circular nodes), 𝑐𝑘 is additional vector for modeling the 

crack tip nodal freedom (rectangular nodes), 𝑁𝑗 represents the shape function for the 

 Nodes which are enriched by the jump 

function H(x). 

 

 Nodes which are enriched by the 

asymptotic tip function F(x).  

r 

𝜃 

𝑁10 + 𝑁9 = 𝑁∗ 
 

𝑢 =  ∑ 𝑢𝑖𝑁𝑖

8

𝑖=1
+ 𝑎 𝑁∗ +  𝑏 𝑁∗𝐻(𝑥, 𝑦) 

𝑢 =  ∑𝑢𝑖𝑁𝑖

𝑛

𝑖=1

+ ∑ 𝑏𝑗𝑁𝑗𝐻(𝑥)

6

𝑗=1

+ ∑ 𝑁𝑘(∑ 𝑐𝑘
𝑙

4

𝑙=1
𝐹𝑙(𝑥)

4

𝑘=1

) 

𝒖𝒆𝒏 𝒖𝑭𝑬 
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circular nodes enriched by jump function, 𝑁𝑘 represents the shape function for nodes 

enriched by asymptotic tip function,  𝐹𝑙(𝑥) is the asymptotic tip function used to enrich 

the four rectangular nodes, and uen and uFE are the enriched and the normal FE 

approximation respectively.  

The asymptotic tip function for orthotropic material is presented by [31 and 32] 

 

 

 

         (3.48) 

 

 

 

where 𝑟 and 𝜃 are the polar coordinated defined at the crack tip as shown in figure 3.5, 

and 𝐶𝑖𝑗  (𝑖, 𝑗 = 1,2,6) is the constitutive material coefficients. 

The generalized FE governing equation can be written as follows: 

 

 𝐊𝑢𝐺 = 𝐟 (3.49) 

 𝒖𝑮 = 𝒖𝑭𝑬 + 𝒖𝒆𝒏 (3.50) 

where K is the stiffness matrix and f is the force vector, whereas 𝒖𝑮 is the total 

displacement equation containing the classical FE approximation. 

From [33] the weak formulation for the elasticity equilibrium becomes: 

 

 
∫(∇̃𝜈)𝑇𝜎𝑑𝐴

.

𝐴

= ∫𝜈𝑇𝒕 𝑑𝐿

.

𝐿

+ ∫𝜈𝑇𝒃𝑑𝐴
.

𝐴

 (3.51) 

 𝜎 = 𝐃𝜺, ∇N = 𝐁, 𝜈 = 𝐍𝒄, ∇̃𝜈 = 𝐁𝒄, 𝜺 = 𝐁𝒖𝑮 (3.52) 

By substituting the equation (3.52) into (3.51) we get  

 

 
∫(𝐁𝑻𝐃𝐁)𝑑𝐴 

.

𝐴

= ∫𝐍𝑻𝒃𝑑𝐴

.

𝐴

+ ∫𝐍𝑻𝒕

.

𝐿

𝑑𝐿 (3.53) 

Equation (3.53) can be written in the form of the governing FE equation,  

 

{𝐹𝑙(𝑟, 𝜃)}𝑙=1
4 = {√𝑟 𝑐𝑜𝑠

𝜃

2
√𝑔(𝜃), √𝑟 𝑠𝑖𝑛

𝜃

2
√𝑔(𝜃) 

 
} 

𝑔(𝜃) = (𝑐𝑜𝑠2𝜃 +
𝑠𝑖𝑛2𝜃

𝑝2
)

1
2

; 

𝑝 = (𝐴 − (𝐴2 −
𝐶22

𝐶11
)
1/2

)

1/2

; 

𝐴 =
1

2
(
𝐶66

𝐶11
+

𝐶22

𝐶66
−

(𝐶12 + 𝐶66)
2

𝐶11𝐶66
) 
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 𝐊𝒂 =  f𝑏 + f𝑙 (3.54) 

where  

 

 
𝐊 = ∫(𝐁𝑻𝐃𝐁)𝑑𝐴 

.

𝐴

 
 

 𝐂 = ∫𝐍𝑻𝜌𝐶𝑃𝐍𝑑𝐴
.

𝑨

  

 f𝑏 = ∫𝐍𝑻𝒕

.

𝐿

𝑑𝐿  

 f𝑙 = ∫𝐍𝑻𝒃𝑑𝐴

.

𝐴

  

 𝒂 = 𝒖𝑮  

3.2.3 Hills plasticity 

Hill’s yield criterion is an extension of the von-Mises theory but unlike the von-Mises, 

it is capable of accommodating anisotropic materials. The von Mises theory assumed 

that shear deformation (distortion) is the main factor influencing yielding of a ductile 

material. In addition, the von Mises theory uses the distortion energy theory. The 

theory states that yielding of a material occurs when the distortion energy in the 

material under a complex loading exceeds the distortion energy of the material when 

it is loaded to yielding with a uniaxial tensile load.  

The total strain energy per unit for volume of a material is given as the sum of the 

hydrostatic and the deviatoric (shear) strain energy [34]  

 

 𝑊𝑇 = 𝑊ℎ + 𝑊𝑣 (3.55) 

where 𝑊𝑇 is the total strain energy, 𝑊ℎ is the hydrostatic strain energy, and 𝑊𝑣 is the 

deviatoric (distortion) strain energy. 
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   Figure 3.6 principal axis and typical elastic stress-strain diagram 

 

 
𝑊𝑇 = 

1

2
𝜎1𝜀1 +

1

2
𝜎2𝜀2 +

1

2
𝜎3𝜀3 

(3.55) 

 

where 𝜎1,2,3 and 𝜀1,2,3 are the principal stress and strain in the direction of 1, 2 and 3 

as shown in figure 3.6 respectively. Moreover, 𝜀1,2,3 can also be expressed as follows 

 𝜀1 = 
𝜎1

𝐸
− 𝜈

𝜎2

𝐸
− 𝜈

𝜎3

𝐸
 

 

 𝜀2 = 
𝜎2

𝐸
− 𝜈

𝜎1

𝐸
− 𝜈

𝜎3

𝐸
 (3.56) 

 𝜀3 = 
𝜎3

𝐸
− 𝜈

𝜎1

𝐸
− 𝜈

𝜎2

𝐸
 

 

 

 

Substituting the equation (3.56) into equation (3.55) will give 
 

 
𝑊𝑇 = 

1

2𝐸
[𝜎1

2 + 𝜎2
2 + 𝜎3

2 − 2𝜈(𝜎1𝜎2 + 𝜎1𝜎3 + 𝜎2𝜎3)] (3.57) 

and the hydrostatic energy can be easily expressed as  

 

 
𝑊ℎ = 

1 − 2𝜈

6𝐸
[𝜎1

2 + 𝜎2
2 + 𝜎3

2 + (𝜎1𝜎2 + 𝜎1𝜎3 + 𝜎2𝜎3)] (3.58) 

Now it is possible to get the distortion energy  

 

          (3.59) 

 

 

𝑊𝑇 
(total strain energy) 𝐸 =

𝜎1,2,3

𝜀1,2,3
 

𝜀1,2,3 

1 

3 

2 

𝑊𝑣 = 𝑊ℎ − 𝑊𝑇 

𝑊𝑣 = 
1 + 𝜈

6𝐸
[(𝜎1 − 𝜎1)

2 + (𝜎1 − 𝜎3)
2 + (𝜎2 − 𝜎3)

2] 

 

𝜎1,2,3 
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According to the von-Mises stress, a material will yield if the distortion energy 𝑊𝑣 is 

greater than the critical energy of the material, 𝑊𝑐𝑟. Where the critical energy, 𝑊𝑐𝑟, of 

a material is determined by performing a uniaxial tensile stress test to yielding.  

Moreover, by using equation (3.59) and according to [35] the expression for the von-

Mises stress for a general stress condition can be written as follows 

 

 2 𝜎𝑉𝑀
2 =  (𝜎𝑥𝑥 − 𝜎𝑦𝑦)

2
+ (𝜎𝑥𝑥 − 𝜎𝑧𝑧)

2 + (𝜎𝑦𝑦 − 𝜎𝑧𝑧)
2
+ 6(𝜎𝑥𝑦

2 + 𝜎𝑦𝑧
2 + 𝜎𝑧𝑥

2 )  

  (3.60) 

However, the von-Mises yield theory is not suitable for anisotropic materials. On the 

other hand, according to [35] a criterion called Hill’s yield theory formulates an 

equation which takes into account the anisotropic material properties. This theory 

assumed that the anisotropy of the material is symmetric in its three principal planes, 

axis 1, 2, and 3 (see figure 3.6). Besides, the Hill’s yield criterion assumed that the 

hydrostatic pressure will not affect the yielding of a material. Therefore, according to 

[35] the plastic yield criterion for an orthotropic material is formulated as 

 𝐻(𝜎11 − 𝜎22)
2 + 𝐺(𝜎33 − 𝜎11)

2 + 𝐹(𝜎22 − 𝜎33)
2 + 2𝑁𝜎12

2 + 2𝐿𝜎23
2 + 2𝑀𝜎31

2 = 𝜎𝑦
2  

  (3.61) 

where 𝜎𝑦 is the yield stress of a material, and F, G, H, L, M, N are constants 

characterizing the orthotropic state of the considered material and based on [35] the 

expressions are given below. 

 

 

 

Figure 3.7 typical elasto-plastic stress strain curve 
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𝐹 =

𝜎𝑦
2

2
(

1

𝜎22
2
+

1

𝜎33
2
−

1

𝜎11
2
) 

 

 
𝐺 =

𝜎𝑦
2

2
(

1

𝜎33
2
+

1

𝜎11
2
−

1

𝜎22
2
) 

 

 
𝐻 =

𝜎𝑦
2

2
(

1

𝜎11
2
+

1

𝜎22
2
−

1

𝜎33
2
) 

(3.62) 

 
𝐿 =  

3

2
(

𝜎𝑦

√3𝜎23

)

2

 
 

 
𝑀 = 

3

2
(

𝜎𝑦

√3𝜎13

)

2

 
 

 
𝑁 = 

3

2
(

𝜎𝑦

√3𝜎12

)

2

 
 

However, when modelling the plastic material in ABAQUS we use different variables 

than specified in equation (3.62). According to [37] such parameters are called 

potential or anisotropic stress ratio and are specified in equation (3.63) below 

 

(Only for normal stress) 𝑅𝑖𝑖 = 
𝜎𝑖𝑗

𝜎𝑦
; (𝑖 = 1,2,3) 

(3.63) 

(Only for shear stress) 𝑅𝑖𝑗 = 
𝜎𝑖𝑗

𝜏𝑦
; (𝑖, 𝑗 = 1,2,3)  

 where i and j represents the three principal axes, i.e. 1,2 and 3, shown in figure 3.6 

and 𝜏𝑦 = 𝜎𝑦 √3⁄ . 

3.2.4 Linear Elastic Fracture Mechanics (LEFM) 

Wooden structural elements such as beams and columns are usually restrained towards 

movements in a certain direction as a boundary condition. For a geometrically 

restrained structural element, the moisture-induced shrinkage discussed in section 

3.3.2 could lead to an internal tensile stress. In addition to the stress caused by external 

load, the moisture induced and the mechano-sorptive stresses might have a tensile 

component perpendicular to the fibre direction. Moreover, the tensile strength of wood 

perpendicular to the grain is the lowest strength relative to the other directions shown 

in figure 3.3, with the maximum value of 0.5 MPa [7 and 15]. Therefore, whenever 

this strength limit is exceeded a crack parallel to the fibre direction might occur and 

eventually could propagate further.  

When a crack occurs in an elastic material the strain energy will decrease, see figure 

3.6. This is because energy will be dissipated during the crack formation. According 
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to a work done by Griffith [20], crack could propagate if this dissipated energy exceeds 

the surface energy requirement of new crack faces. Moreover, for a crack to grow it is 

necessary for the stress at the crack tip to exceed or at least be equal to the failure stress 

limit of the material considered.  

Based on the above analogy, [21] gives expressions for the strain energy, the dissipated 

strain energy, and the surface energy can be expressed as follows 

Where 𝑈∗ is the strain energy, U is the dissipated strain energy, S is the surface energy, 

a is the width of the crack, γ is the fracture surface energy, E is the modulus of 

elasticity, 𝜎 is the stress developed in the considered material section and 𝜎𝑓 is the 

failure stress. 

According to [22], for a ductile material all the dissipated energy might not be 

translated to crack formation and development, rather it might be consumed by a 

plastic deformation around the crack tip. Likewise, in real structures, the dissipated 

energy requirement needed to cause a crack is very much higher than the one suggested 

by Griffith [20]. Accordingly, a modification is suggested by Irwin for the previous 

crack development theory formulated by Griffith [20].The theory suggested by Irwin 

follows an energy balance approach and is called the stress intensity theory. Hence, 

according to Irwin crack will develop when the strain energy is released at a rate 

equivalent to the critical energy release rate Gc, see equation (3.68) below. By equating 

the dissipated energy in equation (3.65) with the surface energy in equation (3.66) we 

get an expression for the critical energy release rate Gc. 

 
      𝜎 =  √

2𝐸𝛾

𝜋𝑎
= 𝜎𝑓 

(3.67) 

       Replacing the fracture surface energy with the critical energy release rate Gc gives 

𝜎𝑓 = √
2𝐸𝐺𝑐

𝜋𝑎
    (3.68) 

Irwin’s theory of stress intensity approach consists of three different crack opening 

modes; Modes I, II and III as shown in figure 3.8. The splitting crack opening in wood 

(perpendicular to the fibre direction) can be categorized as Mode I opening. 

