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INTRODUCTION 

Development of shrinkage cracks is a well-known phenomenon which 

sometimes gives a pleasant esthetic touch to a construction, but 

mostly, it is a problem causing reduction of strength and it is also 

probable that cracks influence the absorbency of water. It is of 

great importance to find information about the development of shrin­

kage cracks before being able to avoid them. One way to do this is 

to do empirical experiments, but the results which can be found by 

this method are far from sufficient. It is very difficult to find 

relevant answers about what happens inside the material, and this 

kind of data is important. Therefore, it is necessary to find a met­

hod which in a theoretical way makes it possible to calculate the 

development of shrinkage cracks, and a model which can be applied 

when the material is orthotropic. 

The objective of this report is to present a theoretical model, a 

fracture mechanics mode l called the Fictitious Crack Model, FCM, 

which can be applied to calculations on the development of cracks in 

wood. The results from this report are not intended to agree with 

reality, but they showa possible way to get closer to real ity by 

theoretical methods. The mode l used was introduced in 1976 by Hil­

lerborg et al. and it was developed for concrete and similar materi­

als. Today it is a universally known model in the area of concrete 

and similar materials. For those who are not familiar with fracture 

mechanics Knott (1977) and Modeer (1980) can be recommended. 

The first chapter, "Moisture Distribution", shows how moisture dist­

ribution has been chosen, and how it has been transformed to an ini­

tial strain which is the input data to the FEM-computations. 

Chapter two, "Shrinkage Cracks - a Fracture Mechanics Phenomenon", 

contains a short introduction to the Fictitious Crack Model, and 

briefly describes the method of calculation. The results indicate 

the possibilities of predicting a drying process for wood, without 
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getting open cracks. There is also a discussion about the problem 

with Linear Elastic Fracture Mechanics, which is the most wide ly 

spread model in use today. 

In chapter three the conclusions are summoned up and some aspects on 

further research are suggested. It also presents some of the rese­

arch in the area fracture mechanics which is going on in Lund, and 

this is the first report in this research project called "Fracture 

Mechanics Applied on Wood". 
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CHAPTER 1 MOISTURE DISTRIBUTION 

To describe moisture changes in wood, when it is applied to drying, 

is not the main idea of this report, but it is necessary to know 

what the moisture distribution looks like in the material at diffe­

rent times in the drying process. This is important because it is 

the moisture content distribution through the specimen that is the 

cause of stresses induced in the material, and these stresses can 

create cracks if they exceed the ultimate stress. Several approxima­

tions have been made in this report, not only in order to simplify 

calculations, but also because some material properties are very 

difficult to find and use. For example can it be problems to find 

data about diffusivity and its variations with moisture content. One 

of the approximations is when calculating moisture distribution it 

is made in only one dimension, but this approximation is very simple 

to avoid. Further, the diffusivity is assumed to be constant and the 

material is assumed to be isotropic. It is possible to make calcula­

tions without these approximations, but in this case it is not so 

important to get exact results. It is more important to showa use­

ful method, which can be used on wood. 

The law of mass conservation has been applied in order to determine 

moisture distribution in wood. The calculations have only been made 

in one dimension as mentioned above, and the law of mass conserva­

tion in one dimension is shown in Equation 1. 

aw aF 
aT=-ax 

Where w = evaporable moisture content 

F = moisture flow 
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In Eguation l the moisture flow is involved and this moisture flow 

can be written like Eguation 2. 

aw 
F=-~­ax 

where 6 = diffusivity 

Eg. 2 

It is the n possible for us to put Eguation 2 in Equation 1 and get a 

differential equation which we can sol ve. The differential equation 

is shownin Eguation 3. 

