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Preface 
 
 
The result of my master thesis on the topic “effect of crack length on the performance of timber glulam 
beams” lies before you in the form of a research report. This research is carried for completing the 
master track Structural Design at the Built Environment faculty of Eindhoven University of Technology, 
 
The diversity of the material wood is very appealing. When designing a timber structure, not only 
aspects such as shape and dimension are involved, but many other design parameters such as species, 
fiber direction, sawn or glued laminated, etc. In addition, after the parameters of the structural elements 
are set, the exciting challenge of designing an effective connection will follow.  
 
This diversity makes wood a very extensive research topic with a wide range of subjects. One of the 
research proposals provided by the chair or Timber Structures comprised the cracking of timber beams 
and its influence on their mechanical performance. This seemed a very interesting subject. Also, since 
crack behavior was not elaborately dealt with during the lectures of timber structures, this would be a 
useful broadening of my knowledge of timber.  
 
In the end, this topic turned out to be very complex, but also a lot of fun and exciting to investigate. Not 
only did I test a lot of glulam beams in the laboratory that would make a beautiful and very loud sound 
when they failed, but also the numerical model, after a lot of complications though, was a lot of fun to 
build. Looking back on the long journey of this master thesis, I am satisfied, though a little sad that I 
have to finish while so much more can be investigated. Hopefully, a successor will step up to the plate 
and continue this work. 
 
First of all, I would like to thank my thesis committee for the professional and kind guidance and for their 
patience during this long-lasting thesis. In addition, I am thankful for the employees of the Pieter van 
Musschenbroek laboratory who were always ready to help me with my experimental research and 
provide their practical and vast knowledge. 
 
Finally, I would like to thank my parents, family, and friends for their patience and support. It took me a 
while, but this report is finally done. I am proud. 
 
 
Niels Hanegraaf 
Eindhoven, November 2018 
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Abstract 
 
 
Timber is more often applied as a material for main bearing structures; large-span structures and even 
high-rise structures are no longer peculiar. So, a high reliability is needed, demanding a correct, 
comprehensive, and regular assessment of these structures. The most elementary way to assess a 
(timber) structure is a visual assessment; one should easily be able to spot damage like cracks on the 
periphery of a structural timber element.  
 
This thesis focusses cracks and their influence on the structural performance of timber beams. The 
impact of crack parameters, specifically the crack length, on the mechanical performance, i.e. load-
bearing capacity and stiffness, will be investigated during this thesis. The thesis’ research question is 
formulated as:  
 

“What is the influence of crack length on the load-bearing capacity and stiffness of prismatic glulam 
timber beams?” 
 

When examining an arbitrary beam presenting a crack of arbitrary length, an expression for the shear 
capacity can analytically be derived incorporating the crack depth. This is the current method used by 
structural engineers to deal with the shear capacity of cracked beams. This method is even adopted in 
the current code EN1995-1-1 [12]. The method does not mention the length of the crack though, so 
basically, the method states that a crack of 10 mm in length has the same effect on the shear capacity 
of the beam as a crack of 2000 mm (given it is in the same location in the cross-section and subjected 
to the same load). In experimental and numerical research, the hypothesis that longer cracks lead to 
lower shear capacity is investigated. 
 
Experimental research 
In the Pieter van Musschenbroek laboratory at Eindhoven University of Technology, three-point bending 
tests are carried out on glulam beams of 70 x 275 x 2000 mm (b x h x L). In these beams, initial cracks 
were created by means of a circular saw of 50 millimeters deep (dc = 5/7b). The cracks are end-cracks, 
meaning the originated from one of the beam ends, and are non-through, so the saw cut is not made 
through the entire beam width. Five test series of five glulam beams were distinguished, each test series 
having a different initial crack length: 
 

- test series 0: reference (“crack-free”); 
- test series 1: ℓc / L = 0.25 (so, ℓc = 500 mm); 
- test series 2: ℓc / L = 0.50 (so, ℓc = 1000 mm); 
- test series 3: ℓc / L = 0.75 (so, ℓc = 1500 mm); 
- test series 4: ℓc / L = 1.00 (so, ℓc = 2000 mm). 

 

During testing (quasi-static loading conditions), the load and displacement of the bottom side at mid-
span were continuously monitored. Of every test, a load-displacement diagram was drafted. After 
examining the results, no significant influence of the crack length, nor the presence of the crack at all, 
on the stiffness of the beam was found. 
 
Contrary to this, the cracks did influence the load-bearing capacity of the beams. Also, the larger the 
crack length, the lower the (shear) capacity of the beam. From the results a quadratic relation was 
established and an empirical model was composed (0.1).  
 
An important note: this expression only is valid for the specific conditions of the tests. The cracks were 
created at mid-depth starting from the beam end. Also, the model only applies to this specific crack 
depth of 5/7b. Additional research is required to formulate a general expression. 
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0.28338 0.72694 1  for 0.5 ;  (0.1) 

 
With: 

 failure load for beams with through cracks [N] 
 failure load for the reference (uncracked) beam [N] 

 beam width [mm] 
 beam depth [mm] 
 distance from bottom side to crack [mm] 
 crack depth [mm] 
 crack length for end cracks [mm] 
 beam length [mm] 

 
Numerical research 
In the numerical work, first a linear elastic two-dimensional representation of the experimental test setup 
is built; no cracks nor possible damage initiation have yet been modeled in this first model. The 
simulation is run and the results are compared to the analytical solution.  
 
Next, a benchmark study is carried out on fracture modes I and II as well as the mixed-mode behavior 
implemented in Abaqus. To model crack propagation in the FE-model, the cohesive zone method is 
used. This method makes use of interface elements that are modeled between the continuum elements. 
These interface elements describe a traction-separation law existing of initial linear elastic behavior 
and, after damage initiation, linear softening behavior. 
 
In the benchmark study was checked whether the interface elements would describe the traction-
separation law that was defined in the pre-processor. Also, for mixed-mode behavior, several damage 
initiation criterions were compared to their analytical solution as well as the mixed-mode behavior after 
damage initiation using the Power Law. 
 
Next, the two-dimensional linear elastic model was improved by equipping it with the tested interface 
elements. The interface elements were only applied at the expected crack path. In timber, cracks are 
assumed to follow the grain direction, which in this case is parallel to the beam axis. Since the initial 
crack is applied at mid-depth, only interface elements are applied at mid-depth. As the model is two-
dimensional, no variations in crack depth are possible in the initial crack; the cracks in this model are 
through-and-through (dc = b). 
 
After dealing with some convergence issues, which required the implementation of some viscosity in 
the cohesive material, a parameter study was carried out. Several different initial crack lengths ranging 
from ℓc = 0 to ℓc = L were modeled. Of every simulation, a force-displacement diagram was composed. 
 
From these diagrams was concluded that an increasing crack length not only reduces the capacity of 
the beam, but also reduces its stiffness. Again an empirical model is suggested for the results of these 
simulations in relation to the (shear) capacity of the beam (0.2). This expression again only applies to 
the specific setup; for beams with through end-cracks. 
 

7.77 10.0 4.80 1  for 0.5,  (0.2) 

 
In addition, when the initial crack length exceeds 0.50L, the beams seems to behave like it is fully split, 
meaning it is cracked through-and-through over the entire beam length. Though, this is only valid when 
no friction is applied between the crack faces. When this is done, the beam is somewhat stiffer and fails 
(read: leads to crack growth) at a very high acting load. This load will never occur in practice though, 
as the beam will already have failed, e.g. in bending. 
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Finally, a three-dimensional model is built to be able to create a non-through crack (dc < b). Two crack 
depths are tested; 50 mm (or 5/7b) and 60 mm (or 6/7b) for a crack length ℓc = 0.25L. The results are 
compared to their two-dimensional equivalent (dc = b = 70 mm and ℓc = 0.25L).  
 
The results correspond to observations made in literature; non-through cracks do not influence the 
stiffness, while through cracks do. In addition, longer through cracks influence the stiffness more than 
shorter through cracks. Additionally, non-through cracks lead to a higher (shear) capacity than through 
cracks of the same length. Also, the less deep crack (dc = 50 mm) had a higher capacity than the deeper 
one (dc = 60 mm).  
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Symbols 
 
Abbreviations 
CZM Cohesive Zone Method 
FE-model Finite Element model 
FEM Finite Element Method 
LEFM Linear Elastic Fracture Mechanics 
MC Moisture Content 
NLFM NonLinear Fracture Mechanics 
SIF Stress Intensity Factor 
SSY Small Scale Yielding 
 
Symbols: Greek letters 
 [-] depth ratio 

 [mm] deformation 

 [N/mm] material surface energy 

 [s] viscosity parameter 

 [°] lateral torsion 

 [-] Timoshenko shear coefficient 

 [-] friction coefficient 

 [-] Poisson’s ratio 

 [-] azimuth (cylindrical coordinate system) 

 [MPa] normal stress 

c,90 [MPa] compressive stress perp. to grain 

gr [MPa] Griffith stress 

t,90 [MPa] tensile stress perp. to grain 

y [MPa] yield stress 

 [MPa] shear stress 
 
Symbols: uppercase 
A [mm2] cross-sectional area 
C [-] reduction factor 
E [MPa] Young’s modulus 
F [N] acting load 
G [MPa] shear modulus 
Gi [N/mm] energy release rate mode i	=	I,	II,	III 
Gi,c [N/mm] critical energy release rate mode i	=	I,	II,	III 
I [mm4] moment of inertia 
K [N/mm] stiffness parameter 
Ki [MPa∙mm1/2] stress intensity factor mode i	=	I,	II,	III 
Ki,c [MPa∙mm1/2] fracture toughness mode i	=	I,	II,	III 
L [mm] beam length 
M [Nmm] bending moment 
R [N/mm] crack resistance force 
R [-] reduction factor 
R2 [-] correlation coefficient 
S [mm3] section modulus 
U [J] energy 
V [N] shear force 
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Symbols: lowercase 
a [mm] crack length 
aeff [mm] effective crack length 
b [mm] beam width 
beff [mm] effective beam width 
d [-] damage variable 
dc [-] crack depth 
dv [-] viscous stiffness damage variable 
fm,y [MPa] bending strength 
ft,90 [MPa] tensile strength perp. to grain 
fc,90 [MPa] compressive strength perp. to grain 
fv [MPa] shear strength 
h [mm] beam depth 
kcr [-] crack factor 
kc,90 [-] factor 
kecc [-] factor 
ℓ [mm] contact length 
ℓc [mm] crack length 
r [-] radial coordinate (cylindrical coordinate system) 
ry [mm] distance from crack tip to elastic/plastic boundary 
t [s] time / duration 
t [MPa] traction 
tc [mm] crack width 
v [mm] separation 
v [m/s] speed 
v0 [mm] separation at damage initiation 
x [mm] distance 
xc [mm] distance crack origin w.r.t. beam axis 
yc [mm] distance from bottom edge to crack 
z [mm] distance to neutral axis 
 
Symbols: indices (used for multiple symbols) 
⎕beam  beam (part) 
⎕c  crack 
⎕crit  critical / failure 
⎕crack  cracked part 
⎕d  design 
⎕eff  effective 
⎕L  longitudinal direction (principal direction of timber) 
⎕LR  in radial direction, normal vector: longitudinal direction  
⎕LT  in tangential direction, normal vector: longitudinal direction 
⎕m  bending 
⎕max  maximum 
⎕mid  middle / mid-span 
⎕R  radial direction (principal direction of timber) 
⎕RT  in tangential direction, normal vector: radial direction 
⎕ref  reference case 
⎕T  tangential direction (principal direction of timber) 

⎕u  ultimate / maximum 
⎕v  shear 
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1. Introduction 
  
 
Timber is more often applied as a material for main bearing structures; large-span structures and even 
high-rise structures are no longer peculiar. So, a high reliability is needed, demanding a correct, 
comprehensive, and regular assessment of these structures. The most elementary way to assess a 
(timber) structure is a visual assessment. One should easily be able to spot damage on the periphery 
of a structural timber element like cracks, large displacements (creep), and mold.  
 
This thesis focusses on a certain type of damage, namely cracks and their influence on the structural 
performance of timber beams. The impact of crack parameters, e.g. depth, length and location, on the 
mechanical performance, i.e. load-bearing capacity and stiffness, will be investigated during this thesis. 
Since many work (Chapter 2) has already been carried out with regard to the crack depth and not much 
is known about crack length, this thesis will mainly focus itself on the influence of this length. The thesis’ 
research question is formulated as:  
 
“What is the influence of crack length on the load-bearing capacity and stiffness of prismatic glulam 
timber beams?” 
 
The presence of (large) cracks can easily be noticed and will obviously influence the sense of safety of 
the building’s users. However, international building standards such as EN1995-1-1 [12] do not provide 
a reliable method to deal with the impact of these cracks on the ultimate and serviceability limit state. 
Hence, it is important to develop such an accurate assessment, correctly dealing with the residual 
resistance and stiffness of a cracked beam. 
 
In Chapter 2 and Chapter 3, the literature study (Hanegraaf, 2018) will be summarized, including the 
work that has already been published and their conclusions as well as the current rules and regulations 
regarding cracks and timber beams. 
 
Chapter 4 treats the experimental research of this thesis. A number of 25 glulam beams is divided into 
5 test series each with a different initial crack length. These beams have been subjected to a three-
point bending test. Chapter 4 treats the test procedure as well as the results and conclusions. 
 
Chapter 5 is a prelude for the numerical work. It treats fracture mechanics: theories both general and 
specific to timber and the finite element technique that will be used to model crack propagation in the 
numerical model: the cohesive zone method. 
 
Penultimate Chapter 6 exists of the numerical research. A finite element model is built by several steps 
which are documented in detail in this chapter as well as a study on crack length in a two-dimensional 
model of the same test setup used during the experiments. Through cracks are tested in this model. 
Finally, a comparison is made with non-through cracks by means of a three-dimensional model. 
Obviously, results and conclusions of the numerical work are included in Chapter 6. 
 
In the final chapter, Chapter 7, the thesis is summarized, a general conclusion is drawn, and 
recommendations are given. 
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2. Cracks in wood 
 
 
2.1 How cracks initiate 
 
Lamb (1992) defines a crack in wood as follows: “splits and cracks in wood are ruptures or separations 
in the grain of the wood which reduce the quality as measured by appearance, strength, or utility”. This 
quality reduction may lead to complications in serviceability and ultimate limit state.  
 
Wood shows anisotropic behavior; the tensile strength perpendicular to the grain is low compared to 
the strength parallel to the grain or is even equal to zero near natural defects (Franke & Franke, 2014). 
The initiation of these cracks is usually a result of tensile stresses perpendicular to the grain exceeding 
its corresponding strength. Therefore, cracks usually propagate parallel to the grain. Lamb (1992) and 
Franke & Franke (2014) distinguish several causes for crack initiation. 
 
Standing tree 
Cracks developing during the life of the tree. Several factors like growth stresses, knots, micro-
organisms and environmental or weather conditions can result into cracks. A very typical pattern for this 
category is the so-called ring shake. As the name suggest, ring shake is a (partial) rupture or separation 
of the annual rings in tangential direction. It usually occurs in the first layers of the earlywood (Radovic 
& Wiegand, 2005). The cracks are hardly visible by the naked eye and will only become visible after the 
drying process. Ring shake is usually caused by growth stresses, but can also be caused by: bacteria, 
wounds, age, and other environmental or site conditions (Lamb, 1992).   
 
Heavy weather (e.g. lightning and frost) may also lead to cracks in the tree. When lightning strikes a 
tree, a so-called lightning crack may manifest. This crack typically runs along the RL-plane (perp. to the 
annual rings). A lightning crack can be recognized by the typical charring of the adjacent wood caused 
by the lightning (Radovic & Wiegand, 2005). A frost crack is caused by cyclic weather conditions, 
namely frost and thaw. The internal tangential tensile stresses caused by this cycle exceed the strength 
of the timber and the frost crack manifests.  
 

    
Figure 2.1.1 – Frost crack ( lef t ) and dry ing cracks in radial  di rect ion (r ight) 

 
Processing 
During processing, the rough lumber is turned into an end product. Two different types are distinguished 
here: drying- and machine related damage. The first type, drying related damage, will always lead to a 
crack pattern in radial direction, so across the annual rings. During drying, a moisture gradient develops 
since the drying process goes faster at the perimeter than at the core of the timber element. This leads 
to differential shrinkage of the timber and tensile stresses in tangential direction, leading to possible 
cracks in radial direction when the strength is exceeded (Figure 2.1.1). 
 
Machine related damage is caused during planing and milling of the lumber, for example due to blunt 
blades leading to “loosened grain”. The crack is directed in the tangential direction and will occur since 
the denser latewood is pushed into the softer earlywood during processing.  
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Growth stresses 
Archer (1987) mentions that the sawing process may release growth stresses. This can lead to 
distortion of the sawn product (e.g. crook and bow), but may also lead to cracks. Hence, when the 
growth stresses exceed the fracture strength of wood, cracks will develop. Growth stresses can arise 
in the standing tree resulting in longitudinal tension at the perimeter and compression near the central 
part of the trunk (reaction wood, see Figure 2.1.2). Regarding the cross-section, growth stresses will 
lead to tension in the radial direction and compression in the tangential direction. 
 

 
Figure 2.1.2 – Reaction wood: tension wood (lef t)  and compression wood (r ight) 

 
Moisture 
Wood shows hygroscopic behavior, meaning the wood cells can adsorb and desorb moisture from air. 
This process is accompanied by shrinking and swelling of the wood. The adsorption of wood can be 
divided into two stages (Franke & Franke, 2014): 
 

1. Adsorption from 0% to 22-30% moisture content (MC): in this range the moisture is stored in 
the walls of the wood cells. This is called bound water. 

2. From 22-30% and higher the moisture is stored in the cell cavities. 
 
A moisture content of 22-30% (depending on the wood specie) is called the fiber saturation point. It is 
the point where the cell walls are completely saturated. When the moisture content of timber changes, 
this will lead to shrinkage or swelling. Also, most of the properties (mechanical and physical) will change 
as well (Dietsch et al., 2012). However, this is only the case for changes below the fiber saturation point; 
above this point, the wood is no further affected by moisture (Franke & Franke, 2014). 
 

 
Figure 2.1.3 – Moisture chain:  f rom standing tree to glulam member by Dietsch et al .  (2012) 
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Wood with a low moisture content is stiffer and has a higher load-bearing capacity than wood with a 
higher MC. Moisture does, however, affect the timber in more ways; it can lead to cracks. In their 
research, Franke & Franke (2014) found that 33% of cracks are caused by climate changes, i.e. varying 
moisture content. In their work, Franke & Franke examined 48 assessments of timber structures to find 
the main causes for cracks: moisture (33%) and mechanical stress concentrations (35%), e.g. due to 
restrained shrinkage or knots. 
 
Figure 2.1.3 depicts the moisture content during the lifespan of a timber element. Moisture induced 
cracks manifest after construction due to a varying moisture content: the moisture content of the 
environment being either lower, higher, or cyclic (Lamb, 1992) compared to the MC to which the lumber 
was dried (12% in Figure 2.1.3). These cracks are usually small (ℓc < 1 meter) and shallow (10-40% of 
element width b) and often large in number (Franke & Franke, 2014).  
 
It is advised to dry lumber to a moisture content similar to the moisture content it will be applied in. This 
will reduce initial moisture related stresses. While sawn timber is usually delivered on site with a higher 
moisture content (drying process finishes after construction, leading to possible cracks as the process 
is no longer controlled), glulam is, according to EN 386:2001 [9], produced at a content of 8-15%. In 
addition, the individual lamellas are dried before being glued together, reducing the rate of cracking. 
However, glulam might still be applied in an environment with much higher moisture content than the 
MC of production.  
 
Moisture gradient 
A change in moisture content will not immediately affect the entire cross-section: the outer area of the 
cross-section will adapt quicker to the new MC than the inner part. This is called a “moisture gradient” 
defined by Dietsch et al. (2012) as the difference in moisture content u with respect to a certain direction 
x (du/dx [%/cm]). This gradient leads to differential shrinkage or swelling and consequently to internal 
stresses perpendicular to the grain, see also Figure 2.1.4. If timber is dried (or wet) too fast, these 
stresses will exceed the (tensile) strength of the timber (perpendicular to the grain) and cracks will 
initiate.  
 

 
Figure 2.1.4 – Stresses due to moisture gradient in cross-section leading to drying cracks 

 
In a cross-section analysis (Chapter 2.2), cracks reduce the effective cross-section which can be critical 
for shear stresses or stresses perp. to grain. Since a lot of these cracks are caused by moisture, a 
simple solution is to better regulate the building’s climate with the intention to decelerate any changes 
in moisture content and thus also to decelerate the rate of swelling or shrinking. Several measures are 
proposed by Dietsch et al. (2012). In addition, for sawn timber, a well-chosen sawing pattern may 
reduce the effects of shrinking and swelling, more information is found in the literature study of this 
thesis (Hanegraaf, 2018). 
 
Mechanical stresses 
As mentioned by Franke & Franke (2014), moisture leads to a large portion of the cracks in timber 
structures (33%), but mechanical stresses, e.g. due to overloading or stress concentrations, have a 
large share in this (35%) as well. This type usually leads to (partial) collapse of the structure. 
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Overloading of the timber element can for example be caused by underestimation of the design load 
(human error) or structural alterations. Stress concentrations can be caused by flaws in timber such as 
slope of grain, annual ring orientation, or knots, but are most commonly caused by faulty design, e.g. 
by not taking into account the shrinking/swelling behavior of wood. This usually leads to constraints in 
connections, causing stresses in the wood leading to cracks.  
 
In addition, the shape of the structural element may ease crack initiation. A structural engineer should 
consider the risk of cracks when applying e.g. curved or notched beams, beams with holes, or 
connections with stresses perpendicular to the grain. 
 
Cracks due to mechanical stresses are often longer than moisture induced cracks (ℓc > 1 meter) and 
are very deep (usually through-and-through) (Franke & Franke, 2014).  
 
Delamination 
Cracks are defined as separation between the wood fibers due to several causes mentioned before. 
However, for glued-laminated timber, delamination of the glue lines can also be considered as a sort of 
crack. In 17% of the investigated cases by Franke & Franke (2014), delamination occurred. 
Delamination can be initiated by excessive stresses, but can also be caused due to insufficient quality 
of the gluing process, accelerated aging, or using the wrong adhesive for the conditions the beam will 
be installed in (climate). It should be noted that when the glue lines are of sufficient quality, timber will 
crack due to its comparably low strength before delamination will occur. 
 
 
2.2 Current codes and regulations 
 
In this paragraph, some recommendations regarding crack dimensions (depth, length, width) given in 
codes and other published work are summarized. First, an analytical derivation for the shear- and 
bending capacity is carried out based on a cross-sectional, thus two-dimensional, approach. 
 
 
2.2.1 Cross-section analysis 
 
In this paragraph, a cross-section analysis is carried out. In this analysis, the crack length is not yet 
incorporated in the expressions for the shear and bending capacity of a beam since only the cross-
section is examined; a two-dimensional analysis excluding the third dimension: the length. The 
expressions formulated here will be used to compare with published work in the upcoming chapters. 
 
Shear capacity: crack at mid-depth 
Given is a simply supported beam (Figure 2.2.1) loaded by a certain load. The beam is cracked at mid-
depth (Figure 2.2.2). The crack is assumed to be perfectly horizontal and of any length as only the 
cross-section is elaborated here. The load leads to a certain bending moment (and bending stress) in 
the cracked cross-section of the beam.  
 

 
Figure 2.2.1 – Simply supported beam loaded by arbi t rary load (Janssen, 2012) 
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Figure 2.2.2 – Cracked cross-section and upper beam part  of length dx 

 
When considering a part of the beam above the crack of infinitesimal length dx, a stress Fdx needs to 
be added to obtain (horizontal) equilibrium (Figure 2.2.2):  
 

∑ 0				 → 				 0				 → 				  (2.1) 

 
In expression (2.1), Fdx is expressed in terms of shear stress multiplied by the area of the timber at the 
crack. Since the bending stress is equal to the acting moment M divided by the section modulus W, this 
can be further elaborated: 
 

						 → 					 	 (2.2) 

 
According to Euler-Bernoulli beam theory, dM/dx is equal to shear force V: 
 

 with  (2.3) 

 
If the shear force reaches a critical value, (2.3) turns into (2.4) with shear strength fv: 
 

 with  (2.4) 

 
Shear capacity: crack at arbitrary beam depth 
Next, the expression for the shear capacity of a cross-section presenting a crack at mid-depth is 
extended to an expression for a crack at arbitrary depth. Three cases can be established: 
 

1. cracks located at mid-depth (z = 0); 
2. cracks located above mid-depth (z > 0); 
3. cracks located below mid-depth (z < 0). 

 
The first has already been considered. Below, using Figure 2.2.3, horizontal equilibrium is considered 
for case 2. 
 

, , 0 (2.5)  

 
In this thesis, distance yc is always assumed to be the distance from the bottom side to the crack (Figure 
2.2.3). The area of the trapezoids is expressed in (2.6) and (2.7).  
  



 Chapter 2: Cracks in wood

 

 19 
 

 
Figure 2.2.3 – Cracked cross-section (crack located at  z > 0) and upper beam part of length dx 

 

, ⁄
 (2.6) 

,  (2.7) 

 
Combining expressions (2.5), (2.6), and (2.7) yields: 
 

					 → 					   (2.8) 

 
Note that expression (2.8) is also valid for yc = h/2 (2.1), but also for yc < h/2 (case 3). This is visualized 
in Figure 2.2.4: the pink parts of the bending stress distribution cancel out in the expression of the 
horizontal equilibrium leading back to expression (2.8) and Figure 2.2.3.  
 

 
Figure 2.2.4 – Cracked cross-section (crack located at  z < 0) and upper beam part of length dx 

 
Now, using (2.8), a general expression for the shear capacity of (horizontally) cracked cross-sections 
can be formulated. The bending stress is replaced by its relation with the bending moment and the 
section modulus: 
 

					 → 					  (2.9)  
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Inserting Euler-Bernoulli beam theory: 
 

 with  (2.10)  

 
The shear capacity of a cracked cross-section at arbitrary beam depth is: 
 

 with  (2.11) 

 
This expression can be rewritten in terms of 2/3 fvbeffh, which is the expression for the shear capacity 
found for a crack at yc = h/2 (2.4): 
 

4 1  with   and  (2.12) 

 
Expression (2.12) currently only checks the shear strength at the location of the crack. When a crack is 
located high (or low) enough in the cross-section, the maximum shear stress occurring at mid-depth 
might be governing. So, the shear capacity of the entire cross-section should be expressed as: 
 

max
4 1

																																		
 with   and  (2.13) 

 
The value of yc from where the crack is no longer governing can be calculated using the quadratic 
formula:  
 

1 1 						→ 						 1 1  (2.14) 

 
Bending: capacity and stiffness 
The bending capacity of a beam is expressed as follows: 
 

, 					→ 					 ,
 (2.15) 

 

If a cracked cross-section of a beam is considered, the crack’s dimensions might influence the moment 
of inertia. However, assuming the crack width tcrack being much smaller than the beam depth (tc << h), 
the influence of the crack is negligible (see also Appendix A) and the moment of inertia remains bh3/12 
(for a rectangular cross-section). In conclusion, based on a cross-section analysis, a crack does not 
influence the bending capacity. 
 
Regarding the bending stiffness of the beam (2.16), the same conclusion can be drawn as the stiffness 
also depends on the moment of inertia. However, a constant Young’s modulus must be assumed. 
 

 for simply supported beam loaded by F at mid-span  (2.16) 
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2.2.2 Reduced cross-section method (EN1995-1-1) 
 
Heavy snowfall in Central Europe during the winter of 2005-2006 led to the collapse of many roof 
structures (Frühwald Hansson et al. (2007)). Some of these roofs were constructed of glulam timber 
beams, which led to a comprehensive assessment of existing timber structures. Eventually, to calculate 
the shear capacity of cracked timber beams, the reduced-cross section method (2.17) was introduced 
in EN1995-1-1 [12].  
 
The reduced cross-section method takes the influence of cracks into account for the calculation of the 
shear capacity of timber elements subjected to bending. This is done by using an effective width beff 
which is calculated as follows: 
 

 with  and ∙  (2.17) 

 

In (2.17), beff is defined as a portion of nominal width b of the cross-section, which is thus reduced by 
factor kcr or kcrack. The value for kcr is defined in EN1995-1-1 [12]. For cross-sections of sawn timber and 
glulam prismatic rectangular beams, kcr is equal to 0.67. This means that cross-sections are allowed to 
crack up to one-third of the cross-sectional width. As shown in (2.18), a value of 0.67 for kcr will lead to 
an increase of the shear stress of about 50 percent. 
 

.
		→ 				 1.49  (2.18) 

 
When Vd reaches a critical value Vcrit, the shear capacity can be expressed as: 
 

					→ 					  with ∙  (2.19) 

 

For prismatic rectangular beams, (2.19) turns into (2.20), for cracks at arbitrary depth yc. 
 

6 1   

4 1  with ∙  and  (2.20) 

 
With: 

 first moment of area: 	 1  with  

 distance from bottom side to crack 
 
Note that expression (2.20) is equal to (2.12) obtained by the cross-section analysis, only the effective 
width is expressed in terms of kcr instead of the crack depth dc. In (2.21) the cracking factor kcr is 
expressed in terms of dc. 
 