Thus, the stress field around this crack in the vertical y direction, 𝜎𝑦𝑦, could be written 

as follows [20] 

 

𝑈∗ =
𝜎2

2𝐸
 (3.64) 

 
𝑈 = −

𝜎2

2𝐸
 . 𝜋𝑎2 (3.65) 

 𝑆 = 2𝛾𝑎 (3.66) 
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Figure 3.8 Irwin’s crack opening modes 

where r and 𝜃 are the virtual polar coordinates with the origin at the crack tip (centre), 

 𝜎𝑦𝑦 is the stress field around a crack in the vertical y direction, and 𝐾𝐼  is called the 

stress intensity factor. If the crack is developing horizontally with a θ = 0o, then the 

stress intensity factor can be simply expressed in terms of the total crack width a. 

  𝐾𝐼 = 𝜎𝑓 √𝜋𝑎    (3.70) 

where a is the total crack width, a=2r. It is also possible to relate the stress intensity 

factor with the critical energy release rate by equating equation (3.68) with (3.70) [12] 

 
𝜎𝑓 = √

2𝐸𝐺𝑐

𝜋𝑎
=

𝐾𝐼

√𝜋𝑎
   (3.71) 

 𝐾𝐼
2 = 𝐸𝐺𝑐 (3.72) 

     

Furthermore, [21] provides a method to calculate the critical energy release rate in a 

practical approach known as Compliance Calibration method. By taking equation 

(3.68) and inserting: πa2 instead of area A, σ ε⁄  instead of the modulus of elasticity E 

we get 

 
𝑈 = −

𝜎2

2𝐸
 𝐴  (3.73) 

Once again, by replacing 𝑃 instead of 𝜎𝐴 and by putting the compliance 𝐶 instead of 

𝜀 𝑃⁄  we will get an expression for the dissipated strain energy in terms of the 

compliance 𝐶 and a concentrated load 𝑃 as follows 

          𝑈 =  
1

2
 𝐶𝑃2       (3.74) 

 
𝜎𝑦𝑦 =

𝐾1

√2𝜋𝑟
 cos

𝜃

2
(1 − sin

𝜃

2
sin

3𝜃

2
) 

(3.69) 

Y- axis 
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θ 
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And the critical energy release rate per unit length, Gc /b, is taken as the derivative of 

equation (3.74) with respect to the crack length a (including the applied load P is 

constant). 

  𝐺𝑐

𝑏
=  

𝜕𝑈

𝜕𝑎
=  

1

2
 𝑃2

𝜕𝐶

𝜕𝑎
 (3.75) 

 𝐺𝑐

𝑏
=

1

2
 𝑃2

𝜕𝐶

𝜕𝑎
 (3.76) 

3.3 Dowel type Connection 

Connections can be used either to join structural elements, i.e. carpentry joints and 

dowelled joints, or to build structural elements, i.e. glued joints. These connected 

structural elements will be used to design and construct full-scale structures, i.e. 

Glulam or LVL. One can use different criterions to choose between the different 

connection types. Usually, strength is considered to be a primary requirement. 

However, there are also different parameters that can be used as functional 

requirements: i.e. stiffness, deformation, aesthetic value, etc. [3].  

Among the stated connection types, dowel type connection is the most commonly used 

one and it refers to different connection: nails, screws, dowels, nail plates, punch 

metals, and bolts [3]. In the current work, dowel type connection will only be 

considered and in particular a slotted-in steel plate joint between the beam and columns 

will be studied, see figure 3.9.  

 
Figure 3.9 Simulation model type 

As it is shown in figure 3.9 a steel plate is inserted in order to connect the beam and 

column elements. By using steel in the connection, the plastic hinge will occur at the 

steel-timber interface and this, in turn, will significantly increase the load carrying 

capacity of the connection. Moreover, the main point of inserting the steel plate into 

the wood section is to increase the fire resistance capacity of the connection, since steel 

can lose its strength quickly when it is subjected to fire [3]. As we can see from figure 

3.9 holes can be pre-drilled for the dowel to be inserted. 

Slotted in 

steel plate 

Beam 

Column 
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Generally, the capacity of the connection depends on strength parameters of both the 

timber and the dowel and by using the following parameters one can determine the 

dowel connection capacity [3].  

 Embedment strength of timber, 

 Yield moment of dowel, 

 Anchorage capacity of dowel. 

3.3.1 Embedment strength and Yield moment 

The embedment strength can be defined as the magnitude of pressure the wood 

around the dowel can endure. It can be determined easily by applying a load as 

shown in figure 3.10 and by dividing the maximum applied load with the 

projected dowel area, which is the diameter of the dowel multiplied by the 

thickness of the wood specimen. 

 

Figure 3.10 Typical embedment strength test setup 

The embedment strength depends, among other parameters, on the density of 

timber, dowel diameter, and the angle between the load direction and the grain. 

Equation 3.1 – 3.2 shows an empirical equation used to determine the embedment 

strength. The equation presented below considers the strength reduction caused 

by a different load application direction-angle to the grain than zero by using 

the Hankinson’s formula. 

               𝑓ℎ,𝛼,𝑘 = 
0.082(1−0.01𝑑)𝜌𝑘

𝑘90𝑠𝑖𝑛2𝛼+𝑐𝑜𝑠2𝛼
  [𝑁/𝑚𝑚2]                        (3.77) 

            𝑘90 = 1.35 + 0.015𝑑   (for softwood)                   (3.78) 

where  𝑓ℎ,𝛼,𝑘 is the embedding strength of a pre-drilled timber under a load direction 

angle of α with the grain,  𝜌𝑘is the density of timber in [kg/m3] and d is the diameter 

of the dowel in mm. 

Yield moment is the moment required to form a plastic hinge in the dowel and it is 

dependent on the ultimate dowel strength and diameter. Equation 3.3 gives an 

expression for the yield moment of all fasteners with a diameter greater than 8mm. 
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𝑀𝑦,𝑅𝑘 = 0.3𝑓𝑢𝑑2.6             [Nmm]          (3.79) 

Where 𝑀𝑦,𝑅𝑘  is the yield moment, 𝑓𝑢 is the ultimate steel strength of the dowel and d 

is the dowel diameter. 

3.3.2 Failure modes for a slotted-in steel dowel connection 

The determination of the resistance of the dowel connection is based on the European 

Yield Model (EYM) shown by K. W. Johansen. According to the model, there are three 

failure modes involved in the steel-to-timber connection which can be used to 

determine the shear resistance of the connection 𝐹𝑣,𝑅𝑘. 

Mode I: In this mode, the dowel remains straight and the timber fails because of 

insufficient embedding strength. (The equation is only for dowel per one shear 

plane) 

𝐹𝑣,𝑅𝑘 = 𝑓ℎ,1,𝑘𝑡1𝑑                             (3.80) 

Mode II: In this mode, the thickness of the timber is sufficient to cause the dowel 

to rotate as a stiff member inside the timber and the plastic hinge will occur on the 

steel-timber interface. (The equation is only for dowel per one shear plane) 

𝐹𝑣,𝑅𝑘 = 𝑓ℎ,1,𝑘𝑡1𝑑 (√2 + 
4𝑀𝑦,𝑅𝑘

𝑓ℎ,1,𝑘𝑡1
2𝑑

− 1)                   (3.81) 

Mode III: in this mode, an additional hinge will be formed from the previous    

mode II failure case. (The equation is only for dowel per one shear plane) 

𝐹𝑣,𝑅𝑘 = 2.3√𝑀𝑦,𝑅𝑘𝑓ℎ,1,𝑘𝑑               (3.82) 

The three failure modes for a slotted-in steel dowel connection are summarized in the 

figure below.  

 

 

Figure 3.11 Failure modes for slotted-in steel connection 
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4. Methods and Methodologies 

4.1 Research approach 

In order to attain the aim of the current work, a finite element (FE) modelling 

approach is employed. This FE modelling involved two major two-dimensional (2D) 

numerical simulations, transient moisture flow simulation and stress simulation, in 

the finite element software called ABAQUS (see figure 4.1). The first numerical 

simulation is performed to model a two-dimensional (2D) transient moisture flow 

through the timber beam section showed in figure 5.1. After the transient moisture 

flow is simulated a second simulation follows, a stress analysis simulation, see figure 

4.2. These simulation approaches will be discussed in detail in the coming sub-

sections. 

 

Figure 4.1 Conceptual modelling  

In the first numerical simulation (2D transient moisture flow simulation) a moisture 

flow arises due to the moisture gradient created between the beam itself and the 

surrounding environment as discussed in sub-section 4.2.1. The 2D transient 

moisture flow simulation also consists of two consecutive moisture flow models in 

which the second model used the output results of the first model as an input 

predefined moisture field, see figure 4.2.  

The second simulation, a stress analysis, is conducted by using an extended finite 

element method (XFEM) in ABAQUS. The stresses in this simulation were induced 

solely by the moisture gradient applied and gathered in the previous transient 

moisture flow simulation. In addition, the 2D transient moisture flow simulation 

output is used as a loading case in the stress analysis simulation, see figure 4.2. 

Moreover, in this stress simulation, an orthotropic material property is defined for the 

simulated timber beam shown in figure 5.1 which uses Hill’s yield criteria (Hill’s 

plasticity) [35]. Afterward, both the extended finite element method (XFEM) and the 

Hill’s plasticity modelling approaches used in the stress simulation are validated by 

using two experimental results presented by [40 and 41].  
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Figure 4.2 General simulation flow chart  

4.2 Finite Element Simulations 

4.2.1 Two-dimensional Transient moisture flow simulation 

The 2D transient moisture flow model is employed to simulate a three-staged actual 

physical scenario illustrated in figure 4.3. Where the considered physical scenario is 

simulated by using two separate 2D transient moisture flow models, see figure 4.2 

and 4.3. 

 

 
 

 

 

Figure 4.3 detailed simulation consideration 

Stage-1 Stage-2 
Stage-3 

Model_1 Model_2 

17th Day 
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As illustrated in figure 4.3, on the first stage of the simulated physical scenario the 

timber beam will arrive at the construction site directly from the factory covered with 

a plastic sheet and having a moisture content of 12%. Usually, the plastic sheet is 

used to protect the beam from an undesirable climate exposure. However, it has been 

observed in several construction sites that due to poor on-site material handling the 

plastic cover might get torn up before the beam is installed on the intended structural 

location as shown figure 4.4. This condition may lead the timber beam to stay in such 

condition for a number of days, while exposed to unintended and undesirable climate 

conditions. In this specific physical scenario, the beam is assumed to be exposed to a 

surrounding moisture content of 16%, see section 5.2. Therefore, the first 2D model 

of the transient moisture flow simulation captures this phenomenon by assuming the 

considered beam, shown in figure 5.1, will go through such a condition for 

consecutive three days (for a total step time of 259,200 sec).  

 

 

      Figure 4.4 a photo taken on a construction site  

 

Among the two separate 2D transient moisture flow models the first model (model_1) 

represents the moisture flow from the first stage of the physical scenario to the second 

and the analysis duration for this model is 259,000 sec (three days). Additionally, the 

second model (model_2) simulated the moisture transfer through the beam section 

after it is installed on the intended structural location (i.e. column) with a slotted in 

steel dowelled connection as shown in figure 5.1. The total analysis step time for the 

second model is taken to be 1,200,000 sec (≈14 days). At this stage the timber beam 

is protected from a direct climate exposure by a roof but subjected to a heating system 

inside the room, see figure 4.3. Accordingly, the 2D beam model is assumed to have 

three different moisture states across its boundary and inside its section, the beam 

will have a MC which is resulted from the first moisture transport model (model_1) 

analysis, as summarized in table 4.3 and figure 4.5. For both models in the FE 

simulation, a 4-node linear quadrilateral element type called DC2D4 is used with a 

transient heat transfer analysis type in ABAQUS. All the FE simulations in ABAQUS 

are conducted by using python scripting which are attached in the appendix A-1 and 
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A-2 of this work. Furthermore, it has to be noted that the moisture contents used for 

the FE simulations, for both models, are taken from an actual climate data [14] shown 

in figure 5.2 and discussed in section 5.2. 

                        
 

Figure 4.5Model_2 moisture transfer result 

     Table 4.1 Summary of moisture content used for the two moisture analysis 

models 

Assigned Moisture Content for the timber beam 

Boundaries Model_1 Model_2 

B_1 16% 12% 

B_2 16% 10% 

B_3 16% 8% 

B_4 Axis of symmetry  Axis of symmetry 

Beam section 12% ODB of model_1 

 

4.2.2 Stress simulation (Extended Finite Element Method (XFEM))  

After the 2D transient moisture transfer simulation is analysed, the second numerical 

simulation (stress analysis model) will be commenced. This model is designed to 

simulate a stress analysis by using the results of the 2D transient moisture flow 

models as a loading case in XFEM. For this simulation analysis, an elastic-plastic 

material property is assigned to the timber beam (solid element) in ABAQUS which 

Beam Section 
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is based on Hill’s orthotropic yield criterion [35]. After assigning the elastic and 

plastic material properties, an analysis step procedure is defined with a total step time 

of 1,200,000 sec (≈14days). 

Moreover, in this stress simulation analysis, a simplified approach is followed to 

simulate the contact between the steel dowel and the timber beam section. In an actual 

steel to timber dowelled connection, the steel dowels together with the slotted in steel 

plate creates a stiffer boundary condition around the drilled hole. This condition 

might constrain the movement of the timber section in the x and y direction, but 

allowing a rotation in the z direction with the hole centre as a pin. Therefore, in the 

simplified approach first a reference point is created at the centre of the timber hole 

to represent the steel dowel centres, see figure 4.6. Afterward, a kinematic coupling 

constraint type is used to simulate the actual contact between steel dowels and the 

timber beam by coupling the reference point with the circular edges of the hole in the 

timber section. In addition, the displacement movement of the reference point is 

constrained in the x and y direction and allowed to rotate in the z-direction. 

 

Figure 4.6 A simplified simulation approach used to model the contact between the 

steel dowel and a periphery of the timber circular hole. 