Eg. 3 

Eguation 3 has been solved with the initial conditions 

W(x,O) = Wo 

and boundary conditions, see Figure 1. 

w(O,t) = w1 

w(2d,t) = w1 

These boundary conditions constitute a rough approximation. At the 

start of the drying process the moisture content at the boundary is 

not egual to w1 ' but at least these boundary conditions give an idea 

about the drying process. Under such conditions, then, the solution 

is 

(Il 2w -~~ t 
w(x,t) = ~ - .,.,..0 (cos(nl(l-llsin(n1(x 'e 

n=1 n Il. 2d Eg. 4 

where 
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This is the solution for a one dimensional case and in the calcula­

tions the diffusivity has been choisen to ~ = 0.2·10-6 m2/s, which 

is a normal value perpendicular to the grain. Of cours e , this solu­

tion is very approximative, not only because the diffusivity is 

constant but also due to the boundary conditions. But with the cur­

ves determined by means of the equation it is possible to make furt­

her calculations about how a crack propagates through a specimen of 

wood when it is applied to drying. It is possible to refine these 

calculations by the use of a non constant diffusivity, which can be 

found for some species of wood. In BerteIsen (1984) the diffusivity 

can be found for spruce. Furthermore the law of mass conservation 

can be solved in more than one dimension, but these refinements are 

of minor significance in this report. 
w-w, 
wo-w, 

'.0 

0.5 

0.5 

2d 
yr 

3.2.'0-3 

-3 
[,.5.10 

-3 
'0.0·'0 

1.0 2d 

Figure 1. Moisture distribution through a piece of wood at dif­

ferent 2d/Vt. Definition of d, see Figure 3. 

Distribution of Shrinkage strains 

The shrinkage that occurs in the material due to drying can be 

described by the moisture content, see Figure 2. The shrinkage in-
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creases approximately linearly up to the fiber saturation point from 

which point the shrinkage is zero, Hillerborg et al. (1983). By this 

relation, it is possible to calculate the shrinkage when the materi­

al is dried by 

Eq. 5 

where wO= moisture content when the process begins 

w1= moisture content at the end of the process 

wf= moisture content at fiber saturation point 

Emax= shrinkage when dried from 100% RH to 0% RH 

-x 

~------~.-----~_W 

of moisture content. 

2h 

o 

~ 

men on which moist­

ure distribution 

have been calcula­

ted 

The shrinkage through the specimen can now be calculated by Equa­

tion 5. The shrinkage distribution, or initial strain are shown in 

Figure 4. This initial strain are used as input data for the Finite 

Element Method calculations, (FEM), and it is the initial strain 

differences through the material that cause stresses in the materi­

al. 

A distribution of the initial strains in the specimen is shown in 

Figure 4. The figure also shows the initial strain through the spe­

cimen at different times in the drying process or at different width 

of the specimen. 
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(max 
2d 
Vt 

~+--3.2 ·lÖ3 
~ __ 4.5 . 10-3 

1.0 .10-3 

L-_~~~~~~~~~~~--'-'-;d 
0.5 1.0 

Figure 4. The initial strain as a function of depth in the spe­

cimen for different 2d/VT. 

Conclusions 

The moisture distribution has been solved in one dimension and with 

a constant diffusivity. The moisture distribution, which is given in 

moisture content, is then converted into shrinkage or initial strain 

which is used as input load in further calculations. The final 

result from this chapter is shown in Figure 4. Here, the initial 

strain is presented as a function of depth in the specimen. rt also 

shows curves for different ratio 2d/VT, which shows the initial 

strain distribution for different geometry or at different times in 

the drying process. 
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CHAPTER 2 SHRINKAGE CRACKS - A FRACTURE MECHANICS PHENOMENON 

When a piece of wood with a high relative humidity is put in a cli­

mate with a lower relative humidity, a drying process starts. This 

drying begins at the boundary of the material and propagates inwards 

the centre of the specimen, and a moisture differance between two 

adjacent points occurs. The moisture difference causes a shrinkage 

difference which develops shrinkage stresses in the material. If the 

stresses increase to the ultimate stress in any point of the speci­

men, failure occurs at this point or a fracture zone develops. The 

shrinkage is greatest at the boundary and therefore the crack propa­

gation starts from the boundary. In this report all crack propaga­

tion starts from the boundary and is assumed to propagate into the 

material in a straight line at the symmetry line of the specimens, 

see Figure 5. 