∙ 					→ 					 1  (2.21) 

 
In conclusion, the reduced cross-section method adopted in EN1995-1-1 [12] is based on the two-
dimensional cross-section analysis carried out in Chapter 2.1.  
 
Besides the determination of the shear capacity, the influence of cracks is taken into account in 
EN1995-1-1 [12] for timber elements where shear stress concentrations occur, namely end-notched 
beams and beams with holes. 
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2.2.3 Other nation’s building codes 
 
In the Netherlands, EN1995-1-1 is adopted for timber structures, accompanied by its national Annex. 
In other countries, other building codes are used, giving different / additional recommendations 
regarding cracks.  
 
According to the Swiss code for existing timber structures SIA 269/5 [34], existing cracks always reduce 
the effective cross-section of timber (previous paragraph) when considering the ultimate limit state 
(ULS) for elements loaded in tension (axial and flexural) perp. to grain, torsion, and shear. In addition, 
cracks have to be considered in curved or bent beams, and beams with notches, cuts and holes. 
 
For shear stresses an exception is given: shrink cracks up to 40% and 30% of the cross-sectional width 
for solid timber and glulam resp. do not influence the capacity. Also, for tension perp. to grain due to 
axial forces in curved or bent beams an allowable crack depth of 20% of the glulam is given.  
 
The German code, DIN 4074-1:2008 [7], for strength grading specifies the maximum crack depth. More 
importantly, it is the only code that specifies a maximum crack length: 1 meter. The specifications given 
in DIN 4047-1:2008 apply to solid wood and only for strength grading though.  
 
 
2.2.4 Frech 
 
According to Frech (1987), cracks are harmless up to a certain depth (crack length is not mentioned). 
Based on experimental research, Frech proposes some guidelines for solid wood components 
subjected to both shear and bending, summarized in the figures below: Figure 2.2.4.1a shows the crack 
depth limits for a cross-section with two cracks. The polygon in Figure 2.2.4.1a needs to be free of 
cracks depending on the type of loading (shear or bending). Also, note the diagonal boundaries in 
Figure 2.2.4.1a.  
 
For a single crack, the maximum crack depths are doubled (see values in Figure 2.2.4.1): Figure 
2.2.4.1b illustrates the maximum crack depth for a single crack when the cross-section is subjected to 
bending and Figure 2.2.4.1c does this for shear.  
 

 
    Figure  2.2.4.1 – (a) Max. crack depths for cross-sect ions wi th cracks on both sides loaded  
   in bending or shear depending on their posi t ion in the cross-sect ion. 
 (b) Max. crack depth per side of  the cross-section for bending 
 (c) Max. crack depth per side of  the cross-section for shear (Frech, 1987) 
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2.2.5 Radovic & Wiegand 
 
In an article in the German magazine “bauen mit Holz”, Radovic & Wiegand (2005) provide some rules 
of thumb on maximum crack depth in glulam. For bending or compression, the influence of cracks on 
the load-bearing capacity can be neglected for a crack depth up to b/6 for each side of the cross-section 
(so one-third of the total width). To determine the (characteristic) shear strength or shear stress, the 
crack depth cannot be neglected.  
 
For tension perpendicular to the grain, every crack must be assessed individually since they can 
significantly reduce the capacity. Also, possible crack propagation must be considered. A crack depth 
(for glulam) of b/8 is allowed per side (i.e. 25% of the total width) for tension perp. to grain. 
 
According to Radovic & Wiegand, the abovementioned guidelines are “Erfahrungsgemäß” (translated: 
“according to experience”); a scientific substantiation is not provided in the article. 
 
 
2.2.6 American Plywood Association (APA) 
 
The American Plywood Association (APA) (2007) distinguishes two different crack types: side cracks, 
being non-through cracks (dc < b) at the side face of a glulam beam and end cracks, being through 
cracks (dc = b) occurring at the beam ends. Note that side cracks can occur at the end of the beam, but 
are still called side cracks when they have not propagated through the entire beam width. 
 
Crack depth of side cracks 
APA (2007) provides the following expression for the residual shear capacity of glulam beams with non-
through (side) cracks: 
 

, , ∙  with   (2.22) 

 
With: 

  crack depth 
  width of the beam 
 reduction factor   

 
Reduction factor C is based on an idealized shear distribution of a (rectangular and prismatic) glulam 
beam, based on the theoretical shear stress distribution (blue and dotted red line in Figure 2.2.6.1 (left) 
resp.). Where the shear stress is largest, the maximum permissible crack depth is lowest, which is 
illustrated by factor C in Figure 2.2.6.1 (right). 
 

   
         Figure 2.2.6.1 –  Shear stress distr ibutions of  glulam beams (rectangular cross-section) ( left ) 

Determination of factor C outside of shear-cri t ical  zone by APA (2007) (r ight) 
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Factor C is defined in (2.23), with critical values (Figure 2.2.6.1 (right)) given in (2.24) and (2.25).  
 

3.4 0.5 0.7 with 0.15 0.80  (2.23) 

 
With: 

  distance from bottom of the beam to the crack 

 

3.4 0.5 0.7 0.15					 → 			 	 0.5
.

.
					→ 					 0.25	or	0.75 (2.24) 

 

3.4 0.5 0.7 0.80					 → 			 	 0.5
.

.
					→ 					 0.06	or	0.94 (2.25) 

 
Crack length of (through) end cracks 
APA (2007) provides the following expression for the residual shear capacity of glulam beams with 
through end cracks: 
 

, , ∙  for  with   (2.26) 

 
With: 

  (end) crack length 
  crack depth 

  width of the beam 

 3.4 0.5 0.7  with 0.15 0.80 

 
From (2.26) can be obtained that ℓc does not influence the shear capacity up to a critical value:  
 

1					 → 					1 1 					 → 				 3 ∙  (2.27) 

 
Also, the crack length ℓc for which the shear capacity becomes zero can be calculated independent of 
factor C: 
 

0  with 0.15 0.80, thus 1 

  

1 0					 → 				 3   (2.28) 

 

 
Figure 2.2.6.2 – Relat ive shear capaci ty plot ted against (relat ive) crack length for several  rat ios   using 

the APA (2007) approach 
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So, according to APA (2007), a through end crack may not be longer than three times the beam width 
(see also Figure 2.2.6.2). This seems rather conservative and does not correspond to the literature 
study: e.g. in experimental research by Ferreira et al. (2017) end delamination of multiple lamellas of 
about 3.4b in length was tested (four-point bending test) resulting in a capacity of 0.47Fref. A 
delamination length of about 7.6b resulted in 0.21Fref. 
 
In Figure 2.2.6.2 the relative shear capacity is plotted against ratio ℓc / b. In this figure, the critical values 
of expression (2.24) and (2.25) are visualized. Also, note that the lower (or higher) a crack is situated 
in the cross-section, the longer it can be without influencing the capacity as the method is based on the 
(idealized) shear stress distribution of Figure 2.2.6.1. 
 
 
2.2.7 Summary 
 
In Table 2.2.7.1 the permissible crack depths, mentioned in the previous paragraphs, are summarized. 
The criteria for the maximum crack depth vary widely. Usually, a distinction is made for the loading type 
(e.g. shear or bending), but the location of the crack in the beam along both the beam axis and beam 
depth, nor the crack length and loading combinations are considered. Hence, these methods are not 
very applicable to give an accurate assessment of the influence of cracks on the residual load-bearing 
capacity and stiffness. Also, the large range of values is reason for additional research which is carried 
out in this thesis. 
 
Table 2.2.7.1 – Summary acceptable crack depths when considering load-bearing capaci ty 

Source Wood type Loading type Maximum crack depth 

SIA 269/5 solid + glulam 

compression 
bending 
shear 
tension perp. to grain 

- 
- 
0.4b (solid), 0.3b (glulam) 
never neglect 

DIN 4074-1 solid wood intended for strength grading, loading types not mentioned 

Frech solid wood 

compression 
bending 
shear 
tension perp. to grain 

- 
0.6b or 0.8h 
0.45b or 0.65h 
- 

Radovic & 
Wiegand 

glulam 

compression 
bending 
shear 
tension perp. to grain 

0.33b 
0.33b 
never neglect 
0.25b 

NEN-EN1995 
(excluding 
National Annex) 

solid + glulam 

compression 
bending 
shear 
tension perp. to grain 

- 
- 
0.33b (by kcr = 0.67) 
- 

APA glulam 

compression 
bending 
shear 
tension perp. to grain 

- 
- 
0.15b (provides values if dc > 0.15b) 
- 

 
Additions / remarks: 
- EN1995-1-1 does not actually limit crack length, but reduces the shear capacity using kcr 
- DIN 4074-1 allows a crack length of 1 meter, but is only applicable for strength grading; 
- APA also provides limits for the crack length (only for through-and-through end cracks); 
- Murphy (1979) found a relation between the crack length of through, end-cracked beams and 

the shear capacity and proposes a design equation. For more information see Chapter 5.3.2. 
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3. Influence of cracks on strength and stiffness of timber beams 
 
 
This chapter gives an overview of the work already carried out on the subject of cracks and their effect 
on the load-bearing capacity and stiffness of timber beams. Both glulam and solid timber beams are 
treated. A short overview of the procedures used for the experimental and numerical work as well as 
the results and conclusions are included for each individual research. In more detailed summary of 
these published works is found in the literature study document of this thesis (Hanegraaf, 2018). 
 
 
3.1  Franke et al.  
 
The work by Franke et al. (2016) investigates the residual load-bearing capacity. Also, design rules are 
proposed. Large spans are usually bridged by elements with a large cross-section. Regarding timber, 
these cross-sections can have a moisture gradient when not properly conditioned, leading to extra 
moisture related stresses (Magnière et al., 2014). The release of these stresses will lead to cracks, 
propagating in the grain direction. These cracks need assessment to investigate whether the calculated 
capacity and stiffness are not compromised. However, the current and past building codes only provide 
rules of thumb, based on practical experience. Considering safety and reliability, this should be 
investigated more closely with the aim to propose new (international) guidelines regarding the 
assessment of cracks. 
 
 
3.1.1 Experimental research 
 
Experiments were carried out to later validate the numerical model. Two test series (150 x 600 x 2445 
mm (b x h x L)) were subjected to a three-point bending test, investigating several crack depths as 
shown in Figure 3.1.1.1. In all specimens, the crack length is kept equal to the beam length.  
 

 
Figure 3.1.1.1 – Lamella arrangement of test  series 1 and 2 by Franke et al .  (2016)  

(c lasses T11, T18, T26 correspond to European classes C18, C30, C45 resp.) 
 
Of each test series, consisting of 5 specimens each, Type 0 would be tested up to 50% of their 
analytically estimated capacity. Next, cracks would be created in the Type 0 beams by making a saw 
cut and the consequent “Types” were tested up to 50% again until the final “Type” was created (Type 
1c and Type 1a for series 1 and 2 resp. (Figure 3.1.1.1)). The 5 specimens of the final type were tested 
until failure.   
 
The Young’s modulus E and shear modulus G, and the stiffness K were measured during each test. In 
the case where was tested until failure, the failure load was also measured. In this work, failure is 
defined as either the propagation of the initial crack or the initiation of a new crack. All the specimens 
showed a similar failure behavior: a typical shear failure close to the supports. 
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3.1.2 Numerical model 
 
Next, a numerical model was developed to investigate the residual load-bearing capacity and stiffness 
of a cracked beam. A three-dimensional finite element model of a displacement controlled three-point 
bending test of a prismatic glulam beam (Figure 3.1.2.1) was built in ANSYS®. Only the dimensions 
differ from the experiments (140 x 600 x 12000 (b x h x L)). An initial, already opened crack is modeled 
of which the dimensions (location, length and depth) are varied during a parameter study. 
 
The glue lines are not modeled, but a uniform cross-section is used, as the crack is assumed to 
propagate before delamination between the glue lines occurs. Steel plates are modeled to act as 
support/loading plates, connected to the timber element by friction. 
 

 
 Figure 3.1.2.1 – Front v iew and section of  the numerical  model  by Franke et al .  (2016) 

 
The crack propagation is simulated by the cohesive zone method using interface elements (Chapter 
5.4). These elements follow a bilinear traction-separation law for both mode I and II, but also for mixed-
mode by using a quadratic fracture criterion.  
 
Sensitivity study 
A sensitivity study is carried out by Franke et al. to investigate the influence of six critical parameters  
on the results (Franke et al. 2016): 
 

- Young’s modulus EL; 
- shear modulus GLR; 
- tensile strength ft,90; 
- shear strength fv; 
- critical energy release rates mode I GI,c and mode II GII,c. 

 

For every simulation one of the key parameters is varied and the influence on Fcrit, crit, and Kcrit 
(compared to reference) is investigated. The load-bearing capacity (Fcrit / Fref) turned out to be most 
influenced by the shear strength fv, whilst the stiffness (Kcrit / Kref) is (obviously) most influenced by the 
Young’s modulus EL and shear modulus GLR. Stiffness K is calculated from the slope of the curve 
between 0.1Fcrit and 0.4Fcrit of the force-displacement diagram. The critical energy release rates GI,c 
and GII,c hardly influence the numerical results. 
 

Parameter study 
In the parameter study, several crack parameters are varied namely: 
 

- origin of the crack with respect to the beam axis (xc / L); 
- location of the crack with respect to the depth of the beam (yc / h); 
- length of the crack with respect to the beam length (ℓc / L); 
- depth of the crack with respect to the beam width (dc / w). 
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Table 3.1.2.1 – Di fferent var iat ions used in the parameter study by Franke et al .  (2016) 

Crack origin xc Crack height yc Crack length ℓc Crack depth dc 

xc [mm] xc / L yc [mm] yc / h ℓc [mm] ℓc / L dc [mm] dc / w 

0 0.00 30 0.05 600 0.05 10 0.07 

1800 0.15 150 0.25 3000 0.25 40 0.29 

3600 0.30 300 0.50 6000 0.50 70 0.50 

6000 0.50 450 0.75 9000 0.75 80 0.57 

centered at mid-span 570 1.00 12000 1.00 140 1.00 

 
Table 3.1.2.1 gives an overview of the values used during the parameter study, leading to over 400 
simulations. Note that every crack parameter is related to a dimension of the beam (length, depth, and 
width). The beam dimensions, 140 x 600 x 12000 mm (b x h x L), are not varied in this study. Table 
3.1.2.2 shows the material properties used during the parameter study obtained from literature and 
previous work by Franke et al. 
 
Table 3.1.2.2 – Mater ial  propert ies used dur ing the parameter study of Franke et al .  (2016) 

Material Parameter Value [unit] 

Wood – Glulam 
Young’s modulus EL | ER | ET 
Shear modulus GLR | GLT | GRT 

Poisson ratio LR | LT | RT 

11,990 | 820 | 420 MPa 
620 | 740 | 42 MPa 
0.055 | 0.035 | 0.311 

Interface elements 
Tension strength ft,90 
Shear strength fv 

Critical energy release rate GI,c | GII,c 

2.0 MPa 
4.0 MPa 
225 | 650 N/m 

Steel 
Young’s modulus E 
Poisson ratio  

210,000 MPa 
0.2 

Friction Friction coefficient  0.6 

 

 
3.1.3 Results and conclusions 
 
Figure 3.1.3.1 shows the results of the experimental work. The tested crack depths (0 ≤ dc ≤ 0.6b) do 
not influence the stiffness of the beam as all results are close to K/Kref = 1.  
 

 
Figure 3.1.3.1 – Test resul ts of the experiments by Franke et al .  (2016) 

 
In Figure 3.1.3.2, the results (stiffness and load-bearing capacity) of every numerical simulation are 
displayed. A distinction is made between through cracks (dc = b) and non-through cracks (dc < b). 
Regarding stiffness, an addition can be made to the conclusion drawn from the experimental results. 
Only non-through cracks seem not to influence the stiffness. Through cracks, however, do influence the 
stiffness. From the right diagram of Figure 3.1.3.2 no unambiguous conclusions can be drawn regarding 
the load-bearing capacity. 
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Figure 3.1.3.2 – Numerical  resul ts: st i f fness ( lef t ),  cr i t ical  load (r ight) (Franke et al . ,  2016) 

 
When the results in terms of stiffness (K/Kref) are plotted against the individual crack properties (depth, 
position, and length) (Figure 3.1.3.3), several consistencies can be observed: 
 

- the stiffness of the beam decreases when the crack length is increased; 
- if the crack is positioned at or near mid-span the stiffness will not reduce; 
- no dependency can be observed between the location along the depth (yc) and stiffness K. 

 
From these observations, an empirical model (3.1) to calculate the stiffness of a through cracked beam 
is proposed by Franke et al. (2016). In (3.1) the crack length ℓc is taken into account and multiplied by 
a reduced moment of inertia, which is calculated in (3.2). Factor kecc is introduced to account for the 
relevance of the crack to the stress distribution. End cracks contribute more to the stiffness reduction 
than side cracks as was observed from Figure 3.1.3.3. 
 

 
Figure 3.1.3.3 – Sti f fness rat io plotted against crack propert ies (Franke et al . ,  2016) 
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 for  (3.1) 

 
With: 
⁄  stiffness (w.r.t. reference case) 

,  beam and crack length resp. [mm] 
 crack position with respect to beam depth [mm] 

 1.0 for “long” end cracks with lc/L > 0.25 
 0.3 for “short” end cracks with lc/L ≤ 0.25 

 0.1 otherwise (side cracks) 

 
The reduced moment of inertia (3.2) is calculated using Figure 3.1.3.4.  
 

12
 (3.2) 

 

 
Figure 3.1.3.4 – Cross-sections of  uncracked and through-cracked beam 

 
Regarding the residual load-bearing capacity of the beam, only a correlation between the crack length 
and position is found for through (dc = b) cracks. This quadratic equation is shown in (3.3).   
 

0.00013	 . 0.3143	 . 132.11	 .   (3.3) 

 
With: 
⁄  failure load for beams with through cracks (w.r.t. reference value) 

 crack length [mm] 
 crack position with respect to beam depth [mm] 

 
The results of the research are summarized in Table 3.1.3.1. For through cracks, the residual stiffness 
is calculated by the empirical model presented in (3.1) and the residual strength by the empirical model 
presented in (3.3). Non-through cracks do not influence the stiffness of the beam. For non-through 
cracks, all crack parameters (depth, length, position) influence the load capacity (Franke et al. (2016)). 
However, an overall method, incorporating all four crack parameters, has not yet been found. 
 
Table 3.1.3.1 – Overview of the resul ts by Franke et al .  (2016) 

 Stiffness Load-bearing capacity 

Through cracks 
Analytical and 
empirical models 

Analytical model for strength reduction 
Empirical model for direct capacity reduction 

Non-through cracks No influence Analytical model 

 
Analytical models are also provided by Franke et al. These are given in the next paragraph and are 
based on a cross-section analysis like carried out in Chapter 2.2.1. 
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3.1.4 Analytical research: design rules 
 
In their report, Franke et al. (2016) propose some design rules for six different crack geometries (Figure 
3.1.4.1):  
 

1. crack free section (reference); 
2. horizontal split (through crack with ℓc = L); 
3. through crack (with ℓc < L); 
4. non-through crack (dc < b); 
5. opposite cracks (one per side); 
6. numerous cracks. 

 
Only cases 1-4 are treated in the research report. Cases 5 and 6 require additional research. 
 

 
Figure 3.1.4.1 – Six crack geometries defined by Franke et al .  (2016);  crack cases 1 to 6  

 
Equations for the bending stiffness, bending capacity, and shear capacity of the first four cases are 
given in Table 3.1.4.1. The equations for the capacities of cases 3 and 4 only apply for the cracked part 
of the beam. If the capacity of the uncracked part of the beam (Fref) is lower, this is the governing value. 
 
In Appendix B, a self-made analytical derivation is included and compared to the expressions given by 
Franke et al. (2016). As the expressions both are based on the cross-section analysis of Chapter 2.2.1, 
the expressions should match. However, some anomalies were found (Appendix B). 
 
The crack depth ratio = yc/h is incorrect for some expressions in Table 3.1.4.1; the same results should 

be found for e.g. a = 0.25 and 0.75. In Appendix B, the expression for  is updated to: 
 

											for	α 0.5

1 			for	α 0.5
					→ 					 0.5 0.5  (3.4) 

 
In addition, in Franke et al.’s report, the moment and shear ratio are calculated by dividing the maximum 
force in the beam (ref) by the maximum force in the cracked part (crack) (e.g. Mmax,crack / Mmax,ref). In 
Appendix B, however, this ratio is inverted since when for example a lower bending moment is present 
in the cracked part than the maximum bending moment of the beam, a larger action force F must be 
applied for the cracked section to reach the critical moment. Hence, Mmax,ref / Mmax,crack. 
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Table 3.1.4.1 – Sti f fness and capaci ty derived by Franke et al .  (2016) 

Crack case i Stiffness Ki Bending capacity Fm,i Shear capacity Fv,i 

1: reference  
(three-point bending)   ,

,   ,   

2: horizontal split 1   ,   ,   

3: through crack 	
  

,
,

,
  ,

,

,
  

4: non-through crack   ,   , .
,

,
  

 
With: 

 0.5 0.5  depth ratio of the split, with  distance from bottom of the beam to the split 

 
Comparison with cross-section analysis (Chapter 2.2.1) 
Cases 2 and 3 are not treated in the cross-section analysis (Chapter 2.2.1). Note that the bending 
capacity (2.15) and stiffness (2.16) are equal to those of cases 1 and 4 (Table 3.1.4.1) when assuming 
a moment of inertia of bh3/12 and critical moment of FL/4. 
 
In addition, for the reference case, shear capacity (2.12) is equal to Fv,ref when the effective width is 
equal to b (no crack) with respect to depth ratio  = 0.5. Also, expression (2.12) can be rewritten to Fv,4 
(Table 3.1.4.1): 
 

4 1  with   , , ,  

 

, . , .
 (3.5) 

 
Comparison with APA method (Chapter 2.2.6) 
This expressions for non-through side cracks proposed by APA (2007) can be compared to crack case 
4 defined by Franke et al. (2016). The shear capacity provided by Franke et al., based on cross-section 
analysis (Chapter 2.2.1), can be written as: 
 

, , . , ∙   with ,

, .
 (3.6) 

 
With: 

 depth ratio of the crack, with  distance from bottom of the beam to the crack 

 
Next, Franke’s model is compared to the expression (2.22) given by APA (2007) for several depth ratios 

 (Figures 3.1.4.2, 3.1.4.3, 3.1.4.4, and 3.1.4.5). 
 
From Figures 3.1.4.2 and 3.1.4.3, depth ratios 0.50 and 0.25 resp., can be concluded that the APA 
method gives the same capacity for both ratios (due to the definition of C), while the analysis by Franke 

et al. (2016) gives a lower capacity than the APA method for  = 0.50 and a higher capacity for  = 

0.25. In addition, for  = 0.10, APA gives a larger capacity, and for  = 0.01 Franke et al. (2016) again 
gives a larger capacity than the APA method. 
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       Figure 3.1.4.2 – Shear capaci ty for   = 0.50             Figure 3.1.4.3 – Shear capaci ty for   = 0.25 
 

    
       Figure 3.1.4.4 – Shear capaci ty for   = 0.10           Figure 3.1.4.5 – Shear capaci ty for   = 0.01 
 
The fact that the results using the APA method are sometimes larger, sometimes less than the analysis 
by Franke et al. can be related to the shear stress distribution on which both methods are based. In 
Figures 3.1.4.2 – 3.1.4.5 can be seen that the capacity is equal to Fref (Rv,crack = 1) up to a certain crack 
depth (dc / b) after which a straight line is drawn from this critical point to zero capacity for dc = b. The 

critical values for dc / b are plotted against the depth ratio  = yc / h in Figure 3.1.4.6. In this figure, the 
shape of the assumed shear stress distribution (idealized for the APA method and theoretical, based 
the cross-section analysis, for Franke et al.) is found. 
 

 
Figure 3.1.4.6 – Cri t ical  crack depths not inf luencing the shear capaci ty  

  

0

0,2

0,4

0,6

0,8

1

0 0,2 0,4 0,6 0,8 1

R
v,

cr
ac

k

crack depth / beam width (dc / b)

APA method

Franke et al.
0

0,2

0,4

0,6

0,8

1

0 0,2 0,4 0,6 0,8 1

R
v,

cr
ac

k

crack depth / beam width (dc / b)

APA method

Franke et al.

0

0,2

0,4

0,6

0,8

1

0 0,2 0,4 0,6 0,8 1

R
v,

cr
ac

k

crack depth / beam width (dc / b)

APA method

Franke et al.
0

0,2

0,4

0,6

0,8

1

0 0,2 0,4 0,6 0,8 1

R
v,

cr
ac

k

crack depth / beam width (dc / b)

APA method

Franke et al.

0

0,2

0,4

0,6

0,8

1

0 0,2 0,4 0,6 0,8 1

de
pt

h 
ra

tio
 y

c 
/h

crack depth / beam width (d / b)

APA method

Franke et al.



Research report 

 

34  
 

When examining Figure 3.1.4.6, the methods seem to be equal at several points. To calculate the 
values of the crack depth ratio of these intersections, first Rcrack of expression (3.6) for the method by 
Franke et al. (2016) is expressed in a similar factor C, named CFranke:  
 

.
					→ 					 4 0.5   (3.7) 

 
Next, the points of intersection are calculated in (3.8) – (3.10). Note that yc / h = 1.0 is an impossible 
outcome due to restriction of C (0.15 ≤ C ≤ 0.80).  
 

3.4 0.5 0.7 4 0.5 	→ 		3.4 0.5 0.7 4 0.5    for 0.5 1  

3.4 2.4 4 4 1						 → 			4 7.4 3.4 0  

 
. . ∙ ∙ .

∙

. √ .
1	or	0.85	 →					 0.15	or	0.85 for 0 1 (3.8) 

 
Both methods also intersect at the critical points of factor C, namely C = 0.15 and C = 0.80: 
 

4 0.5 0.15					 → 					
∙ ∙ .

∙
0.31	or	0.69 (3.9) 

 

4 0.5 0.85					 → 					
∙ ∙ .

∙
0.04	or	0.96 (3.10)	

 
 
3.2  Saracoglu 
 
Saracoglu (2011) performed his master thesis on the influence of cracks on glulam beams. In this thesis, 
both experimental and numerical work is carried out, focusing on the influence of cracks on the shear 
capacity of glulam (partly to check the reliability of kcrack in Eurocode 5 (Chapter 2.2.2)). The considered 
cracks are non-through and have a length equal to the beam.  
 
Experimental research 
For the experimental research, several test series are subjected to a slightly adjusted three-point 
bending test (Figure 3.2.1). Since shear capacity is investigated, bending should not be governing. By 
loading the beam in this manner, the same load F will lead to a larger maximum shear force and a lower 
maximum bending moment in the beam as shown in (3.6)-(3.8). 
 

 
Figure 3.2.1 – Adjusted three-point  bending test  performed by Saracoglu (2011) 

 
Four test series of five glulam beams per series were tested (Figure 3.2.2). The first series is the 
reference group and remains uncracked. In the other series, artificial cracks were created using a saw 
blade. All spruce beams have the same dimensions: 115 x 315 x 2600 mm (b x h x L). 
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Loaded at mid-span: ,  ,  (3.6) 

 

Loaded at 1/3th of span: ,  ,  (3.7) 

 

Difference: , 0.88 ,  , 1.33 ,  (3.8) 

 

 
Figure 3.2.2 – Crack depth and location (ℓ c  = L) of  the test series used by Saracoglu (2011) 

 
Numerical research 
Based on literature about experiments on spruce, the values of the critical energy release rates are 
chosen as GI,c = 179 N/m and GII,c = 737 N/m. The critical energy release rate for mode III was set very 
high (GIII,c = 18000 N/m) to avoid mode III crack propagation. Some of the parameters were optimized 
during the simulations to match the behavior of the numerical model to the behavior observed during 
the experimental work. For example, GII,c was adjusted to 60 N/m (737 N/m was used initially) in order 
to agree with the values obtained from the experimental work. The final material properties per lamella 
for the models are given in Table 3.2.1. 
 
Table 3.2.1 – Material  propert ies of the numerical  models used by Saracoglu (2011) 

Material Parameter Value [unit] 

Wood – Glulam 

Young’s modulus EL | ER | ET 
Shear modulus GRL | GTL | GRT 

Poisson’s ratio RL | TL | RT 
Critical energy release rate GI,c | GII,c | GIII,c 

11,390 | 424.8 | 249.4 MPa 
729 | 694.8 | 34.17 MPa 
0.00707 | 0.00521 | 0.418 
179 | 60 | 18,000 N/m 

 
Results and conclusions 
In Table 3.2.2, the failure loads that were obtained during both the experimental and numerical work 
are listed. The specimen of test series 3 for which the largest failure load was found did fail due to 
shear, but not in the lamella the initial crack was in. In the numerical model of beam type 3, no crack 
propagation was observed. Pousette & Ekevad (2012) (Chapter 3.3) provide a conclusion: the finite 
element simulations showed no large stress concentrations at the crack tips; the shear stress is 
distributed symmetrically over the reduced cross-section (Figure 3.2.3). The lack of stress 
concentrations at the crack tip does not lead to crack propagation. So, the cracks are probably just too 
shallow (depth equal to 15% of the beam width) to cause any significant influence on the shear capacity. 
 