Unlike a real contact scenario, under the simplified modelling approach, the contact 

area between the steel dowel and the timber hole is kept constant during the whole 

analysis step time duration. This approximation, in turn, gives an overestimated 

contact area magnitude between the steel dowel and the timber section. Hence, this 

approximation will lead to a lower and unrealistic embedment stress result around 

the periphery of the circular hole in the timber. However, in the current work, it is 

assumed that if the reaction force result on the steel dowel (or on the predefined 

reference point) is used instead of the contact stress result for further analysis, the 

effect of the overestimated contact area magnitude due to the simplified approach 

will be avoided.  

Following the definition of the constraint type between the reference point and the 

predrilled hole, a special crack interaction property called an XFEM crack interaction 

property is assigned to the timber section. For this interaction type, an enrichment 

domain has to be selected from the 2D assembled model. Accordingly, an enrichment 
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region is assigned for the timber beam as shown in figure 4.7 (a). This special type 

of crack interaction property is capable of simulating the geometric discontinuities 

that will be created by a crack by adding an enrichment functions (jump and crack 

tip functions) onto the classical FE equation as discussed in section 3.2.2.  

 

 

  

 

(a)                                                           (b) 

Figure 4.7 Schematic representation of the plastic model (a) enriched region (b) 

point of crack initiation 

In the stress simulation process, a maximum stress crack/damage initiation criterion 

is used with a maximum normal stress limit value of 0.5 MPa and a maximum shear 

stress limit value of 3.5MPa, taken from [36]. In addition, based on the linear elastic 

fracture mechanics (LEFM) [37 and 22] a crack location shown in figure 4.7(b) is 

pre-selected so that the crack can initiate from this single point according to the 

specified crack initiation criteria. This specific crack location is chosen because 

initially the tensile stress perpendicular to the grain at this specific point is found to 

be higher than the normal stress limit value, 0.5 MPa. Therefore, according to the 

crack initiation criteria used in the current thesis work a crack will initiate from this 

specific point once the tensile stress perpendicular to the grain exceeded the 

maximum normal stress limit value of 0.5 MPa. Additionally, the crack will 

propagate further into the timber beam section based on the theory discussed in sub-

section 3.2.4. Moreover, as a crack propagation criterion, the XFEM simulation used 

an enhanced Virtual Crack Closer Technique (VCCT) which sets a specific critical 

fracture energy release rate for mode I crack opening.  

As discussed previously, in this thesis work the timber beam will only be loaded with 

moisture loading. In the FE simulation, the final time frame output database (odb) of 

the first 2D transient moisture flow simulation model is imported as nodal moisture 

content and used as an initial predefined field. Likewise, the nodal moisture history 

of the second transient moisture flow simulation model is imported and used as a 

Enriched region  
Crack initiation point with max. tensile 

stress perpendicular to the gran 
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predefined field of the XFEM stress simulation over the 1,200,000 sec (≈14 days) 

step time. In the Abaqus XFEM stress simulation, a 2D deformable bilinear 4-nodal 

CPS4R element is used. 

4.2.3 Parametric study  

According to [37], a parametric study is a tool to generate, execute, and gather the 

result of multiple analyses that differ only in the values of some parameters. Since 

the secondary aim of this thesis is to investigate how a moisture induced crack is 

influenced by certain parameters, there is a clear need to conduct the parametric 

studies. Accordingly, there are three parameters considered for this study 

 Horizontal dowel spacing, 

 Vertical dowel spacing, and  

 Critical energy release rate.  

The domains for the specified parameters are summarized in table 4.2. Based on the 

number of domains that each parameter consists, the combinations for the parametric 

study are designed and found to be 48, in number, (see table 4.2).  

Table 4.2 List of domains for the specific parameters considered in the parametric 

study 
 

List of domain 

Horizontal 

dowel spacing 

(m) 

Vertical dowel 

spacing          

(m) 

Critical Energy 

release rate          

(J/m2) 

0.1 0.1 250 

0.2 0.2 300 

0.3 0.3 350 

 - 0.4 500 

(3 domains) (4 domains) (4 domains) 

.= 3 x 4 x 4 = 48 combinations 

According to [37], the parametric study can be done in two different ways which will 

yield the same result. Either by creating a parametrized (template) input file from 

which the parametric variations are generated or by preparing a separate python script 

(with .psf file extension) which will refer to the input file of the ABAQUS 2D XFEM 

stress simulation model. In this thesis work, the second method is employed to 

perform the study, this is because of its independent appearance and ease for post 

study analysis. The parametric python script works in a number of sequential steps 

and it is attached in appendix A-4. In these parametric studies we are looking for 

three specific results: nodal moisture content, resultant reaction force on the reference 

point defined in sub-section 4.2.2 and figure 4.6, and the crack length. 
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5. Project Description 

5.1 Model description  

In this section, the general mechanical arrangement of the numerical modelling will 

be discussed. This includes the physical dimensions of the model, material properties 

of the considered model, magnitude and pattern of the moisture loading. As it is 

presented in the previous chapters, the current thesis work will focus on studying the 

influence of moisture content on the fracture behaviour of a dowelled timber beam 

connection. This will be performed by numerical simulations through an extended 

finite element method (XFEM) in the commercial finite element software called 

Abaqus. 

For the numerical simulations, a timber beam to column dowelled connection is 

considered as illustrated in figure 5.1. Moreover, in order to make the computation 

more cost effective, a portion of the timber beam section with a dimension of 50cm 

by 50cm is used in the numerical simulations. The considered beam section is 20cm 

wide with four 12mm diameter steel dowels and a 1cm steel slotted in it as shown in 

figure 5.1. The spacing between the predrilled holes and the edge distance values 

shown in figure 5.1 are taken to fulfil the minimum requirements specified by Euro 

code (cf. [36]).  

 

 

 

 

 

Figure 5.1 Dimension of the considered section of the glulam beam (m)  

5.2 Climate consideration and moisture loading 

For the purpose of this thesis, only moisture loading which is caused by a moisture 

gradient between the glulam beam and the surrounding environment is considered. 

Sec A-A A 

A 

1cm thick Steel plate 

0.2 

 

0.5 

0
.5
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Accordingly, in order to simulate the moisture loading first moisture contents (MC) 

of the timber beam and the surrounding environment has to be determined over a 

specified duration of time. Initially, the timber beam is assumed to have a 12% MC 

[3] both in its section and boundaries. Moreover, the moisture content for the 

surrounding environment is calculated by using a daily climate record measured by 

the Norwegian Meteorological Institute for the year 2014 [38]. From the daily record, 

the relative humidity (RH) and temperature (T) data provided by [38] will be taken 

as it is presented in [14], see figure 5.2.  Subsequently, by putting the RH and T data 

in equation 3.1 the corresponding daily moisture content (MC) of the surrounding 

environment can be found easily which is plotted in figure 5.2(b). However, in this 

thesis, the actual daily MC data is not used rather a linear fitted MC values are used. 

In the modelling process, the simulation time period is assumed to start in the month 

of April, where the MC for the surrounding environment is 16%. This 16% MC is 

then used to be the boundary MC of the timber beam in section 4.2.1.  

 

 

 
Figure 5.2(a) Temperature and relative humidity data [14](b)corresponding MC[14] 

16 

(b) 

(a) 
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5.3 Material properties  

The timber material used to model the structural element (beam) is chosen to be a 

glulam GL22c beam and its orthotropic material properties are taken from [27 and 

36], see table 5.2 and 5.3. However, the diffusion coefficients (longitudinal and 

tangential) can be calculated by equation 3.33, see table 5.1. The diffusion 

coefficients are dependent on the moisture content which is obtained by using 

equation 3.1. As it is discussed in sub-section 3.1.3 a variation of moisture content 

beyond the fibre saturation point (FSP) will not affect the shrinkage and expansion 

property of the timber section. According to [4], the FSP has a value between 27%-

30% and in this thesis work, it is assumed to be 28%. Hence, the longitudinal, radial, 

and tangential diffusion coefficients of the considered timber beam are calculated and 

presented in figure 5.1 for moisture content values between 0%-28%.  

Table 5.1 Diffusion coefficient calculated by the total moisture diffusion model [39] 

 

Moisture 

Content [%] 

Tangential Diffusion 

coefficient  

[m2/h] 

Longitudinal Diffusion 

coefficient 

 [m2/h] 

0 0.0003888 0.0009 

5 0.0004751 0.00504 

7 0.0005137 0.00567 

9 0.0005572 0.00567 

13.5 0.000669 0.00454 

18 0.0008026 0.00307 

23 0.000969 0.0021 

28 0.0012029 0.00135 

Table 5.2 Elastic material properties taken from [26 and 37] 

 

Property Longitudinal Tangential 

Modulus of Elasticity [MPa] 9700 400 

Shear modulus of elasticity 

[MPa] 

400 (long.-rad.) 250 (long.-tang.) 

Density [kg/m3] 420 420 

Poisson’s ratio 0.35 0.35 

Expansion coefficient 0.005 0.15 

Damage initiation stress [MPa] 0.5 4 

Critical energy release rate [J/m2] 300 (Mode I) 1050 (Mode 

II&III) 
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5.3.1 Hill plasticity  

Furthermore, as discussed in section 2.2 and indicated by [30] the timber section 

around a close vicinity of the steel dowel showed a significant plastic deformation 

during an experiment conducted to measure the moisture induced stresses in a 

dowelled steel to timber connection. Therefore, in the current thesis work, a plastic 

modelling approach which is based on Hill’s orthotropic yield [35] criterion is used 

to capture the plastic deformation around the predrilled hole of the timber section 

(see figure 5.3).  

Consequently, two types of material properties, i.e. elastic and plastic, are defined for 

the timber beam section shown in figure 5.1. The elastic material properties 

(summarized in table 5.2) are assigned to the whole section except for the rectangular 

partitioned sections around the predrilled holes, see figure 5.4. Likely, the plastic 

material properties listed in table 5.3 are assigned to the rectangular sections around 

the predrilled holes, the yellow shaded sections shown in figure 5.4.  

 
 

Figure 5.3 plastic deformation around the steel dowel taken from [30] 

 

 

 

  

 

Figure 5.4 Schematic representation of material assignment for the numerical model 

 

Plastic region  

Plastic deformation 

around the dowel 
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𝜎 

𝜎𝑦 1 

100 

In Abaqus, an FE simulation of this plastic behaviour requires only an input values 

of the yield stress, plastic strain, and the Hill’s orthotropic stress ratio or potentials 

by using equation 3.63, [37]. The values used for the current work are summarized 

in table 5.3.  

 

Table 5.3 Plastic material properties used in ABAQUS 

 

Yield stress [MPa] Plastic strain 

12 0 

12.12 0.01 

 

 R11 R22 R33 R12 R13 R23 

Potential 1 0.167 0.167 0.25 0.25 0.144 

 

 

 

  

 

 

 

Figure 5.5 simplified stress-strain graph 

Hill’s anisotropic yield criterion is used to simulate the plastic behaviour of the timber 

section around the steel dowel in accordance with the theory discussed in section 

3.4.3. The plastic region is defined as a simple isotropic hardening region with a 

hardening slope specified in figure 5.5. In addition to capturing the plastic 

deformation, using a plastic material property around the steel dowel will also give a 

uniform and reasonable reaction force distribution among the four steel dowels. 

𝜀 

Hardening  
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6. Results 

6.1 Moisture profile results 

As it is discussed in chapter 4, the current work followed a two-step transient 

moisture flow simulation procedure (2D transient moisture flow model_1 and 2). In 

this section, results of both models are presented. In the first model, initial moisture 

content is assumed to be 12% and 16% for the timber beam and the surrounding 

environment respectively. Afterward, the beam will undergo an adsorption process 

for three days (from 12% to 16%) as described in section 4.1.2. The resulting 

moisture content profile of the timber beam section at the end of the analysis (after 

259,200 sec) is presented in figure 6.1 as a coloured contour diagram. For the purpose 

of comparing the moisture content history results, two nodal points are selected from 

the beam model; one at the top boundary and the other at the centre of the timber 

beam section.    

Figure 6.1 Moisture profile of the timber beam at the end of the first 2D transient 

moisture flow analysis step (259,200 sec)  

 

After three days the beam is assumed to be installed on the column and covered with 

a roofing system. Immediately after installation, due to a heating system inside the 

room and the isolation provided by the roofing, the beam will be exposed to varying 

moisture content in its boundaries leading it to undergo a drying process. The result 

of such drying process is presented in figure 6.2 below.  

MC 
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6.2 Parametric study results 

In order to attain the aim of this thesis, a parametric study is conducted to investigate 

and see the influence of different parameters such as dowel spacing (horizontal and 

vertical) and critical energy release rate on the development of a crack into the 

considered timber beam section due to the moisture loading. Hence, in this section 

analysis of the parametric study results are discussed in detail. First, the results 

regarding the crack development and length are presented. Afterward, the influence 

of the parameters on the magnitude and orientation of the reaction force on the four 

dowels will be presented.  

In general, the figure 6.2 illustrates how the crack develops due to the moisture 

loading in the glulam beam. The graph shows the resultant reaction force over the 

period of 14 days analysis step time for dowel-1 (see figure 6.6), 30cm x 10cm 

(vertical x horizontal) spacing and 300J/m2 critical energy release rate. Based on 

figure 6.2 the magnitude of reaction force decreases during the wetting stage and 

increases dramatically during the drying stage until it drops drastically when a crack 

initiates and develops in the timber section. Then, the reaction force starts to increase 

again until the end of the 14th day step time.  

