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Abstract

Introducing a large hole into a load-bearing timber beam causes stress concentrations in the hole
vicinity. Tensile stress perpendicular to the grain presents a particular crack initiation and propagation
risk. Unfortunately, beam design with holes is not integrated into the current Eurocode 5, even though
research has proven that reinforcement can prevent premature failure of holes with a diameter up to
40 % of beam height. This thesis has addressed even bigger holes by analyzing the fracture behavior of
holes constituting 57 % of beam height. Four glulam beam experiments utilizing a standard four-point
bending setup, each with two consecutive large circular cavities within the shear and moment region.
Two of the beams had glued-on plywood reinforcement. High-resolution images got captured utilizing
a dual-camera Digital Image Correlation (DIC) setup to study displacement fields in an area surrounding
the holes. In addition, the ACDM tool automatically detected cracks by DIC-data, which enabled the
computing of the crack length in MATLAB. Moreover, a Finite Element (FE) model was created in
ABAQUS with cohesive layers to apply non-linear fracture mechanics considerations to the model, with
a bilinear traction-separation behavior.

The analysis of the two unreinforced beams uncovers crack initiation to begin at the hole closest to
the support, at an approximate inclination of 45°, caused by tension perpendicular to the grain. The
two reinforced specimens did not experience crack development near holes, and failure was due to
tensile bending in the middle of the beams. The numerical FE-analysis overestimates capacity when
using an initial, literature-based guess of parameters, and subsequently, cracks initiate at a later
loading stage compared to the experiments. Although this is not validated, reducing crack initiation
capacity in fracture modes | and Il will reduce the difference between model and experiments.
Therefore, a model-updating procedure is suggested based on a stochastic optimization algorithm
identifying the error between the model's DIC-measured strain-field points and crack length. More
research is necessary to validate the proposed procedure and larger sample sizes to conclude if
reinforcement of large holes can retain its strength as if the beams would have been intact.
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1 Introduction

1.1 Background

Timber is a material with many advantages that exist in proximity in most areas of Europe. It is usually
a short distance from the logging site to the building location. Its high strength-to-weight ratio is an
important property to consider in structural design. Additionally, timber is a renewable and
sustainable material with versatile usages and has a low energy demand. However, wood is complex
in structural design due to its heterogeneous anisotropic properties such as knots, curvature, and
growth rings. Natural phenomena such as moisture also significantly affect its strength and longevity.

Resistance to forces perpendicular to the grain is one of timber’s weaknesses, particularly tension
stress and shear. Cracks along grain direction account for approximately 75 % of structural failures in
glued laminated timber out of 140 cases examined in 2007 . This category contains tension and shear
failure perpendicular to the grain and cracks due to slip of glue line; however, some of these can be
due to moisture-induced stresses. Another research [3] evaluated the failure reason on 245 large-span
glued laminated timber beams, where 17 % of these subjects suffered damage from perpendicular to
grain tension. Engineered timber products have a design to minimize stress in those directions when
the element is intact. However, timber connections and beams that are either; curved, tapered or
have notches and holes are especially prone to cracking due to tension and shear perpendicular to
grain [2]. Figure 1.1 illustrates some situations that may experience this type of critical stress.
I
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Figure 1.1: Sketch of critical zones susceptible to cracks by tension perpendicular to grain under certain loading
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conditions. (a) shows a curved beam, (b) mechanical connection with a tensile component, (c) beam with a
hole, and (d) a notched beam end.

1.2 Problem area

Cutting holes in load-bearing beams are sometimes necessary to create a path for technical
infrastructure, e.g., ventilation, plumbing, and electrical installations. In addition, cavities present a
challenge of concentrated tension and compression stress at the hole vicinity, such that fracture
mechanics principles apply. Moreover, researchers have often addressed fracture implications using
linear-elastic and probabilistic approaches. However, recent methods with a non-linear nature, such
as the cohesive zone model [4, 5] have proven to be efficient and closer to reality because of the ability
to analyze the strain-softening behavior of crack evolution.

When structural beams have large holes, practitioners need to evaluate reinforcement options to
prevent crack initiation and propagation so that the beam retains its original failure mode.
Unfortunately, the primary design practice for timber, Eurocode 5 [8], does not include members with
holes which is necessary to have equal design opportunities as concrete and steel structures [9].
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The main objective is to investigate the fracture behavior of two consecutive holes in glulam beams
and evaluate reinforcement options to prevent premature damage. This thesis will conduct
experiments using established methods to interpret fracture behavior and compare it with a non-
linear finite element model. Additional research on model-updating with the experimental data in
mind is also within the scope of this thesis.

1.3 Current design practices

A previous version of the current Eurocode 5 (2004) included a section with holes based on an
empirical linear elastic fracture mechanics method. However, experimental results proved this
method inconsistent; thus, it was withdrawn [5]. Now that Eurocode 5 no longer covers beam
members with holes, national annexes, handbooks, and individual reports have emerged to cover this
gap. Unfortunately, these methods use significantly different theoretical material, such that there is a
considerable variation in results , and it is, therefore, intricate to figure out which design criteria to
choose. Nevertheless, there are plans to expand Eurocode 5 soon with a section that includes
members with holes, with and without reinforcement [12].