Table 3.2.2 – Experimental  and numerical resul ts obtained by Saracoglu (2011) 

Test 
series 

Experimental 
research* [kN] 

Numerical 
results [kN] Difference 

1 167.10 not modeled - 
2 122.78 110.05 10.36% 
3 138.59 no propagation - 
4 126.56 134.38 5.81% 

* - mean value, specimens that failed in bending are included 
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Figure 3.2.3 – The crack depths (of 0.15b) reduce the cross-section by 30% 

 
The highest shear capacity is found in the reference group. This was expected, but also indicates that 
cracks do influence the shear capacity. For test series 2, a lower shear capacity than for series 4 was 
found in both experimental and numerical research. Even though type 4 has two cracks while type 2 
only has a single crack of the same depth, type 4 has a higher shear capacity. This is most likely caused 
by the location of the cracks with respect to the beam depth; the crack of type 2 is located at mid-depth 
where the highest shear stress occurs. 
 
 
3.3 Pousette & Ekevad 
 
Pousette & Ekevad (2012) have investigated the shear resistance of glulam beams with cracks. This 
seems to be a continuation of the work by Saracoglu (2011) as the same crack configurations are 
investigated (Figure 3.3.1), and the test setup (Figure 3.2.1) is adopted. In addition, a fifth test series is 
introduced: “natural” cracks.  
 

 
Figure 3.3.1 – Crack depth and location (ℓ c  = L) of  the test series used by Saracoglu (2011) 

 
The “natural” cracks in the beams of test series 5 were created by daily subjecting one side of the beam 
to “rain” for 5 hours. Consequently, the beams were dried using heat lamps for 19 hours. After repeating 
this cycle for 28 days, the cracks were mapped using a CT-scan. The largest cracks were found to be 
20-30 millimeters deep and a few decimeters long; the cracks at the beam ends were no longer than 
about 70 millimeters. No specific location along the beam depth or axis was found for these cracks. The 
largest cracks did grow mostly in lamellas with a pith in the middle and propagated in radial direction, 
but these did not lead to shear failure during the experimental research.  
 
Experimental research 
The experimental results of Saracoglu are adopted in this research and only the fifth beam type 
(“natural” cracks") is actually tested by Pousette & Ekevad. The results, however, are not express in 
terms of force, but in terms of (shear) stress as shown in Table 3.3.1. 
 
Note that for types 1 (reference) and 5 (“natural” cracks) similar strengths are obtained. This indicates 
that shallow “natural” cracks do not influence the load-bearing capacity of the glulam beams. An 
interesting difference can, however, also be observed: the beams of the reference group mostly failed 
in bending, while the “natural” cracked beams mostly failed in shear. 
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Table 3.1.1 – Resul ts of experimental work by Pousette & Ekevad (2012) 

Beam 
type 

Char. shear 
strength [MPa] 

Compared to 
reference [%] 

Char. shear strength: red. 
cross-section (0.7b) [MPa] 

1 3.50 - - 
2 2.24 64% 3.20 
3 3.18 90% 4.54 
4 2.81 80% 4.01 
5 3.80 108% - 

 
For beam types 2-4 (cumulative crack depth of 0.3b), the characteristic shear strength was also 
calculated by the reduced cross-section method for an effective width of 80.5 mm (= 0.7b). As the 
results are similar or higher than the characteristic shear strength of the reference case, Pousette & 
Ekevad suggest that the reduced cross-section method incorporated in Eurocode 5 [12] does 
approximate the shear strength of a glulam beam. 
 
“Natural” cracks 
The produced “natural” cracks are too shallow to influence the shear capacity. Hence, the shear 
strength obtained while testing beam type 5 is higher than for the uncracked specimens. In another 
outdoor experiment in Sweden, beams have already been subjected to varying climates for four years. 
The maximum depth found here is still only 45 mm (beam width being 140 mm). At the end of this 
project, the beams will be tested to estimate their (shear) capacity. 
 
In another project, the renovation of an old timber bridge, beams were found with almost through cracks 
at mid-depth. Even though these were solid timber instead of glued laminated beams, an interesting 
conclusion was obtained. Images from CT-scanning showed that, along the crack, wood fibers were 
still bridging the crack. This means that still some shear force can be transferred in a natural crack. 
 
 
3.4 Khorasan 
 
The work by Khorasan (2012), follows chronologically after the work by Saracoglu (2011) and Pousette 
& Ekevad (2012). The work by Khorasan (2012) is an extension of Saracoglu’s work and aims to model 
“natural” cracks (introduced by Pousette & Ekevad).  
 
Experimental research 
Khorasan carried out experimental research on 10 glulam beams (2600 x 115 x 315 mm (L x b x h)) in 
order to calibrate the numerical model. The test set-up (Figure 3.2.1) used by Pousette & Ekevad (2012) 
and Saracoglu (2011) is adopted.  
 
Two test series are tested: a reference group (“uncracked”) and a test series called “natural” cracks. 
The “natural” cracks were created by subjecting the beams to wetting and drying cycles (Chapter 3.3).  
 
In Table 3.4.1, the experimental test results obtained by Khorasan are presented. A similar conclusion 
to the experimental work by Pousette & Ekevad (2012) (Chapter 3.3) is obtained: the specimens of the 
reference test series (1) mostly failed in bending, while the “natural” crack test series (2) mostly fail in 
shear.  
 
Note that similar ultimate loads are found for both test series; test series 2 having slightly larger failure 
loads than series 1. It is likely that the beams used in the second test series have higher strength 
properties than the reference group. More tests should have been carried out, which is also concluded 
by Khorasan. 
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Table 3.4.1 – Experimental  test resul ts obtained by Khorasan (2012) 

Test series:  
#specimen 

Failure type 
 

Ultimate load 
[kN] 

Shear stress  
[MPa] 

Bending stress  
[MPa] 

1:1 Bending 163.7 4.58 44.3 
1:2 Bending 159.7 4.43 43.3 
1:3 Bend. + Shear 166.6 4.46 45.1 
1:4 Bending 168.8 4.68 45.7 
1:5 Shear 176.8 4.95 - 

2:1 Shear 167.2 4.61 - 
2:2 Shear 192.6 5.29 - 
2:3 Shear 174.0 4.78 - 
2:4 Bending 185.0 5.04 50.1 
2:5 Shear 151.5 4.16 - 

 
Numerical model 
To calibrate the cracked numerical model, only a single test result is used, namely the second beam of 
the natural cracks test series. The cracks in this beam, initiated during the wetting and drying cycles, 
were “more significant” (read: deeper) than in the other beams of the test series. However, for better 
calibration, perhaps more test results should have been used.  
 
The model is supported along the upper edge to prevent lateral instability. The used material properties, 
obtained during calibration, slightly differ from the values used by Saracoglu (2011) and are presented 
in Table 3.4.2. Khorasan uses Poisson’s ratios equal to zero as prescribed in EN1995-2 [10]. The values 
for the critical energy release rates are obtained from literature, except for mode III were GIII,c is chosen 
to be large so mode III crack propagation does not occur. 
 
Table 3.4.2 – Material  propert ies of the numerical  model used by Khorasan (2012) 

Material Parameter Value [unit] 

Wood - Glulam 

Young’s modulus EL | ER | ET 
Shear modulus GRL | GTL | GRT 

Poisson’s ratio RL | TL | RT 

Critical energy release rate GI,c | GII,c | GIII,c 

11390 | 240 | 240 MPa 
720 | 720 | 72 MPa 
0 | 0 | 0 
178 | 734 | 10,000 N/m 

 
Next, Khorasan uses the calibrated model to simulate a large span glulam beam (140 x 450 x 9000 mm 
(b x h x L)) presenting multiple cracks (Figure 3.4.1). The beam is part of an experimental study in which 
beams were subjected to an outdoor climate for five years. The 101 cracks that did arise during that 
period were mapped and, to simplify the model and reduce calculation time, only 12 significant ones 
(being at least 15% of the beam width deep) were modeled in Abaqus. 
 

 
Figure 3.4.1 – Large span glulam beam presenting 12 “signi f icant” crack (Khorasan, 2012) 
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First, a simulation was carried out with a crack-free beam to determine a reference value for the critical 
load. These values were compared to the analytically determined values; the values were in good 
agreement. Next, cracks were included and their influence on the bending and shear capacity was 
investigated. Also, the propagation of the cracks was inspected. The load was applied at several 
locations along the beam length: 
 

- Middle of the beam: reference case would fail in bending. Bending failure also occurred in the 
cracked beam, but for 94% of the critical load obtained for the reference case. 

- Quarter of the beam: reference case would still fail in bending and so did the cracked beam (at 
88% of Fcrit). 

- One-eighth of the beam: bending failure was found, but the maximum shear capacity is also 
almost reached for the reference case. The cracked case, however, did fail in shear, probably 
as the load was applied in a critical area with many cracks (Figure 3.4.1).  

- Uniformly distributed load: cracks hardly influenced the bending capacity of the beam; Fcrit being 
189 kN and 184 kN for the uncracked and cracked beam respectively. 

 
 
3.5 Berg et al. 
 
The work by Berg et al. (2015) investigates the load-bearing capacity of cracked glulam beams and 
aims to develop a numerical model which can be used to predict the failure load (leading to crack 
growth) of these beams. 
 
Experimental research 
During the experimental research, a three-point bending test is carried out on beams of 5 and 9 meters 
in length and the cross-section is 115 x 630 mm (b x h) (Figure 3.5.2). Figure 3.5.2 shows the four 
different types of tests (and crack configurations) that were carried out. Per test, three beams are tested.  
 

 
Figure 3.5.1 – Di f ferent tests carried out during experimental  research by Berg et  al .  (2015) 
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Figure 3.5.2 – Cross-section for tests 1 and 3 (cracks in tests 2 and 4 are equal ly deep, but are 

distr ibuted otherwise along the depth of the beam) 
 
Contrary to research by Saracoglu (2011) and Pousette & Ekevad (2012), where the crack length 
equaled the beam length, the crack length is limited to 1 and 2 meters for beam lengths 5 and 9 meters 
resp., (Figure 3.5.1). Both cracks are 34.5 mm deep, equivalent to 30% of the beam width. 
 
In Table 3.5.1 the results from the experimental research is given. Also a comparison is made to the 
theoretical failure load obtained from beam theory: 
 

					→ 						
⁄

⁄

	

.
 (3.9) 

  
With: 

 1.05m for tests 1 and 3, and 0.975m for tests 2 and 4 (Figure 3.5.2) 

 
Table 3.5.1 – Results of experimental work by Berg et  al .  (2015) 

Test 
Beam 

length [m] 
Crack location 
w.r.t. bottom yc 

Failure 
load [kN] 

Theoretical 
Fcrit [kN] (3.9) 

Fcrit (reduced cross-
section method) [kN] 

1 5 0.5h 180 249 87 

2 5 0.82h 220 249 120 

3 9 0.5h 182 218 88 

4 9 
0.82h, 0.68h, 0.5h, 

0.32h, 0.18h 
159 218 63 

 
From Table 3.5.1 can be concluded that the tested crack configurations do influence the estimated 
theoretical capacity; the failure load occurs between 72-88% of the theoretical value. Also, when a crack 
is situated further away from mid-depth (e.g. comparing tests 1 and 2) it reduced the theoretical capacity 
less. This is caused by the parabolic shear stress distribution over the depth of the beam. The beam 
with multiple cracks (test 4) fails at 73% of the theoretical capacity. This is close to the value of 83% for 
test 3 (same length and only a single crack at mid-depth). 
 
Finally, the experimental results are about twice as high as the values obtained with the reduced cross-
section method. This implies that the shear strength is not limiting the load-bearing capacity. This would 
mean that factors that reduce the cross-section such as kcr in the Eurocode probably underestimate the 
strength of the beam for the current setup (ℓc < Lbeam). 
 
Numerical research 
The elastic material properties used in the numerical model were obtained from EN1995-2 [10] and 
listed in Table 3.5.1. In addition, like in the work by Khorasan (2012), Poisson’s ratios of zero were 
used, as prescribed by EN 1995-2. The values of the critical energy release rates are equal to the ones 
used in the research by Saracoglu (2011), and are obtained from literature.  
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Table 3.5.1 – Material  propert ies used for numerical model by Berg et al .  (2015) 

Material Parameter Value [unit] 

Wood – Glulam 

Young’s modulus EL | ER | ET 
Shear modulus GRL | GTL | GRT 

Poisson’s ratio RL | TL | RT 

Critical energy release rate GI,c | GII,c | GIII,c 

12,000 | 360 | 360 MPa 
720 | 720 | 108 MPa 
0 | 0 | 0 
179 | 737 | 1050 N/m 

 
 
3.6 Gaspar et al. 
 
The work by Gaspar et al. (2015) does not focus on cracks in timber, but on delamination of the glue 
lines of prismatic glued laminated timber beams. Delamination behavior of glue lines is very similar to 
the cracking behavior in timber. The (crack) growth direction is similar as both fibers and glue lines are 
assumed to run parallel to the beam axis. In the other direction, some differences are found; cracks 
usually propagate along the annual rings (RT direction) while delamination propagates in the horizontal 
plane of the bond line.  
 
Gaspar et al. (2015) investigate the mechanical performance of beams with various delamination modes 
(Figure 3.6.1) using a numerical model. In this model, crack propagation is not incorporated nor studied. 
Instead, the mechanical performance, i.e. (change in) stresses and deformations, is investigated. 
 

 
Figure 3.6.1 – Delamination modes A-E used by Gaspar et al .  (2015) 

 
Five cases, each with a different predefined delamination mode, were investigated (Figure 3.6.1). Each 
mode consists of two types of cross-sections: symmetric (s) (two-sided) and non-symmetric (ns) (single-
sided) delamination (see cross-sections in Figure 4.6.1.2). In every mode, the delamination depth was 
varied. In addition, in case E, the delamination length was also varied. 
 
Numerical model 
A three-dimensional FE-model representing a four-point bending test of a 100 x 240 x 4400 mm (b x h 
x L) straight glulam beam is built in Abaqus. In the model, linear elastic behavior is assumed. Two 
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different (symmetrical) loading configurations are used to investigate three individual limit states as can 
be seen in Figure 3.6.2. Unlike in other published work, the beam is not supported in lateral direction 
along its length. 
 

 
Figure 3.6.2 – Load configurat ions and their  corresponding l imit  states (Gaspar et  al . ,  2015) 

 
The material properties of glulam class GL24h were used (Table 3.6.1). After testing, it turned out that 
the properties of the glue line elements do not significantly influence the results. So, the same properties 
as for the timber elements were used.  
 
Table 3.6.1 – Material  propert ies used for the FE-model by Gaspar et al .  (2015) 

Material Parameter Value [unit] 

Wood – Glulam 
Young’s modulus E0,mean | E0.05 | E90,mean 
Shear modulus GRL | GTL | GRT 

Poisson’s ratio RL | TL | LR | LT | RT | TR 

12,000 | 360 | 360 MPa 
754 | 754 | 81.2 MPa 
0.035 | 0.035 | 0.4 | 0.4 | 0.4 

 
Conclusions 
From the results was concluded that delamination does not have a significant effect on the structural 
integrity when occurring in areas with low shear stress. This effect is even less when the delamination 
is symmetrical and the cross-section is not completely delaminated. The contrary is also true: 
delamination does effect the structural integrity when high shear stress is present, even more so when 
it is asymmetrical and the entire width of the cross-section is delaminated. 
 
The non-symmetrical modes seem to negatively influence the beam performance the most: larger 
deflections are found for the non-symmetrical versus the symmetrical modes. In addition, larger 
deflections are found for greater delamination depth. Also, due to non-uniform stress distribution, the 
non-symmetrical modes cause lateral instability of the beam increasing the occurring stresses and 
deformations. 
 
When the delamination becomes deeper, the stresses also increase. This mostly occurs for non-
symmetric delamination. This effect is even worse at the beam end and especially when the 
delamination length (mode E, fully delaminated width) is increased; design stresses are often exceeded. 
So, delamination will negatively influence the beam’s performance strength-wise, especially when the 
delamination is located at the beam’s end and has progressed through the entire beam width.  
 
For the shear limit state, delamination is always a governing factor. In the diagram on the right of Figure 
3.6.3, it is shown that unity of the chosen Hill’s failure criterion (Gaspar et al., 2015) is exceeded for all 
modes in the shear limit state load configuration, particularly modes with delaminated beam ends 
(B,ns,s, D,ns,s, and E,s,s). Another interesting conclusion is that the value of the failure criterion does 
not increase much with the increase of delamination depth until about 60% of the beam width is 



 Chapter 3: Influence of cracks on strength and stiffness of timber beams

 

 43 
 

delaminated as can be seen in Figure 3.6.3. This corresponds to some recommended values for 
maximum crack depth found in Chapter 2.2. 
 

 
Figure 3.6.3 – Hi l l ’s  fai lure cri terion per delamination mode for the bending l imit state ( left )  and for the 

shear l imi t  state (r ight)  (Gaspar et al . ,  2015) 
 
 
 
3.7 Ferreira et al. 
 
The work carried out by Ferreira et al. (2017) is an extension of the work by Gaspar et al. (2015) 
described in the previous paragraph. Contrary to the work by Gaspar et al., who have carried out 
numerical research, this is an experimental study. The aim, however, is equal, namely investigating the 
effect of different delamination modes on the behavior of (prismatic) glulam beams. 
 

 
Figure 3.7.1 – Delamination of test  ser ies A, B, C and D (Ferreira et al . ,  2017) 

 
In this work, a total of 21 glulam beams (95 x 175 x 3090 mm (b x h x L)) were subjected to a four-point 
bending test. Three of the beams represented the reference group (series A) and did not present any 
initial delamination. Test series B and C have delamination at the beam end (Figure 3.7.1). The 
delamination fully penetrates the beam width. Finally, six beams were prepared with delamination (one-
third of the beam width deep) at both sides over the full beam length (test series D). A visual overview 
of the test series is given in Figure 3.7.1. 
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Results and conclusions 
In Table 3.7.1 the test results of every test series are presented. The values are the calculated 
(arithmetic) mean of the individual results per tested beam.  
 
Table 3.7.1 – Test resul ts; average values per test  series by Ferreira et al .  (2017) 

Test series 
Failure load 

Fcrit [kN] 
Compared to 

ref. [%] 
Young's modulus E 

[MPa] 
Compared to 

ref. [%] 

A 46.5 100 12,630 100 

B 22.0 47,3 11,140 88.2 

C 9.8 21.1 3,830 30.3 

D 43.2 92.9 13,370 105.9 
 
The obtained capacity of series B is about half (47%) of the reference group. The Young’s modulus of 
the beam (in bending) reduces to 88% of the value of the reference group. So, even relatively short 
delamination (full-width) at the beam ends does significantly reduce the beams residual strength. 
 
The capacity and Young’s modulus values of the beams of test series C, with larger initial delaminated 
lengths (720 mm), are reduced to resp. 21% and 30% of their reference values. Thus, an even larger 
delaminated length (full-width) has even more influence on the strength and stiffness. 
 
The results of test series D, where the delamination is not full-width, but only affects one-third of the 
beam width at both sides over the full beam length (Figure 3.7.1), are very similar to the reference case: 
93% and 106% for strength and Young’s modulus resp. The remaining non-delaminated zone of the 
cross-section is sufficient to ensure stress transfer and keeps the beam from behaving as two separate 
delaminated beams. Note that bending is governing during this test; the conclusions might be different 
when shear becomes governing. 
 
 
3.8 Summary 
 
In summary of the previous paragraphs, many different results and conclusions are obtained by several 
researchers. The influence of cracks on stiffness and capacity seems to depend on many parameters: 
load configuration, stress state, beam dimensions, crack length, crack depth, location in beam, number, 
end crack or side crack, etc. etc. 
 
One general conclusion can be drawn: a lot of additional research is required to obtain one overarching 
design method. 
 
What can be concluded already is that distinctions must be made between through and non-through 
cracks and perhaps as well between end cracks and side cracks. 
 
Not many conclusions are drawn regarding crack length; this thesis aims to give more insight into this 
particular crack dimension. 
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4. Experimental work 
 
 
The thesis investigates the influence of the crack length on the residual strength and stiffness of cracked 
glulam timber beams. Therefore, experimental research has been done, focusing on exactly that. This 
chapter summarizes this experimental research. This summary describes subjecting glulam timber 
specimens to a three-point bending test. Several test series with varying crack lengths have been 
tested.  
 
The results of the experimental research are used to check whether the results correspond to already 
published work. The results are also checked analytically, e.g. using the cross-section analysis of 
Chapter 2.2.1. In addition, the influence of different crack lengths on the performance of glulam beams 
is analyzed, conclusions are drawn, and an empirical model is composed. 
 
 
4.1 Procedure 
 
Hypothesis 
The thesis’ research question is formulated as: “what is the influence of crack length on the load-bearing 
capacity and stiffness of prismatic glulam timber beams?” In published work by Franke et al. (2016) has 
been concluded that cracks do not influence the bending stiffness of a beam, provided that the cross-
section is not cracked through-and-through. In practice through-and-through cracks are rare; always 
some small connection between the crack face is present to transfer stresses. So, the experiments are 
focused on determining the strength of glulam beams with a crack of limited depth.  
 
The impact of the crack length on the load-bearing capacity is expected to be related to several other 
parameters like the location of the crack along the length and depth and the crack depth since a crack 
located in an area with lower stresses will less likely propagate than near high stresses.  
 
The conclusions in the end will therefore also not only related to the crack length but to these parameters 
as well. Still, crack length remains the main focus of this work. During the experiments, these other 
crack parameters are kept constant; only the length is increased so conclusions can be drawn regarding 
the length only. Though, only for the specific setup and conditions of the test.  
 
The hypothesis, before initiating the experiments, is that the load-bearing capacity of the specimens will 
be lower when the crack length is increased. 
 
Method 
To validate the numerical model, which will be a three-point bending test, the experiments will also be 
a three-point bending test. A number of 14 glulam beams were already present and available for testing 
(Figure 4.1.1) in the laboratory of the Built Environment faculty of Eindhoven University of Technology. 
 

 
Figure 4.1.1 – Glulam beams avai lable in the cl imate chamber 
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The original beams had a length of 2 meters and a cross-section of 70 x 550 mm. Since it is preferable 
to test at least five specimens per test series, only 2 test series can be tested with 14 beams. 
 
To overcome this problem, each of the beams will be cut in half in longitudinal direction leading to 28 
specimens of roughly 70 x 270 x 2000 mm (b x h x L). After the sawing process (Appendix C) the beams 
are put back in the climate chamber to preserve their moisture content. Before testing, the dimensions 
of each individual beam will be measured. 
 
The 28 specimens are used for five test series, each consisting of 5 beams (with three extra beams 
which for example can be used when a measurement fails or when a crack is applied incorrectly). The 
following test series are subjected to the three-point bending test:  
 
- test series 0: reference (“crack-free”); 
- test series 1: ℓc / L = 0.25 (so, ℓc = 500 mm); 
- test series 2: ℓc / L = 0.50 (so, ℓc = 1000 mm); 
- test series 3: ℓc / L = 0.75 (so, ℓc = 1500 mm); 
- test series 4: ℓc / L = 1.00 (so, ℓc = 2000 mm). 

 
Initially, the reference group (series 0) is tested. This group and will have no pre-applied crack.  
Consequently, the prescribed cracks are sawn into the beams of series 1, after which they are tested.  
 
It is not possible to equip the test objects with a “real” (natural) crack with the prescribed dimensions 
and location. Therefore, to control the position and dimensions of the crack, artificial cracks are created 
by a circular saw with a blade thickness of 3.2 millimeters. As the wood fibers are cut during the sawing 
process, the results might differ, but will give a good approximation. Before continuing with the other 
test series, the obtained results are evaluated and, if necessary, adjustments will be made. 
 
In this test setup, end-cracks are tested (Figure 4.1.3) with varying crack length. The saw cut, to create 
the artificial cracks, is started at the beam ends, is applied at mid-depth of the cross-section, and is 50 
millimeters deep (beam width is 70 millimeters). This depth is chosen as published work by Gaspar et 
al. (2015) concludes that a crack significantly influences the load-bearing capacity when it has a depth 
of at least 60% of the beam width. 
 
The crack depth does not vary over the crack length with the exception of the crack tip. Due to the 
radius of the saw blade, a crack depth of 50 millimeters is not possible here (Figure 4.1.2). 
 

 
Figure 4.1. 2 – Saw cut at the crack t ip 
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In Figure 4.1.3, the test setup is shown. At the supports as well as the load application point, steel plates 
are applied to spread the (action and reaction) loads. The length of these plates is determined in 
Chapter 4.2. The effective span of the beams is thus 1800 millimeters (Figure 4.1.3). Not shown in the 
figure, but lateral supports are symmetrically applied 1.2 meters apart (center-to-center) preventing 
lateral instability. 
 

 
Figure 4.1.3 – Test setup of the displacement-control led three-point  bending test 

 
Based on theory, an expected critical load is determined (Chapter 4.2) and a matching hydraulic jack is 
chosen. The test will be displacement controlled; the hydraulic jack will displace at a rate of 0.6 mm/min 
(0.01 mm/sec, determined in Chapter 4.2) until the beam fails. 
 
During every test, the acting load and corresponding displacement are recorded, leading to a force-
displacement diagram. Also, the failure load is determined. In addition, from the resulting force-
displacement diagram, the stiffness of the test specimen can be obtained. 
 
The displacement at mid-span of the beam is determined by two Linear Variable Differential 
Transformers (LVDT). At mid-span, a small metal plate is glued to the bottom of the beam (Figure 4.1.4) 
and at each side of the beam a LVDT is applied. By using two LVDTs, possible (lateral) torsion can be 
measured. Even though lateral supports are applied, torsion can be expected, as the cross-section 
equipped with a saw cut is asymmetrical or due to eccentricity of the applied load.   
 

 
Figure 4.1.4 – LVDTs at mid-span of the beam 

 
 
4.2 Estimated failure load 
 
In this chapter, the failure load is estimated. Estimating this well is very important as it will for example 
aid in determining the capacity of the hydraulic jack, the beam’s deflection (and thus type of LVDTs), 
the length of the bearing plates, and the required speed to obtain quasi-static loading. 
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Failure load 
The strength class of the glulam beams is unknown. Therefore, to estimate the failure load, GL32h is 
assumed for the bending and shear strength. Class GL24h is assumed for the values of Young’s 
modulus and compressive strength perp. to grain. In Table 4.2.1, the strength and stiffness properties 
are summed up. Also, the cross-sectional dimensions are included in this table 
 
Table 4.2.1 – Dimensions and material  propert ies of  glulam 

Parameter Value [unit] Strength class 
Beam width b 
Beam depth h 
Bending strength fm,y 

Shear strength fv 

Compr. strength perp. to grain fc,90 

Young’s modulus E 

70 mm 
275 mm 
32 MPa 
3.8 MPa 
2.7 MPa 
11,600 MPa 

- 
- 
GL32h 
GL32h 
GL24h 
GL24h 

 
In addition, the internal forces for the three-point bending test – loaded at mid-span – are provided in 
Figure 4.2.1. The failure load is estimated for both an uncracked beam (reference case) and a cracked 
beam. Since a cross-section analysis is carried out, the crack length is not included. 
 

 
Figure 4.2.1 – Internal  forces of the test setup (Janssen, 2012) 

 
Uncracked beam (reference) 
The critical load is defined as the load leading to (bending or shear) stresses equal to the (bending or 
shear) strength of the material. For bending the critical load is: 
 

,

,
,   

, , 32 62.7 10 	 62.7	   (4.1) 

 
For shear, the critical shear load is half of the acting load (Figure 4.2.1.1): 
 

, ,   

, ∙ 70 ∙ 275 ∙ 3.8 97.5 10 	 97.5	 	  (4.2) 

 
So, bending is governing for the uncracked beam with a critical load of 62.7 kN. 
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Cracked beam 
For the cracked beam, only shear is checked since the moment of inertia is not influenced by the crack 
(Chapter 2.2.1, Appendix A) when assumed that the crack is not through-and-through and the crack 
width is much smaller than the beam depth. The critical load is determined by the reduced cross-section 
method which is also adopted in EN1995-1-1 [12]. The crack depth dc is 50 millimeters: 
 

, ,   with  

, ∙ 70 50 ∙ 275 ∙ 3.8 27.9 10 	 27.9	 	  (4.3) 

 
So, in theory, using only the cross-sectional analysis, the reference case (test series 0) should fail in 
bending at 62.7 kN and the other test series, since crack length is not included in this analysis, should 
fail in shear at 27.9 kN. 
 
Deflection 
The deflection of a simply-supported beam loaded by a point load F at mid-span is given by a standard 
beam equation (4.4). Plugging in the material dimensions and properties leads to the following 
deflection for the uncracked case under critical loading: 
 

,
.

∙ , ∙ ∙ ∙
5.42	 	  (4.4) 

 
As mentioned in Chapter 2.2.1 (Appendix A), the influence of the crack on the moment of inertia is 
negligible under certain assumptions. The deflection of the cracked case, subjected to the critical load 
is: 
 

,
.