 

  ö

 

Figure 6.2 Crack development process, reaction force orientation and moisture profile 

 

 

MC 
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6.2.1 Influence of dowel spacing on crack length 

In overall, as it can be seen from figure 6.3, for the same critical energy release rate, 

(250, 300, 350, and 500 J/m2) the crack length increases when the horizontal dowel 

spacing increases. Specifically, when the critical energy release rate is 350J/m2 and 

lower and the vertical dowel spacing is kept above 10cm the crack length keeps 

increasing with increasing of horizontal dowel spacing. However, when the vertical 

spacing is 10cm the total crack length was nearly 0cm for all categories of critical 

energy release rate (250-500 J/m2). Likewise, for 500 J/m2 critical energy release rate 

and 20cm vertical dowel spacing, the crack length was also 0cm even if the horizontal 

spacing is increasing from 10cm to 30cm. Additionally, for 500 J/m2 critical energy 

release rate and 30cm vertical dowel spacing, the crack length decreases from nearly 

40cm to 28cm when the horizontal spacing increases beyond 20cm. Moreover, one 

can see from figure 6.3 that the crack length increases almost linearly with both the 

horizontal and vertical dowel spacing. Furthermore, when the vertical dowel spacing 

is greater than 0.3 the whole section was cracked (50cm crack length) for all the 

critical energy release rates when the horizontal spacing is 20cm or more. 

 

 

 

 
 

Figure 6.3 Horizontal dowel spacing versus crack length (a) 250J/m2 (b) 300J/m2   

(c) 350J/m2 (d) 500J/m2 

 

Key:-  
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Figure 6.4 presents how the crack length varies with the vertical dowel spacing for a 

constant critical energy release rate and horizontal dowel spacing.  For all parameters, 

there was no crack developed in the timber section when the vertical dowel spacing 

is kept to a maximum of 10cm or lower. But crack starts to grow in the section when 

the vertical spacing starts to increase. In comparison with the results presented in 

figure 6.3, the rate of crack length increment is relatively higher for an equal increase 

in vertical spacing than in horizontal spacing (For the same critical energy release 

rate). For example, when the horizontal spacing increases from 10cm to 20cm the 

crack length increased on average by 6.5 cm, but when the vertical spacing increases 

from 10cm to 20cm the average crack increment was 38cm. Like the horizontal 

spacing, an increase in vertical dowel spacing causes the crack length to grow 

significantly regardless of the critical energy release rate values used in the model.  

For instance, for 350 J/m2 of critical energy release rate and 10cm horizontal dowel 

spacing the crack length increased from nearly 0cm to 50cm for a vertical spacing 

interval between 10cm - 40cm. Moreover, for all the critical energy release rate 

values when the vertical spacing is 30 cm and above the whole timber beam section 

got cracked with a crack length equal to the beam length (50cm). Yet for 10cm 

horizontal dowel spacing, the maximum crack length observed was 42cm. Figure 6.4 

also reveals an overall crack length increase with an increasing vertical dowel 

spacing. 

 

 

 

Figure 6.4 Vertical dowel spacing versus crack length for critical energy release 

rate of (a) 250J/m2 (b) 300J/m2  (c) 350J/m2 (d) 500J/m2 
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6.2.2 Influence of critical energy release rate on crack development 

Moreover, for specific horizontal and vertical dowel spacing, when the critical energy 

release rate requirement is increasing the crack length keeps dropping as shown in 

figure 6.5. This agrees with a theoretical explanation of Irwin’s theory of fracture 

mechanics; which specified that for the crack to develop the strain energy has to be 

released at a rate greater than or equal to the critical energy release rate Gc of the 

material. Therefore, when the critical energy release rate requirement of the 2D 

model increases from 250J/m2 to 500J/m2 the crack length decreases significantly as 

expected. For instance, based to figure 6.5 for 20cm by 10 cm (vertical to horizontal 

dowel spacing) the crack length drops from 31cm to 0cm (no crack).  

 

 

  

 

Figure 6.5 critical energy release rate versus crack length (a) for 0.2m vertical 

spacing (b) for 0.3m vertical spacing (c) for 0.4m vertical spacing 

 

Key:-  
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6.2.3 Influence of critical energy release rate and dowel spacing on dowel reaction 

force 

This section presents the variation of the resultant reaction forces on the dowel as 

shown in figure 6.7. Figure 6.6 shows that the orientation of the reaction forces on 

the dowels due to the moisture loading on 1,200,000sec step time, ≈14th day. 

Moreover, figure 6.7 illustrates how the resultant reaction force, for dowel 1 and 3, 

varies with the critical energy release rate over the period of 1,200,000sec for the 

same moisture loading and dowel spacing. In figure 6.7 it can be seen that the crack 

starts earlier for lower critical energy release rate (with lower reaction forces on the 

dowel) than the higher critical energy release rate. 

    

Figure 6.6 Reaction force direction on the dowels and stress perpendicular to the 

grain on day 14 (scaled picture) 

 

For instance, for 250J/m2 critical energy release rate and 0.1m x 0.2m dowel spacing 

the crack starts on around the 10th day with a resultant reaction force of around 40kN 

on dowel-1 and 30kN for dowel-3. However, for 350J/m2 critical energy release rate 

and the same dowel spacing the crack started and developed nearly on the 12th day 

with a resultant reaction force of 46kN for dowel-1 and 37.5kN for dowel-3. 

Furthermore, for 500J/m2 and 20cm x10cm spacing (vertical x horizontal), crack is 

not forming and the resultant reaction force on dowel-1 is 58kN and on dowel-3 it is 

52.6kN.  

 

 

 

Stress 90o to fibre 

(MPa) 
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Figure 6.7 Reaction force for different critical energy release rate and dowel 

spacing for (a) dowel-1 0.1m x 0.2m spacing (b) dowel-3 0.1m x 0.2m 

spacing (c) dowel-1 0.1m x 0.4m spacing (d) dowel-3 0.1m x 0.4m spacing  

(e) dowel-1 0.3m x 0.2m spacing (f) dowel-3 0.3m x 0.2m spacing 
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Figure 6.8 presents a plot for the resultant reaction forces over the step time of 

1,200,000sec (≈14 days) for constant critical energy release rate and horizontal 

spacing. According to the figure, the resultant reaction force increases when the 

vertical dowel spacing decreases. For instance, on the ≈14th day for 500J/m2 critical 

energy release rate and 10cm horizontal dowel spacing the resultant reaction force 

for dowel-1 was found to be nearly 17kN for 40cm vertical dowel spacing and 58kN 

for 20cm dowel spacing and for dowel-3 the result was 31kN and 52kN for 40cm and 

20cm spacing respectively. Here it has to be noted that for 40cm vertical spacing, the 

magnitude is lower because the section has already cracked. Moreover, the crack 

occurs relatively earlier on the models with higher vertical dowel spacing than with 

lower dowel spacing. In addition, for 40cm vertical spacing, the reaction force when 

the section got cracked was found to be 49kN and 43kN (for dowel-1 and 3 

respectively). Also, for 30cm it was around 52kN and 45kN for dowel-1 and 3 

respectively.  
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Figure 6.8 Reaction force for 300J/m2 and different dowels and dowel spacing (a) 

for dowel-1and 0.1m horizontal dowel spacing (b) for dowel-3and 0.1m 

horizontal dowel spacing (c) for dowel-1and 0.3m vertical dowel spacing (d) 

for dowel-3and 0.3m vertical dowel spacing 

As stated in section 4.1.4 the current work used a FE plastic model based on the Hill’s 

anisotropic yield criterion presented in [35] in order to account for the plastic 

deformation around the predrilled hole of a timber section (dowelled glulam beam). 

This simulation is modelled by assigning a plastic material property stated in table 

5.3 to a rectangular partitioned region as shown in figure 5.4. The rest of the section 

is assigned with an elastic material property presented in table 4.2.  

The numerical model is loaded with a moisture loading as described in chapter four 

of this thesis. Indeed, due to the plasticity around the dowel, the timber beam 

simulated in the numerical models was expected to undergo a plastic deformation. 

However, the moisture loading was not sufficient enough to push the stress level in 

the timber beam to its yield stress limit specified in table 5.3. Subsequently, in this 

specific XFEM model, it was not possible to see the effect of the plastic model on 

the stress results. Therefore, the numerical simulation model (specifically in the Hill’s 

plasticity model) used in this thesis work is validated for two separate experimental 

works conducted by [40 and 41]. The validation is done by reproducing and 

numerically simulating the actual testing conditions stated in [40 and 41] by using 

similar 3d modelling procedures described in chapter 4. Afterward, the results of the 

numerical simulation will be compared with the experimental results.  

 

Key:- 
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6.3.1 Validation with a single dowel embedment test 

The Hill’s plastic model is first validated with the results of [40], which gives a result 

of an embedment test on a steel to laminated veneer lumber (LVL) connection. For a 

detailed explanation of the experiment, the reader is referred to [40]. From [40], the 

load displacement behaviour and the embedment stress curves of the 12mm diameter 

single-dowel steel to LVL connection with a loading direction parallel to the grain is 

used to validate the plasticity model presented by this thesis work results. The 

material properties, elastic and plastic, for the LVL Kerto-S were taken from [36 and 

40] and the necessary dimension and loading of the LVL used in the FE model is 

taken from [40] (see figure 6.9). 

 
(a) 

        

    Figure 6.9 test setup taken from [40](a) picture of the test set-up (b) cross-

sectional and profile dimension of the test specimen 

According to [40], the loading is applied with 0o, 45o, and 90o to the fibre in a 

controlled displacement loading rate of 2mm/min. For this verification purpose the 

loading direction considered is only parallel to the grain (0o), see figure 6.10 

(b) 

X 

Y 
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 Figure 6.10 FE Simulated model of the test setup 

In figure 6.12 the embedment stress versus dowel displacement of the experimental 

and the FE simulation is presented. As it can be seen clearly from the figure the FE 

model predicts the yield stress and also the maximum embedment stress developed 

under the steel dowel with a considerable accuracy as it can also be seen from figure 

6.11. However, the dowel displacement recorded by the FE model is almost four 

times less than the displacement recorded by the experiment [40]. A possible 

explanation for this could be, in the experimental study presented by [40] self-tapered 

reinforcement screws were used and this, in turn, led to a higher deformation values 

to be recorded in the experiment. However, in the numerical simulation, these 

reinforcements were not included. 

Moreover, in figure 6.13 results of vertical reaction force on the dowel is plotted 

against the dowel displacement for both the experiment by [40] and the FE model of 

this thesis work. From the results shown in figure 6.11, the magnitude of the reaction 

forces from the numerical simulation is higher than the magnitude recorded by the 

experiment. This can be explained by the fact that the numerical simulation used a 

simplified approach to model the steel dowels by assuming that the steel dowel will 

remain in contact with the whole periphery of the LVL predrilled hole circumference 

for the complete analysis duration.  

According to [40], the maximum embedment stress determined is 33MPa and 

according to the FE plastic model suggested by this thesis work the maximum 

embedment stress is found to be 33.29MPa. This result has revealed that the model 

is capable of predicting the plastic behaviour of the dowelled connection. Moreover, 

the result for the force displacement plot is presented below both for the FE model 

and the experimental result. 

 

X 

Y 
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Figure 6.11 Embedment stress (von-Mises) of the FE simulation 

 

 

Figure 6.12 Embedment stress versus dowel displacement plot for experiment (b)FE 

simulation 

 

Stress 0o to the 

grain [MPa] 

 

(a) (b) 
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6.3.2 Validation with multi-dowel timber connection (XFEM) 

Furthermore, the XFEM numerical model employed in the current thesis work is 

validated by using an experimental study presented by [41]; which conducted a multi-

dowel steel to timber connection as shown in figure 6.14.  

  

 

Figure 6.14 Multi-dowel steel-to-timber connection test specimen taken from [41] 

However, for the FE simulation, only the red shaded area of the timber above the 

symmetry line A-A is modelled and is loaded with a controlled displacement rate 

which is applied at the left edge while the two dowels are pinned. The contact area 

assumption is the same as the single dowelled embedment model simulation 

described in section 5.3.1.  

After the analysis, the XFE model result showed in figure 6.15 predicted the crack 

initiation location and also the crack development direction exactly as the experiment 

in [41]. 

 

 
 

 

A A 

Figure 6.15 XFEM simulation result for the horizontal crack  
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Additionally, the result of the total reaction force on the dowels for the experiment in 

[41] and the XFEM simulation is presented in figure 6.16 below. The XFEM 

simulation does not have a long plateau and also it cracked without undergoing a 

significant plastic deformation as shown in [41]. 

 

 

 

Figure 6.16 Total connection force displacement plot for the XFEM and the 

experimental result 
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7. Discussion 

This thesis paper numerically simulated three different models of a timber beam by 

using elastic and plastic (Hill’s yield theory) material assignment. The first 

simulation was performed in order to study the influence of the dowel spacing and 

the critical energy release rate on a moisture induced (only moisture loading) crack 

initiation and development. All the moisture loading parameters, i.e. temperature and 

relative humidity, were taken from an actual recorded climate data. This benefited 

the thesis work to simulate a realistic moisture loading condition. 

In the first simulation, the moisture loading applied on the timber beam was unable 

to push the stress in the timber section to its yielding point. Thus, the plastic 

behaviour of the model could not be revealed by the stress results of the first 

simulation. Therefore, in order to validate the plasticity model it was found to be 

necessary to conduct two more FE numerical simulations which reproduced 

experimental studies presented by [40 and 41]. According to the results of these FE 

simulations, the plastic model which uses Hill’s orthotropic yield criterion was found 

to be very suitable for plastic modelling of the wood material. In addition, the results 

of the plastic model could be refined by using an actual stress strain data rather than 

using a linear hardening slope for assigning a reasonable hardening behaviour of the 

wood material. 

Here it has to be emphasized that the plastic model followed in this thesis work used 

a more simplified approach to model the contact between the steel dowel and the 

timber beam section which in turn gave a higher stiffness and an overestimated 

connection capacity as compared to the experimental results from [40 and 41]. 

Consequently, a realistic contact algorithm which will be capable of simulating the 

contact area between the timber and steel dowel during the loading has to be 

developed in order to exploit the potential of the Hill’s plasticity model.  