Currently, the DIN-annex (Germany) [7] is possibly the most acknowledged of these additions. This
annex is substantially implemented in the Nordic glulam handbooks [14] with minor adjustments
(used in Finland, Norway, and Sweden). These guidelines set the hole diameter limitation to 50 mm
for unreinforced hole zones. However, with reinforcement, the hole diameter can be increased to 30%
of the beam height for internal and 40% for external reinforcement [14].

1.4 Thesis structure

e Chapter 1 introduces the main problem area and briefly mentions the current state-of-the-art
design practices.

e Chapter 2 presents a broader perspective on the use of timber in general and how it can be
related to achieving UN goals. The impact of glued laminated timber is reviewed compared to
other common building materials based on literature.

e Chapter 3 presents basic theory regarding mechanical and physical timber properties. An
evaluation of stress distribution around holes relative to hole placement is presented based
on published literature, leading to an introduction to fracture mechanics, including the theory
behind cohesive fracture zones. The progress regarding a new version of Eurocode 5 is revised.
Next, a summary presents commonly used reinforcement types. This chapter shows the
theoretical background for the test equipment used for the experiments. Lastly, a literature
review regarding experiments on glulam beams with holes, with and without reinforcement,
is listed.

e Chapter 4 presents the scope of the thesis in the form of research questions and the
limitations. These questions are the main objectives to be answered throughout the following
chapters.

e Chapter 5 presents materials used for experiments, including identification and pictures of
heterogenous imperfections.
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e Chapter 6 presents the experimental setup, methods used to obtain the results, and the finite
element modeling steps.

e Chapter 7 presents the findings of the experimental and numerical work.

e Chapter 8 discusses the applied methods with the results' limitations, interpretations, and
implications.

e Chapter 9 presents specific conclusions of the framework in this study.

e Chapter 10 presents the author’s recommendations for future research based on findings and
shortcomings.
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2 Societal perspective

This chapter is about UN goals related to this project and the sustainability of timber compared to
other common building materials. The environmental factors evaluated include sustainable forest
management and how it can contribute to sequestration of CO, emissions.

2.1 United Nations goals of decarbonization

Findings from research regarding human impact on the earth’s atmosphere and biosphere have
resulted in a dedicated focus on sustainability [15]. These consequences have led to a signed
agreement within the United Nations, where the objective is a climate-neutral world by 2050.
Therefore, it is vital to establish comprehensive policy frameworks and manage ecosystems
sustainably to mitigate climate change and reach preindustrial levels of greenhouse gas emissions
[16]. In 2019, the European Commission took specific measures to achieve this goal; hence, they
formed the European Green Deal, parallel to the Paris Agreement [17]. Furthermore, one of United
Nations goals - 12.2 is to manage our natural resources sustainably [18]. Therefore, the building
industry must adapt to all the relevant UN goals by contributing across all segments while adapting to
new regulations accordingly. The energy sector is the cause of around 75% of all greenhouse gas (GHG)
emissions [19], and renewable energy is limited. Therefore, the building industry can contribute by
opting for low energy-intensive materials to reach net-zero energy-related CO2 emissions by 2050.

Concrete and steel are the leading pollutants in the building industry, and materials from these
industries are sometimes irreplaceable, which presents a challenge. Therefore, it is imminent to
implement future solutions to decarbonize, e.g., sustainable bioenergy, because it is a source to
remove CO, from the atmosphere. Although wood as a building material is not suited for every task
or design, it plays a central role in sustainable energy supply to steel and concrete production and
transportation as biofuel. The demand for bioenergy is estimated to go up 60 % within 2050 [19], and
an increase in production will protect hotspots in biodiversity if managed correctly, achieving UN goal
15 [20]. CO,-removal technologies can limit climate change, such as afforestation or direct absorption
from forestry and carbon storage and capture through bioenergy production [19]. Wood plays an
eminent factor in many sectors and has essential socio-economic functions. Society must transition
towards a carbon-neutral, bio-based circular economy to accomplish sustainability goals [21].

2.1.1 Forest sustainability

UN has a specific goal of protecting forest ecosystems, 15.2 [22], which can be achieved by correctly
utilizing sustainable harvest systems and management standards [23] to mitigate causes of forest
destruction, like unsustainable industrial timber plantations [24]. Forest degradation and
deforestation are a part of the global climate crisis, which accelerates biodiversity loss and global
warming, accounting for 12% of the global net anthropogenic emissions annually [25]. An estimate
from the past three decades shows that around 10% of the worldwide forest is gone because of
deforestation [26]. In addition, the forest plays a crucial part in the global terrestrial carbon cycle by
capturing and sequestration of carbon dioxide [27]. Therefore, keeping a sustainable regrowth rate
contributes to decarbonization.