∙ , ∙ ∙ ∙
2.41	 	  (4.5) 

 
Rate of loading 
During testing, the load must be applied under quasi-static conditions. It is assumed that when the test 
takes about 8 minutes, these conditions are obtained. As the critical load has been established, the rate 
of loading can be calculated for the uncracked case: 
 

, .
0.68	 / 	  (4.6) 

 
If this rate is also used for the cracked case, the test duration is about 4 minutes as proven in (4.7). 
 

, .

.
3.6	 	  (4.7) 

 
Whether this duration mimics quasi-static conditions is questionable. However, during testing a lot of 
displacement also occurs internally in the head of the hydraulic jack, so the relative rate of loading with 
respect to the glulam beam will be lower. For testing, as the reference case is tested first, the rate is 
set as 0.6 mm/min (or 0.01 mm/sec). When the tests of the cracked specimens take significantly less 
than the set 8 minutes, the rate will be altered. 
 
Bearing stress 
In this chapter, the length of the steel bearing plates is determined. As stated in Chapter 4.1, steel 
bearing plates will be applied at the supports and below the hydraulic jack. Steel is chosen as it is a stiff 
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material compared to timber. The bearing stresses are divided over a certain area. The dimensions of 
the steel plates are determined using the strength criterion for compression perpendicular to the grain 
(4.8). 
 

, 	  (4.8) 

 
Expressing (4.8) in terms of the contact surface A and consequently in the contact length ℓ yields: 
 

∙
,
	      

, ∙

.

. ∙
332	  (4.9) 

 
Expression (4.9) gives the bearing length for the steel plate located at the load-application point. A 
contact length of 300 millimeters is eventually chosen which is actually lower than the calculated value. 
However, in Eurocode 5 [12] the compression perp. to grain is checked according to (4.10) where factor 
kc,90 takes, amongst others, the loading configuration into account. For this test configuration, EN1995-
1-1 provides a value of 1.75 for kc,90, so the contact length can be lowered by a factor 1.75. 
 

, ∙ , 	  (4.10) 

 
For the plates at the supports, however, a shorter length is chosen, as the reaction force is half of the 
critical load; a length of 200 millimeters is adopted for these plates. 
 
 
4.3 Test setup 
 
In this paragraph, the actual test setup, built according to Chapter 4.1 (Figure 4.1.3), and is documented. 
The preparation of the test specimens (sawing process), is documented in Appendix C. 
 
To carry out the tests, a hydraulic jack is used which can produce 86 kN of force, see also Figure 4.3.1. 
To realize the required effective span length of 1800 mm and also to enable the jack to reach the test 
specimens, several H-shaped steel elements are used (Figure 4.3.1). 
 

   
Figure 4.3.1 – Test setup three-point bending test:  s ide view (lef t)  and front v iew (r ight) 

 
The hinged supports at each end of the beam are realized by steel rolls (Figure 4.3.2) on which a steel 
plate is placed. The dimensions of these plates are given in Table 4.3.1. As can be seen in the right 
figure below, the steel plate is not centered relative to the roll. A bearing length of 200 mm does not 
exceed the theoretical compressive strength perpendicular to the grain of the test specimens and is 
prescribed in Chapter 4.2. The length of the steel plates, however, is larger than this and therefore the 
“overhang” was applied.  
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Figure 4.3.2 – Hinged support :  steel  bearing plate rest ing on a steel  cyl inder 

 

The force produced by the hydraulic jack is introduced in a similar configuration, but upside down 
(Figure 4.3.3 (left)). Again, a steel roll is used which is pressing on a steel plate. The dimensions of the 
steel plate are given in Table 4.3.1. Initially, a similar steel plate was used but only 12 millimeters thick. 
During the first test (series 0, beam 1), however, this plate showed plastic deformation. For the 
subsequent tests, a thickness of 20 millimeters was used for this plate. 
 
Table 4.3.1 – Dimensions of steel bearing plates 

Dimension Left support Right support Load application 
Length [mm] 232 227 297 
Width [mm] 89 89 100 
Thickness [mm] 20 20 20 

 

During testing, some lateral displacement/rotation was observed due to the crack width; the gap 
between the crack faces would slowly close due to the increasing load (Figure 4.3.4). As it could 
possible influence the force introduction, a steel dish (Figure 4.3.3 (right)) was used which would 
accommodate to any lateral rotation/deformation of the beam. 
 

     
Figure 4.3.3 – Force introduction by means of a steel  cyl inder ( left )  and a steel  dish (middle + r ight) 

 

The depth-to-width ratio of the specimens’ cross-sections is about 3.9. With expected reaction forces 
in the range of 35 kN, some lateral displacement/rotation or even lateral instability may occur. That is 
why some lateral supports are used during testing; symmetrically placed 1.2 meters apart (center-to-
center, Figure 4.1). The lateral supports (Figure 4.5) are placed against the timber beam, so there will 
be some friction during testing. To keep this friction as small as possible, the supports are placed against 
the wood in a manner that they are only just touching. Also, a layer of polytetrafluoroethylene (PTFE or 
Teflon) is put between the steel and wood.  
 
During testing, the acting force and displacements were continuously monitored with 1 second intervals. 
The value of the acting force is measured by the hydraulic jack. It is possible to obtain values for the 
displacement of the hydraulic jack as well. However, these values do not correspond to the beam’s 
displacement as this value also includes internal deformations within the loading head. Therefore, the 
displacement at mid-span is measured by two Linear Variable Differential Transformers (LVDT). By 
using two LVDTs, possible (lateral) torsion can be measured. The LVDTs have a range of 20 millimeters 
which is compatible with the estimated deflections (Chapter 4.2). 
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               Figure 4.3.4 – Touching of crack faces             Figure 4.3.5 – Lateral supports 
 
At mid-span, a small aluminum plate is glued to the bottom of the beam (Figure 4.3.6) and at each side 
of the beam a LVDT is applied. In Figure 4.3.6, the darkened area is where the plate is connected to 
the wood. At the “+”-signs, the LVDTs were located. 
 

     
Figure 4.3.6 – LVDTs at mid-span of the beam (left )  and dimensions of  aluminum plate (r ight) 

 
During testing, the setup is photographed every 30 seconds to visualize the deflection of the beam. 
However, as the deflection is only several millimeters, hardly any deflection is visible. A Canon EOS 
700D, mounted on a tripod, is used. 
 
 

4.4 Results 
 
In this paragraph, the test results are included. The individual test results per beam are included in 
Appendix D. In this appendix, a short description per test (observations, initial flaws, etc.) is included. 
How the documented parameters are measured is elaborated in below. 
 
Force and displacement 
The values of the force and displacement are measured by the hydraulic jack and LVDTs respectively 
with an interval of 1 second. In the test setup, two LVDTs are used one per side of the beam. This is 
done to measure any differential displacement leading to (lateral) torsion of the beam. The displacement 
value used to compose the force-displacement-diagram is the average value of both LVDTs. 
 
Young’s modulus 
The Young’s modulus (in bending) is determined from the force-displacement diagram. According to 
EN408 [11], a regression analysis must be carried out of the values between 0.10Fcrit and 0.40Fcrit and 
when the correlation coefficient is 0.99 or larger, it can be used to determine Young’s modulus. Note 
that in EN408 a four-point bending test is carried out and that Fcrit is the analytically estimated maximum 
load. In this work, a three-point bending test is used and the corresponding failure load Fcrit. 
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The regression analysis is carried out by Microsoft Excel. All of the tests have a correlation coefficient 
equal to or larger than 0.99, so the Young’s modulus can be determined using expression (4.11). Note 
that, since the test specimens can be classified as deep beams, the shear deformation is not neglected. 
The shear modulus G of the beam is approximated as one-sixteenth of Young’s modulus. In addition, 

Timoshenko’s shear coefficient dealing with the shear stress distribution over the beam width ( = 5/6 
for rectangular cross-sections) is included. 
 

∆
∆ ∆ ∆ ∆

	 	

∆
					→ 					

∆
 (4.11) 

 
With: 
,   0.10Fcrit and 0.40Fcrit resp.     [N] 
,   displacement corresponding to 0.10Fcrit and 0.40Fcrit resp.  [mm] 
,   Young’s modulus and shear modulus ( 16 ) resp.  [MPa] 
  5 6⁄  Timoshenko’s shear coefficient for rectangular cross-sections [-] 

 
(Lateral) torsion 
By using two LVDTs, the differential displacement can be measured and consequently the lateral torsion 
can be calculated. The given value of  in the results below is the rotation of the bottom side of the 
beam at mid-span (Figure 4.5.1) and is calculated by the arctangent of the difference in displacement 
 between the LVDTs at the moment of failure divided by the distance between both LVDTs. 
 

  

Figure 4.5.1 – (Lateral) torsion expressed in   
 
Sequence of the test series 
First the reference group (test series 0) was tested, followed by series 1. Next, as some of the 
specimens of series 1 would still fail in bending, test series 4 (crack length equal to beam length) was 
tested to see if the same would occur for this group. When each of these specimens failed in shear as 
they were supposed to, no adjustments were made to the test setup when testing series 2 and 3. 
 
On the following pages, the results of the individual tests, summarized in Appendix D, are summarized 
per test series: the force-displacement diagrams are combined and the results are displayed in a 
histogram. 
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4.4.1 Test series 0 (crack length = 0 mm) 
 

 
Figure 4.4.1.1 – Force displacement curves of test series 0 

 
 

 

 
Figure 4.4.1.2 – Histograms displaying Fc r i t ,  m a x ,  E, and   of  beams 1-5 (B1-B5 resp.)  of test  series 0 
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4.4.2 Test series 1 (crack length = 500 mm) 
 

 
Figure 4.4.2.1 – Force displacement curves of test series 1 

 
 

 

  
Figure 4.4.2.2 – Histograms displaying Fc r i t ,  m a x ,  E, and   of  beams 1-5 (B1-B5 resp.)  of test  series 1 

  

0

10

20

30

40

50

60

70

0 1 2 3 4 5 6 7 8 9 10 11 12

F
or

ce
 [k

N
]

Displacement [mm]

S1 Beam 1

S1 Beam 2

S1 Beam 3

S1 Beam 4

S1 Beam 5

62,1 66,2 67,5 69,2

51,4

0

20

40

60

80

100

B1 B2 B3 B4 B5

Critical load [kN]

9,4
10,3 10,5 11,1

8,0

0

3

6

9

12

15

B1 B2 B3 B4 B5

Max. displacement [mm]

9770 9753 9281 9587 9306

0

2000

4000

6000

8000

10000

12000

B1 B2 B3 B4 B5

Young's modulus [MPa]

0,20 0,17 0,17
0,31

0,00
0,00

0,20

0,40

0,60

0,80

1,00

B1 B2 B3 B4 B5

Torsion [°]



Research report 

 

56  
 

4.4.3 Test series 2 (crack length = 1000 mm) 
 

 
Figure 5.2.3.1 – Force displacement curves of test series 2 

 
 

 

  
Figure 4.4.3.2 – Histograms displaying Fc r i t ,  m a x ,  E, and   of  beams 1-5 (B1-B5 resp.)  of test  series 2 
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4.4.4 Test series 3 (crack length = 1500 mm) 
 

 
Figure 4.4.4.1 – Force displacement curves of test series 3 

 
 

 

  
Figure 4.4.4.2 – Histograms displaying Fc r i t ,  m a x ,  E, and   of  beams 1-5 (B1-B5 resp.)  of test  series 3 
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4.4.5 Test series 4 (crack length = beam length = 2000 mm) 
 

 
Figure 4.4.5.1 – Force displacement curves of test series 4 

 
 

 

  
Figure 4.4.5.2 – Histograms displaying Fc r i t ,  m a x ,  E, and   of  beams 1-5 (B1-B5 resp.)  of test  series 4 
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4.5 Conclusions 
 
In this chapter the conclusions of the experimental work are drawn. To do so, first the results (Chapter 
4.4) are summarized per test series. The average (arithmetic mean (4.12)) of the results (load, 
displacement, stiffness, and lateral torsion) is taken and visualized in the histograms of Figure 4.5.1.  
 

∑   (4.12) 

 
For test series 1, the results of beams 3 and 5 were not included for the load and displacement as these 
beams did not fail in shear, but in bending. For the stiffness and torsion, the results of beams 3 and 5 
have been included. 
 

 

  
Figure 4.5.1 – Histograms displaying average values of Fc r i t ,  m a x ,  E, and   of  the test series 

 
Maximum load 
First, the tests results are compared to the estimated values (Table 4.5.1) determined using the reduced 
cross-section method (Chapter 2.2.2). From this table can be obtained that the estimated load 
underestimates the actual critical load. For the reference case (uncracked), the critical load is 23% 
larger than the analytical value. For the cracked case this ranges between 53% and 136% depending 
on the crack length. The value of the assumed shear strength fv to estimate the load is probably chosen 
too low.  
 
Table 4.5.1 – Analyt ical ly est imated fai lure load and corresponding def lect ion 

Beam Fcrit [kN] max [mm] 

Uncracked 62.7 5.42 

Cracked 27.9 2.41 
 
So, for the estimated load, probably incorrect strength values were assumed. For the reference case, 
a (bending) strength of 39,2 MPa is found during testing of test series 0 (expression (4.13)). 
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,
∙ . ∙

∙ ∙
39.2	  (4.13) 

 

This does not correspond to a certain strength class for glued laminated timber. In addition, in Chapter 
4.2, only a cross-section analysis is carried out leading to a critical load which should apply for arbitrary 
crack length. However, from Figure 4.5.1 can be obtained that this does not hold. When the crack length 
is increased, a lower critical load is found. So, there seems to be some influence of the length of the 
crack and the reduced cross-section method is not applicable in this case. 
 

 
Figure 4.5.2 – Second order polynomial describing trend between Fc r i t  and ℓc r a c k /L 

 
In Figure 4.5.2 this statement is better visualized; when the crack length increases, the critical load 
decreases. There appears to be a parabolic trend. To define this trend, a scatter plot (Figure 4.5.3) is 
made of all the relevant test results; the beam of test series 0 that did not fail as well as the two beams 
of series 1 that failed in bending are omitted. 
 

 
Figure 4.5.3 – Scatter plot including a second order polynomial  t rend l ine 

 
A second order polynomial trend line is added with a correlation coefficient of R2 = 0.82. A third, and 
fourth order polynomial lead to coefficients of 0.82 and 0.83 resp. However, for simplicity of the 
expression, a second order polynomial is chosen. The expression of the trendline is given in (4.14). 
Note that this expression only applies for the concerned test configuration. 
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21861.2 56078.2 77143.2 for end cracks with 0.5 ;  (4.14) 

 
With: 

 failure load for beams with through cracks [N] 
 crack length for end cracks, specified in Figure 4.5.4 [mm] 
 beam length [mm] 

 

 
Figure 4.5.4 – Test setup of the displacement-control led three-point  bending test 

 
Note that in (4.14) the reference value (ℓc / L = 0) is based on failure in bending while the other values 
of the scatter plot are critical loads that lead to shear failure. For an empirical model solely based on 
the shear capacity, the test setup must be adjusted so all of the test series (including the reference) fail 
in shear. This can for example be obtained by altering the beam’s dimensions. 
 
Comparison to empirical model by Franke et al. (2016) 
Regarding the residual load-bearing capacity of a beam Fcrit, Franke et al. (2016) found a correlation 
(R2 = 0.88) with the crack length and position yc for through (dc = b) cracks:  
 

0.00013	 . 0.3143	 . 132.11	 .   for  (4.15) 

 
With: 

 failure load for beams with through cracks [N] 
 failure load for the reference case (uncracked beam) [N] 

 crack length [mm] 
 crack position with respect to beam depth [mm] 

 
Comparing this to the expression obtained for the current experimental research, two parameters are 
not included in (4.14): the crack position relative to the beam depth yc and the failure load for the 
reference case Fref. The first, yc, is not included in (4.14) as only a single depth is tested in the 
experimental research, namely yc = 0.5h. For the same reason, the crack depth dc is also not included 
in (4.14) (only dc = 5/7b is tested). In addition, note that the beam length L is not included in Franke et 
al.’s model (4.15). 
 
The failure load of the uncracked beams Fref, however, can be included. An average value of 76.9 kN 
is found for test series 0. However, in expression (4.14), a value of 77.1 kN is found for ℓc = 0. The latter 
value is used to incorporate Fref into (4.14): 
 

0.28338 0.72694 1  for end cracks with 0.5 ;  (4.16) 

 
With: 

 failure load for beams with through cracks [N] 
 failure load for the reference case (uncracked beam) [N] 

 crack length [mm] 
 beam length [mm] 
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Comparing both models is hard as Franke et al.’s model applies to through-cracks and the empirical 
model from the experiments applies for non-through cracks. In addition, expression (6.5) only applies 
to end cracks, while the model by Franke et al. applies for cracks at arbitrary position.  
 
Nevertheless, in Figure 4.5.5, both model are plotted for a 275 mm deep and 1,800 mm long beam; it 
is not possible to plot for the relative crack length ℓc/L and relative crack depth ratio yc/h due to the 
absence of L and h resp. in expression (4.15). 
 
Note that in Franke et al.’s model, the crack needs to be 641 millimeters long for the critical load to be 
equal to the reference value, while the model proposed in this document is equal to Fref at ℓc = 0 mm. 
However, a threshold value for ℓc after which the crack will significantly influence the load-carrying 
capacity is expected (like the 641 mm in Franke et al’s model). This threshold value will be investigated 
during the numerical research and the expression will be adjusted accordingly.  
 

 
Figure 4.5.5 – Comparing empirical  models for a 275 mm deep and 1,800 mm long beam 

 

Cross-section analysis (Chapter 2.2.1) 
Using the expressions derived in Chapter 2.2.1, the critical loads are expressed in their corresponding 
strength: 
 

					→ 				 ∙ 70 ∙ 275 ∙ , 					→ 					
,

  (4.17) 

 

4 1   with 0.5   

					→ 					 ∙ 50 ∙ 275 ∙ 					→ 					
,

  (4.18) 

 

, 					→ 				 ∙ 1800
, ∙ ∙

∙
					→ 					

,
 (4.19) 

 

Assuming the bending strength fm,y of glued-laminated timber is about ten times the shear strength fv, 
Fcrit can be expressed in the shear strength: 
 

, ,
,

25667   (4.20) 

 

, ,
,

18333   (4.21) 

 

,
,

,
,

10 19606  (4.22) 

 

According to (4.20), (4.21) and (4.22), the reference group (test series 0) of the experiments should fail 
in bending (Fcrit,m < Fcrit,v,ref), while the other test series (cracked specimens) should fail in shear. 
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The values of the critical load of the cracked cross-section for shear Fcrit,v,crack (4.21) and bending Fcrit,m 
(4.22) are fairly close to each other. This might explain why in test series 1 (ℓc = 0.25L) some specimens 
would still fail in bending. In the other series (ℓc > 0.25L), no specimens failed in bending and the critical 
load was also lower indicating some influence of the crack length. 
 

Displacement and Young’s modulus 
Comparing the estimated displacement (Table 4.5.1) with the displacements from the tests (Figure 
4.5.1), again an underestimation is found of the analytically obtained value. This is mostly caused by 
the Young’s modulus being different from the assumed value (11,600 MPa) in combination with some 
plastic behavior. 
 

Like for the critical load, a lower maximum deflection is found for increasing crack length. This is an 
obvious trend after examining the results for Young’s modulus (Figure 4.5.1). It seems that Young’s 
modulus is not influenced by the crack (length) even though a slightly larger value is found for test series 
0 and a slightly lower value for test series 4, but this is no significant difference. So, when Young’s 
modulus is assumed constant, obviously the same trend for the displacement is found as for the critical 
load. This conclusion is, however, only valid when Hooke’s Law is assumed. 
 

Regarding structural analysis, underestimating the critical failure load is more safe, but underestimating 
the deflection can lead to exceedance of the serviceability limit state.  
 

Torsion 
In Figure 4.5.1, the average values for the lateral torsion for each test series are given. The torsion is 
lower than 1° for every series, so it is assumed that this small torsion has a negligible effect on the 
deflection and stress distribution.  
 

A difference is found, however, between series 0, 1 and 2 and series 3 and 4. As the torsion is measured 
at mid-span and the cross-sections at mid-span of series 0 and 1 are uncracked (and thus remains 
symmetrical), less torsion is expected here. Cracked cross-sections, which are present at mid-span in 
series 3 and 4, are asymmetrical and more torsion is expected because of this. 
 

For series 2, where the crack tip is located at mid-span, the torsion is in the range of the uncracked 
cross-sections (series 0 and 1). This is probably due some sort of “clamping effect” of the uncracked 
cross-section behind the crack tip. 
 

Test duration 
The test durations (Chapter 4.4) range from 36:46 min (beam 5, series 0) to 17:31 min (beam 5, series 
4). In this range, the first test (beam 1, series 0) where plastic behavior of the steel plate caused delay 
and the test that did not lead to failure (beam 3, series 0) are excluded (these tests took longer than 40 
minutes). 
 

In Chapter 4.2, where the rate of loading was determined, was stated that a test of about 8 minutes 
would mimic quasi-static loading conditions. The actual durations of the tests are nowhere near this. It 
is, however, assumed that no rate-dependent phenomena like creep and relaxation have occurred. 
 

The long test durations have been caused by not taking into account the shear deformation of the beam. 
In addition, the strains of the loading head were not considered: even though a rate of 0.01 mm/sec (or 
0.6 mm/min) was set, it took 36:46 minutes for beam 5 (series 0) to displace 12.7 millimeters (measured 
by the LVDTs). This corresponds to a rate of 0.006 mm/sec (or 0.35 mm/min) which is 42% slower than 
the set value.  
 

In conclusions, the rate of loading could have at least been doubled for the beams to still fail after at 
least 8 minutes and, thereby, obtain quasi-static loading conditions. 
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5. Fracture in wood 
 
 
Wood is a natural material that is heterogeneous, porous, hygroscopic and anisotropic (Smith & Vasic, 
2003). Its nonlinear behavior depends on properties like density, moisture content, orientation of annual 
rings, and presence of knots (Franke & Quenneville, 2010). Also, its behavior depends on the wood 
species, which can have different types of wood cells with specific properties influencing the material 
behavior. 
 
It consists of wood cells which are composed of three organic substances: cellulose, hemicellulose and 
lignin. Wood fibers are formed by crystalline cellulose and the matrix is formed by a mixture of non-
crystalline cellulose, hemicellulose and lignin (Smith & Vasic, 2003). 
 
When it is undamaged, wood is an elastic material assuming it is subjected to short-during loads. If not, 
it is also liable to creep. In engineering, wood is assumed to behave transversally isotropic or orthotropic 
(or cylindrically orthotropic when close to the pith where the curvature of the annual rings cannot be 
neglected). Parallel to the wood fibers, in longitudinal direction, its tensile strength is large compared to 
the tensile strength in the direction perpendicular to the grain (radial and tangential direction).  
 
Regarding structural design, the mechanical behavior of structures can mainly be analyzed by 
“common” continuum mechanics, provided the material behavior of the structural material is studied on 
a scale that allows neglecting the influence of small imperfections. When these small imperfections, 
e.g. cracks, become larger, they can no longer be neglected and fracture mechanics comes into play.   
 
The theories and techniques of fracture mechanics focus on a single crack and cover concepts like the 
critical load leading to crack propagation, direction of the crack growth, and residual strength.  
 
The propagation of a crack can also be described as the generation of a new free (crack) surface with 
a corresponding surface energy (Schreurs, 2014). External energy generated by the (external) load 
and the available internal energy contribute to this surface energy. However, not all the external and 
internal energy is utilized to propagate the crack; other energies like dissipated and kinetic energy also 
consume a portion of the available energy. When a lot of the available energy goes to the generation 
of new crack surfaces, the crack is considered to be brittle. When a great deal of the energy is 
transformed into other energy types, the crack propagation is ductile. 
 
Regarding ductile behavior, a lot of the energy mainly is transformed into dissipated energy. This can 
be seen well in a stress-strain curve. The area under this curve is an indication of the amount of 
dissipated energy before failure. 
 
Under compression, wood shows ductile behavior, as the wood cells can deform plastically. After 
yielding, wood shows hardening. Tension failure, on the other hand, as well as shear failure is a brittle 
process. Due to its low tensile strength perpendicular to the grain, the wood fibers detach in radial or 
tangential direction, leading to cracks in longitudinal direction. 
 
Certain timber elements, like shaped beams, beams with holes, notched beams, and connections 
subjected to tension perpendicular to the grain, have an increased risk of crack initiation and brittle 
failure. The cracking behavior of timber shows no differences between glulam and solid wood (Franke 
& Quenneville, 2012). 
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5.1  Crack growth criteria 
 
This chapter treats the conditions in terms of energy required for a crack to propagate or initiate. Also, 
the stress components near the crack tip for the different failure modes are treated. Finally, a stress 
intensity factor (SIF) is introduced, which is again linked to a crack criterion. 
 
 
5.1.1 Griffith’s crack criterion 
 
Griffith’s energy balance or Griffith’s crack criterion (Griffith, 1921) is used to determine if a crack will 
grow or not and is derived from the first law of thermodynamics (neglecting the influence of thermal 
effects). The total amount of mechanical or external energy that is supplied to a material volume per 
unit of time (Ue) must be transferred into internal energy (Ui), surface energy (Ua), dissipated energy 
(Ud) and kinetic energy (Uk) (Schreurs, 2014). This can be formulated as follows: 
 

 (5.1) 

 
This can also be formulated by taking the derivate with respect to the crack surface area Ac,  being the 
thickness b multiplied by the crack length a, instead of taking the time derivative. 
 

 (5.2) 

 
In Griffith’s energy balance, dissipated (Ud) and kinetic energy (Uk) are neglected. 
 

 (5.3) 

 
This is, consequently, used to define Griffith’s crack criterion: 
 

2  (5.4) 
 
With: 

 the energy release rate 

 the crack resistance force 

  the surface energy of the material 

 
When the released energy of the system, the energy release rate G, is equal to the crack resistance 
force R, infinitesimal crack propagation occurs (Franke & Quenneville, 2010). From this criterion, the 
critical crack length acrit under a certain stress leading to crack propagation can be calculated and vice 
versa (critical stress leading to propagation of a certain crack length). The critical stress is called the 
Griffith stress (4.5).  
 

2 4 						 → 							 														  (5.5) 

 
Since only stress in a single direction is included in this example, being a uni-axial stress state, this only 
applies for a thin plate. When the plate is thick, the contraction of the plate must also be taken into 
account by Poisson’s ratio: 
 

 (5.6) 
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In practice, a discrepancy can be noticed when comparing the calculated value of the Griffith stress to 
the actual stress for which a crack will grow. The Griffith stress is an underestimation of the strength, 
since the dissipation is neglected in Griffith’s criterion. This discrepancy is low for very brittle behavior, 
e.g. cracking of wood. Nevertheless, Griffith’s crack criterion can still be used in practice by using a 
measured critical energy release rate Gc: 
 

									→ 												 	 (5.7) 

 
The critical energy release rate Gc is a material property and can thus be obtained experimentally. For 
single mode loading, Gc is calculated by determining the area under the force-displacement curve (see 
Chapter 5.1.2 for more information about the different modes). 
 
In Linear Elastic Fracture Mechanics (LEFM), Gc has a constant value (Franke & Quenneville, 2010). It 
has the same value at the moment of crack initiation and during crack propagation leading to unstable 
crack growth. For nonlinear elastic behavior, stable crack growth can occur. There are three types of 
crack growth (Khorasan, 2012): 
 

- 0 stable crack growth   (G decreasing for increasing crack length a) 

- 0 semi-stable crack growth 

- 0 unstable crack growth 

 
Stress intensity factor (SIF) 
In addition, a crack growth criterion can also be formulated based on a Stress Intensity Factor (SIF) K. 
A crack will grow once K reaches a critical value (5.22). In crack tip stress expressions, K can be seen 
as the “amplitude” of the crack tip stress. The critical value KC is called the fracture toughness and is 
determined by experiments. 
 

,  ,   ,   (5.8) 

 
So, now two crack growth criteria are formulated. The criterion in terms of G (energy release rate) is a 
global criterion derived from the energy balance formulated from the first law of thermodynamics. The 
second criterion in terms of K (stress intensity) is a local criterion derived from the crack tip stress 
components. G and K are related to each other as can be seen in equations (5.23).  
 

∗  with , ,  (general, single mode loading) (5.9) 

 
With: 
∗  for plane stress 
∗  for plane strain 

 
In practical situations, cracks are usually subjected to a combination of the crack modes. This is called 
mixed-mode loading. Usually it is a combination of mode I and II. In Figure 5.1.1.1, the lower-left material 
block is subjected to a shear and normal stress. Though, as the normal stress is not directed 
perpendicular to the crack, this is not mode I loading (upper-left block). However, using Mohr’s circle, 
the block can be transferred into the lower-right block. Here, the normal stress is perpendicular to the 
crack, which is mode I. Also, a normal stress parallel to the crack is present. This stress does not 
influence the crack tip stress. Using this observation, it is possible to transfer any random load into a 
combination of mode I and mode II loading. Using the principle of superposition, the stresses of mode 
I and mode II can be used to determine the crack tip stresses.  
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Figure 5.1.1.1 – Cracks loaded in mixed-mode loading (Schreurs, 2014) 

 
 

5.1.2 Fracture modes and crack directions 
 
In fracture mechanics, three different standard fracture modes are distinguished (Figure 5.1.2.1). When 
a crack is loaded in mode I (opening mode), tension is applied perpendicular to the crack plane. In-
plane shear leads to mode II cracking (sliding) and out-of-plane (or transverse) shear leads to mode III 
(tearing). 
 