Likewise, the XFEM numerical models presented remarkable results concerning 

prediction of the crack initiation and propagation pattern in an orthotropic material 

setup in both mechanical and moisture loading scenario. Furthermore, the XFEM 

method used in the present thesis revealed that it has a very good potential to predict 

Mode I crack openings and development. Moreover, using a parametric study by 

using python scripting allowed the present work to reach its aim in a cost efficient 

manner. In overall, the results obtained by the elastic-plastic simulations were in 

reasonable agreement with basic theoretical principles (e.g. Irwin’s theory of fracture 

mechanics and Fick’s law of diffusion) and with results of previously conducted 

researches [40 and 41]. 
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8. Conclusion  

The results of the parametric study showed three main results. The first one is the 

crack length increases when the dowel spacing increases (vertical and horizontal). 

Second, the crack length decreases with increasing critical energy release rate. 

Finally, the reaction force on the dowels keeps increasing with increasing critical 

energy release rate. On the contrary, it keeps decreasing when the vertical spacing 

between the dowels increases. These results confirm Irwin’s theory of fracture 

mechanics and moreover, the results obtained by the FE simulations and the 

parametric studies are in a complete agreement with the hypothesis made in this thesis 

work. Particularly, the moisture loading caused by an actual climate variation coupled 

with the mechanical constraints initiated a crack in the timber section. Moreover, the 

development of the crack showed a clear dependency on the dowel spacing and the 

critical energy release rate of the timber material.   

From these results, it can be concluded that setting only the minimum dowel spacing 

in the building codes might not be adequate to prevent cracks from developing in the 

timber connection. Moreover, the moisture loading alone (without any additional 

mechanical loading) can cause a crack to initiate and develop into dowelled steel-to-

timber connections. In addition, poor material handling on the construction site 

(failure to maintain the moisture tightness of the timber beam to the factory standard) 

exacerbated the effect of the moisture loading on the crack development. Moreover, 

this thesis work showed that a moisture induced crack development may be modelled 

successfully by use of an Extended Finite Element Method (XFEM) approach. 

Therefore, based on the results of this thesis work it could be recommended that when 

designing steel-to-timber connections the moisture variation that the beam is 

subjected for has to be taken into account and treated separately.  
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Appendix 

A.1 PYTHON SCRIPT FOR MOISTURE TRANSPORT MODEL-1  

A.2 PYTHON SCRIPT FOR MOISTURE TRANSPORT MODEL-2 

A.3 PYTHON SCRIPT FOR XFEM MODEL 

A.4 PYTHON SCRIPT FOR PARAMETRIC STUDY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

A.1 PYHTON SCRIPT FOR MOISTURE TRANSPORT MODEL-1 

 

 

 

 

 

 

 

 

 

 

 

 

 



1   ##########    MOISTURE MODEL-1   ###########################
2   
3   
4   from abaqus import *
5   from abaqusConstants import *
6   
7   import sketch
8   import part
9   import material
10   import section
11   import assembly
12   import step
13   import regionToolset
14   
15   import job
16   import mesh
17   import visualization
18   import xyPlot
19   
20   # -----Parameters-----------
21   
22   #geometric parameters
23   H = 0.5
24   W = 0.5
25   #dowel diameter and spacing
26   d_dia =0.012
27   dis_1_1 = 0.1
28   dis_1_2 =0.2
29   dis_2 =0.1
30   DIA=0.012
31   
32   T_E_S = 0.1
33   B_E_S = 0.1
34   V_D_S = H -(T_E_S + B_E_S)
35   LS_E_S = 0.1
36   H_D_S = 0.1
37   D_par = 0.04
38   a1= B_E_S -D_par/2
39   a2= B_E_S+D_par/2
40   a3= B_E_S+V_D_S -D_par/2
41   a4= B_E_S+V_D_S +D_par/2
42   A = B_E_S+V_D_S
43   
44   b1=LS_E_S -D_par/2
45   b2=LS_E_S +D_par/2
46   b3=LS_E_S +H_D_S - D_par/2
47   b4 =LS_E_S + H_D_S +D_par/2
48   B = LS_E_S + H_D_S
49   
50   #dowel center AND EDGE coordinate
51   edge_d_1 = ((B,A-(DIA/2),0.0), ),((LS_E_S+(DIA/2),A,0.0), ),((LS_E_S,A+(DIA/2),0.0),

),((LS_E_S-(DIA/2),A,0.0), )
52   
53   #material property
54   El = 9700000000
55   Er = 400000000
56   Et = 220000000
57   Nu_lr= 0.35
58   Nu_lt= 0.6
59   Nu_rt= 0.55
60   G_lr = 400000000
61   G_lt = 250000000
62   G_rt = 25000000
63   alpha11 = 0.005 #expansion coefficient



64   alpha22 = 0.15 #expansion coefficient
65   alpha33 = 0.0 #expansion coefficient
66   ft = 500000
67   GCI= 250
68   GCII= 1050
69   GCIII= 1050
70   cohCoeff=0.002
71   Gt1=4000000 #shear
72   Gt2=4000000 #shear
73   
74   
75   #moisture parameters
76   MCi = 0.12
77   MCf = 0.12
78   MCbc_2=0.08
79   MCbc_3=0.08
80   MCbc_4=0.08
81   
82   #mesh size
83   ms = 0.01
84   
85   #step increament
86   timePeri = 259200
87   maxnoInc = 100000000
88   IniInc = 10000
89   minInc = 1e-120
90   maxInc = 10000
91   maxtem_incr=0.1
92   
93   #mechanical load
94   shear=0
95   M=0
96   
97   #############  MODEL & SETS ##############################
98   
99   # Create a model.
100   session.viewports['Viewport: 

1'].partDisplay.geometryOptions.setValues(referenceRepresentation=ON)
101   myModel= mdb.Model(name='Model 1')
102   
103   # Create a rectanglular sketch for the 2D base feature.
104   
105   mySketch = myModel.ConstrainedSketch(name='woodrail',sheetSize=200)
106   mySketch.rectangle(point1=(0.0,0.0),point2=(W,H))
107   
108   # Create the 2D deformable part .
109   
110   myPart1 =myModel.Part(name='W-part', dimensionality=TWO_D_PLANAR,type=DEFORMABLE_BODY)
111   myPart1.BaseShell(sketch=mySketch)
112   myPart1 = myModel.parts['W-part']
113   
114   #creating a hole for the dowel
115   e = myPart1.edges
116   myPart1.HoleFromEdges(edge1=e[3], edge2=e[0], diameter=d_dia, distance1=LS_E_S,

distance2=B_E_S)
117   
118   e1 = myPart1.edges
119   myPart1.HoleFromEdges(edge1=e1[4], edge2=e1[3], diameter=d_dia, distance1=LS_E_S,

distance2=B_E_S)
120   
121   e = myPart1.edges
122   myPart1.HoleFromEdges(edge1=e1[5], edge2=e1[2], diameter=d_dia, distance1=B,

distance2=B_E_S)
123   



124   e1 = myPart1.edges
125   myPart1.HoleFromEdges(edge1=e[6], edge2=e[5], diameter=d_dia, distance1=B,

distance2=B_E_S)
126   
127   #creating Sets
128   
129   f = myPart1.faces
130   faces5 = f.findAt(((W/10,H/10,0.0), ), ((W/4,H/2,0.0),))
131   myPart1.Set(faces=faces5, name='face_1')
132   
133   
134   
135   myEdge = myPart1.edges
136   myEdge5 = myEdge.findAt(((0.0,H/4,0.0), ),((0.0,H/8,0.0), ))
137   myPart1.Set(edges=myEdge5, name='l_side_edg')
138   
139   myEdge = myPart1.edges
140   myEdge5 = myEdge.findAt(((W/4,0.0,0.0), ),((W/8,0.0,0.0), ))
141   myPart1.Set(edges=myEdge5, name='botom_edg')
142   
143   myEdge = myPart1.edges
144   myEdge5 = myEdge.findAt(((W,H/4,0.0), ),((W,H/8,0.0), ))
145   myPart1.Set(edges=myEdge5, name='r_side_edg')
146   
147   v5=myPart1.vertices
148   verts5 = v5.findAt(((0.0,0.0,0.0),))
149   myPart1.Set(vertices = verts5, name= 'Set-6')
150   
151   v6=myPart1.vertices
152   verts6 = v6.findAt(((0.0,H,0.0),))
153   myPart1.Set(vertices = verts6, name= 'Set-7')
154   
155   
156   ############## partition  ###########################
157   
158   ##partitioning the edges
159   
160   #partition only the (CRACK DOMEAIN)rectangles
161   
162   mySketch2 = myModel.ConstrainedSketch(name='enrichment',sheetSize=200)
163   mySketch2.setPrimaryObject(option=SUPERIMPOSE)
164   myPart1.projectReferencesOntoSketch(sketch=mySketch2, filter=COPLANAR_EDGES)
165   
166   mySketch2.rectangle(point1=(0.0, a2), point2=(0.45, a3)) #partition rectangles
167   mySketch2.rectangle(point1=(b1, a3), point2=(b2, a4)) #partition rectangles
168   mySketch2.rectangle(point1=(b3, a3), point2=(b4, a4)) #partition rectangles
169   mySketch2.rectangle(point1=(b3,a1), point2=(b4, a2)) #partition rectangles
170   mySketch2.rectangle(point1=(b1,a1), point2=(b2,a2)) #partition rectangles
171   
172   myFace = myPart1.faces
173   faces = myFace.findAt(((W/10,H/10,0.0), ))
174   myPart1.PartitionFaceBySketch(faces=faces, sketch=mySketch2)
175   
176   #patition the small rectangles
177   
178   
179   #rectangle 2
180   myFace = myPart1.faces
181   faces = myFace.findAt(((b1+0.01,a3+0.01,0.0), ))
182   myPart1.PartitionFaceByShortestPath(point1=(b1, a3,0.0), point2=(b2, a4,0.0),

faces=faces)
183   
184   myFace = myPart1.faces
185   faces = myFace.findAt(((b1+0.01,a4-0.01,0.0), ),((b2-0.01,a3+0.01,0.0), ))



186   myPart1.PartitionFaceByShortestPath(point1=(b1, a4,0.0), point2=(b2, a3,0.0),
faces=faces)

187   
188   #rectangle 3
189   myFace = myPart1.faces
190   faces = myFace.findAt(((b3+0.01,a3+0.01,0.0), ))
191   myPart1.PartitionFaceByShortestPath(point1=(b3, a3,0.0), point2=(b4, a4,0.0),

faces=faces)
192   
193   myFace = myPart1.faces
194   faces = myFace.findAt(((b3+0.01,a4-0.01,0.0), ),((b4-0.01,a3+0.01,0.0), ))
195   myPart1.PartitionFaceByShortestPath(point1=(b3, a4,0.0), point2=(b4, a3,0.0),

faces=faces)
196   
197   
198   #rectangle 4
199   myFace = myPart1.faces
200   faces = myFace.findAt(((b3+0.01,a1+0.01,0.0), ))
201   myPart1.PartitionFaceByShortestPath(point1=(b3, a1,0.0), point2=(b4, a2,0.0),

faces=faces)
202   
203   myFace = myPart1.faces
204   faces = myFace.findAt(((b3+0.01,a2-0.01,0.0), ),((b4-0.01,a1+0.01,0.0), ))
205   myPart1.PartitionFaceByShortestPath(point1=(b3, a2,0.0), point2=(b4, a1,0.0),

faces=faces)
206   
207   #rectangle 5
208   myFace = myPart1.faces
209   faces = myFace.findAt(((b1+0.01,a1+0.01,0.0), ))
210   myPart1.PartitionFaceByShortestPath(point1=(b1, a1,0.0), point2=(b2,a2,0.0), faces=faces)
211   
212   myFace = myPart1.faces
213   faces = myFace.findAt(((b1+0.01,a2-0.01,0.0), ),((b2-0.01,a1+0.01,0.0), ))
214   myPart1.PartitionFaceByShortestPath(point1=(b1, a2,0.0), point2=(b2, a1,0.0),

faces=faces)
215   
216   
217   ################### material property ####################
218   
219   #material property and sectionassignment
220   
221   
222   myModel.Material(name='Material-wood')
223   myModel.materials['Material-wood'].Elastic(type=ENGINEERING_CONSTANTS, table=((El, Er,

Et,Nu_lr, Nu_lt, Nu_rt, G_lr, G_lt, G_rt), ))
224   myModel.materials['Material-wood'].Conductivity(type=ORTHOTROPIC,dependencies=1,

table=((2.43E-007 ,1.05E-007, 0 ,0), (1.36E-006, 1.28E-007, 0, 0.05),
(1.44E-006, 1.31E-007 ,0 ,0.055), (1.53E-006 ,1.39E-007, 0, 0.07), (1.58E-006
,1.47E-007 ,0, 0.085), (1.53E-006, 1.5E-007, 0, 0.09), (1.23E-006 ,1.81E-007, 0
,0.135), (8.29E-007, 2.17E-007 ,0, 0.18), (5.67E-007 ,2.62E-007, 0 ,0.23),
(3.65E-007, 3.25E-007 ,0, 0.28)))

225   myModel.materials['Material-wood'].MaxsDamageInitiation(direction=TMORI, table=((ft,
Gt1, Gt2), ))

226   
227   myModel.materials['Material-wood'].Expansion(type=ORTHOTROPIC, table=((alpha11,

alpha22, alpha33), ))
228   myModel.materials['Material-wood'].Density(table=((1,),))
229   myModel.materials['Material-wood'].SpecificHeat(table=((1,),))
230   
231   
232   #myModel.materials['Material-wood'].maxpsDamageInitiation.DamageStabilizationCohesive(coh

esiveCoeff=cohCoeff)
233   myModel.HomogeneousSolidSection(name='Section-1', material='Material-wood',

thickness=0.19)