SYMMETRY 

I 

I 

-f- - - -+ ---h~ SYMMETRY = Crack Path 

32 mm 

L-----+i-----l-;f­
l 

22mm 

Figure 5. Geometry of specimen and the theoretical crack path. 

To theoretically figure out how deep the cracks are which develop 

when wood is dried, it is obvious that fracture mechanics is the 

science to be preferred. The mode l used here is the Fictitious Crack 

Model which was first published by Hillerborg et al. in 1976. It is 

a non-linear strain-softening model. A comparison has also been made 

between Linear Elastic Fracture Mechanics (LEFM) and the fictitious 

crack model. This comparison is made to show that linear elastic 

fracture mechanics cannot be applied when calculations are made on 

shrinkage cracks in wood. Especially in the case of small specimens, 

where the fracture zone is relatively long compared to the length of 

the specimen. 
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Wood is an orthotropic and very complicated material, and therefore 

some approximations have been made. First of all, it is assumed that 

the material is isotropic and the mechanical properties are the pro­

perties in the weakest direction i.e. perpendicular to the grain, 

and also that they are independent of moisture content. Other app­

roximations have already been made in the determinations of moisture 

distribution, see previous chapter. Of cours e it is possible to avo­

id these approximations to, but here it is of minor interest to find 

the true answers. 

Fictitious Crack Model 

The Fictitious Crack Model was developed to describe the fracture 

behavior of concrete and similar materials and in this report it is 

applied to wood. For further studies in the fictitious crack model 

Pettersson (1981) can be recommended. 

In the fictitious crack model the whole stress-deformation curve in 

tension is used. This curve is divided into two curves, one descri­

bing the relationship between stress and strain outside the fracture 

zone and the other describing the relationship between stress and 

deformation in the fracture zone, see Figure 6. The area under the 

curve describing the fracture zone, i.e. the ~~w curve, divided by 

the fracture surface are equal to the fracture energy GF . 

o o o 

~----------~E w 
al bl el 

Figure 6. stress-deformation curve and the two curves when the 

the stress-deformation curve is divided. 
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The ~-E curve is valid only until the tensile strength f t is reached 

in any point of the material. When f t is reached, a fracture zone 

starts developing at this point and the stress starts decreasing. 

The ~-w curve is now used at this point. In the region outside the 

fracture zone the cr-E curve is used. 

The fracture zone is assumed to have a length of zero in the direc­

tion of the main stress before the tensile stress is reached, and a 

length of w af ter the fracture zone has begun to develop. The frac­

ture zone can thus be visualized as a fictitious crack, able to 

transfer tensile stress, hence the name fictitious crack model. The 

tensile stress in the fracture zone is a function of the fictitious 

crack width w according to an ~-w curve. 

FeM for calculations on shrinkage cracks in wood 

Before any calculations can be made, it is necessary to find the 

whole stress-deformation curve for wood. This kind of test must be 

made in a very stiff testing machine, or a machine with closed-loop 

facilities. Tests have been made in both types of machine and these 

tests have disclosed great difficulties in finding the complete 

stress-deformation curve. These difficulties are due to insufficient 

stiffness in the stiff testing-machine, and in the testing system 

with closed-loop we have had difficulties with a machine which does 

not want to listen to our commands. Also, the successful tests show 

a great spread in the results. All the tests were made perpendicular 

to the grain, with the fracture surface in the LT-plane. The geomet­

ry of the specimens is shown in Figure 7. In the results two types 

of curves can be found for Swedish pine, one with behaviour similar 

to concrete, see Figure 8, and one elastoplastic, see Figure 9. In 

the calculations made here the former is used, i.e. Figure 8. This 

curve is divided into an ~-E curve and an ~-w curve, see Figure 10. 

These curves can be approximated to straight lines in many different 

ways and here the ~-w curve has been approximated to one straight 
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line, see Figure 11. This makes the calculations much easier. The 

approximation is made so we have the right fracture energy, i.e. we 

assume a critical fictitious crack width. The fracture energy has 

been measured by three-point bending tests, Helmerson (1978). 