 
Figure 5.1.2.1 – Crack direct ions in wood ( lef t ) and fracture modes (r ight) (Berg et al . ,  2015) 

 
Wood shows anisotropic behavior, which is simplified in FE-modeling by orthotropic behavior. Three 
principal material axes are distinguished, radial (R), tangential (T), and longitudinal (L), leading to six 
different crack propagation directions (Figure 5.1.2.1). The first letter indicates the normal to the crack 
plane and the second the growth direction. In practice, directions LR and LT do not occur. Due to its 
low tensile strength perpendicular to the grain, the wood fibers detach in radial or tangential direction, 
leading to cracks in longitudinal direction parallel to the grain. At flaws or irregularities, e.g. knots or 
finger joints in glulam, cracks often arrest (Smith & Vasic, 2003). 
 
The crack propagation in wood does not depend on the crack orientation nor the degree of mixed-mode 
(Berg et al., 2015). Thus, for this work, only the RT- and RL-directions are of importance.  
 
 

5.1.3 Crack criteria in Abaqus 
 
In this master thesis, a piece of FE-software will be used to build the numerical model called Abaqus. 
Its general fracture criterion (for any of the fracture modes) is defined in equation (5.10) (Khorasan, 
2012). 
 

,
1.0 (5.10) 

  
With: 

 equivalent strain energy release rate (at a node) 

,  critical equivalent strain energy release rate  
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Fracture will occur when f reaches unity. The critical equivalent strain energy release rate Gequiv,c is 
calculated by a mixed-mode criterion. Abaqus uses three different mixed-mode criterions for crack 
propagation: BK (Benzeggagh-Kenane) law (5.11), the power law (5.12), and the Reeder law (5.13). 
Which law suits the model is usually found out by trial and error. In his work, Berg et al. (2015) compared 
these three criteria in a pre-study and did not find a significant difference between the three. 
 

, , ,

 (5.11) 

 

, , ,
 (5.12) 

 

, , , , ,

 (5.13) 

 
With: 

  

 
 
5.2  Plasticity at the crack tip 
 
Stresses at the crack tip reach an infinite value for elastic material behavior. This will not happen in 
reality; the material will show plastic behavior close to the crack tip, so the solutions for elastic behavior 
are no longer legitimate. Several criteria are available to test the presence of plasticity such as Von 
Mises and Tresca. 
   
Next, the elastic/plastic boundary is introduced. It is the border where elastic behavior turns into plastic 
behavior or the border where yield stress y is present. The distance from this boundary to the crack tip 
is called ry. In Figure 5.2.1 the boundary is plotted for the Von Mises and Tresca criterion. The crack tip 
is the origin of each diagram. It seems the plane stress zone is larger than the plane strain zone. 
 

 
Figure 5.2.1 – Plast ic zones by Von Mises and Tresca yield cri teria (Schreurs, 2014) 

 
The difference in plastic zone between a thick and thin plate is considerable. It all depends on the 
direction perpendicular to the plate (3-direction). Obviously, a thin plate can contract freely in this 
direction, meaning 3 = 0 and thus a plane stress state over the complete width of the plate. Only the 
material at the surface of a thick plate is free to contract and is thus in a plane stress state. The inner 
material however, is restricted to contract, thus a plane strain state occurs here. 
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Both the plastic zone of a thin and thick plate are illustrated in Figure 5.2.2. Note that a transition 
between plane stress and strain occurs in the thick plate, leading to a so-called dog-bone plastic zone 
(named after its shape). 
 

 
Figure 5.2.2 – Plast ic crack t ip zone in a thin ( lef t ) and thick (r ight)  plate (Schreurs, 2014) 

 
When the plastic zone is considered with respect to the crack plane ( = 0) loss of equilibrium is obtained 

due to the requirement that yy cannot be larger than the yield stress. Due to plastic behavior, the total 
internal force in y-direction decreases, but the external force is not changing. Several methods are 
developed to deal with this inconsistency like Irwin and Dugdale-Barenblatt plastic zone correction (for 
more information, also with regards to Tresca and Von Mises criteria, see the literature document 
(Hanegraaf, 2018)). 
 
Small Scale Yielding (SSY)  
Even though the stress intensity factor K applies to purely linear elastic behavior and the occurrence of 
a plastic zone is established, its value can still be used in the crack growth criteria. This is called Small 
Scale Yielding (SSY). SSY only applies when elastic zone is much larger than the plastic zone. 
 
The elastic field of small scale yielding can be made more accurate when an effective crack length aeff 
is used instead of the real crack length a. This is done by adding either the (corrected) plastic zone ry 
to crack length a. However, increasing a to aeff obviously influences the value of K, leading to a new 
value for ry, in addition, a new value for aeff. So, calculation of K is done by iteration. 
 
 
5.3 Fracture mechanics for timber 
 
5.3.1 Nonlinear Fracture Mechanics for wood? 
 
The previous paragraphs were all about linear elastic fracture mechanics (LEFM). Some plasticity was 
involved in the form of small scale yielding, but the concept would remain linear elastic. However, some 
materials behave nonlinear and/or sometimes SSY cannot be assumed. For this, NonLinear Fracture 
Mechanics (NLFM) (or elasto-plastic fracture mechanics, which is not treated here) provides methods 
to analyze cracks. Concepts like crack tip opening displacement and J-integral are treated in the 
literature study (Hanegraaf, 2018). 
 
Examining the crack tip by microscope (Smith & Vasic, 2003) revealed that a “bridged crack” model 
resembles wood crack behavior best. Though, such accurate modeling is only necessary for short 
cracks close to boundary conditions like connections. 
 
Even though wood behaves nonlinear, applying LEFM is possible and allowed when some requirement 
are fulfilled. Applying LEFM is possible when the stress intensity region near the crack (K-zone) is small 
compared to the dimensions of the timber element. Nonlinear effects like plastic deformation occur in 
the zone near the crack tip. When this zone is small enough small scale yielding applies and LEFM is 
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again assumed. Smith & Vasic (2003), who have investigated crack growth under a microscope, found 
that there is a small damage zone ahead of the (primary) crack, indicating that SSY (and thus LFEM) 
applies.  
 
Finally, small scale yielding leads to brittle failure, so when linear behavior until brittle failure is found 
during experimental research, which is often the case for wood, this indicates that LEFM may be applied 
well (Berg et al., 2015). 
 
 
5.3.2 Effect of crack length using fracture mechanics 
 
In Chapter 2.2.2, the reduced cross-section method was treated. This is one of the design rules 
mentioned in Eurocode 5 [12] regarding cracks. Another element type in which cracks play a significant 
role is a notched beam. The Eurocode has some design rules incorporated regarding notched beams 
based on LEFM. More information is found in the literature document (Hanegraaf, 2018). In addition, 
the literature study treats the Nordtest (test to determine GI,c) and a relation between crack length and 
KII,c are presented (Nordtest, 1993). Both of these based on fracture mechanics principles. 
 
Murphy (1979) proposes a relation between the crack length and the stress intensity factor of mode II 
KII based on linear elastic (orthotropic) fracture mechanics theory. The expressions presented in 
Murphy’s paper only apply to through end-cracks located at mid-depth (Figure 5.3.2.1). This can be 
compared to crack case 3 by Franke et al. (2016), only now depth ratio  is not arbitrary but equal to 
0.5 and the crack location along the beam length is not arbitrary but the crack is an end crack. 
 

 
Figure 5.3.2.1 – Beam presenting an end-crack of length a 

 
Using the principle of superposition (Figure 5.3.2.2) and assuming no friction between the crack faces, 
a relation for mode II’s SIF can be derived for an end-cracked beam subjected to a point load (5.14) 
and uniform load (5.15) (Murphy, 1979): 
 

⁄ ⁄  (5.14) 

 

⁄ ⁄ ⁄  (5.15) 

 
With: 

 bending moment [Nmm] 
 shear force [N] 
 uniformly distributed load [N/mm] 

 
Constants A, B, and C depend on the orthotropic parameters 1 and 2. The values for orthotropic 

parameters 1 and 2 are provided by Murphy (1979) for certain wood species and TL and RL crack 
propagation. Also, these parameters are equal to 1 for isotropic behavior. In addition, note that equation 
(5.15) is equal to (5.14) when uniform load w is equal to zero. 
 
Since the effect of varying wood species on the orthotropic parameters is relatively small, Murphy also 
presents a general (design) equation (5.16) for KII for any wood species (crack propagation in TL- or 
RL-direction only) for both point loads (w = 0) and uniformly distributed loads w. 
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, 2.8 ⁄ 0.72 ⁄ 0.06 ⁄  (5.16) 

 
This equation can only be applied to end-cracked beams. For multiple load cases (e.g. multiple point 
loads), the principle of superposition can be applied again; the SIFs for the individual load cases can 
be summed up. 
 

 
Figure 5.3.2.2 – Principle of superposi t ion used to derive equations for KI I  

 
Comparison to crack case 3 (Franke et al., 2016) 
Next, Murphy’s theory is compared to the equation for the critical stress given by Franke et al. (2016) 
for a through crack (Chapter 3.1.4). For a three-point bending test (load applied at mid-span), equation 
(5.16) can be rewritten into: 
 

2.8 .
⁄ 0.72 ⁄ 0.06 ⁄   with 

.
 at the crack tip (x = a)  

2.8 ⁄ 0.72 ⁄ 2.8 0.72 ⁄   (5.17) 

 
Since 3V/2bh is the shear strength of an uncracked rectangular cross-section, (5.17) can be expressed 
in the shear strength fv: 
 

2.8 0.72 √ ∙ 					→ 					
. . √

  (5.18) 
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For Douglas-fir, a critical SIF KII,c of 70.7 MPa √mm (2035 psi √in) is experimentally obtained by Murphy 
(1979). In Figure 5.3.2.3, the shear capacity (in terms of MPa) is plotted against the crack length 
assuming a beam depth of 275 mm (as is used during the experimental work of this thesis). 
 

 
Figure 5.3.2.3 – Shear strength related to crack length for beams subjected to a point  load 

 
The shear capacity of a beam with a through crack at mid-depth ( = 0.5) according to Franke et al. 
(2016) (5.19) is equal to the shear strength of a regular beam for this specific case (three-point bending): 
 

, , ,
,

,
,

. .

.
∙ 1 ,  (5.19) 

 
While Franke et al. analytically derives a constant shear capacity across the cracked part of the beam 
(based on cross-section analysis), Murphy does not. Assuming a characteristic shear strength 
(neglecting any size effects) of Douglas-fir (C22) of 2.4 MPa, according to Figure 5.3.2.3 an end-crack 
with a length larger than 0.69h (191 mm for a beam depth of 275 mm) would already influence the shear 
capacity of the beam. 
 
 
5.4 Finite element modeling of discrete cracking in wood: cohesive zone method 
 
Crack growth criteria can be established for both LEFM and NLFM (see literature study (Hanegraaf, 
2018)). In these criteria, a certain parameter was compared to a critical value being obtained by 
experiments. Only for simple cases, the crack growth parameter, e.g. Gc, can be calculated by hand. 
For more complicated cases, numerical methods are used to investigate and model the crack 
propagation. In this thesis, FE-software called Abaqus is used.  
 
Using traditional FE-analysis to model crack propagation is complex due to the ever changing shape 
and topology of the crack domain to match the discontinuity of the crack propagation (Khorasan, 2012). 
In this thesis, the Cohesive Zone Method (CZM) will be used to model crack propagation within the 
model. Another, often used, method is the extended finite element method. For more information on 
this, see the literature document (Hanegraaf, 2018). 
 
In his paper, Barenblatt (1962) proposed a cohesive zone. This zone is introduced in the continuum at 
the moment of damage initiation and is directed perpendicular to the maximum tensile stress (mode I). 
In finite element analysis, the cohesive zone, in the form of an interface element (Chapter 5.4.2), is 
applied between two continuum elements. The interface element is equipped with the materials’ 
bonding properties and describes the failure behavior from elastic behavior to damage initiation until no 
more stresses (traction) can be transferred.  
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When a crack initiates, the stresses in the interface element decrease (Schoenmakers, 2013). This is 
a nonlinear effect and is called softening behavior. Note that other types of post-yielding can also occur 
like hardening, see next paragraph. However, for wood, softening behavior is assumed. When the 
stress decreases, consequently the stresses in the nearby points will increase leading to damage and 
thus to crack propagation. 
 

 
Figure 5.4.0.1 – Cohesive zone method visual ized by Schoenmakers (2013) 

 

Figure 5.4.0.1 illustrates crack growth following the cohesive zone method including softening behavior 
(between points B and C). In point A, no debonding is present. At point B the ultimate strength of the 
material is reached and damage initiates. The damage is complete at point C: the material is fully 
debonded. In FE-analysis, the interface elements are characterized by several parameters like the 
strength, stiffness and critical energy release rates for the several modes. Also, mixed-mode behavior 
is defined. More information about interface elements, and the relation between the stress (traction) 
and relative displacement (separation) is provided in the following paragraphs. 
 
The cohesive zone method is often applied for the debonding of composite materials. The fibers in 
wood are similar to a composite structure and CZM can thus be applied well for wood (Franke & 
Quenneville, 2010). Even though the cohesive zone method describes the cracking behavior of brittle 
materials very well, it is difficult to determine where to put the interface elements in the model or mesh. 
Of course, it is possible to apply interfaces between all the continuum elements. However, as nonlinear 
behavior is incorporated into these elements, this significantly increases calculation time; it is therefore 
beneficial to know the crack path beforehand. For wood, this is not a large problem, as crack growth 
direction is assumed to be parallel to the grain (L-direction) and along the annual rings (RT-direction), 
even though some bridging between annual rings (TR-direction) may occur depending on the ring 
orientation (Figure 5.4.0.2).  
 

 
Figure 5.4.0.2 – Crack br idging between annual r ings (Berg et al . ,  2015) 

 
 
5.4.1 Interface element behavior: traction-separation law 
 
The bonding behavior between two materials can be expressed by traction-separation law. This law 
can be visualized by a traction-separation diagram (Figure 5.4.1.1). To model discrete cracking using 
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the CZM, interface elements (Chapter 5.4.2) are applied between the continuum elements describing 
the bonding behavior of the material.  
 

 
Figure 5.4.1.1 – Traction-separat ion diagram by Cid Alfaro et al .  (2009) 

 
The traction-separation diagram describes the relation between the effective traction and effective 
relative displacement (Schoenmakers, 2013). In Figure 5.4.1.1, a traction-separation diagram is shown 
with linear softening damage progression. Regarding interface elements, the traction is the stress at 
the interface and the relative displacement is the displacement of the two (crack) surfaces of the 
interface. The traction-separation law can be divided into four parts. 
 
Linear elastic behavior 
When the interface element is loaded, linear elastic behavior will initially occur. The stress (or traction) 
is increased until a certain maximum traction tu is reached. This is called the damage initiation point or, 
in terms of separation, v0. During this step, no damage is done to the element, so d = 0. The relationship 
between traction and separation is characterized by stiffness parameter K. 
 
Damage initiation criterion 
At maximum traction tu, the ultimate strength of the material is exceeded and damage is initiated. The 
various ways in which damage initiation can be defined in Abaqus are presented in Table 5.4.1.1. 
Damage initiation is defined by either a maximum traction tu or separation v0 and all three fracture 
modes are included. When using the MAXS or MAXE criterion, only a single direction is governing. 
When an interaction function is used, like for the QUADS and QUADE criterion, stresses or strains of 
all three directions are taken into account. 
 
Table 5.4.1.1 – Damage ini t iat ion cri teria incorporated in Abaqus (Schoenmakers, 2013) 

Damage initiation criterion   

Maximum nominal stress criterion MAXS max
〈 〉

, ,  

Quadratic traction-interaction criterion QUADS 
〈 〉

 

Maximum nominal strain criterion MAXE max
〈 〉

, ,  

Quadratic separation-interaction criterion QUADE 
〈 〉

 

 
Either an already present crack propagates, or a new crack forms when the criterion f is equal to 1.0 ≤ 
f ≤ 1.0 + ftol. Here, tolerance ftol is introduced due to the discretization of the FE-process. 
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Damage progression 
When damage is initiated at maximum traction, the next phase is reached: damage progression. 
Regarding relative displacement, with increasing damage d, the separation v will increase as can be 
seen in the traction-separation diagram (Figure 5.4.1.1). The course of the traction in this phase can 
vary per material. The types of material behavior during damage progression are shown in Figure 
5.4.1.2 and listed below: 
 

- Perfect brittle behavior  stress dropping down to zero as soon as damage is initiated. 
- Softening behavior stress decreasing for increasing separation or damage. 
- Hardening behavior  stress increasing for increasing separation or damage. 
- Ideal plastic behavior  stress being constant for increasing separation or damage. 

 
For brittle materials like concrete and wood, a bilinear damage model is usually assumed consisting of 
a linear-elastic branch and a linear softening branch as shown in the traction-separation diagram (Figure 
5.4.1.1). The damage progresses until full damage (d = 1) is reached.  
 

 
Figure 5.4.1.2 – Stress-strain diagram: behavior after damage ini t iat ion  

 
Full damage 
When full damage (d = 1) is reached, there is no more traction and the separation is at its maximum 
(vu). The elements are no longer connected: a crack has initiated.  
 
Damage description 
A way of modeling cracks and crack propagation can be done using so-called interface elements 
(Chapter 5.4.2). In Abaqus, these interface elements are called “cohesive elements” and are 
incorporated into the Abaqus’ elements library but can also be defined using a user material subroutine 
(UMAT).  Initially, a UMAT where the adhesive properties of the interface elements are defined by a 
traction-separation law defined by Cid Alfaro et al. (2009) was going to be used. However, later was 
chosen to use the damage model already incorporated into Abaqus as the original version of the UMAT 
is not applicable to three-dimensional models.  
 
How damage is exactly described within the Abaqus model is unknown. However, using inverse 
modeling, the damage initiation (maximum traction) and mixed-mode behavior (damage progression) 
are found in Chapter 6. For an extensive derivation of the damage definition by Cid Alfaro et al. (2009), 
see the literature document (Hanegraaf, 2018) or Cid Alfaro et al. (2009). 
 
5.4.2 Interface elements 
 
Not only the correct element plays a significant role in getting accurate results during FE-analysis, but 
the mesh does too. When the crack growth direction is mesh dependent, like for the cohesive zone 
method, it is important to arrange the elements in such a way that a realistic crack growth direction is 
possible. 
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Also, the coarseness of the mesh is very important. A more fine mesh can lead to convergence of the 
results as is shown in the load-displacement curves in Figure 5.4.2.1. 
 

 
Figure 5.4.2.1 – Convergence: coarse mesh (a) vs.  f ine mesh (b) (Schreurs,  2014) 

 
In Abaqus, bonding properties can be modeled in two ways (Schoenmakers, 2013): by cohesive 
surfaces and by interface elements which are called cohesive elements in Abaqus. Cohesive elements 
are applied between continuum elements. Cohesive surfaces are realized by coupling the nodes of 
adjacent continuum elements; the interface properties are incorporated into the coupling. As they are 
not actual elements, cohesive surfaces are no further elaborated in this chapter, nor will they be used 
in the numerical part of this thesis (Chapter 6). More information regarding cohesive surfaces can be 
found in the report by Schoenmakers (2013). 
 

Abaqus’ library contains 4-node interface elements (COH2D4) for two-dimensional models, and 6- and 
8-node (COH3D6, COH3D8 resp.) for three-dimensional models. The interface elements can be applied 
with and without a physical thickness (Schoenmakers, 2013). The calculation time of models with 
interface elements with a physical thickness is considerably less than for models with interface elements 
without thickness. Schoenmakers (2013) advises to use interface elements with a physical thickness 
as it reduced calculation time and when the thickness is small enough its influence on the result is 
negligible.  
 
The elements describe a traction-separation law which can be defined by Abaqus’ standard routine or 
by a user material subroutine (UMAT). In Chapter 6, a benchmark study is carried out with the cohesive 
elements (COH2D4) in the standard Abaqus routine subjected to fracture modes I and II, and mixed-
mode loading. 
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6. Numerical research 
 
 
In this chapter, the numerical research is summarized. The end product here is a finite element model 
not only incorporating the (linear elastic) behavior of timber, but its crack behavior as well. To obtain 
such a model, the model is built up step-by-step according to Figure 6.0.1. Each paragraph in this 
chapter will treat one of the steps. 
 

 
Figure 6.0.1 – Stepwise bui ld-up of the numerical  model 

 
 
6.1 2D-model: linear elastic behavior 
 
The first step of constructing the finite element model is to model the timber beam without cracks two-
dimensionally. In this chapter this is done in three steps: 
 

1. beam with isotropic linear elastic material behavior loaded by a point load and supported by a 
(point) hinge and roller; 

2. changing the isotropic to orthotropic linear elastic material behavior; 
3. beam with force introduction and supports by means of steel plates distributing the stresses; 

 
Every step is treated in a separate paragraph. 
 
 
6.1.1 Isotropic material behavior 
 
The model comprises a 2D planar, deformable, shell part of 275 x 2000 mm (h x L) (Figure 6.1.1.1). 
The beam part is equipped with isotropic linear elastic material behavior (E = 11,600 MPa,  = 0.30) 
and a section thickness of 70 millimeters.  
 

 
Figure 6.1.1.1 – Assembly of  the FE-model  wi th concentrated loads and supports 

 
In the initial step, a nodal point is equipped with a hinge and roller boundary condition (Figure 1.1.1). 
The nodal points are 1800 millimeters apart (horizontal direction) and 100 millimeters away from the 
beam ends. In the load application step, a concentrated force of 50 kN is applied at a node at the top 
of the beam at mid-span (Figure 6.1.1.1). The beam is meshed in 800 (10 x 80, h x L) CPS8 elements 
(quadratic plane stress elements). 
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Analytical result 
To check the validity of this model, the deformation and stresses are analytically determined. The 
deflection of a three-point-bending test can be computed using one of the standard beam equations. 
However, in the numerical models shear deflection is also incorporated and cannot be neglected: 
 

 with ∙  (6.1) 

 
Using (6.1), an expression for the shear deformation of a three-point-bending test (loaded at mid-span) 
can be computed. 
 

 for 0 /2 

  (6.2) 

 

Using 0 at 0 leads to 0. Plugging in /2 leads to: 
 

,  (6.3) 

 
In this equation, the shear stresses are assumed to be constant across the thickness of the cross-
section. In practice, this is not true and this is corrected by Timoshenko’s shear coefficient (κ 5/6 for 
rectangular cross-sections). So, the total deflection at mid-span according to Timoshenko is: 
 

 (6.4) 

 
For the shear modulus , relation (6.5) for isotropic materials is used. Even though wood is an 
orthotropic material, this relation may still be adopted as isotropic behavior is assumed in this 
paragraph. 
 

,

.
4,462	MPa (6.5) 

 
The deflection of the current problem is thus: 
 

, ∙ ,

∙ , ∙ ∙ ∙

, ∙ ,

∙ / ∙ , ∙ ∙
4.317 0.314 4.631	mm (6.6) 

 
For the load configuration (three-point bending, point load at mid-span), the bending stresses at the 
outer fibers at mid-span and the shear stress at mid-depth (absolute value being constant over the 
beam length) are given in (6.7) and (6.8) resp. 
 

∙ , ∙ ,

/ ∙ ∙
25.50	N/mm  (6.7) 

 

∙ , ∙ ∙ ∙

∙ ∙ ∙
1.95	N/mm  (6.8) 

 
Comparing numerical results to cross-section analysis 
The results from the numerical simulation are listed in Table 6.1.1.1 along with their corresponding 
analytical value and the difference between them. 
 



 Chapter 6: Numerical research

 

 79 
 

Table 6.1.1.1 – Stresses and deflect ion of the FE-model 

Parameter Node Num. result Analyt. result Difference 
Deflection Bottom, mid-span 4.764 mm 4.631 mm 102.9% 

Bending stress Upper/bottom, mid-span 
-55.22 MPa 
+24.85 MPa 

-25.50 MPa 
+25.50 MPa 

216.5% 
97.5% 

Shear stress Path, see Figure 1.1.2 ±1.96 MPa ±1.95 MPa 100.5% 
 
To obtain a value for the shear stress, the shear stresses along mid-depth are plotted against horizontal 
coordinate x (0 ≤ x ≤ 2000) in Figure 6.1.1.2. The shape corresponds to theory, only instead of discrete 
changes of the shear stress near the reaction and action forces, a more gradual change occurs. The 
extreme value is ±2.01 MPa near x = 850 and x = 1150 mm. However, in Table 6.1.1.1 the stress values 
near x = 500 and x = 1500 are adopted as they are more or less the “average” value of the shear stress. 
 

 
Figure 6.1.1.2 – Shear stress at mid-depth along the beam length 

 
Note in Table 6.1.1.1 that the deflection, tensile bending stress, and shear stress are corresponding 
very well to the analytical result. The compressive bending stress is largely overestimated due to the 
infinitesimal area on which the point load is acting on (Figure 6.1.1.3). Refining of the mesh will only 
lead to a higher compressive bending stress. In Chapter 6.1.3 this problem is dealt with by applying a 
steel plate to introduce and spread to load. 
 

 
Figure 6.1.1.3 – Large compressive stress due to concentrated load 

 
Refining the mesh 
Next the beam mesh is made more fine from 800 elements to 10 x 80 to 20 x 160 = 3200 elements, 
thus quadrupling the number of elements. The other parameters of the model are maintained. The 
results are shown in Table 6.1.1.2. 
 
Table 6.1.1.2 – Stresses and deflect ion of the FE-model wi th f iner mesh 

Parameter Node Num. result Analyt. result Difference 
Deflection Bottom, mid-span 4.802 mm 4.631 mm 103.7% 

Bending stress Upper/bottom, mid-span 
-84.33 MPa 
+24.83 MPa 

-25.50 MPa 
+25.50 MPa 

330.7% 
97.4% 

Shear stress Path, see Figure 6.1.1.4 ±1.95 MPa ±1.95 MPa 100.0% 
 
As expected, the maximum value of the compressive bending stress is increased even more due to the 
finer mesh. In addition, the path of the shear stress becomes more smooth due to the finer mesh (Figure 
6.1.1.4). The peak and “average” value are more close to each other: 1.99 and 1.95 MPa resp. 
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Figure 6.1.1.4 – Shear stress at mid-depth along the beam length (3200 elements) 

 
 
6.1.2 Orthotropic material behavior 
 
Next, the material behavior of the FE-model of Chapter 6.1.1 is updated. In the model, isotropic material 
behavior was assumed and this is updated to orthotropic (transversely isotropic) material behavior, 
which corresponds to the material behavior of timber that is assumed in structural engineering. The 
engineering constants that were adopted by Saracoglu (2011) are used (Table 6.1.2.1) 
 
Table 6.1.2.1 – Engineering constants used by Saracoglu (2011) 

Parameter In Abaqus Value [unit] 
Young’s modulus EL | ER | ET 
Shear modulus GLR | GTL | GRT 

Poisson’s ratio RL | TL | RT 

E1 | E2 | E3 
G12 | G13 | G23 

Nu12 | Nu13 | Nu23 

11,390 | 425 | 249 MPa 
729 | 695 | 34 MPa 
0.007 | 0.005 | 0.418 

 
Analytical result 
The dimensions of the beam are not changed. The engineering constants of Table 6.1.2.1 are adopted 
leading to the following stresses and deformations: 
 

, ∙ ,

∙ , ∙ ∙ ∙

, ∙ ,

∙ / ∙ ∙ ∙
4.432 1.924 6.356	mm  (6.9) 

 

∙ , ∙ ,

/ ∙ ∙
25.50	N/mm  (6.10) 

 

∙ , ∙ ∙ ∙

∙ ∙ ∙
1.95	N/mm  (6.11) 

 
Comparing numerical results to cross-section analysis 
The results from the numerical simulation are listed in Table 6.1.2.2 along with their corresponding 
analytical value and the difference between them. 
 
Table 6.1.2.2 – Stresses and deflect ion of the FE-model (orthotropic) 

Parameter Node Num. result Analyt. result Difference 
Deflection Bottom, mid-span 7.029 mm 6.356 mm 110.5% 

Bending stress Upper/bottom, mid-span 
-107.0 MPa 
+25.17 MPa 

-25.50 MPa 
+25.50 MPa 

419.6% 
98.7% 

Shear stress Path, see Figure 6.1.2.2 ±1.97 MPa ±1.95 MPa 101.0% 
 
Since timber is not very stiff parallel to the grain, even larger lateral compressive strain occurs near the 
concentrated load as well as at the supports than for model with isotropic material behavior (Figure 
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6.1.2.1). Bearing plates need to be introduced for better results (Chapter 6.1.3). Due to the 
displacements near the supports an additional vertical displacement of the beam occurs leading to a 
larger value of the deflection (Table 6.1.2.2). This is also the reason why in Chapter 6.1.1 an 
overestimation for the deflection was found for both meshes.  
 