234   myFace1 = myPart1.faces
235   faces1 = myFace1.findAt(((W/10,H/10,0.0), ),

((W/4,H/2,0.0),),((LS_E_S,a3+0.01,0.0),),((b2-0.01,A,0.0),),((LS_E_S,a4-0.01,0.0),),((b1+
0.01,A,0.0),),((B,a3+0.01,0.0),),((b4-0.01,A,0.0),),((B,a4-0.01,0.0),),((b3+0.01,A,0.0),)
,((B,a1+0.01,0.0),),((b4-0.01,B_E_S,0.0),),((B,a2-0.01,0.0),),((b3+0.01,B_E_S,0.0),),((LS
_E_S,a1+0.01,0.0),),((b2-0.01,B_E_S,0.0),),((LS_E_S,a2-0.01,0.0),),((b1+0.01,B_E_S,0.0),)
)

236   region = myPart1.Set(faces=faces1, name='Set-1')
237   myPart1.SectionAssignment(region=region, sectionName='Section-1')
238   
239   
240   #creating datum coo_system
241   myPart1.DatumCsysByThreePoints(name='Datum csys-1', coordSysType=CARTESIAN,

origin=(0.0, 0.0, 0.0), line1=(1.0, 0.0, 0.0), line2=(0.0, 1.0, 0.0))
242   
243   #assigning material orientation
244   
245   myFace2 = myPart1.faces
246   faces2 = myFace2.findAt(((W/10,H/10,0.0), ),

((W/4,H/2,0.0),),((LS_E_S,a3+0.01,0.0),),((b2-0.01,A,0.0),),((LS_E_S,a4-0.01,0.0),),((b1+
0.01,A,0.0),),((B,a3+0.01,0.0),),((b4-0.01,A,0.0),),((B,a4-0.01,0.0),),((b3+0.01,A,0.0),)
,((B,a1+0.01,0.0),),((b4-0.01,B_E_S,0.0),),((B,a2-0.01,0.0),),((b3+0.01,B_E_S,0.0),),((LS
_E_S,a1+0.01,0.0),),((b2-0.01,B_E_S,0.0),),((LS_E_S,a2-0.01,0.0),),((b1+0.01,B_E_S,0.0),)
)

247   region = regionToolset.Region(faces=faces2)
248   orientation = None
249   myPart1.MaterialOrientation(region=region, orientationType=SYSTEM, axis=AXIS_3,

localCsys=orientation, fieldName='', additionalRotationType=ROTATION_NONE,
angle=0.0,additionalRotationField='', stackDirection=STACK_3)

250   
251   
252   ##############  assembly #################
253   
254   #assembly
255   
256   session.viewports['Viewport: 1'].setValues(displayedObject=myPart1)
257   myAssembly = myModel.rootAssembly
258   session.viewports['Viewport: 1'].setValues(displayedObject=myAssembly)
259   session.viewports['Viewport: 1'].assemblyDisplay.setValues(optimizationTasks=OFF,

geometricRestrictions=OFF, stopConditions=OFF)
260   
261   myAssembly.DatumCsysByDefault(CARTESIAN)
262   myAssembly.Instance(name='W-part-1', part=myPart1, dependent=OFF)
263   
264   #myAssembly.Instance(name='crack-1', part=myPart2, dependent=ON)
265   
266   ###############  step   ##################
267   
268   #step
269   
270   myModel.HeatTransferStep(deltmx=1.0,name='Step-1', previous='Initial',

timePeriod=timePeri, maxNumInc=maxnoInc, initialInc=IniInc, minInc=minInc, maxInc=
maxInc)

271   #myModel.steps['Step-1'].control.setValues(allowPropagation=OFF, 
resetDefaultValues=OFF, discontinuous=ON, timeIncrementation=(8.0, 10.0, 9.0, 16.0, 
10.0, 4.0, 12.0, 100.0, 6.0, 3.0, 50.0))

272   myModel.FieldOutputRequest(name='F-Output-2', createStepName='Step-1',
variables=('NT', 'HFL'))

273   
274   #amplitude
275   #myModel.TabularAmplitude(data=((0.0, 0.14), (1200000.0,0.12)), name='Amp-1', 

smooth=SOLVER_DEFAULT, timeSpan=STEP)
276   #myModel.TabularAmplitude(data=((0.0, 0.14), (600000.0,0.12), (1200000.0, 0.1)), 

name='Amp-2', smooth=SOLVER_DEFAULT, timeSpan=STEP)



277   #myModel.TabularAmplitude(data=((0.0, 0.14), (600000.0, 0.11), (1200000.0, 0.08)), 
name='Amp-3', smooth=SOLVER_DEFAULT, timeSpan=    STEP)

278   myModel.TabularAmplitude(data=((0.0, 0.12), (259200.0, 0.16)), name='Amp-4',
smooth=SOLVER_DEFAULT, timeSpan=STEP)

279   #myModel.HistoryOutputRequest(name='H-Output-2',  createStepName='Step-1', 
variables=('ALLAE', 'ALLCD', 'ALLDMD', 'ALLEE', 'ALLFD', 'ALLIE', 'ALLJD', 
'ALLKE','ALLKL', 'ALLPD', 'ALLQB', 'ALLSE', 'ALLSD', 'ALLVD', 'ALLWK', 
'ETOTAL','OPENBC', 'CRSTS11', 'CRSTS12', 'CRSTS13', 'ENRRT11', 'ENRRT12', 
'ENRRT13','EFENRRTR'))

280   
281   #session.viewports['Viewport: 1'].assemblyDisplay.setValues(loads=ON, bcs=ON, 

predefinedFields=ON, connectors=ON, adaptiveMeshConstraints=OFF)
282   
283   #moisture boundary condition (top edge)
284   
285   myEdge1= myAssembly.instances['W-part-1'].edges
286   edges1 = myEdge1.findAt(((W/4,H,0.0),),((W/2,H,0.0),))
287   region = myAssembly.Set(edges=edges1 , name='Set-1')
288   
289   myModel.TemperatureBC(amplitude='Amp-4', createStepName='Step-1',

distributionType=UNIFORM, fieldName='', fixed=OFF, magnitude=1.0,name='BC-1',
region=region)

290   
291   #moisture boundary condition (left edge)
292   myEdge2= myAssembly.instances['W-part-1'].edges
293   edges2 = myEdge2.findAt(((0.0,H/8,0.0),),((0.0,H/2,0.0),),((0.0,H*0.99,0.0),))
294   region = myAssembly.Set(edges=edges2, name='Set-2')
295   myModel.TemperatureBC(amplitude='Amp-4', createStepName='Step-1',

distributionType=UNIFORM, fieldName='', fixed=OFF, magnitude=1.0,name='BC-2',
region=region)

296   
297   #moisture boundary condition (bottom edge)
298   myEdge3= myAssembly.instances['W-part-1'].edges
299   edges3 = myEdge3.findAt(((W/4,0.0,0.0),),((W/2,0.0,0.0),))
300   region = myAssembly.Set(edges=edges3, name='Set-3')
301   myModel.TemperatureBC(amplitude='Amp-4', createStepName='Step-1',

distributionType=UNIFORM, fieldName='', fixed=OFF, magnitude=1.0,name='BC-3',
region=region)

302   
303   
304   ###############  Predefinedfields###################
305   
306   #Predefinedfields
307   
308   meshface =myAssembly.instances['W-part-1'].faces
309   meshFace = meshface.findAt(((W/10,H/10,0.0), ),

((W/4,H/2,0.0),),((LS_E_S,a3+0.01,0.0),),((b2-0.01,A,0.0),),((LS_E_S,a4-0.01,0.0),),((b1+
0.01,A,0.0),),((B,a3+0.01,0.0),),((b4-0.01,A,0.0),),((B,a4-0.01,0.0),),((b3+0.01,A,0.0),)
,((B,a1+0.01,0.0),),((b4-0.01,B_E_S,0.0),),((B,a2-0.01,0.0),),((b3+0.01,B_E_S,0.0),),((LS
_E_S,a1+0.01,0.0),),((b2-0.01,B_E_S,0.0),),((LS_E_S,a2-0.01,0.0),),((b1+0.01,B_E_S,0.0),)
)

310   region=(meshFace,)
311   myModel.Temperature(name='Predefined Field-1', createStepName='Initial', region=region,

distributionType=UNIFORM,crossSectionDistribution=CONSTANT_THROUGH_THICKNESS,
magnitudes=(0.12, ))

312   
313   
314   ########## MESH  #################################
315   
316   #mesh
317   
318   meshface =myAssembly.instances['W-part-1'].faces
319   meshFace = meshface.findAt(((W/10,H/10,0.0), ),

((W/4,H/2,0.0),),((LS_E_S,a3+0.01,0.0),),((b2-0.01,A,0.0),),((LS_E_S,a4-0.01,0.0),),((b1+



0.01,A,0.0),),((B,a3+0.01,0.0),),((b4-0.01,A,0.0),),((B,a4-0.01,0.0),),((b3+0.01,A,0.0),)
,((B,a1+0.01,0.0),),((b4-0.01,B_E_S,0.0),),((B,a2-0.01,0.0),),((b3+0.01,B_E_S,0.0),),((LS
_E_S,a1+0.01,0.0),),((b2-0.01,B_E_S,0.0),),((LS_E_S,a2-0.01,0.0),),((b1+0.01,B_E_S,0.0),)
)

320   myAssembly.setMeshControls(regions = meshFace, elemShape=QUAD, algorithm=MEDIAL_AXIS)
321   partInstances =(myAssembly.instances['W-part-1'],)
322   
323   myAssembly.seedPartInstance (regions=partInstances, size=ms, deviationFactor=0.1,

minSizeFactor=0.1)
324   myAssembly.generateMesh(regions=partInstances)
325   
326   elemType1=mesh.ElemType(elemCode=DC2D4, elemLibrary=STANDARD)
327   elemType2=mesh.ElemType(elemCode=DC2D3, elemLibrary=STANDARD)
328   
329   meshface =myAssembly.instances['W-part-1'].faces
330   meshFace = meshface.findAt(((W/10,H/10,0.0), ),

((W/4,H/2,0.0),),((LS_E_S,a3+0.01,0.0),),((b2-0.01,A,0.0),),((LS_E_S,a4-0.01,0.0),),((b1+
0.01,A,0.0),),((B,a3+0.01,0.0),),((b4-0.01,A,0.0),),((B,a4-0.01,0.0),),((b3+0.01,A,0.0),)
,((B,a1+0.01,0.0),),((b4-0.01,B_E_S,0.0),),((B,a2-0.01,0.0),),((b3+0.01,B_E_S,0.0),),((LS
_E_S,a1+0.01,0.0),),((b2-0.01,B_E_S,0.0),),((LS_E_S,a2-0.01,0.0),),((b1+0.01,B_E_S,0.0),)
)

331   region=(meshFace,)
332   myAssembly.setElementType(regions=region,elemTypes=(elemType1,elemType2))
333   
334   
335   ################# JOB  ##########################
336   #job
337   
338   myJob=mdb.Job(name='STEP1-MC', model='Model 1', description='', type=ANALYSIS,

atTime=None, waitMinutes=0, waitHours=0, queue=None, memory=90, memoryUnits=PERCENTAGE,
getMemoryFromAnalysis=True,explicitPrecision=SINGLE, nodalOutputPrecision=SINGLE,
echoPrint=OFF,modelPrint=OFF, contactPrint=OFF, historyPrint=OFF, userSubroutine='',
scratch='', multiprocessingMode=DEFAULT, numCpus=5, numDomains=5, numGPUs=0)

339   myJob.submit()
340   
341   
342   
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A.2 PYHTON SCRIPT FOR MOISTURE TRANSPORT MODEL-2 

 

 

 

 

 

 

 

 

 

 

 

 

 



1   ##########    MOISTURE MODEL-2   ###########################
2   
3   
4   from abaqus import *
5   from abaqusConstants import *
6   import load
7   import sketch
8   import part
9   import material
10   import section
11   import assembly
12   import step
13   import regionToolset
14   import load
15   import job
16   import mesh
17   import visualization
18   import xyPlot
19   
20   # -----Parameters-----------
21   
22   #geometric parameters
23   H = 0.5
24   W = 0.5
25   #dowel diameter and spacing
26   d_dia =0.012
27   dis_1_1 = 0.1
28   dis_1_2 =0.2
29   dis_2 =0.1
30   DIA=0.012
31   
32   T_E_S = 0.1
33   B_E_S = 0.1
34   V_D_S = H -(T_E_S + B_E_S)
35   LS_E_S = 0.1
36   H_D_S = 0.1
37   D_par = 0.04
38   a1= B_E_S -D_par/2
39   a2= B_E_S+D_par/2
40   a3= B_E_S+V_D_S -D_par/2
41   a4= B_E_S+V_D_S +D_par/2
42   A = B_E_S+V_D_S
43   
44   b1=LS_E_S -D_par/2
45   b2=LS_E_S +D_par/2
46   b3=LS_E_S +H_D_S - D_par/2
47   b4 =LS_E_S + H_D_S +D_par/2
48   B = LS_E_S + H_D_S
49   
50   #dowel center AND EDGE coordinate
51   edge_d_1 = ((B,A-(DIA/2),0.0), ),((LS_E_S+(DIA/2),A,0.0), ),((LS_E_S,A+(DIA/2),0.0),

),((LS_E_S-(DIA/2),A,0.0), )
52   
53   #material property
54   El = 9700000000
55   Er = 400000000
56   Et = 220000000
57   Nu_lr= 0.35
58   Nu_lt= 0.6
59   Nu_rt= 0.55
60   G_lr = 400000000
61   G_lt = 250000000
62   G_rt = 25000000
63   alpha11 = 0.005 #expansion coefficient