Figure 7. Geometry of test specimen. 

O"(MPo) 

5 

4 

3 

2 

~~-.--,-~--~----.-b(mm) 
0.1 0.2 0.3 0.4 0.5 

O"(MPo) 

5 

4 

3 

2 

L--.-.--,--4--~----.-Ö(mm) 
0.1 0.2 0.3 0.4 0.5 

stress-deformation curves for wood 

Figure 8. Figure 9. 

O"(MPo) O"(MPo) 

5 5 

4 4 

3 3 

2 2 

E (e;.) w(mm) 
1.0 0.1 0.2 0.3 0.4 0.5 

Figure 10. G- E curve and (J-w curve 
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(lIMPa) (lIMPa) 

3 

2 

L.--.---.-_-.--__ E Ie;.) 
1.0 2.0 

3 

2 

0.1 0.2 0.3 

Figure 11. Approximated ~-E curve and 6-w curve 

An FEM-me ch according to Figure 12 has been used in the computations 

and the properties for the material are as follows 

f t = 3 MPa 

E = 460 MPa 

Poisson's ratio = 0.015 

Thickness = 1 m 

GF = 360 N/m 

Wc = 240*10- 6 m 

Emax = 5 % 

specimen dried from Wo to w1 
Geometry see Figure 5 

d 

~ 1 
~ 

>l-, 

~ 

h 

~ 

:H 

~ 

~ 

lM 

:n , ri. tl; Il mJ mr. ,} J J; 

Figure 12. FEM-mesh 

h 

13 



In the FEM-computations the ~-w curve are modelled with springs that 

have a negative stiffness. Thus when the tensile strength is reached 

at any node in the specimen, a fracture zone starts to develop. In 

this nod e a spring is coupled with a negative stiffness that descri­

bes the ~-w curve, see Figure 11 and Figure 13b. This spring is then 

able to transfer stress until the deformation in the fictitious 

crack has reached the critical fictitious crack width wc' see Figure 

13c. When the deformation has reached Wc in the fracture zone the 

stress in the spring is zero, the spring disconnects from the node 

and a open crack with no stress transferring abilities has appeared, 

Figure 13d. 

A B 

c D 

Figure 13. Calculations by fictitious crack model. 

FEM-computations have to be done for different times in the drying 

process, if we are to follow the crack propagation. Such calcula­

tions have been done, leading to a curve describing the depth of the 

cracks which develop in certain degrees of drying. This is shown in 

Figure 14. In the diagram are E defined as the shrinkage needed for 

a certain crack depth. In the diagram two curves are shown, the dot­

ted curve describes how deep in the material the fracture zone has 

reached when the material is subjected to shrinkage. The second cur­

ve describes how deep in the material there is a real crack with no 

stress transferring abilitis. The crack depth shown in Figure 14 is 

the maximal crack depth through the whole drying process. 
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E(%) 

0.1 0.2 0.3 0.4 0.5 

Figure 14. Shrinkage as a function of crack depth. The dotted 

curve shows how deep the fracture zone develops. 

Calculations have also been done using Linear Elastic Fracture Mec­

hanics, (LEFM). In the calculations have the critical stress inten­

sity factor been assumed to 

Eq. 6 

A comparison between the two models can be found in Figure 15. Here 

one can see one of the problems with LEFM, the singularity that oc­

curs when there is no crack in the material. This problem is well­

known but even when there is a crack one can see a great difference 

between FCM and LEFM. This difference can be explained by the rela­

tively long fracture zone in the specimen. When a material has a 

long fracture zone a non-negligible part of the potential energy is 

stored in the fracture zone. 

5 

4 

3 

2 

E 

FeM LEFM 

0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 ald 

Figure 15. comparison between FCM and LEFM. 