 
Figure 6.1.2.1 – Lateral compression near the supports and load appl icat ion point 

 
Defining the shear moduli influences the results of the shear stress. Compared to the isotropic model, 
where only Young’s modulus EL and Poisson’s ratio  were defined, the shear stress distribution along 
the beam length of the orthotropic model (Figure 6.1.2.2) develops more gradual. Also, the peak value 
is very close to the “average” value (obtained at x = 500 and x = 1500 mm): 1.98 and 1.97 MPa resp. 
 

 
Figure 6.1.2.2 – Shear stress at mid-depth along the beam length (orthotropic model) 

 
Refining the mesh 
Applying a finer mesh does not significantly influence the results (Table 6.1.2.3). Only a larger deflection 
and compressive bending stress are found, due to the increased lateral strain near the supports and 
load application point. A more fine mesh does not lead to better results at these locations. 
 
Table 6.1.2.3 – Stresses and deflect ion of the FE-model (orthotropic) with ref ined mesh (3200 elements) 

Parameter Node Num. result Analyt. result Difference 
Deflection Bottom, mid-span 7.212 mm 6.356 mm 113.5% 

Bending stress Upper/bottom, mid-span 
-195.3 MPa 
+25.16 MPa 

-25.50 MPa 
+25.50 MPa 

765.9% 
98.7% 

Shear stress Path, see Figure 1.2.2 ±1.96 MPa ±1.95 MPa 100.5% 
 
 
6.1.3 Force introduction and supports using steel plates 
 
The next step is introducing steel plates to distribute the concentrated point load and supports over a 
certain area. The length of the steel plates is 200 and 300 millimeters for the support and load plates 
resp. The same dimensions were used during the experimental research of this thesis. 
 
To model these plates in the current model, two new parts are introduced: “steel_support” (20 x 200 
mm (h x L)) and “steel _load” (20 x 300 mm (h x L)). Both parts are equipped with linear elastic isotropic 

material behavior (E = 210,000 MPa and  = 0.30) mimicking the behavior of steel. The parts are 
assembled (Figure 6.1.3.1) and the boundary conditions (supports) are applied in the middle of the steel 
plates (bottom side). The load is applied in the middle of the loading plate at the top. The loading and 
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support plate are meshed with 24 and 16 CPS8 elements resp. (same element type as used for the 
beam part). 
 

 
Figure 6.1.3.1 – Assembly of  the numerical  model  including steel  bear ing plates 

 
Contact behavior 
The individual parts are not connected to each other. Instead, an interaction property is defined for all 
surfaces: “hard” contact for pressure in normal direction and friction (coefficient  = 0.6 (Franke et al., 
2016)) is defined in tangential direction. As contact behavior is a strongly nonlinear geometrical 
phenomenon, this option needs to be turned on in the load application step.  
Comparing numerical results to cross-section analysis 
In Table 6.1.3.1, the results of the numerical simulation are compared to the analytical results that were 
previously presented in Chapter 6.1.2. 
 
Table 6.1.3.1 – Stresses and deflect ion of the FE-model (800 elements) 

Parameter Node Num. result Analyt. result Difference 
Deflection Bottom, mid-span 6.366 mm 6.356 mm 100.2% 

Bending stress Upper/bottom, mid-span 
-24.43 MPa 
+24.21 MPa 

-25.50 MPa 
+25.50 MPa 

95.8% 
94.9% 

Shear stress Path ±1.97 MPa ±1.95 MPa 101.0% 
 
Note that the addition of the steel plates fixes the incorrect value of the compressive stress at mid-span. 
Though the bending stresses at the outer fiber are slightly underestimated. In addition, the deflection is 
better estimated. Again, the mesh is refined to 3200 elements (20 x 160) leading to the results presented 
in Table 6.1.3.2.  
 
Table 6.1.3.2 – Stresses and deflect ion of the FE-model wi th ref ined mesh (3200 elements) 

Parameter Node Num. result Analyt. result Difference 
Deflection Bottom, mid-span 6.310 mm 6.356 mm 99.3% 

Bending stress Upper/bottom, mid-span 
-21.44 MPa 
+24.23 MPa 

-25.50 MPa 
+25.50 MPa 

84.1% 
95.0% 

Shear stress Path ±1.96 MPa ±1.95 MPa 101.0% 
 
Analytical result 
The numerical results were compared to analytical values based on a simply supported beam loaded 
at mid-span by a point load. However, by using steel plates the beam is actually loaded by a distributed 
load over a length of 300 millimeters. If the plate would perfectly distribute the load, the load 
configuration would look like Figure 6.1.3.2.  
 

 
Figure 6.1.3.2 – Simply supported beam load by a uni formly distr ibuted load at mid-span 

 
Expressions can be derived for the deformation due to bending (6.12) and shear (6.13) leading to the 
total displacement at mid-span (6.14). In addition, values are provided for the maximum bending (6.15) 
and shear stress (6.16). 
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8 4  with ∙  (6.12) 

 

   for	 	 (6.13) 

 

,

∙ , ∙ ∙ ∙
8 1800 4 70 ∙ 1800 70

,

∙ ∙
   

4.373 1.764 6.136   (6.14) 
 

∙ , ∙ ,

/ ∙ ∙
23.38	N/mm  (6.15) 

 

∙ , ∙ ∙ ∙

∙ ∙ ∙
1.95	N/mm  (6.16) 

 

Since the load transfer by the single plate is not uniformly distributed over the plate length nor acting 
on a single node, the answer is in between leading to the following expressions for the estimated 
deformation and stresses: 
 

6.136	mm 6.356	mm   (6.17) 
 

23.38	N/mm 25.50	N/mm  (6.18) 
 

1.95	N/mm  (6.19) 
 
These expressions are satisfied by both the coarse and fine mesh (Tables 6.1.3.1 and 6.1.3.2 resp.) 
for the bending stress and deformation, though a slight overestimation of the deflection is found for the 
coarse mesh (0.01 mm). The value of the shear stress is closely approximated for both meshes (101.0% 
and 100.5% resp.). 
 
Compressive stresses perp. to grain at loading plate 
Next, the distribution of the stresses perp. to grain near the steel plates is checked. For the loading 
plate (Figure 6.1.3.3), the largest compression perp. to grain occurs at the middle of the plate where 
the point load is applied. So, as expected, no uniform distribution of the load by the steel plate occurs. 
In addition, due to the geometrical discontinuity of the plate’s end, a peak in stress occurs here as well. 
The peaks become larger, i.e. the stress value increases, when the mesh is refined (Figure 6.1.3.3 
right) to a beam of 12,600 elements. 
 

    
Figure 6.1.3.3 – Compression perp. to grain at  surface contact with steel  loading plate for elements of  

12.5 mm ( left ) and 6.25 mm (r ight) in x-direct ion (and 13.75 and 6.875 mm in y-direct ion resp.) 
 
The same goes for the support plate (Figure 6.1.3.4); a peak at the application point of the boundary 
condition and a smaller peak at the plate’s end. 
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Figure 6.1.3.4 – Compression perp. to grain at  surface contact with steel  support  plate for elements of  

12.5 mm ( left ) and 6.25 mm (r ight) in x-direct ion (and 13.75 and 6.875 mm in y-direct ion resp.) 
 

6.1.4 Failure criteria 
 
In the final paragraph of this chapter, the model is expanded with failure criteria to investigate the 
different stress distributions within the beam. To do so, the definition of the material behavior (linear 
elastic orthotropic) is equipped with strength values for several stress types (Table 6.1.4.1).  
 
Table 6.1.4.1 – Strength values of  glulam of strength class GL24h  

Strength type  Value 
Tension parallel to grain fgl;m;0;rep 24 MPa 
Compr. parallel to grain fgl;m;0;rep 24 MPa 
Tension perp. to grain fgl;t;90;rep 0.4 MPa 
Compr. perp. to grain fgl;c;90;rep 2.7 MPa 
Shear strength fgl;v;0;rep 2.7 MPa 

 
There are several stress based failure criterions available in Abaqus [1]: 
 

- maximum stress failure criterion; 
- Tsai-Hill failure criterion; 
- Tsai-Wu failure criterion; 
- Azzi-Tsai-Hill failure criterion. 

 
In this analysis, the maximum stress theory is used. This theory is defined in (6.20) [1] and checks every 
stress direction separately. 
 

max ; ; 1.0 with , 		if	 0		

, 		otherwise  ,  
, 		if	 0		

, 		otherwise  (6.20) 

 

In Appendix E, every fail stress parameter is checked individually. This is done by only defining the 
particular strength parameter with the correct value and setting the others to 999 MPa. This way, 
Abaqus only checks that single parameter. All parameters are defined to values given for glulam 
strength class GL24h (Table 6.1.4.1) and the critical loads are calculated for bending (6.21), shear 
(6.22), and compression perp. to grain (6.23). 
 

; ; ; 					→ 					 ; ; ;
∙

,
24 47,056	N (6.21) 

 

; ; ; 					→ 			 ; ; ; ∙ 70 ∙ 275 ∙ 2.7 69,300	N (6.22) 

 

; ; ; 					→ 					 ; ; ; 70 ∙ 300 ∙ 2.7 56,700	N (6.23) 
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The load of the model is updated to 47,056 N and the job is submitted. According to expression (6.21)-
(6.23), the entire beam should be below or equal to unity. However, as shown in Figure 6.1.4.1, this is 
not the case; the compression perp. to grain is exceeded as the point load F is not uniformly distributed 
over the area of the steel plate. A unity check of 1.31 is found for the upper fiber and 0.95 is found for 
the lower fiber. 
 

 
Figure 6.1.4.1 – Unity check of the beam loaded by 47,056 N 

Dividing the acting load by the maximum value for the unity check (47,056 / 1.31 = 36,000 N) should 
lead to the beam not exceeding unity (Figure 6.1.4.2). A maximum unity of 1.0006 is obtained. 
 

 
Figure 6.1.4.2 – Unity check of the beam loaded by 36,000 N 

 
Finally, the shear capacity is checked: the acting load is increased to 69,300 N and the values except 
for the shear strength are increased to 999 MPa. This leads to a unity check of 1.008 as shown in  
Figure 6.1.4.3. 
 

 
Figure 6.1.4.3 – Unity check of the shear stress due to a load of 69,300 N 

 
In conclusion, the model corresponds well to theory except for the compression perpendicular to the 
grain near the support plates since theory assumes a uniformly distributed load over the steel plates 
which is not what is occurring within the model.  
 
Matching with experimental research 
Next, the model is matched to the results of the experimental research. First, the stiffness of the material 
is matched to the experimental results after which the bending strength is added. An average Young’s 
modulus of 10,355 MPa is found for test series 1. During the determination of Young’s modulus, the 
shear deformation was not neglected and a shear modulus of E/16 was assumed. Using this value in 
the numerical simulation (and G12 = 10,355 / 16 = 647 MPa) leads to a deflection at mid-span of max = 
10.71 mm under a load of 76.9 kN (average Fcrit for test series 0). Note that the other engineering 
constants of the orthotropic material (Table 6.1.2.1) are not changed. The numerical result is in good 
correspondence with the analytically determined value (6.24). 
 

, ∙ ,

∙ , ∙ ∙ ∙

, ∙ ,

∙ / ∙ ∙ ∙
7.44 3.33 10.77	mm (6.24) 

 
During the tests in the lab, only two failure modes were found: bending failure for the reference 
(uncracked) case as well as two beams of test series 1 which were not included in the final result and 
shear failure due to the crack at mid-depth. In correspondence with this, only the bending stress is 
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included in the maximum stress failure criterion, specifically tension stress in 11-direction as the test 
specimens of the experimental research failed in fibers that were loaded in tension. The shear failure 
mode of test series 1-4 is later included in the model by means of the cohesive elements (Chapter 6.3). 
 
The average critical load for test series 0 is 76.9 kN. According to theory, this leads to a bending capacity 
of 39.2 MPa (6.25). 
 

,
∙ . ∙

∙ ∙
39.2	MPa (6.25) 

 
Below, in Figure 6.1.4.4, the maximum stress failure criterion is plotted for the model loaded by 76.9 kN 
with a tension strength parallel to the grain of 39.2 MPa. 
 

 
Figure 6.1.4.4 – Unity check for a tensi le bending strength of 39.2 MPa 

 
A maximum value for the unity check of 0.958 is found. Consequently the tensile strength parallel to 
grain is updated to 39.2 x 0.958 = 37.5 MPa and the job is submitted again. Now the maximum unity 
check is 1.001. So, for the maximum stress failure criterion of the model, a bending strength of 37.5 
MPa is adopted. 
 
 
6.2 Benchmarks fracture modes 
 
In fracture mechanics, three different standard fracture modes are distinguished (Figure 6.2.0.1). When 
a crack is loaded in mode I (opening mode), tension is applied perpendicular to the crack plane. In-
plane shear leads to mode II cracking (sliding) and out-of-plane (or transverse) shear leads to mode III 
(tearing). 
 

 
Figure 6.2.0.1 – Crack direct ions in wood ( lef t ) and fracture modes (r ight) (Berg et al . ,  2015) 

 
The three principal material axes of timber – radial (R), tangential (T), and longitudinal (L) – lead to six 
different crack propagation directions (Figure 6.2.0.1). The first letter indicates the normal to the crack 
plane and the second the growth direction. In practice, directions LR and LT do not occur. The crack 
propagation in wood does not depend on the crack orientation nor the degree of mixed-mode (Berg et 
al., 2015). Thus, for this work, only the RT- and RL-directions are of importance.  
 
In this thesis, the cohesive zone method will be used to model crack propagation. In finite element 
analysis, the cohesive zone, in the form of an interface element (called cohesive element in Abaqus), 
is applied between two continuum elements. The interface element is equipped with the materials’ 
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bonding properties and describes the failure behavior from elastic behavior to damage initiation until no 
more stresses (traction) can be transferred.  
 
In this chapter, a benchmark study for fracture modes I and II is carried out. Also, a benchmark 
incorporating a mixture of both modes, so-called mixed-mode, is made. 
 
 
6.2.1 Mode I (opening, tension) 
 
The benchmark of fracture mode I (opening mode, tension) consists of two material elements connected 
by tie constraints to a cohesive element describing a predefined traction-separation law (Figure 6.2.1.2). 
The material elements are modelled as linear elastic isotropic materials with relatively high stiffness (E 

= 999 MPa,  = 0.3). The traction-separation of the cohesive elements can be described by three 
parameters:  
 

- stiffness K; 
- maximum traction tu; 
- critical energy release rate Gc. 

 
Table 6.2.1.1 – Mater ial  parameters cohesive elements  

Parameter  Abaqus Value [unit] 
Stiffness parameter mode I Kn Enn 0.5 MPa 
Stiffness parameter mode II Ks Ess 0.5 MPa 
Stiffness parameter mode III Kt Ett 0.5 MPa 
Maximum traction, mode I tIu Nominal stress, normal-only 1 MPa 
Maximum traction, mode II tIIu Nominal stress 1st direction 1 MPa 
Maximum traction, mode III tIIIu Nominal stress 2nd direction 1 MPa 
Crit. energy release rate mode I  Gc,I Fracture Energy 2 N/mm 

 
In this case, the cohesive element will describe linear elastic behavior until maximum traction tIu (in case 
of mode I: maximum tensile stress) is reached after which damage is initiated. By means of linear 
softening the separation (relative displacement) increases while the traction proportionally decreases. 
Accordingly, a traction-separation diagram (Figure 6.2.1.1 (left)) with linear softening can be defined by 
three points: 
 

- unloaded state: traction and separation both equal to zero (t = v = 0); 
- damage onset: maximum traction (t = tu, v = v0); 
- full damage: maximum separation (t = 0, v = vu). 

 

  
Figure 6.2.1.1 – Traction-separat ion diagram by Cid Alfaro et al .  (2009) ( lef t ) and a tract ion-separation 

diagram describing the cohesive element of  this mode I benchmark (r ight) 
 
In Table 6.2.1.1, maximum traction is already defined. The values for separations v0 and vu can be 
determined using (6.26) and (6.27) resp. (Cid Alfaro et al., 2009). 
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 (6.26) 

 

 (6.27) 

 
Using these two expressions and the values of Table 6.2.1.1, the traction-separation diagram of Figure 
6.2.1.1 (right) can be drafted. 
 
Damage initiation 
In Abaqus, a damage initiation criterion must be defined. The maximum nominal stress criterion (MAXS) 
is used defined in (6.28). Other criteria are presented in Chapter 5.4.1. When f reaches unity, damage 
is initiated. 
 

max
〈 〉

, ,  (6.28) 

 
The loading geometry for mode I is shown in Figure 6.2.1.2. The left side of the assembly is fixed 
supported. The boundary condition on the right side is an edge displacement of 5 mm directed away 
from the cohesive element (mode I loading). Additionally, the rotation and upward displacement of this 
right side are prevented by this boundary condition. In the field output of Abaqus is defined that the 
cohesive element should be deleted as soon as it fails.  
 

 
Figure 6.2.1.2 – Loading configurat ion fracture mode I 

 
After the numerical simulation has been carried out, the traction-separation diagram of the cohesive 
element is drawn (Figure 6.2.1.3). The diagram roughly corresponds to Figure 6.2.1.1, but is in accurate 
near the characteristic points (damage onset and full damage). 
 

 
Figure 6.2.1.3 – Traction-separat ion diagram for mode I 

 
The accuracy of the result can be increased in several ways. First the incrementation is adjusted. An 
initial increment size of 0.001 is used along with a minimum and maximum size of 1E-5 and 0.1 resp. 
In Figure 6.2.1.4 the result is plotted of a simulation with a maximum increment size of 0.01 (other sizes 
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are maintained). The result is in good correspondence with the defined traction-separation. However, 
as the number of increments is increased from 21 to 105, the calculation time is increased by more than 
500%. Increasing the number of elements to 10x10 continuum elements per part did not influence the 
results for the used incrementation (results of Figure 6.2.1.4 were obtained). However, in more complex 
models refining the mesh might be necessary to obtain convergence. Hence, a mesh and/or increment 
study should always be conducted. 
 

 
Figure 6.2.1.4 – Traction-separat ion diagram for mode I wi th decreased maximum increment s ize 

 
Reduced integration 
In finite element analysis, the nodal displacements are determined by inverting the stiffness matrix of 
the element which is calculated by numerical integration. The method most commonly used for this 
numerical integration is the Gaussian Quadrature. When using reduced integration, the number of 
integration points used is reduced leading to less accurate results. However, as less points are used 
for the integration, the calculation time is also reduced. It is therefore sometimes beneficial to use 
reduced integration to reduce the calculation time if the inaccuracy of the result is acceptable, especially 
in time consuming non-linear simulations.  
 
The effect of reduced integration is tested in this benchmark. The continuum element type is changed 
from CPS4 to CPS4R (4-node bilinear plane stress quadrilateral with reduced integration and hourglass 
control). The maximum increment size of 0.01 is used. The results, which are almost (99.963-100.003% 
compared to CPS4 per time increment) equal to those of the CPS4 elements (for this particular case), 
are plotted in Figure 6.2.1.5. The calculation time is reduced by 25% when reduced integration is 
included. 
 

 
Figure 6.2.1.5 – Traction-separat ion diagram for mode I wi th reduced integration 
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6.2.2 Mode II (sliding, shear) 
 
For the benchmark of fracture mode II (sliding, shear), the material properties of both the continuum 
and cohesive elements used for mode I are adopted (Table 6.2.1.1). Only the boundary conditions are 
updated (Figure 6.2.2.1): the edge displacement of 5 millimeters is now applied at the top of the right 
continuum element and the bottom of the left continuum element is fixed. 
 

 
Figure 6.2.2.1 – Loading configurat ion fracture mode I I  

 
As the material parameters are equal for all directions (Table 6.2.1.1), the traction-separation diagram 
for mode II should be equal to Figure 6.2.1.2 (right). The diagram, resulting from the numerical 
simulation, is plotted in Figure 6.2.2.2 and is in good correspondence with the defined traction-
separation law. 
 

 
Figure 6.2.2.2 – Traction-separat ion diagram for mode II  

 
 
6.2.3 Mixed-mode (I and II) 
 
Next, a combination of both mode I and mode II, so-called mixed-mode loading, is examined. The 
previously used material properties are adopted and the boundary conditions are updated to Figure 
6.2.3.1. Two displacements of 5 millimeters are subjected to the top and right edge of the right 
continuum element (Figure 6.2.3.1) leading to a displacement of 5√2 under a 45 degree angle. 
 

 
Figure 6.2.3.1 – Loading configurat ion mixed-mode ( I+II ) 
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The cohesive element now shows mode-dependent behavior, so depending on both the damage 
initiation criterion and the mixed-mode behavior definition. 
 
Damage initiation  
Abaqus has four damage initiation criteria implemented in its standard routine; two stress-based and 
two strain-based criteria (Table 6.2.3.1). In this thesis, only the stress-based criteria are used. 
 
Table 2.3.0.1 – Damage ini t iat ion cri teria incorporated in Abaqus (Schoenmakers, 2013) 

Damage initiation criterion   

Maximum nominal stress criterion MAXS max
〈 〉

, ,  

Quadratic traction-interaction criterion QUADS 
〈 〉

 

Maximum nominal strain criterion MAXE max
〈 〉

, ,  

Quadratic separation-interaction criterion QUADE 
〈 〉

 

 
Note that for single mode loading the modes lead to an equal damage initiation point. For mixed-mode 
(mode I and II) however, the damage initiation occurs at different tractions.  
 
Mode I = mode II 
Below, the mixed-mode behavior of a specific case is examined, namely the case where the traction-
separation diagram of mode I is equal to mode II, with: 
 

- maximum traction t1u = t2u = tu; 
- stiffness K1 = K2 = K; 
- maximum separation v1

u = v2
u = vu; 

- critical energy release rate Gc,1 = Gc,2 = Gc. 
 
Assuming the above leads to the following expression for the damage initiation criteria: 
 

max
〈 〉

, 1 					→ 					 〈 〉  (6.29) 

 
〈 〉

1					 → 					
〈 〉

					→ 					 〈 〉 0.5√2 0.707  (6.30) 

 
The damage initiation criteria lead to different values for the maximum defined traction tu. Hence, the 
separation at damage onset v0

mm also depends on the damage initiation criterion: 
 

,  , 0.5√2  (6.31) 

 

In Figure 6.2.3.2, the traction-separation diagrams are plotted for both the MAXS (blue line) and QUADS 
(red line) criterion. Note the difference in separation at traction v0 for both criteria (v0

mm,MAXS = v0 and 
v0

mm,QUADS = 0.5√2 v0) since the area under the curve, equal to critical energy release rate Gc, is equal 
for both methods. 
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Figure 6.2.3.2 – Traction-separat ion for MAXS (blue) and QUADS (red) cri teria in terms of tu  and v0 

 
Regarding the elastic branch (from 0 to damage initiation) of the traction-separation law, different 
damage initiation criteria lead to different values of the maximum traction tu and different corresponding 
value of displacement v0. The criteria do not influence the slope of the elastic branch; this is only 
dependent on stiffness K.  
 
Damage evolution 
The general crack growth criterion used by Abaqus is defined in equation (6.32) (Khorasan, 2012). 
 

,
1.0 (6.32) 

  
With: 

 equivalent strain energy release rate (at a node) 

,  critical equivalent strain energy release rate  

 
When f reaches unity in (6.32), full damage in the cohesive elements has occurred. So, f reaches unity 
at maximum separation vu. The critical equivalent strain energy release rate Gequiv,c is calculated by a 
mixed-mode criterion. Abaqus uses three different mixed-mode criterions for crack propagation: BK 
(Benzeggagh-Kenane) law, the power law, and the Reeder law (Chapter 5.1.3). Which law suits the 
model is usually found out by trial and error. In his work, Berg et al. (2015) compared these three laws 
in a pre-study and did not find a significant difference between the three.  
 

, , ,
 (6.33) 

 

In this benchmark, the Power Law (6.33) is used. Khorasan (2012), suggests using a power  = 1. 
Neglecting mode III and using the assumptions made at the start of this paragraph (mode I = mode II), 
at full damage (f = 1), the energy release rate can be expressed in a portion of the critical energy release 
rate defined for the individual modes.  
 

, , ,
2 1 (6.34) 

 
Factor  can be expressed in terms of power : 
 

2 1					 → 					 0.5					 → 						 √0.5 (6.35) 
 
Plugging this into the relation for the ultimate separation yields an expression including power : 
 

,
√ .

  ,
√ .

0.5√2
√2

√ .
 (6.36) 
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Assuming Gc = tu v0, several traction-separation diagrams are plotted for the MAXS damage initiation 
criterion for several values of (Figure 6.2.3.3). In addition, when  goes to infinity: 
 

,
√ .

2 √0.5 					→ 					 , lim
→

2√0.5 2   (6.37) 

 

In short, for a traction-separation diagram showing linear elastic behavior and a linear softening branch, 
the damage initiation criterion influences the elastic branch (v0) and the crack growth criterion influences 
the softening (vu). 
 

 
Figure 6.2.3.3 – Traction-separat ion diagrams for Gc = v0tu  using damage ini t iat ion MAXS plot ted for 

several  powers   in terms of tu  and v0  

 
A final important remark: when during the benchmark studies the ultimate separation vu would be lower 
than v0 (due to a too low chosen value of Gc), the cohesive element showed only linear elastic 
behavior and would not fail. It is therefore important to test the material properties adopted for the 
cohesive elements of the model of the three-point bending test by making a benchmark first. 
 
 
6.3 2D-model: timber beam with initial crack 
 
6.3.1 Modeling cracking behavior 
 
Next, after building a linear elastic model of the test setup and carrying out the benchmarks, the 
cohesive elements can be incorporated into the FE-model. 
 
Reference: uncracked beam 
In this particular model, the cohesive elements are supposed to mimic shear failure by means of 
cracking like was observed during the experimental work (Chapter 4). Even though a mode I nominal 
stress will be adopted to account for possible mixed-mode behavior, the cohesive elements should fail 
mostly in mode II. 
 

 
Figure 6.3.1.1 – Cohesive elements (red l ine) appl ied at mid-depth of the beam 
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As a reference model, a line of cohesive elements is modeled at mid-depth of the beam (red line in 
Figure 6.3.1.1). Cohesive elements are only necessary at mid-depth since the highest shear stress will 
occur there. The material properties that define the cohesive elements are listed in Table 6.3.1.1. The 
properties used by Saracoglu (2011) are used, except for EL and G12: the values obtained in Chapter 
6.1.4 are adopted. In addition, for the nominal stresses of the interface elements, the tensile strength 
perp. to grain and shear strength of GL24h are used. Finally, the power of the Power Law is set to 1 as 
proposed by Khorasan (2012) and the friction coefficient of 0.6 is adopted from Franke et al. (2016). 
 
Table 6.3.1.1 – Mater ial  propert ies used for the FE-model 

Material Parameter Abaqus Value [unit] 

Wood – Glulam 
Young’s modulus EL | ER | ET 
Shear modulus GLR | GLT | GRT 

Poisson ratio LR | LT | RT 

E1 | E2 | E3 

G12 | G13 | G23 

12 | 13 | 23 

10,355 | 425 | 249 MPa 
647 | 695 | 34 MPa 
0.007 | 0.005 | 0.418 

Interface elements 

Stiffness parameter K1 | K2 | K3 
Tension strength ft,90 

Shear strength fv 

Crit. energy release rate GI,c | GII,c 
Power  (power law exponent) 

Viscosity  

Enn | Ess | Ett 
Nom. stress 
Nom. stress 
Fracture energy 
Power 
Viscosity coef. 

20,710 N/mm3 
0.4 MPa 
2.7 MPa 
0.179 | 0.060 N/mm 
1 
1E-006 

Steel 
Young’s modulus E 
Poisson ratio  

E 


210,000 MPa 
0.3 

Friction Friction coefficient steel & timber  - 0.6 

 
The stiffness parameter K of the interface element is by dividing Young’s modulus EL of timber by the 
thickness of the interface element T (André, 2007). For an element thickness of 0.5 mm, the stiffness 
parameter becomes: 
 

,

.
20,710 (6.38) 

 

To aid the convergence of the model, the point load is replaced by a displacement that is linearly applied 
as from t = 0 to t = 1. In other words, the model will be displacement-controlled. The acting force on the 
middle of the upper steel plate can be obtained in the field output request as well as the vertical 
displacement of the bottom of the beam at mid-span. When plotting these against each other, a force-
displacement diagram is obtained (Figure 6.3.1.2).  
 

 
Figure 6.3.1.2 – Force-displacement diagram for the reference case: uncracked beam ( ℓc  = 0) 

 
The steel plates are modeled using CPS4 and CPS4R elements of 12.5 x 10 mm for the loading and 
support plates resp. The outer parts of the timber beam (Figure 6.3.1.1) are modeled by the same 
CPS4R elements of 12.5 x 10 mm, while the inner part consists of CPS4 elements of 6.25 x 6.21 mm. 
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Later, when initial cracks are modeled, convergence is not obtained using only these parameters. In 
the cohesive material, a viscosity of 1E-6 is added (more info: Chapter 6.3.2 and Chapter 6.3.3) to all 
models even when the converge without the viscosity. 
 