64   alpha22 = 0.15 #expansion coefficient
65   alpha33 = 0.0 #expansion coefficient
66   ft = 500000
67   GCI= 250
68   GCII= 1050
69   GCIII= 1050
70   cohCoeff=0.002
71   Gt1=4000000 #shear
72   Gt2=4000000 #shear
73   
74   
75   #moisture parameters
76   MCi = 0.12
77   MCf = 0.12
78   MCbc_2=0.08
79   MCbc_3=0.08
80   MCbc_4=0.08
81   
82   #mesh size
83   ms = 0.01
84   
85   #step increament
86   timePeri = 1200000
87   maxnoInc = 100000000
88   IniInc = 50000
89   minInc = 1e-120
90   maxInc = 50000
91   maxtem_incr=0.1
92   
93   #mechanical load
94   shear=0
95   M=0
96   
97   #################  MODEL & SETS ################
98   
99   # Create a model.
100   session.viewports['Viewport: 

1'].partDisplay.geometryOptions.setValues(referenceRepresentation=ON)
101   myModel= mdb.Model(name='Model 1')
102   
103   # Create a rectanglular sketch for the 2D base feature.
104   
105   mySketch = myModel.ConstrainedSketch(name='woodrail',sheetSize=200)
106   mySketch.rectangle(point1=(0.0,0.0),point2=(W,H))
107   
108   # Create the 2D deformable part .
109   
110   myPart1 =myModel.Part(name='W-part', dimensionality=TWO_D_PLANAR,type=DEFORMABLE_BODY)
111   myPart1.BaseShell(sketch=mySketch)
112   myPart1 = myModel.parts['W-part']
113   
114   #creating a hole for the dowel
115   e = myPart1.edges
116   myPart1.HoleFromEdges(edge1=e[3], edge2=e[0], diameter=d_dia, distance1=LS_E_S,

distance2=B_E_S)
117   
118   e1 = myPart1.edges
119   myPart1.HoleFromEdges(edge1=e1[4], edge2=e1[3], diameter=d_dia, distance1=LS_E_S,

distance2=B_E_S)
120   
121   e = myPart1.edges
122   myPart1.HoleFromEdges(edge1=e1[5], edge2=e1[2], diameter=d_dia, distance1=B,

distance2=B_E_S)
123   



124   e1 = myPart1.edges
125   myPart1.HoleFromEdges(edge1=e[6], edge2=e[5], diameter=d_dia, distance1=B,

distance2=B_E_S)
126   
127   #creating Sets
128   
129   f = myPart1.faces
130   faces5 = f.findAt(((W/10,H/10,0.0), ), ((W/4,H/2,0.0),))
131   myPart1.Set(faces=faces5, name='face_1')
132   
133   myEdge = myPart1.edges
134   myEdge5 = myEdge.findAt(((W/4,H,0.0), ),((W/8,H,0.0), ))
135   myPart1.Set(edges=myEdge5, name='top_edg')
136   
137   myEdge = myPart1.edges
138   myEdge5 = myEdge.findAt(((0.0,H/4,0.0), ),((0.0,H/8,0.0), ))
139   myPart1.Set(edges=myEdge5, name='l_side_edg')
140   
141   myEdge = myPart1.edges
142   myEdge5 = myEdge.findAt(((W/4,0.0,0.0), ),((W/8,0.0,0.0), ))
143   myPart1.Set(edges=myEdge5, name='botom_edg')
144   
145   myEdge = myPart1.edges
146   myEdge5 = myEdge.findAt(((W,H/4,0.0), ),((W,H/8,0.0), ))
147   myPart1.Set(edges=myEdge5, name='r_side_edg')
148   
149   v5=myPart1.vertices
150   verts5 = v5.findAt(((0.0,0.0,0.0),))
151   myPart1.Set(vertices = verts5, name= 'Set-6')
152   
153   v6=myPart1.vertices
154   verts6 = v6.findAt(((0.0,H,0.0),))
155   myPart1.Set(vertices = verts6, name= 'Set-7')
156   
157   
158   ################## partition    #####################
159   
160   ##partitioning the edges
161   
162   #partition only the (CRACK DOMEAIN)rectangles
163   
164   mySketch2 = myModel.ConstrainedSketch(name='enrichment',sheetSize=200)
165   mySketch2.setPrimaryObject(option=SUPERIMPOSE)
166   myPart1.projectReferencesOntoSketch(sketch=mySketch2, filter=COPLANAR_EDGES)
167   
168   mySketch2.rectangle(point1=(0.0, a2), point2=(0.45, a3)) #partition rectangles
169   mySketch2.rectangle(point1=(b1, a3), point2=(b2, a4)) #partition rectangles
170   mySketch2.rectangle(point1=(b3, a3), point2=(b4, a4)) #partition rectangles
171   mySketch2.rectangle(point1=(b3,a1), point2=(b4, a2)) #partition rectangles
172   mySketch2.rectangle(point1=(b1,a1), point2=(b2,a2)) #partition rectangles
173   
174   myFace = myPart1.faces
175   faces = myFace.findAt(((W/10,H/10,0.0), ))
176   myPart1.PartitionFaceBySketch(faces=faces, sketch=mySketch2)
177   
178   #patition the small rectangles
179   
180   
181   #rectangle 2
182   myFace = myPart1.faces
183   faces = myFace.findAt(((b1+0.01,a3+0.01,0.0), ))
184   myPart1.PartitionFaceByShortestPath(point1=(b1, a3,0.0), point2=(b2, a4,0.0),

faces=faces)
185   



186   myFace = myPart1.faces
187   faces = myFace.findAt(((b1+0.01,a4-0.01,0.0), ),((b2-0.01,a3+0.01,0.0), ))
188   myPart1.PartitionFaceByShortestPath(point1=(b1, a4,0.0), point2=(b2, a3,0.0),

faces=faces)
189   
190   #rectangle 3
191   myFace = myPart1.faces
192   faces = myFace.findAt(((b3+0.01,a3+0.01,0.0), ))
193   myPart1.PartitionFaceByShortestPath(point1=(b3, a3,0.0), point2=(b4, a4,0.0),

faces=faces)
194   
195   myFace = myPart1.faces
196   faces = myFace.findAt(((b3+0.01,a4-0.01,0.0), ),((b4-0.01,a3+0.01,0.0), ))
197   myPart1.PartitionFaceByShortestPath(point1=(b3, a4,0.0), point2=(b4, a3,0.0),

faces=faces)
198   
199   
200   #rectangle 4
201   myFace = myPart1.faces
202   faces = myFace.findAt(((b3+0.01,a1+0.01,0.0), ))
203   myPart1.PartitionFaceByShortestPath(point1=(b3, a1,0.0), point2=(b4, a2,0.0),

faces=faces)
204   
205   myFace = myPart1.faces
206   faces = myFace.findAt(((b3+0.01,a2-0.01,0.0), ),((b4-0.01,a1+0.01,0.0), ))
207   myPart1.PartitionFaceByShortestPath(point1=(b3, a2,0.0), point2=(b4, a1,0.0),

faces=faces)
208   
209   #rectangle 5
210   myFace = myPart1.faces
211   faces = myFace.findAt(((b1+0.01,a1+0.01,0.0), ))
212   myPart1.PartitionFaceByShortestPath(point1=(b1, a1,0.0), point2=(b2,a2,0.0), faces=faces)
213   
214   myFace = myPart1.faces
215   faces = myFace.findAt(((b1+0.01,a2-0.01,0.0), ),((b2-0.01,a1+0.01,0.0), ))
216   myPart1.PartitionFaceByShortestPath(point1=(b1, a2,0.0), point2=(b2, a1,0.0),

faces=faces)
217   
218   
219   ########### material property ######################
220   
221   #material property and sectionassignment
222   
223   
224   myModel.Material(name='Material-wood')
225   myModel.materials['Material-wood'].Elastic(type=ENGINEERING_CONSTANTS, table=((El, Er,

Et,Nu_lr, Nu_lt, Nu_rt, G_lr, G_lt, G_rt), ))
226   myModel.materials['Material-wood'].Conductivity(type=ORTHOTROPIC,dependencies=1,

table=((2.43E-007 ,1.05E-007, 0 ,0), (1.36E-006, 1.28E-007, 0, 0.05),
(1.44E-006, 1.31E-007 ,0 ,0.055), (1.53E-006 ,1.39E-007, 0, 0.07), (1.58E-006
,1.47E-007 ,0, 0.085), (1.53E-006, 1.5E-007, 0, 0.09), (1.23E-006 ,1.81E-007, 0
,0.135), (8.29E-007, 2.17E-007 ,0, 0.18), (5.67E-007 ,2.62E-007, 0 ,0.23),
(3.65E-007, 3.25E-007 ,0, 0.28)))

227   myModel.materials['Material-wood'].MaxsDamageInitiation(direction=TMORI, table=((ft,
Gt1, Gt2), ))

228   
229   myModel.materials['Material-wood'].Expansion(type=ORTHOTROPIC, table=((alpha11,

alpha22, alpha33), ))
230   myModel.materials['Material-wood'].Density(table=((1,),))
231   myModel.materials['Material-wood'].SpecificHeat(table=((1,),))
232   
233   
234   #myModel.materials['Material-wood'].maxpsDamageInitiation.DamageStabilizationCohesive(coh

esiveCoeff=cohCoeff)



235   myModel.HomogeneousSolidSection(name='Section-1', material='Material-wood',
thickness=0.19)

236   myFace1 = myPart1.faces
237   faces1 = myFace1.findAt(((W/10,H/10,0.0), ),

((W/4,H/2,0.0),),((LS_E_S,a3+0.01,0.0),),((b2-0.01,A,0.0),),((LS_E_S,a4-0.01,0.0),),((b1+
0.01,A,0.0),),((B,a3+0.01,0.0),),((b4-0.01,A,0.0),),((B,a4-0.01,0.0),),((b3+0.01,A,0.0),)
,((B,a1+0.01,0.0),),((b4-0.01,B_E_S,0.0),),((B,a2-0.01,0.0),),((b3+0.01,B_E_S,0.0),),((LS
_E_S,a1+0.01,0.0),),((b2-0.01,B_E_S,0.0),),((LS_E_S,a2-0.01,0.0),),((b1+0.01,B_E_S,0.0),)
)

238   region = myPart1.Set(faces=faces1, name='Set-1')
239   myPart1.SectionAssignment(region=region, sectionName='Section-1')
240   
241   
242   #creating datum coo_system
243   myPart1.DatumCsysByThreePoints(name='Datum csys-1', coordSysType=CARTESIAN,

origin=(0.0, 0.0, 0.0), line1=(1.0, 0.0, 0.0), line2=(0.0, 1.0, 0.0))
244   
245   #assigning material orientation
246   
247   myFace2 = myPart1.faces
248   faces2 = myFace2.findAt(((W/10,H/10,0.0), ),

((W/4,H/2,0.0),),((LS_E_S,a3+0.01,0.0),),((b2-0.01,A,0.0),),((LS_E_S,a4-0.01,0.0),),((b1+
0.01,A,0.0),),((B,a3+0.01,0.0),),((b4-0.01,A,0.0),),((B,a4-0.01,0.0),),((b3+0.01,A,0.0),)
,((B,a1+0.01,0.0),),((b4-0.01,B_E_S,0.0),),((B,a2-0.01,0.0),),((b3+0.01,B_E_S,0.0),),((LS
_E_S,a1+0.01,0.0),),((b2-0.01,B_E_S,0.0),),((LS_E_S,a2-0.01,0.0),),((b1+0.01,B_E_S,0.0),)
)

249   region = regionToolset.Region(faces=faces2)
250   orientation = None
251   myPart1.MaterialOrientation(region=region, orientationType=SYSTEM, axis=AXIS_3,

localCsys=orientation, fieldName='', additionalRotationType=ROTATION_NONE,
angle=0.0,additionalRotationField='', stackDirection=STACK_3)

252   
253   
254   ################# assembly  ######################
255   
256   
257   #assembly
258   
259   session.viewports['Viewport: 1'].setValues(displayedObject=myPart1)
260   myAssembly = myModel.rootAssembly
261   session.viewports['Viewport: 1'].setValues(displayedObject=myAssembly)
262   session.viewports['Viewport: 1'].assemblyDisplay.setValues(optimizationTasks=OFF,

geometricRestrictions=OFF, stopConditions=OFF)
263   
264   myAssembly.DatumCsysByDefault(CARTESIAN)
265   myAssembly.Instance(name='W-part', part=myPart1, dependent=OFF)
266   
267   #myAssembly.Instance(name='crack-1', part=myPart2, dependent=ON)
268   
269   ################ step   ########################
270   
271   #step
272   
273   myModel.HeatTransferStep(deltmx=1.0,name='Step-1', previous='Initial',

timePeriod=timePeri, maxNumInc=maxnoInc, initialInc=IniInc, minInc=minInc, maxInc=
maxInc)

274   #myModel.steps['Step-1'].control.setValues(allowPropagation=OFF, 
resetDefaultValues=OFF, discontinuous=ON, timeIncrementation=(8.0, 10.0, 9.0, 16.0, 
10.0, 4.0, 12.0, 100.0, 6.0, 3.0, 50.0))

275   myModel.FieldOutputRequest(name='F-Output-2', createStepName='Step-1',
variables=('NT', 'HFL'))

276   
277   #amplitude
278   myModel.TabularAmplitude(data=((0.0, 0.16), (1200000.0,0.12)), name='Amp-1',



smooth=SOLVER_DEFAULT, timeSpan=STEP)
279   myModel.TabularAmplitude(data=((0.0, 0.16), (1200000.0, 0.1)), name='Amp-2',

smooth=SOLVER_DEFAULT, timeSpan=STEP)
280   myModel.TabularAmplitude(data=((0.0, 0.16), (1200000.0, 0.08)), name='Amp-3',

smooth=SOLVER_DEFAULT, timeSpan= STEP)
281   #myModel.TabularAmplitude(data=((0.0, 0.12), (129600.0, 0.2),(259200.0, 0.2)), 

name='Amp-4', smooth=SOLVER_DEFAULT, timeSpan=STEP)
282   #myModel.HistoryOutputRequest(name='H-Output-2',  createStepName='Step-1', 

variables=('ALLAE', 'ALLCD', 'ALLDMD', 'ALLEE', 'ALLFD', 'ALLIE', 'ALLJD', 
'ALLKE','ALLKL', 'ALLPD', 'ALLQB', 'ALLSE', 'ALLSD', 'ALLVD', 'ALLWK', 
'ETOTAL','OPENBC', 'CRSTS11', 'CRSTS12', 'CRSTS13', 'ENRRT11', 'ENRRT12', 
'ENRRT13','EFENRRTR'))