15 



The curves in Figure 14 can be used to determine cracks when a spe­

cimen is dried from equlibrium with one relative humidity to another 

relative humidity, by the use of a sorption isoterm for the materi­

al, see Figure 16. The dotted curve can be used to determine a dry­

ing process with no fracture zone developing in the material, i.e. 

the stresses developed by shrinkage have never reached the tensile 

strength, and there is no damage to the material. It is possible to 

make this calculation without FCM, it is only to calculate linear 

elastic. If the other curve is used a drying process can be determi­

ned where some damage has occurred in the material, but there are no 

open cracks. In Figure 17 is a curve which describes a drying pro­

cess for a specimen that does not give any open cracks. 

50 100 RH.% 

Figure 16. Sorption isoterm 

ald 

0.5 

0.4 

0.3 

0.2 

0.1 

o 

R H i n the envirorvnent: 

20 40 60 80 100 
RH in the material at the start of the drying process 

Figure 17. Crack depth at different relative humidity in the 

environment. 
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It is important to see how the size of the specimen influences the 

crack depth. Calculations have been done for some different specimen 

size and these calculations show that size is an important factor, 

see Figure 18. The relative depth of the crack increases with incre­

asing size of the specimen, especially with small and normal dimen­

sions. 

ald 

0.4 

0.3 

0.2 

0.1 

E=5'1o 

ff:::: 
E=2% 

L---{----..L--r--.-~ 2d (mm) 
20 40 60 80 

Figure 18. Influence of size of specimen. 

Conclusions 

It is possible by means of the Fictitious Crack Model to simulate 

crack propagation in wood subjected to drying. The problem in this 

type of calculation is to find relevant material data. As the whole 

stress-deformation curve is used in the calculations it is thus 

necessary to find this curve - a task which has proved to be diffi­

cult. A very stiff testing machine is needed to find the descending 

branch in the working curve. Some successful tests have been done, 

and these tests showa great scatter not on ly in the form of the 

stress-deformation curve, but also in tensile strength and fracture 

energy. There is no significance in the tests but they showat least 

a possible appearance of the stress-deformation curve. 

A comparison has been made between FCM and LEFM. This comparison 

shows a great difference between the two modeIs. Primarily LEFM is 

not applicable when there is no crack. The difference in results can 

be explained by the relatively long fracture zone which can hold 

energy. 
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The dependency on size has been examined and has shown to be consi­

derable, especially with specimens of small dimensions. 

CHAPTER 3 CONCLUSIONS AND FURTHER RESARCH 

It is possible by means of the Fictitious Crack Model to simulate a 

crack growing through a piece of wood when it is exposed to a drying 

process. There is one difficulty with the method, the problem of 

finding the whole stress-deformation curve, which is needed for the 

calculations. Calculations have been made on a small piece of wood 

applied to a drying process. The results of these computations are 

considerably different to those obtained via Linear Elastic Fracture 

Mechanics. Not only in the singularity which occurs in LEFM but also 

in the numerical results. This difference is due to the relatively 

long fracture zone in the specimen. The fracture zone stores a non­

negligible part of the potential energy in the specimen. 

From the numerical results a curve has been obtained describing a 

possible way to dry wood without getting any cracks. It is a great 

problem to find a good method by which to dry wood, but application 

of FCM makes this theoretically possible. Calculations have also 

been done on the influence of specimen size, and these calculations 

showa great influence of size on the relative crack depth. The 

relative depth of the crack increases with increasing size of the 

specimen, especially at small and normal dimensions on construction 

beams. 

In the research project "Fracture Mechanics Applied to Wood" we hope 

to find the complete stress-deformation curve, hopefully in both 

Mode 1 and Mode 2. We are then going to work with mixed mode. There 

is also a theoretical part to the project, involving a great deal of 

work on computer programmes for calculations in mixed mode. Such 

calculations are particulary important for wood, its orthotropic 

qualities of ten leading to large shearing stresses. 
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Calculations will be made on beams with longitudinal eraeks, diffe­

rent types of holes and section changes. The influence of shrinkage 

stresses on strength are also going to be investigated. The validity 

of these calculations will then be tested in the laboratory on the 

above mentioned types of beams. 
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