From Figure 6.3.1.2 can be obtained that the beam fails at a critical load of 69.5 kN at a mid-span 
displacement of  = 9.68 mm. These values are compared to the their analytically determined equivalent 
in (6.39) and (6.40). 

, ∙ ,

∙ , ∙ ∙ ∙

, ∙ ,

∙ ∙ ∙ ∙
9.74	mm (6.39) 

 

,
∙ ∙ ∙ .

69,300	N (6.40) 

 
These values correspond well to the values found in the force-displacement diagram (Figure 6.3.1.2). 
 
Horizontal split beam 
Next, the “opposite” of the reference beam is examined: the fully horizontal split beam (ℓc = L and dc = 
b) corresponding to crack case 2 by Franke et al. (2016). So, basically two beams of 70 x 137.5 mm in 
cross-section stacked upon each other. 
 

 
Figure 6.3.1.3 – Force-displacement diagram for a ful ly cracked beam: horizontal  spl i t  (ℓc  = L) 

 
In this model, the cohesive elements (Figure 6.3.1.1) are completely omitted and contact behavior 
between the two crack faces is described; “hard contact” in normal direction and frictionless in tangential 
direction. The force-displacement diagram that is obtained is shown in Figure 6.3.1.3. 
 
As no cohesive elements are applied, no damage nor failure can occur in the model. Instead, linear 
elastic behavior is obtained. When the model is subjected to a load of 45.0 kN, the beam deflects 19.07 
mm. Comparing this to the analytical result (Franke et al., 2016) leads to good correspondence 
considering shear deformation is not included by Franke et al. 
 

 1
, ∙ ,

∙ , ∙ ∙
∙ 4 17.41	mm (6.41) 

 
Initial crack 
Consequently, initial cracks are modeled within the model. This is done by omitting some of the 
elements like in Figure 6.3.1.4. Like for the horizontal split beam, contact behavior between the initial 
crack faces is described (“hard” contact and frictionless). Several different initial crack lengths are 
modeled (Chapter 6.3.4). 
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Figure 6.3.1.4 – Ini t ial  crack of 25% of beam length modeled by omit t ing cohesive elements 

 
As mentioned above, the simulation would initially abort due to convergence issues (Chapter 6.3.2). 
After trying to incorporate several (combinations of) measures to aid in a better convergence, in the 
final model only a viscosity within the cohesive elements is incorporated. In the next paragraph, a list 
of measures to increase the model’s convergence is included. 
 
 
6.3.2 Convergence issues 
 
When highly nonlinear calculations are carried out, like is the case here, several methods are available 
in Abaqus to prevent these convergence issues. Schoenmakers (2013) lists several methods in his 
research report: 
 
- refining the mesh; 
- using viscous regularization; 
- using automatic stabilization; 
- using a discontinuous analysis; 
- using nondefault solution controls. 

 
Viscous regularization 
A commonly used technique to achieve convergence is the use of viscous regularization of the 
constitutive relations, which leads to a positive tangent of the stiffness matrix of the cohesive material 
when the time increment is small enough [1]. By implementing the viscosity parameter, Abaqus allows 
the model’s stress to be outside the limit set within the traction-separation law. The damage response 
of the viscous material is defined in Abaqus as [1]: 
 

1  ̅ with  (6.42) 

  
With: 
 nominal traction stress vector 
 ̅ stress vector predicted by elastic traction-separation behavior for current strains without damage [1] 
 damage variable  
 viscous stiffness damage variable  

 viscosity parameter  

 

The viscosity parameter  represent the relaxation time of the viscous system. When the value of the 
viscosity parameter is small compared to the time increment, viscous regularization usually improves 
the model’s rate of convergence. 
 
A larger viscosity can increase the rate of convergence, thus reducing the calculation time and number 
of iterations, but from a certain point the result becomes a lot less accurate. Therefore, the output 
variable ALLCD should be checked (dissipated viscous energy). However, when the viscosity is too 
low, Abaqus cannot solve the calculation. In addition, when the viscosity parameter approaches zero, 
the rate-dependent damage process turns into the rate-independent damage process. In Chapter 6.3.3, 
a sensitivity study is conducted where the value of the viscosity parameter is been varied and its 
influence on the results is investigated. 
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Automatic stabilization 
When the use of viscous regularization does not suffice, automatic stabilization can be introduced to 
help the model to converge. Adding automatic stabilization will introduce viscous forces (Fv) into the 
global equilibrium relations [1]. Like for viscous regularization, the energy loss must be examined. 
However, for automatic stabilization, the conversion of static energy can be limited by setting a 
maximum ratio between the static energy conversion and the internal energy (default = 0.05). 
 
Using nondefault solution controls 
In the “step” module of the Abaqus user interface, the solution controls can be altered. Several 
parameters can be adjusted here like the nonlinear equation solution accuracy or time increment 
adjustment [1]. In this thesis, the maximum number of cutbacks per increment is increased to 100 
(default = 5). 
 
Using a discontinuous analysis may also aid in convergence. The time-integration is adjusted: the 
number of equilibrium iterations is increased to 8 and the number of consecutive equilibrium iterations 
is increased to 10 (defaults are 4 and 8 resp.). So, more iterations are done before decreasing the time 
increment. In addition, Schoenmakers (2013) suggest increasing the damage initiation tolerance, but 
this is not tried as it can significantly influence the results. 
 
Line search 
In the solution controls, the line search algorithm can be activated. The line search method improves 
the robustness of the Newton method [1]. In equilibrium iterations with large residuals, a line search 
factor is used to scale the correction to the solution [1]. The value of the scale factor is found in an 
iterative process. The user can define the maximum number of iterations used for this process. The 
benefit of this method is that the line search iterations do not make use of the global stiffness matrix, 
possibly resulting in less nonlinear iterations, cutbacks and, consequently, less solution cost [1].  
 
Using trail-and-error, the abovementioned methods are incorporated into the model (both separately 
and in combination with each other). The model would still show convergence issues after incorporating 
these methods. 
 
However, after rebuilding the entire model from scratch, only using viscous regularization would suffice 
for convergence. So, apparently a mistake was made somewhere else in the model that was corrected 
after rebuilding it. In the next paragraph, an accurate value for the viscosity parameter is determined. 
6.3.3 Sensitivity study: viscosity 
 
In previous paragraphs was established that viscous regularization is required for convergence. In this 

chapter, several values for viscosity parameter  are tested on a beam with initial crack length of 0.25L 
(ℓc = 500 mm). The resulting force-displacement diagram is plotted in Figure 6.3.3.1 (left). 
 
From the complete diagram can be obtained that the results are close to each other for values of 1E-5 
and less. However, zooming in in this diagram (Figure 6.3.3.1 (right)), leads to the conclusion that 1E-
6 and 1E-7 are more accurate than 1E-5. 
 
The value of 1E-7 turned out to be too small as the model would abort prematurely. In addition, the 
curves of 1E-6 and 1E-7 are almost equal. 
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Figure 6.3.3.1 – Force-displacement diagram of v iscosi ty study complete ( left )  and zoomed in (r ight) 

 
In Table 6.3.3.1, the time used by the CPU for the simulation is given per viscosity value. The more 
accurate the results, the longer the simulation takes. In the end, a viscosity parameter of 1.00E-6 is 
chosen for all simulations. The simulations might take some more time, but the influence on the 

accuracy is considerable better compared to higher values for . 
 
Table 6.3.3.1 – CPU t ime used for the simulat ion of  di f ferent v iscosi t ies 

Viscosity parameter  CPU time [s] 

1.00E-02 160.00 

1.00E-03 188.00 

1.00E-04 272.00 

1.00E-05 263.10 

1.00E-06 346.70 

1.00E-07* 185.00 

* model aborted at t = 0.20 
 
Next, the amount of dissipated energy during simulation is checked (Figure 6.3.3.2). Obviously, a lot of 
energy dissipates when the crack propagates. However, before crack propagation (around t = 0.2), the 
amount of dissipated energy does not become larger than 0.7 Nmm. Therefore is assumed that a 
viscosity of 1E-6 does hardly influence the results, is well applicable for this model, and the simulation 
still approaches rate-independency. 
 

 
Figure 6.3.3.2 – Dissipated viscous energy for   = 1.00E-6 

 
 

6.3.4 Variation of the crack length 
 
In this chapter, the crack length of the 2D model is being varied and consequently the results of the 
different simulations compared to each other. Initially, only models were built with crack lengths that 
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were used during the experimental work (Chapter 4); ℓc / L = 0 ; 0.25 ; 0.50 ; 0.75 ; 1.00. Their resulting 
force-displacement diagrams are plotted in Figure 6.3.4.1. 
 
From Figure 6.3.4.1 can be concluded that the critical load (leading to crack propagation) is lower when 
the crack becomes longer. In addition, when a longer initial crack is modeled, the model is less stiff. 
 
 

 
Figure 6.3.4.1 – Force-displacement diagrams for 5 di f ferent crack lengths ℓc  

 
Finally, when the initial crack is 0.50L or more in length, the beam starts to behave like the horizontal 
split beam (ℓc = L). Next, a more detailed study is carried out. Since crack lengths of 0.50L or longer 
behave similarly, only the number of tested crack lengths between 0.00L and 0.50L is increased. The 
results are plotted in Figure 6.3.4.2. 
 

 
Figure 6.3.4.2 – Force-displacement diagrams for 5 di f ferent crack lengths ℓc  
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Results: (shear) capacity 
For crack lengths 0.00L to 0.35L it is relatively easy to obtain the critical load for crack propagation as 
a clear maximum is observed in the F-d diagrams. For longer initial crack lengths, however, this is 
harder as these models start to behave more and more like the fully split beam (ℓc = L). Therefore, the 
critical loads are obtained by looking at the first derivatives of the F-d curves. The critical loads are 
plotted in a scatter plot in Figure 6.3.4.3. 
 

 
Figure 6.3.4.3 – Cri t ical  loads leading to crack growth for several  ini t ia l  crack lengths ℓc  /  L 

 
Note that crack lengths 0.75L and 1.00L are not included as no crack propagation was observed here. 
Also, the values for crack lengths 0L and 0.05L are close to each other. This is due to the steel support 
plates. Due to these plates, the effective span of the beam is 0.90L with supports at x = 0.05L and x = 
0.95L leading to very low shear stresses in the outlying beam parts.  
 
A third order polynomial trendline is drawn with a correlation coefficient of R2 = 0.97. The expression 
for this trendline is: 
 

579 747.9 357.8 74.5 for 0.5,  (6.43) 

 
This expression is only valid for cracks at mid-depth. Like for the empirical model of the experimental 
work (Chapter 4). The critical load is expressed in terms of the reference critical load for ℓc = 0. 
 

7.77 10.0 4.80 1  for 0.5,  (6.44) 

 
Next, this is compared to the empirical model for through-cracks proposed by Franke et al. (2016) 
(6.45). 
 

0.00013	 . 0.3143	 . 132.11	 .   for  (6.45) 

 
Using the dimensions of the beam the critical load (in terms of Fref) is plotted against the relative crack 
length ℓc / L in Figure 6.3.4.4. 
 
When the dimensions of the numerical and experimental work (beam of 70 x 275 x 2000 mm) are used, 
like is done in Figure 6.3.4.4, the empirical model by Franke et al. does not correspond to the numerical 
results which are incorporated into expression (6.44) derived for the current thesis. Hence, Franke et 
al.’s model is not applicable to the configuration used in the current numerical work.  
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Figure 6.3.4.4 – Comparing two empir ical  models to each other 

 
Franke et al. developed their model according to numerical tests on beams of 140 x 600 x 12000 (b x 
h x L) mm beams. Their empirical model incorporates yc and ℓc, but did not put them with respect to 
their corresponding beam dimension (yc / h and ℓc / L resp.). Therefore, Franke et al.’s model probably 
only applies to the 140 x 600 x 12000 (b x h x L) mm beams and not for beams with arbitrary dimensions. 
In addition the large span of 16,000 mm has less influence of shear deformation than the 2,000 mm 
long beam which is tested in this thesis. 
 
 
6.3.5 Friction 
 
In the previous paragraph was established that for initial crack lengths of 0.50L and more, no crack 
propagation is established and the beam behaves like a beam that is completely cracked (in width and 
in length), see also Figure 6.3.4.2. 
 
The results that are shown in Figure 6.3.4.2 are, however, based on the assumption that the crack faces 
are frictionless in tangential direction. In this paragraph, a friction between the crack faces in tangential 

direction of  = 0.60 is assumed. The results are plotted against their frictionless correspondent in 
Figure 6.3.5.1. 
 

 
Figure 6.3.5.1 – Frict ionless crack planes vs. f r ict ion coeff ic ient   = 0.60 in tangential  di rect ion for  

ℓ c  = 0.50L ( left )  and ℓc  = 0.75L (r ight) 
 
Friction does lead to cracks and also slightly influences the beam’s stiffness. However, as the critical 
load is very large, the beam would have failed in bending long before crack propagation will occur. This, 
and the small influence on the stiffness, lead to the conclusion that the crack faces would still be 
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assumed frictionless on all simulations since the influence is small or even negligible and the calculation 
time is considerably less for frictionless planes. 
 
 
6.4 3D-model: non-through cracks 
 
In the experimental work carried out in this thesis, cracks of 50 mm deep were created using a circular 
saw. These cracks would not exceed the beam width of 70 mm, thus leading to non-through cracks. In 
the 2D-models presented in Chapter 6.3, only through cracks are modeled (as the third dimension is 
not taken into account).  
 
To investigate the influence of a non-through crack, and thus for the cracked cross-section to be able 
to transfer stresses through the remaining width that is still connected (beff in the reduced cross-section 
method of Chapter 2.2.2), a three-dimensional model is built with crack length 0.25L (Figure 6.4.1). 
 

 
Figure 6.4.1 – Three-dimensional model  incorporating a crack depth of 5/7b and crack length of 0.25L 

 
The same properties are used as for the two-dimensional model (Table 6.4.1). The same goes for the 
mesh size (7 elements are modeled in the third direction of 10 mm) and type (the 3D correspondent of 
the 2D elements are used). In the cohesive part (Figure 6.4.2), cohesive elements are omitted to create 
the initial crack length and depth. 
 
Table 6.4.1 – Material  propert ies used for the three-dimensional FE-model 

Material Parameter Abaqus Value [unit] 

Wood – Glulam 
Young’s modulus EL | ER | ET 
Shear modulus GLR | GLT | GRT 

Poisson ratio LR | LT | RT 

E1 | E2 | E3 

G12 | G13 | G23 

12 | 13 | 23 

10,355 | 425 | 249 MPa 
647 | 695 | 34 MPa 
0.007 | 0.005 | 0.418 

Interface elements 

Stiffness parameter K1 | K2 | K3 
Tension strength ft,90 

Shear strength fv 

Crit. energy release rate GI,c | GII,c 

Power  (power law exponent) 

Viscosity  

Enn | Ess | Ett 
Nom. stress 
Nom. stress 
Fracture energy 
Power 
Viscosity coef. 

20,710 N/mm3 
0.4 MPa 
2.7 MPa 
0.179 | 0.060 N/mm 
1 
1E-006 

Steel 
Young’s modulus E 

Poisson ratio  
E 


210,000 MPa 
0.3 

Friction Friction coefficient steel & timber  - 0.6 
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Figure 6.4.2 – Ini t ial  crack modeled in the cohesive part 

 
Two 3D models are built, both with initial length of 0.25L, one having crack depth dc = 50 mm (like in 
the experimental work and one with dc = 60 mm. The force-displacement diagrams are compared to the 
2D model with dc = b = 70mm in Figure 6.4.3. 
 

 
Figure 6.4.3 – Comparing 3 di f ferent crack depths dc  for a beam with ini t ial  crack length of  0.25L 

 
From Figure 6.4.3 can be obtained that when the beam parts are no longer connected to each other, 
i.e. cracked through-and-through, the beam has a lower capacity and becomes less stiff. When a 
considerable amount remains connected (beff = 20 mm / dc = 50 mm), this leads to a higher stiffness 
and capacity. This can be explained by the small part of the beam still able to transfer stresses 
strengthening and stiffening the beam. 
 
When the crack is 60 mm deep (10 mm of the cross-section remains in contact), a peculiar F-d diagram 
is obtained (Figure 6.4.3). Initially, the beam follows the curve of the non-through crack with dc = 50 
mm: the stiffnesses are equal to each other as was concluded by Frank et al. (2016) who concluded 
that non-through cracks do not influence the stiffness K of the reference beam. Consequently, near its 
capacity, the curve deviates and starts to approach the curve of the through crack. What is causing this 
is not clear. Possibly the part that connects both beam parts of 10 mm in width is too small to transfer 
the shear stress that increases with the acting load. This small part probably fails first, after which the 
beam geometry is basically equal to the 2D model of the through crack (dc = 70 mm). 
 
A final interesting observation that is made from Figure 6.4.3, is that when all three models have failed, 
they start to follow the same load-displacement path. This is an indication that the 2D and 3D model 
are in good correspondence, since when the beam fails it starts to follow the behavior of the fully split 
(ℓc = L) beam which can be observed in Figure 6.4.3.2. 
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7. Conclusions and recommendations 
 
 
In this thesis, the effect of the crack length on the performance (in terms of strength and stiffness) of 
glulam timber beams is investigated. This is done by means of analytical, experimental, and numerical 
research. 
 
In conclusion, the effect of cracks on timber beams in general seems to be a very complicated topic; 
many parameters influence the capacity. Not only the load configuration and the crack dimensions 
(depth, width, length) seem to influence but also its location along the beam length and depth. Also, 
according to literature, a distinction must be made between side cracks and end cracks (end cracks are 
investigated in this thesis only). A clear distinction between through and non-through cracks is also 
established; both in literature and by means of the numerical work (Chapter 6). 
 
Finally, some characteristics of wood are not even considered yet and might need to be taken into 
account as well like the annual ring orientation and with, the wood species, flaws like knots, difference 
between glulam and sawn timber, etc. 
 
Experimental research 
During the experimental part of this thesis, non-through end-cracks of 50 mm deep compared to a beam 
width of 70 mm were tested of various crack lengths. Five test series of five glulam beams were tested: 
 
- test series 0: reference (“crack-free”); 
- test series 1: ℓc / L = 0.25 (so, ℓc = 500 mm); 
- test series 2: ℓc / L = 0.50 (so, ℓc = 1000 mm); 
- test series 3: ℓc / L = 0.75 (so, ℓc = 1500 mm); 
- test series 4: ℓc / L = 1.00 (so, ℓc = 2000 mm). 

 
After testing, it was concluded that with increasing crack length the (shear) capacity of the beams 
decreased. An empirical model was drafted specifically for the tested configuration: three-point bending, 
cracks at mid-depth and of 5/7b deep, and probably specific to the beam’s dimensions as well (70 x 
275 x 2000 mm (b x h x L). No influence on the stiffness nor on Young’s modulus was found which 
corresponds to literature (Franke et al., 2016). 
 
Numerical research 
In the numerical work, a two-dimensional FE-model is built stepwise: from a 2D linear elastic beam, 
several steps are taken, including benchmarks for the fracture modes, to build the final 2D linear elastic 
beam including crack propagation by means of the cohesive zone method with a bilinear traction-
separation law. Since the mode is two-dimensional, the cracks in this model are through cracks (dc = 
b). 
 
After running the simulations for 13 different crack lengths varying from 0 to 2000 mm (= beam length) 
the conclusion is drawn that an increasing crack length not only reduces the capacity of the beam, but 
also reduces its stiffness. Again an empirical model is suggested for the results of these simulations. 
 
In addition, when the initial crack length exceeds 0.50L, the beams seems to behave like it is fully split, 
meaning it is cracked through-and-through over the entire beam length. Though, this is only valid when 
no friction is applied between the crack faces. When this is done, the beam is somewhat stiffer and fails 
(read: leads to crack growth) at a very high acting load. This load will never occur in practice though, 
as the beam will already have failed, e.g. in bending. 
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In general, the conclusion that has been drawn by Franke et al. (2016) seems to be valid. This 
conclusion is summarized in Table 7.1 where a distinction is made between through and non-through 
cracks. 
 
Table 7.1 – Overview of the resul ts by Franke et al .  (2016) 

 Stiffness Load-bearing capacity 

Through cracks 
Analytical and 
empirical models 

Analytical model for strength reduction 
Empirical model for direct capacity reduction 

Non-through cracks No influence Analytical model 

 
These conclusions are validated by a three-dimensional FE-model, where a non-through crack was 
able to be modeled (Chapter 6.4). Both crack types (through and non-through) seem to reduce the 
beam’s (shear) capacity. Non-through cracks indeed seems to have no stiffness reduction, regardless 
of their depth. Also, for the same initial crack length, the capacity of a non-through crack is higher than 
for a through crack due to the ability of stress transfer by the small part that still connects both beam 
parts. 
 
Recommendations 
Many conclusions have been drawn. Not only in this thesis, but in literature as well. Published 
conclusions/results seem to contradict each other as they have been drawn for different conditions 
(beam dimensions, crack dimensions, etc. etc.). 
 
The general conclusion of this thesis is that many more additional research is required. A lot has already 
been investigated and concluded, but no comprehensive conclusion incorporating cracks in any 
geometry has yet been made. This thesis is a step into this process. In additional research, continuing 
this work, the numerical (and possibly also the experimental) work should be expanded by varying more 
parameters in combination with the crack length like crack depth, depth ratio, side-crack or end-crack, 
and also the beam dimensions. All this should aid into establishing a general design rule that can be 
used by structural engineers when dealing with cracks in wood, e.g. in existing structures. 
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Appendix A – Moment of inertia of cracked cross-sections 
 

 
Figure A.1 – Cross-section wi th a crack of  depth dc  and width tc   

 
First, the line of gravity is determined and expressed in the distance from the bottom side z: 
 

 (A.1) 

 
The cross-sectional area A is: 
 

 (A.2) 

 
The first moment of area S is: 
 

  

  

  

  

 (A.3) 

 
Combining (A.1), (A.2) and (A.3) leads to an expression for z: 
 

 (A.4) 

 
Next, the moment of inertia using Steiner’s rule is formulated: 
 

  

  (A.5) 
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Consequently, realistic values for tc, beff, and yc. are assumed. In the experimental work of this thesis tc 
is about equal to 0.01h due to the saw blade and beff is more or less b/4. Finally, loss of material away 
from the line of gravity will have a larger negative effect on the moment of inertia; for yc a value of 0.1h 
is chosen. These values are inserted into (A.5), leading to an expression in terms of b, h, and z: 
 

0.1
.

0.1 0.01 0.1
.

0.01

0.01 0.1 0.01 0.1 0.01 0.1   (A.6) 

 
The expression for the line of gravity (A.4) becomes: 
 

.
, .

,
 (A.7) 

 
This leads to a value of the moment of inertia of: 
 

,

39.937
79,000 , ,

39.937
79,000

0.1
.

0.01

0.01 0.1
39.937
79,000

0.01 0.1 0.01 0.1   

,

35,987
79,000 , ,

b
31,642
79,000

3,908
79,000

  

0.0822   
 
Comparing this to the moment of inertia of an uncracked rectangle yields:  
 

0.0833 					→ 					
.

.
98.6%  

 
So, when using the moment of inertia of a rectangle for the cross-section in Figure A.1 using the 
assumed values, an overestimation of about 1.4% is made. When tc is even smaller (tc << h), this 
percentage will go to 0. 
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Appendix B – Analytical models crack cases Franke et al. (2016) 
 
Franke et al. (2016) provide expressions for the stiffness, bending capacity, and shear capacity of the 
first four of the six crack geometries (Figure B.1). Below, these are derived based on beam theory and 
checked with the expressions provided by Franke et al. (some anomalies are found). 
 

 
Figure B.1 – Six crack geometr ies defined by Franke et al.  (2016); crack cases 1 to 6  

 
Case 1: No crack (reference) 
The expressions for the reference case are only applicable for the specific test case of Franke et al. 
(2016): a simply supported prismatic rectangular beam loaded by a point load at mid-span (three-point 
bending test) which is the same test setup as used in this master’s thesis. 
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With: 

 Young’s modulus [N/mm2] 

,  bending strength [N/mm2] 

 shear strength [N/mm2] 

 
 
Case 2: Horizontal split (through crack)  
Beams of case 2 present a horizontal split (ℓcrack = L and dcrack = b). As the crack is through-and-through,  
no stresses can be transferred between the separate beam parts (assuming no friction). The depth ratio 
 is shown in Figure B.2. The expressions for the stiffness and strength are derived below.  
 

 
Figure B.2 – Cross-section of beam with horizontal  spl i t  (crack case 2) 
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1  (B.4) 

 
With: 

 depth ratio of the split according to Figure B.2, with  distance from bottom of the beam to the split 

 
Note that the moments of inertia of both beam parts are summed up in (B.4). Next, the bending capacity 
is determined using the moment of inertia derived in (B.4): 
 

,
∙ , ∙ , ∙ ,  (B.5) 

 
With: 

 depth ratio of the split according to Figure B.2, with  distance from bottom of the beam to the split 

 
And, consequently, the shear capacity is determined: 
 

	 , 	 , 	 ∙ , 	 , 	  (B.6) 

  
With: 

 depth ratio of the split according to Figure B.2, with  distance from bottom of the beam to the split 

 
Expression (B.4)-(B.6) can be expressed in terms of the reference values (B.1)-(B.3): 
 

1  with   (B.7) 

 

, ,  with ,
,

  (B.8) 

 

, 	 ,  with ,   (B.9) 

 
Note that (B.8) and (B.9) do not apply for a depth ratio  larger than 0.5. The factor should have the 

same value for  and 1 –  due to symmetrical stress distribution, but this is not true. For this to be true, 
the depth ratio is updated for (B.8) and (B.9): 
 

											for	α 0.5

1 			for	α 0.5
					→ 					 0.5 0.5  (B.10) 

 

 
Figure B.3 – Residual st i f fness and strength plot ted against   (Franke et al . ,  2016) 
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By taking the derivative of (B.7), (B.8), and (B.9), the critical values for the depth ratio of the horizontal 
split can be found. Figure B.3 shows the reductions in stiffness and strength for crack case 2. Note from 

the right diagram of Figure B.3 that fv,2 is equal to fref (also Fv,2 = Fv,ref) for  = 0.5. 
 
 
Case 3: Through crack (ℓc < L) 
In the expression for the bending stiffness (B.11) the crack length ℓc is taken into account and multiplied 

by the inverse of factor (3 + (1 – )3) which is the same factor as used in (B.4) taking into account 
the reduced moment of inertia. Factor kecc is introduced to account for the relevance of the crack to the 
stress distribution. End cracks contribute more to the stiffness reduction than cracks at the side of the 
beam. The expression for K3 is in good correlation with the results of the experiments carried out by 
Franke et al. (2016) and cannot be derived analytically. 
 

3 1 3 1	
 with  (B.11) 

 
With: 
,  beam and crack length resp. [mm] 
 crack position with respect to beam depth [mm] 

 1.0 for “long” end cracks with lc/L > 0.25, 0.3 for “short” end cracks with lc/L ≤ 0.25, and 0.1 otherwise (side cracks) 

 
The bending- and shear capacity of the cracked part are similar to crack case 2 (horizontal split), only 
now it is possible for the maximum bending moment or shear force to not be acting on the cracked part 
of the beam. Therefore, the capacities of the cracked part of the beam are multiplied by a bending 
moment or shear ratio: 
  

, , ,
,

,
 with ,

,
 (B.12) 

 

, , ,
,

,
 with ,  (B.13) 

 
With: 

 0.5 0.5  depth ratio of the crack, with  distance from bottom of the beam to the crack 

,  maximum moment in the cracked part [Nmm] 

,  maximum moment in the whole beam [Nmm] 

,  maximum shear force in the cracked part [N] 

,  maximum shear force in the whole beam [N] 

 

Again, the depth ratio  is updated by expression (B.10) for the bending and shear capacity. In addition, 
in Franke et al.’s report, the moment and shear ratio are calculated by the max. force in the beam (ref) 
by the maximum force in the cracked part (crack). In (B.12) and (B.13), however, this ratio is inverted 
since when for example a lower bending moment is present in the cracked part than the maximum 
bending moment of the beam, a larger action force F must be applied for the cracked section to reach 
the critical moment. Hence, Mmax,ref / Mmax,crack. 
 
Expression (B.12) and (B.13) only apply for the cracked part of the beam. The shear and bending 
capacity of the entire beam (crack case 3) can be expressed as: 
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, min , ,
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,
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,

,
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 (B.15) 

 
 

Case 4: Non-through crack (ℓc < L and dc < b) 
During the cross-section analysis (Chapter 2.2.1) was already proven that a non-through crack does 
not influence the bending stiffness nor bending capacity of a beam when assuming the moment of 
inertia is not influenced by the crack, which is true when the crack width is negligible (tc << h) (Appendix 
A). 
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For the shear capacity of the cracked cross-section, the analytical solution is provided below. For the 
derivation, Figure B.4 is used. 
 