283   
284   #session.viewports['Viewport: 1'].assemblyDisplay.setValues(loads=ON, bcs=ON, 

predefinedFields=ON, connectors=ON, adaptiveMeshConstraints=OFF)
285   
286   #moisture boundary condition (top edge)
287   myEdge2= myAssembly.instances['W-part'].edges
288   edges2 = myEdge2.findAt(((0.1,H,0.0),),((0.2,H,0.0),))
289   region = myAssembly.Set(edges=edges2, name='Set-15')
290   myModel.TemperatureBC(amplitude='Amp-1', createStepName='Step-1',

distributionType=UNIFORM, fieldName='', fixed=OFF, magnitude=1.0,name='BC-1',
region=region)

291   
292   #moisture boundary condition (left edge)
293   myEdge2= myAssembly.instances['W-part'].edges
294   edges2 = myEdge2.findAt(((0.0,H/8,0.0),),((0.0,H/2,0.0),),((0.0,H*0.99,0.0),))
295   region = myAssembly.Set(edges=edges2, name='Set-16')
296   myModel.TemperatureBC(amplitude='Amp-2', createStepName='Step-1',

distributionType=UNIFORM, fieldName='', fixed=OFF, magnitude=1.0,name='BC-2',
region=region)

297   
298   #moisture boundary condition (bottom edge)
299   myEdge2= myAssembly.instances['W-part'].edges
300   edges2 = myEdge2.findAt(((0.1,0.0,0.0),),((0.2,0.0,0.0),))
301   region = myAssembly.Set(edges=edges2, name='Set-17')
302   myModel.TemperatureBC(amplitude='Amp-3', createStepName='Step-1',

distributionType=UNIFORM, fieldName='', fixed=OFF, magnitude=1.0,name='BC-3',
region=region)

303   
304   ################## Predefinedfields  ######################
305   
306   #Predefinedfields
307   
308   myFace3 = myAssembly.instances['W-part'].faces
309   
310   myModel.Temperature(name='Predefined Field-1', createStepName='Initial',

distributionType=FROM_FILE,
fileName='C:/Users/th222ir/Desktop/0.3/STEP1-MC.odb',beginStep=1, beginIncrement=26,
endStep=None, endIncrement=None, interpolate=ON, absoluteExteriorTolerance=0.0,
exteriorTolerance=0.05) ##change the file name and the inc. size

311   
312   #myModel.Temperature(name='Predefined Field21', createStepName='Step-1', 

distributionType=FROM_FILE,fileName='E:/SSTEP2_MOISTURE_FFLOW_FIL.fil', beginStep=1, 
beginIncrement=1,endStep=1200000, endIncrement=120, 
interpolate=MIDSIDE_ONLY,absoluteExteriorTolerance=0.0, exteriorTolerance=0.05)

313   
314   #####################MESH  #############################
315   
316   #mesh
317   
318   meshface =myAssembly.instances['W-part'].faces
319   meshFace = meshface.findAt(((W/10,H/10,0.0), ),

((W/4,H/2,0.0),),((LS_E_S,a3+0.01,0.0),),((b2-0.01,A,0.0),),((LS_E_S,a4-0.01,0.0),),((b1+



0.01,A,0.0),),((B,a3+0.01,0.0),),((b4-0.01,A,0.0),),((B,a4-0.01,0.0),),((b3+0.01,A,0.0),)
,((B,a1+0.01,0.0),),((b4-0.01,B_E_S,0.0),),((B,a2-0.01,0.0),),((b3+0.01,B_E_S,0.0),),((LS
_E_S,a1+0.01,0.0),),((b2-0.01,B_E_S,0.0),),((LS_E_S,a2-0.01,0.0),),((b1+0.01,B_E_S,0.0),)
)

320   myAssembly.setMeshControls(regions = meshFace, elemShape=QUAD, algorithm=MEDIAL_AXIS)
321   partInstances =(myAssembly.instances['W-part'],)
322   
323   myAssembly.seedPartInstance (regions=partInstances, size=ms, deviationFactor=0.1,

minSizeFactor=0.1)
324   myAssembly.generateMesh(regions=partInstances)
325   
326   elemType1=mesh.ElemType(elemCode=DC2D4, elemLibrary=STANDARD)
327   elemType2=mesh.ElemType(elemCode=DC2D3, elemLibrary=STANDARD)
328   
329   meshface =myAssembly.instances['W-part'].faces
330   meshFace = meshface.findAt(((W/10,H/10,0.0), ),

((W/4,H/2,0.0),),((LS_E_S,a3+0.01,0.0),),((b2-0.01,A,0.0),),((LS_E_S,a4-0.01,0.0),),((b1+
0.01,A,0.0),),((B,a3+0.01,0.0),),((b4-0.01,A,0.0),),((B,a4-0.01,0.0),),((b3+0.01,A,0.0),)
,((B,a1+0.01,0.0),),((b4-0.01,B_E_S,0.0),),((B,a2-0.01,0.0),),((b3+0.01,B_E_S,0.0),),((LS
_E_S,a1+0.01,0.0),),((b2-0.01,B_E_S,0.0),),((LS_E_S,a2-0.01,0.0),),((b1+0.01,B_E_S,0.0),)
)

331   region=(meshFace,)
332   myAssembly.setElementType(regions=region,elemTypes=(elemType1,elemType2))
333   
334   
335   #############  JOB   ############################
336   #job
337   
338   myJob=mdb.Job(name='STEP2-MC', model='Model 1', description='', type=ANALYSIS,

atTime=None, waitMinutes=0, waitHours=0, queue=None, memory=90, memoryUnits=PERCENTAGE,
getMemoryFromAnalysis=True,explicitPrecision=SINGLE, nodalOutputPrecision=SINGLE,
echoPrint=OFF,modelPrint=OFF, contactPrint=OFF, historyPrint=OFF, userSubroutine='',
scratch='', multiprocessingMode=DEFAULT, numCpus=5, numDomains=5, numGPUs=0)

339   myJob.submit()
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A.3 PYHTON SCRIPT FOR XFEM MODEL 

 

 

 

 

 

 

 

 

 

 

 

 

 



1   ########## EXTENDED FINITE ELEMENT (XFEM) MODEL ############
2   
3   
4   from abaqus import *
5   from abaqusConstants import *
6   import load
7   import sketch
8   import part
9   import material
10   import section
11   import assembly
12   import step
13   import regionToolset
14   import load
15   import job
16   import mesh
17   import visualization
18   import xyPlot
19   
20   # -----Parameters-----------
21   
22   #geometric parameters
23   H = 0.5
24   W = 0.5
25   #dowel diameter and spacing
26   d_dia =0.012
27   dis_1_1 = 0.1
28   dis_1_2 =0.2
29   dis_2 =0.1
30   DIA=0.012
31   
32   T_E_S = 0.1
33   B_E_S = 0.1
34   V_D_S = H -(T_E_S + B_E_S)
35   LS_E_S = 0.1
36   H_D_S = 0.1
37   D_par = 0.04
38   a1= B_E_S -D_par/2
39   a2= B_E_S+D_par/2
40   a3= B_E_S+V_D_S -D_par/2
41   a4= B_E_S+V_D_S +D_par/2
42   A = B_E_S+V_D_S
43   
44   b1=LS_E_S -D_par/2
45   b2=LS_E_S +D_par/2
46   b3=LS_E_S +H_D_S - D_par/2
47   b4 =LS_E_S + H_D_S +D_par/2
48   B = LS_E_S + H_D_S
49   
50   #dowel center AND EDGE coordinate
51   edge_d_1 = ((B,A-(DIA/2),0.0), ),((LS_E_S+(DIA/2),A,0.0), ),((LS_E_S,A+(DIA/2),0.0),

),((LS_E_S-(DIA/2),A,0.0), )
52   
53   #material property
54   El = 9700000000
55   Er = 400000000
56   Et = 220000000
57   Nu_lr= 0.35
58   Nu_lt= 0.6
59   Nu_rt= 0.55
60   G_lr = 400000000
61   G_lt = 250000000
62   G_rt = 25000000
63   alpha11 = 0.005 #expansion coefficient



64   alpha22 = 0.15 #expansion coefficient
65   alpha33 = 0.0 #expansion coefficient
66   ft = 500000
67   GCI= 250
68   GCII= 1050
69   GCIII= 1050
70   cohCoeff=0.002
71   Gt1=4000000 #shear
72   Gt2=4000000 #shear
73   
74   
75   #moisture parameters
76   MCi = 0.12
77   MCf = 0.12
78   MCbc_2=0.08
79   MCbc_3=0.08
80   MCbc_4=0.08
81   
82   #mesh size
83   ms = 0.01
84   
85   #step increament
86   timePeri = 1200000
87   maxnoInc = 100000000
88   IniInc = 50000
89   minInc = 1e-120
90   maxInc = 50000
91   maxtem_incr=0.1
92   
93   #mechanical load
94   shear=0
95   M=0
96   
97   ############### MODEL & SETS #########################
98   
99   # Create a model.
100   session.viewports['Viewport: 

1'].partDisplay.geometryOptions.setValues(referenceRepresentation=ON)
101   myModel= mdb.Model(name='Model 1')
102   
103   # Create a rectanglular sketch for the 2D base feature.
104   
105   mySketch = myModel.ConstrainedSketch(name='woodrail',sheetSize=200)
106   mySketch.rectangle(point1=(0.0,0.0),point2=(W,H))
107   
108   # Create the 2D deformable part .
109   
110   myPart1 =myModel.Part(name='W-part', dimensionality=TWO_D_PLANAR,type=DEFORMABLE_BODY)
111   myPart1.BaseShell(sketch=mySketch)
112   myPart1 = myModel.parts['W-part']
113   
114   #creating a hole for the dowel
115   e = myPart1.edges
116   myPart1.HoleFromEdges(edge1=e[3], edge2=e[0], diameter=d_dia, distance1=LS_E_S,

distance2=B_E_S)
117   
118   e1 = myPart1.edges
119   myPart1.HoleFromEdges(edge1=e1[4], edge2=e1[3], diameter=d_dia, distance1=LS_E_S,

distance2=B_E_S)
120   
121   e = myPart1.edges
122   myPart1.HoleFromEdges(edge1=e1[5], edge2=e1[2], diameter=d_dia, distance1=B,

distance2=B_E_S)
123   



124   e1 = myPart1.edges
125   myPart1.HoleFromEdges(edge1=e[6], edge2=e[5], diameter=d_dia, distance1=B,

distance2=B_E_S)
126   
127   #creating Sets
128   
129   f = myPart1.faces
130   faces5 = f.findAt(((W/10,H/10,0.0), ), ((W/4,H/2,0.0),))
131   myPart1.Set(faces=faces5, name='face_1')
132   
133   myEdge = myPart1.edges
134   myEdge5 = myEdge.findAt(((W/4,H,0.0), ),((W/8,H,0.0), ))
135   myPart1.Set(edges=myEdge5, name='top_edg')
136   
137   myEdge = myPart1.edges
138   myEdge5 = myEdge.findAt(((0.0,H/4,0.0), ),((0.0,H/8,0.0), ))
139   myPart1.Set(edges=myEdge5, name='l_side_edg')
140   
141   myEdge = myPart1.edges
142   myEdge5 = myEdge.findAt(((W/4,0.0,0.0), ),((W/8,0.0,0.0), ))
143   myPart1.Set(edges=myEdge5, name='botom_edg')
144   
145   myEdge = myPart1.edges
146   myEdge5 = myEdge.findAt(((W,H/4,0.0), ),((W,H/8,0.0), ))
147   myPart1.Set(edges=myEdge5, name='r_side_edg')
148   
149   v5=myPart1.vertices
150   verts5 = v5.findAt(((0.0,0.0,0.0),))
151   myPart1.Set(vertices = verts5, name= 'Set-6')
152   
153   v6=myPart1.vertices
154   verts6 = v6.findAt(((0.0,H,0.0),))
155   myPart1.Set(vertices = verts6, name= 'Set-7')
156   
157   
158   ############## partition  ###################
159   
160   ##partitioning the edges
161   
162   #partition only the (CRACK DOMEAIN)rectangles
163   
164   mySketch2 = myModel.ConstrainedSketch(name='enrichment',sheetSize=200)
165   mySketch2.setPrimaryObject(option=SUPERIMPOSE)
166   myPart1.projectReferencesOntoSketch(sketch=mySketch2, filter=COPLANAR_EDGES)
167   
168   mySketch2.rectangle(point1=(0.0, a2), point2=(0.45, a3)) #partition rectangles
169   mySketch2.rectangle(point1=(b1, a3), point2=(b2, a4)) #partition rectangles
170   mySketch2.rectangle(point1=(b3, a3), point2=(b4, a4)) #partition rectangles
171   mySketch2.rectangle(point1=(b3,a1), point2=(b4, a2)) #partition rectangles
172   mySketch2.rectangle(point1=(b1,a1), point2=(b2,a2)) #partition rectangles
173   
174   myFace = myPart1.faces
175   faces = myFace.findAt(((W/10,H/10,0.0), ))
176   myPart1.PartitionFaceBySketch(faces=faces, sketch=mySketch2)
177   
178   #patition the small rectangles
179   
180   
181   #rectangle 2
182   myFace = myPart1.faces
183   faces = myFace.findAt(((b1+0.01,a3+0.01,0.0), ))
184   myPart1.PartitionFaceByShortestPath(point1=(b1, a3,0.0), point2=(b2, a4,0.0),

faces=faces)
185   
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