,
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, , .
  with ,  (B.18) 

 
With: 

 0.5 0.5  depth ratio of the crack, with  distance from bottom of the beam to the crack 
 

 
Figure B.4 – Cross-section crack case 4: non-through crack 

 

The depth ratio  does not necessarily need to be updated to expression (B.10). In addition, since the 
crack length is shorter than the beam length, the shear capacity of the cracked part of the beam is: 
 

, , , .
,

,
 (B.19) 

 
With:  

 0.5 0.5  depth ratio of the crack, with  distance from bottom of the beam to the crack 

 
And, consequently: 
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Appendix C – Preparation of the glulam beams 
 
In this appendix, the preparation of the test objects is documented. As the original glued laminated 
beams that were encountered in the climate chamber were rather large (70 x 550 x 2000 mm, Figure 
C.1), several saw actions were carried out to obtain the dimensions prescribed in the previous chapter.  
 

 
Figure C.1 – Original  glulam beams: 70 x 550 x 2000 mm (b x h x L) 

 
During the first saw action, the 14 original beams were sawn in half in longitudinal direction (Figure C.2). 
This would lead to 28 beams of the desired dimensions; amongst others with a depth of about 275 
millimeter (some material is lost due to the thickness of the saw blade). 
 

 
Figure C.2 – Glulam beams after f i rst saw action: 70 x ±275 x 2000 mm (b x h x L) 

 
During the second saw action, the artificial cracks were created. This was eventually divided into several 
steps, as after every test series an evaluation would take place possibly leading to some alterations of 
the testing procedure. Figure C.3 shows the specimens of test series 1 equipped with crack of 0.25L. 
 

 
Figure C.3 – Test series 1: beams equipped wi th crack of 500 mm in length 
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Figure C.4 – Crack depth of 50 mil l imeters; beam width of 70 mil l imeters 

 
In correspondence with Chapter 4.1, the saw cut would be 50 millimeters deep (Figure C.4). After each 
saw action, the specimens were stored back into the climate chamber to preserve their moisture content 
(Figure C.5). 
 

 
Figure C.5 – After sawing, al l  specimens are stored in the cl imate chamber 
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Appendix D – Experimental research: individual results 
 
D.1 Test series 0 (crack length = 0 mm) 
 
Test series 0, Beam 1 
 
Table D.1.1 – Beam character ist ics and test resul ts of  beam 1 (series 0) 

Dimension  Value  Parameter Result 
Beam length L 1996 mm Critical load Fcrit 77.8 kN 
Beam depth d 274 mm Displacement mid,crit 14.6 mm 
Beam width b 70 mm Young’s modulus E 9,707 MPa 
    
Crack length ℓc n/a Test duration ttest 47:24 min 
Crack depth dc n/a Failure type bending 
Crack width tc n/a   
Bottom to crack yc n/a Torsion  0.06 ° 

 
The first test by far has taken the longest time until failure due to plastic deformation of the steel plate 
(Figure D.1.2). The plate’s thickness was insufficient which led to plastic behavior and a slow increase 
of the acting load as the displacement of the hydraulic jack was partly cancelled out by the deformation 
of the steel plate. 
 
The critical load exceeded the estimated value (Chapter 3) by 24%, but the capacity of the hydraulic 
jack was still sufficient. Also, the beam failed by the expected loading, namely bending (Figure D.1.1). 
After this test a thicker steel plate was used for the remaining test which would not deform plastically. 
 

          
Figure D.1.1 – Crack pattern 

beam 1 (series 0) 
Figure D.1.2 – Plast ic 

deformation of  steel  plate 
Figure D.1.3 – Force-

displacement curve beam 1 (S0) 
 
 
Test series 0, Beam 2 
 
Table D.1.2 – Beam character ist ics and test resul ts of  beam 2 (series 0) 

Dimension  Value  Parameter Result 
Beam length L 2003 mm Critical load Fcrit 77.3 kN 
Beam depth d 274 mm Displacement mid,crit 11.1 mm 
Beam width b 70 mm Young’s modulus E 10,897 MPa 
    
Crack length ℓc n/a Test duration ttest 32:31 min 
Crack depth dc n/a Failure type bending 
Crack width tc n/a   
Bottom to crack yc n/a Torsion  0.65 ° 

 
As shown in Figure D.1.5, the thicker steel plate did not deform plastically during this test. Also, the test 
duration is significantly shorter than for the beam 1 of this test series. 
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Figure D.1.4 – Beam 2 fai led in 

bending 
Figure D.1.5 – Test setup with 

thicker steel plate 
Figure D.1.6 – Force-

displacement curve beam 2 (S0) 
 
 
Test series 0, Beam 3 
 
Table D.1.3 – Beam character ist ics and test resul ts of  beam 3 (series 0) 

Dimension  Value  Parameter Result 
Beam length L 2002 mm Critical load Fcrit > 85.9 kN 
Beam depth d 275 mm Displacement mid,crit > 12.9 mm 
Beam width b 70 mm Young’s modulus E 10,279 MPa 
    
Crack length ℓc n/a Test duration ttest 40:12 min 
Crack depth dc n/a Failure type no failure 
Crack width tc n/a   
Bottom to crack yc n/a Torsion  0.38 ° 

 
The third beam of test series 0 turned out to be significantly stronger than the previous two beams. The 
capacity of the hydraulic jack even turned out be insufficient so no failure occurred. This test was 
therefore utilized to see if any permanent displacement (plasticity) had occurred under the acting load. 
In the force-displacement curve (Figure D.1.9) is visible that after unloading some residual displacement 
(0.83 mm) remains and thus some plastic behavior has occurred. 
 

         
Figure D.1.7 – Test setup of the 

uncracked beam 3 (S0) 
Figure D.1.8 – Capacity of  the 

jack reached at 85.9 kN 
Figure D.1.9 – Force-

displacement curve beam 3 (S0) 
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Test series 0, Beam 4 
 
Table D.1.4 – Beam character ist ics and test resul ts of  beam 4 (series 0) 

Dimension  Value  Parameter Result 
Beam length L 2001 mm Critical load Fcrit 72.7 kN 
Beam depth d 274 mm Displacement mid,crit 9.9 mm 
Beam width b 70 mm Young’s modulus E 10,969 MPa 
    
Crack length ℓc n/a Test duration ttest 25:47 min 
Crack depth dc n/a Failure type bending 
Crack width tc n/a   
Bottom to crack yc n/a Torsion  0.35 ° 

 

         
Figure D.1.10 – Beam 4 (S0) 

pr ior to test ing 
Figure D.1.11 – Crack pattern 

beam 4 (S0) 
Figure D.1.12 – Force-

displacement curve beam 4 (S0) 
 
 
Test series 0, Beam 5 
 
Table D.1.5 – Beam character ist ics and test resul ts of  beam 5 (series 1) 

Dimension  Value  Parameter Result 
Beam length L 1997 mm Critical load Fcrit 79.8 kN 
Beam depth d 273 mm Displacement mid,crit 12.7 mm 
Beam width b 70 mm Young’s modulus E 9,925 MPa 
    
Crack length ℓc n/a Test duration ttest 36:46 min 
Crack depth dc n/a Failure type bending 
Crack width tc n/a   
Bottom to crack yc n/a Torsion  0.34 ° 

 
In beam 5, a knot was present at mid-span in the lower lamella (Figure D.1.14). Even though this is a 
weak spot, bending failure occurred at 79.8 kN (which is a higher value than for beams 1, 2, and 4). 
 

          
Figure D.1.13 – Crack pattern 

beam 5 (S0) 
Figure D.1.14 – Rupture of the 

f ibers (bottom side) 
Figure D.1.15 – Force-

displacement curve beam 5 (S0) 
 

0

15

30

45

60

75

90

0 3 6 9 12 15

F [kN]

 [mm]

0

15

30

45

60

75

90

0 3 6 9 12 15

F [kN]

 [mm]



Research report 

 

120  
 

D.2 Test series 1 (crack length = 500 mm) 
 
Test series 1, Beam 1 
 
Table D.2.1 – Beam character ist ics and test resul ts of  beam 1 (series 1) 

Dimension  Value  Parameter Result 
Beam length L 2000 mm Critical load Fcrit 62.1 kN 
Beam depth d 275 mm Displacement mid,crit 9.4 mm 
Beam width b 70 mm Young’s modulus E 9,770 MPa 
    
Crack length ℓc 499 mm Test duration ttest 23:35 min 
Crack depth dc 49 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 136 mm Torsion  0.20 ° 

 
The first beam of test series 1 failed in shear as it was supposed to. In Figure D.2.1 is shown that the 
crack propagates along the annual rings (RT-direction). In longitudinal direction, only a small 
propagation of the crack is found (Figure D.2.2). 
 

          
Figure D.2.1 – Crack 

propagating along annual r ings 
Figure D.2.2 – Small  crack t ip 

propagation ( front s ide) 
Figure D.2.3 – Force-

displacement curve beam 1 (S1) 
 
 
Test series 1, Beam 2 
 
Table D.2.2 – Beam character ist ics and test resul ts of  beam 2 (series 1) 

Dimension  Value  Parameter Result 
Beam length L 1997 mm Critical load Fcrit 66.2 kN 
Beam depth d 273 mm Displacement mid,crit 10.3 mm 
Beam width b 70 mm Young’s modulus E 9,753 MPa 
    
Crack length ℓc 499 mm Test duration ttest 26:36 min 
Crack depth dc 48 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 134 mm Torsion  0.17 ° 

 
Analyzing the crack pattern of beam 2 (test series 1), a similar crack growth direction is found in lateral 
direction (RT, Figure D.2.4) as well as in longitudinal direction. Only now a longer crack propagation in 
L-direction has occurred (Figure D.2.5). Note that in Figure D.2.5 the crack is not horizontal, but goes 
up slightly. This is due to the orientation of the annual rings. 
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Figure D.2.4 – Crack pattern 

(back side) beam 2 (S1) 
Figure D.2.5 – Larger crack t ip 

propagation ( front s ide) 
Figure D.2.6 – Force-

displacement curve beam 2 (S1) 
 
 
Test series 1, Beam 3 
 
Table D.2.3 – Beam character ist ics and test resul ts of  beam 3 (series 1) 

Dimension  Value  Parameter Result 
Beam length L 2003 mm Critical load Fcrit 67.5 kN 
Beam depth d 276 mm Displacement mid,crit 10.5 mm 
Beam width b 70 mm Young’s modulus E 9,281 MPa 
    
Crack length ℓc 499 mm Test duration ttest 28:03 min 
Crack depth dc 48 mm Failure type bending 
Crack width tc 4 mm   
Bottom to crack yc 134 mm Torsion  0.17 ° 

 
Beam 3 (series 1) failed in bending and no crack propagation was observed. The bending failure 
occurred at a knot in the lower lamella (Figure D.2.7) leading to a large crack pattern (Figure D.2.8). 
Around a deformation of 9 millimeters, the specimen would already make some cracking noises, but no 
failure was observed. What was observed however, was a slight relapse of the load (not visible in Figure 
D.2.9). 
 

          
Figure D.2.7 – Fai lure at  knot in 

the lowest lamel la 
Figure D.2.8 – Large crack 

pattern after fa i lure in bending 
Figure D.2.9 – Force-

displacement curve beam 3 (S1) 
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Test series 1, Beam 4 
 
Table D.2.4 – Beam character ist ics and test resul ts of  beam 4 (series 1) 

Dimension  Value  Parameter Result 
Beam length L 2000 mm Critical load Fcrit 69.2 kN 
Beam depth d 273 mm Displacement mid,crit 11.1 mm 
Beam width b 70 mm Young’s modulus E 9,587 MPa 
    
Crack length ℓc 499 mm Test duration ttest 27:43 min 
Crack depth dc 48 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 134 mm Torsion  0.31 ° 

 
Beam 4 failed in shear. The crack direction is in accordance with previous test (Figure D.2.10), though 
no propagation at the crack tip was observed (Figure D.2.11). At the back side of the beam, the crack 
did propagate however. 
 

          
Figure D.2.10 – Shear fai lure at  

the reduced cross-section 
Figure D.2.11 – No crack t ip 

propagation 
Figure D.2.12 – Force-

displacement curve beam 4 (S1) 
 
 
Test series 1, Beam 5 
 
Table D.2.5 – Beam character ist ics and test resul ts of  beam 5 (series 1) 

Dimension  Value  Parameter Result 
Beam length L 2001 mm Critical load Fcrit 51.4 kN 
Beam depth d 273 mm Displacement mid,crit 8.0 mm 
Beam width b 70 mm Young’s modulus E 9,306 MPa 
    
Crack length ℓc 500 mm Test duration ttest 20:12 min 
Crack depth dc 49 mm Failure type bending 
Crack width tc 4 mm   
Bottom to crack yc 135 mm Torsion  0.00 ° 

 
The final beam of series 1 again failed in bending and no propagation of the initial crack was observed. 
The beam failed at a comparably very low load of 51.4 kN. The failure in bending raised the question 
whether some alterations of the test procedure were necessary.  
 
To check this, test series 4 was tested next, to investigate whether the beams of the (expected) weakest 
test series would possible fail in bending. This did not happen and no alterations were made. This turned 
out to be a correct decision as all the beams of test series 2-4 failed in shear including crack 
propagation. 
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Figure D.2.13 – Bending fai lure 

at  mid-span (front s ide) 
Figure D.2.14 – Bending fai lure 

(back side) 
Figure D.2.15 – Force-

displacement curve beam 5 (S1) 
 
 
D.3 Test series 2 (crack length = 1000 mm) 
 
Test series 2, Beam 1 
 
Table D.3.1 – Beam character ist ics and test resul ts of  beam 1 (series 2) 

Dimension  Value  Parameter Result 
Beam length L 2001 mm Critical load Fcrit 62.8 kN 
Beam depth d 274 mm Displacement mid,crit 8.6 mm 
Beam width b 70 mm Young’s modulus E 10,717 MPa 
    
Crack length ℓc 1002 mm Test duration ttest 21:54 min 
Crack depth dc 49 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 135 mm Torsion  0.23 ° 

 
The beam initially showed some minor damage at its top side (Figure D.3.2) which is expected to have 
a negligible effect on the critical load.  
 

          
Figure D.3.1 – Crack growth 

direct ion alters near glue l ine 
Figure D.3.2 – Small  cracks near 

top side prior to test ing 
Figure D.3.3 – Force-

displacement curve beam 1 (S2) 
 
 
Test series 2, Beam 2 
 
The crack direction of this beam is almost perfectly horizontal, however in lateral direction the crack 
does not follow the RT-direction but propagates in the TR-direction (perp. to the annual rings). What 
leads to such a crack pattern is unclear. Perhaps the almost vertical direction of the annual rings makes 
is hard for the crack to propagate in a direction of decreasing shear stress. 
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Table D.3.2 – Beam character ist ics and test resul ts of  beam 2 (series 2) 

Dimension  Value  Parameter Result 
Beam length L 2001 mm Critical load Fcrit 44.3 kN 
Beam depth d 273 mm Displacement mid,crit 8.1 mm 
Beam width b 70 mm Young’s modulus E 8,013 MPa 
    
Crack length ℓc 1001 mm Test duration ttest 18:59 min 
Crack depth dc 49 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 136 mm Torsion  0.19 ° 

 

          
Figure D.3.4 – Crack not 

fol lowing annual r ings 
Figure D.3.5 – Crack (red) 

growing in longi tudinal  di rect ion 
Figure D.3.6 – Force-

displacement curve beam 2 (S2) 
 
 
Test series 2, Beam 3 
 
Table D.3.3 – Beam character ist ics and test resul ts of  beam 3 (series 2) 

Dimension  Value  Parameter Result 
Beam length L 1999 mm Critical load Fcrit 55.8 kN 
Beam depth d 271 mm Displacement mid,crit 9.1 mm 
Beam width b 70 mm Young’s modulus E 9,397 MPa 
    
Crack length ℓc 1001 mm Test duration ttest 22:17 min 
Crack depth dc 49 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 135 mm Torsion  0.13 ° 

 
A peculiar crack pattern is found at the beam end (Figure D.3.7); the crack does not propagate from the 
crack tip.  
 

           
Figure D.3.7 – Pecul iar crack 

growth direct ion 
Figure D.3.8 – No visible 

damage at f ront s ide 
Figure D.3.9 – Force-

displacement curve beam 3 (S2) 
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Test series 2, Beam 4 
 
Table D.3.4 – Beam character ist ics and test resul ts of  beam 4 (series 2) 

Dimension  Value  Parameter Result 
Beam length L 1999 mm Critical load Fcrit 54.3 kN 
Beam depth d 273 mm Displacement mid,crit 8.2 mm 
Beam width b 70 mm Young’s modulus E 9,840 MPa 
    
Crack length ℓc 998 mm Test duration ttest 22:13 min 
Crack depth dc 49 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 135 mm Torsion  0.31 ° 

 
The crack initially follows the annual rings, but as the crack part wants to slide of the second crack has 
probably initiated (Figure D.3.10). 
 

            
Figure D.3.10 – After f i rst  crack 

growth (along annual  r ings) 
another crack ini t iated due to the 

act ing shear force 

Figure D.3.11 – Large relat ive 
crack face displacement 

(compared to the other tests) 

Figure D.3.12 – Force-
displacement curve beam 4 (S2) 

 
 
Test series 2, Beam 5 
 
Table D.3.5 – Beam character ist ics and test resul ts of  beam 5 (series 2) 

Dimension  Value  Parameter Result 
Beam length L 2000 mm Critical load Fcrit 49.4 kN 
Beam depth d 273 mm Displacement mid,crit 8.4 mm 
Beam width b 70 mm Young’s modulus E 8,825 MPa 
    
Crack length ℓc 1000 mm Test duration ttest 19:51 min 
Crack depth dc 49 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 135 mm Torsion  0.19 ° 

 
Due to the curvature of the annual rings in the middle lamella, the upper part wants to move outward. 
Since the annual rings of the lamella below are about perpendicular to the annual rings of the middle 
lamella, the crack pattern of Figure D.3.13 occurs. In Figure D.3.14 is shown that only a small part close 
to the beam end moves outward; the rest of the crack follows the L-direction. 
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Figure D.3.13 – Crack not 

fol lowing annual r ings, due to 
their orientat ion 

Figure D.3.14 – Only small  
port ion of lower lamel la has 

fai led, rest of crack somewhat 
fol lows the glue l ine 

Figure D.3.15 – Force-
displacement curve beam 5 (S2) 

 
 
D.4 Test series 3 (crack length = 1500 mm) 
 
Test series 3, Beam 1 
 
Table D.4.1 – Beam character ist ics and test resul ts of  beam 1 (series 3) 

Dimension  Value  Parameter Result 
Beam length L 1999 mm Critical load Fcrit 40.0 kN 
Beam depth d 275 mm Displacement mid,crit 6.2 mm 
Beam width b 70 mm Young’s modulus E 9,232 MPa 
    
Crack length ℓc 1497 mm Test duration ttest 17:34 min 
Crack depth dc 50 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 136 mm Torsion  0.70 ° 

 

          
Figure D.4.1 – Crack pattern at 

the beam end 
Figure D.4.2 – In L-direct ion, 

crack is fol lowing the glue l ine 
Figure D.4.3 – Force-

displacement curve beam 1 (S3) 
 
 
Test series 3, Beam 2 
 
Table D.4.2 – Beam character ist ics and test resul ts of  beam 2 (series 3) 

Dimension  Value  Parameter Result 
Beam length L 2000 mm Critical load Fcrit 46.4 kN 
Beam depth d 274 mm Displacement mid,crit 7.3 mm 
Beam width b 70 mm Young’s modulus E 9,247 MPa 
    
Crack length ℓc 1497 mm Test duration ttest 20:41 min 
Crack depth dc 49 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 136 mm Torsion  0.72 ° 
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The beam was showed some minor damage prior to testing (Figure D.4.5). This is supposed to have a 
negligible effect on the results. 
 
Like beam 3 of series 2, the crack at the beam end does not grow from the crack tip. 
 

          
Figure D.4.4 – Thin annual r ings 

of  beam 2 (S3) 
Figure D.4.5 – Damage at top 

side of  beam 
Figure D.4.6 – Force-

displacement curve beam 2 (S3) 
 
 
Test series 3, Beam 3 
 
Table D.4.3 – Beam character ist ics and test resul ts of  beam 3 (series 3) 

Dimension  Value  Parameter Result 
Beam length L 1998 mm Critical load Fcrit 64.7 kN 
Beam depth d 272 mm Displacement mid,crit 10.0 mm 
Beam width b 70 mm Young’s modulus E 10,068 MPa 
    
Crack length ℓc 1493 mm Test duration ttest 28:24 min 
Crack depth dc 48 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 135 mm Torsion  0.91 ° 

 

          
Figure D.4.7 – Crack direct ion 

near knot at  beam end 
Figure D.4.8 – Crack branching? Figure D.4.9 – Force-

displacement curve beam 3 (S3) 
 
 
Test series 3, Beam 4 
 
Again, at the beam end, the crack grows from the crack face instead of the crack tip (Figure D.4.10).  
 
During testing, the crack faces are moving towards each other. The original gap, caused by the 
thickness of the saw blade, is closed. This, however, leads to a small bending moment which, in this 
beam, led to a small crack in TR-direction (Figure D.4.11). 
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Table D.4.4 – Beam character ist ics and test resul ts of  beam 4 (series 3) 

Dimension  Value  Parameter Result 
Beam length L 1998 mm Critical load Fcrit 47.5 kN 
Beam depth d 273 mm Displacement mid,crit 6.7 mm 
Beam width b 70 mm Young’s modulus E 10,492 MPa 
    
Crack length ℓc 1497 mm Test duration ttest 19:27 min 
Crack depth dc 50 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 135 mm Torsion  0.91 ° 

 

          
Figure D.4.10 – Pecul iar crack 

pattern at  beam end 
Figure D.4.11 – Crack ini t iated 

due to crack faces moving 
towards each other 

Figure D.4.12 – Force-
displacement curve beam 4 (S3) 

 
 
Test series 3, Beam 5 
 
Table D.4.5 – Beam character ist ics and test resul ts of  beam 5 (series 3) 

Dimension  Value  Parameter Result 
Beam length L 1997 mm Critical load Fcrit 42.5 kN 
Beam depth d 274 mm Displacement mid,crit 6.8 mm 
Beam width b 70 mm Young’s modulus E 9,289 MPa 
    
Crack length ℓc 1497 mm Test duration ttest 19:04 min 
Crack depth dc 49 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 135 mm Torsion  0.76 ° 

 
Before failure of the beam some cracking noises were heard. Some damage did occur before final 
failure since the final branch of the force-displacement diagram is about horizontal and the force even 
relapses somewhat. 
 

          
Figure D.4.13 – Crack pattern 

after fai lure 
Figure D.4.14 – Test setup beam 

5 (S3), ℓc r a c k  = 0.75L 
Figure D.4.15 – Force-

displacement curve beam 5 (S3) 
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D.5 Test series 4 (crack length = beam length = 2000 mm) 
 
Test series 4, Beam 1 
 
Table D.5.1 – Beam character ist ics and test resul ts of  beam 1 (series 4) 

Dimension  Value  Parameter Result 
Beam length L 2000 mm Critical load Fcrit 36.7 kN 
Beam depth d 273 mm Displacement mid,crit 6.3 mm 
Beam width b 70 mm Young’s modulus E 8,651 MPa 
    
Crack length ℓc 2000 mm Test duration ttest 17:38 min 
Crack depth dc 49 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 135 mm Torsion  0.66 ° 

 
As the crack length equals the beam length in this test series, both beam ends are presenting an initial 
crack. After testing, only one beam end showed crack propagation (Figure D.5.2). 
 

          
Figure D.5.1 – One beam end 

shows no cracks 
Figure D.5.2 – Crack 

propagating in L-direct ion 
Figure D.5.3 – Force-

displacement curve beam 1 (S4) 
 
 
Test series 4, Beam 2 
 
Table D.5.2 – Beam character ist ics and test resul ts of  beam 2 (series 4) 

Dimension  Value  Parameter Result 
Beam length L 1998 mm Critical load Fcrit 44.1 kN 
Beam depth d 273 mm Displacement mid,crit 7.5 mm 
Beam width b 70 mm Young’s modulus E 8,671 MPa 
    
Crack length ℓc 1998 mm Test duration ttest 20:12 min 
Crack depth dc 48 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 135 mm Torsion  0.73 ° 

 
As the annual rings in the middle lamella are almost vertical and curve slightly always from the side of 
the cross-section, the RT-direction is not followed during crack growth. Instead, the TR-direction is 
followed leading to the crack pattern of Figure D.5.4. 
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Figure D.5.4 – Most ly “vert ical” 
annual  r ings leading to speci f ic 

crack pattern 

Figure D.5.5 – Resin pockets 
near saw cut 

Figure D.5.6 – Force-
displacement curve beam 2 (S4) 

 
 
Test series 4, Beam 3 
 
Table D.5.3 – Beam character ist ics and test resul ts of  beam 3 (series 4) 

Dimension  Value  Parameter Result 
Beam length L 2000 mm Critical load Fcrit 48.2 kN 
Beam depth d 273 mm Displacement mid,crit 8.6 mm 
Beam width b 70 mm Young’s modulus E 8,760 MPa 
    
Crack length ℓc 2000 mm Test duration ttest 22:39 min 
Crack depth dc 48 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 135 mm Torsion  0.64 ° 

 
In lateral direction, the crack propagates from the crack face instead of the tip (which happened several 
times already). In addition, after first following the annual rings (RT-direction), the crack follows the glue 
line. 
 
Before failure, several cracking noises were already observed, which can be recognized by the final 
part of the force-displacement curve (Figure D.5.9) being more horizontal. 
 

          
Figure D.5.7 – Crack pattern;  not 

propagating from crack “ t ip” 
Figure D.5.8 – Sl iding of  the 

crack faces at fai lure 
Figure D.5.9 – Force-

displacement curve beam 3 (S4) 
 
 
Test series 4, Beam 4 
 
From the beam end (Figure D.5.10) it can be seen that the crack first follows the RT-direction deep into 
the lamella below, but since these lamellas are nearly vertical and thus no propagation to the edge of 
the cross-section is possible, it finds another path of lesser resistance and branches out in TR-direction. 
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Table D.5.4 – Beam character ist ics and test resul ts of  beam 4 (series 4) 

Dimension  Value  Parameter Result 
Beam length L 1996 mm Critical load Fcrit 43.0 kN 
Beam depth d 273 mm Displacement mid,crit 7.3 mm 
Beam width b 70 mm Young’s modulus E 9,122 MPa 
    
Crack length ℓc 1996 mm Test duration ttest 20:06 min 
Crack depth dc 48 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 135 mm Torsion  0.86 ° 

 

          
Figure D.5.10 – Crack branching 

at beam end (other beam end 
uncracked) 

Figure D.5.11 – Crack 
propagation in L-direct ion 

Figure D.5.12 – Force-
displacement curve beam 4 (S4) 

 
 
Test series 4, Beam 5 
 
Table D.5.5 – Beam character ist ics and test resul ts of  beam 5 (series 4) 

Dimension  Value  Parameter Result 
Beam length L 2000 mm Critical load Fcrit 41.6 kN 
Beam depth d 273 mm Displacement mid,crit 6.2 mm 
Beam width b 70 mm Young’s modulus E 9,760 MPa 
    
Crack length ℓc 2000 mm Test duration ttest 17:31 min 
Crack depth dc 48 mm Failure type shear 
Crack width tc 4 mm   
Bottom to crack yc 135 mm Torsion  0.72 ° 

 
The crack growth direction at the beam end is peculiar. The crack first moves upward (RT) before 
moving towards the edge (TR), while in all the other test crack propagation in downward direction was 
found due to compression perp. to grain at the supports. 
 

          
Figure D.5.13 – Crack 
propagating upwards 

Figure D.5.14 – Minor in i t ial  
damage near bottom side 

Figure D.5.15 – Force-
displacement curve beam 5 (S4) 
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Appendix E – Maximum stress failure criterion 
 
Below, the unity checks of the individual loading types are checked according to the maximum stress 
failure criterion implemented in Abaqus. A contour is plotted over the beam from dark blue (U.C. = 0) to 
red (U.C. = 1). In the gray areas the unity check is exceeded. The following stress values (and their 
corresponding figure number) are used: 
 
- Bending strength fm,y  = 20 MPa Figure E.1 
- Shear strength fv  = 1.90 MPa  Figure E.2 
- Tension perp. to grain ft,90  = 0.02 MPa  Figure E.3 
- Compr. perp. to grain fc,90  = 2.50 MPa  Figure E.4 

 
The beam is loaded by a point load of 50 kN. 
 

 
Figure E.1 – Maximum stress fai lure cri ter ion: tension + compression paral lel  to grain fm , y  = 20 MPa 

 
 

 
Figure E.2 – Maximum stress fai lure cri ter ion: shear fv  = 1.90 MPa  

(corresponds to theoretical  shear distr ibut ion at mid-depth) 
 
 

 
Figure E.3 – Maximum stress fai lure cri ter ion: tension perp. to grain f t , 9 0  = 0.02 MPa 

 (“ largest” stress (at upper corners) is 0.066 MPa) 
 
 

 
Figure E.4 – Maximum stress fai lure cri ter ion: compression perp. to grain fc , 9 0 = 2.50 MPa 

( largest stress (at loading plate) is 3.75 MPa) 
 
 