Reference [28] states that European forest areas have increased by 9% since 1990, which adds to a
growing stock increase of 40 m3/ha, as shown in Figure 2.1(a). Therefore, harvesting from a healthy
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growing stock can provide sustainable materials that society needs. Figure 2.1(c) shows that only 73
% of the forest surplus is reduced annually [28]. Furthermore, forestry and afforestation contribute to
decreased temperatures in the atmosphere [28], and the forests in the EU capture 155 million tonnes
of carbon annually and act as a carbon sink, as shown in Figure 2.1(b), which is roughly 10% of gross
anthropogenic GHG emissions.

m io «fﬂ{ - &

1990 _—
155 million tonnes annual annual
129m’/ha  169m’/ha of carbon per year increment harvest

(a) (b) (c)

Figure 2.1: (a) Total growing stock per hectare on average in European forests between 1990-2020, (b)
sequestration of carbon annually between 2010-2020 in Europe. Finally, (c) illustrates the annual growth in
European forests vs. the harvest rate. The figures are from Ref. [28].

2.1.2 Norwegian forests

Norway has large amounts of timber available locally; hence short distances to processing factories
and construction sites, which result in low climate impact from transportation. Norwegian growing
stock has increased approximately 70% since 1990 [29], compared to Europe with a 9% increase in the
same period [28]. The coniferous softwood species, Norway Spruce, can be sustainably regrown in
approximately 40 years and then be ready to be harvested again [28]. In addition, it is the most
common specie used to make structural timber, such as GLT. The government has set goals to increase
forestry production, which aligns with the UN goals, and they have also expressed an interest in
becoming leading innovators in raw wood products [30].

2.2 Comparative review of emissions related to three building materials

To accomplish the net-zero agreement, engineers and architects should ideally contribute by utilizing
life cycle analyses (LCA) when selecting materials based on holistic environmental impact. Therefore,
it is indispensable to have reliable, up-to-date research to make well-informed choices. When
comparing the environmental impact of wood-based materials with steel and concrete, there is an
emission reduction potential by replacing heavy energy-consuming products. In the steel and concrete
industry, the total CO, and energy consumption are determined mainly by the demand for materials
per capita, with close connections to economics. Over the last decades, the global increase in material
demand has exceeded population growth and gross domestic product (GDP) growth [31]. Therefore,
it is imperative to implement material efficiency strategies, such as carbon taxes, new technology, end
of life reuse and recycling, and decoupling population growth and economics from the global material
demand to decrease the environmental pressure [31]. Energy-heavy sectors like the concrete and
steel industries have a complex task of decarbonizing because the total abatement cost is high per
tonnes of CO; saved [32]. The Energy Transitions Commission report [32] shows a projection with the
possibility of becoming climate neutral within 28 years, even for these hard-to-abate industries.
However, the same report demonstrates that it will have a low effect on the consumer economy and
cost approximately 5% of global GDP [32].
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The following sections discuss the current impact of three environmental categories of structural
building materials and the inclusion criteria of timber.

2.2.1 Timber net carbon savings

Calculating the climate impact is somewhat complex, and it depends on the scope of the analysis,
especially in end-of-life circumstances. Nevertheless, a simplified procedure to calculate the net
carbon savings can be as follows: (i) wood production; (ii) minus burning of the wood remains; (iii)
minus stored carbon in the material; (iv) and minus the avoided emissions from alternative products
like steel and concrete; and (v) represents total carbon net savings. Further elaboration is presented
below, based on Ref. [33]:

(i) Wood production, gross emissions from carbon = Biogenic CO; + Fossil CO,

The total energy consumption is related to raw material harvesting, transportation to the factory, and
energy used in the manufacturing process. The emissions from these processes heavily depend on
geographic location and energy source.

(if) Burning of wood remains, gross emissions from carbon = Biogenic CO;

In the manufacturing process of timber, left-over materials become a subproduct, e.g., bioenergy.
Emissions from burning wood can be deducted since all carbon released initially stems from the
atmosphere.

(iii) Carbon storage in finished wood products

Dry wood contains approximately half of its weight in carbon. Therefore, a common approach is to
deduct the carbon stored in the wood, absorbed by photosynthesis.

(iv) Avoided emissions from alternate products

This accounts for the carbon emissions that are avoided by replacing a heavy energy-consuming
material in favor of wood.

(v) Carbon net savings

This accounts for the net carbon emission savings from choosing wood instead of e.g. concrete or
steel alternatives. Defining an appropriate functional unit is key to obtaining a basis for comparison,
and for structural building materials, this could be bearing capacity. A negative carbon net savings
indicate a reduction in climate impact.

2.2.2 Impact of glued-laminated timber

Recent research [34, 35] estimates that proper forest management can mitigate up to 60% of the
logging impact compared to conventional logging. The energy consumption to produce 1 tonne of
sawn wood is approximately 0,09 MWh/t [36]. According to Ref. [37], the freshwater consumption to
make glulam is 1,1 m3/t glulam (converted with the density assumption of 400 kg/m?) in a cradle-to-
gate perspective. Glulam contains 1-2% of its weight in glue, and 10% of the energy consumption is
associated with raw materials needed for glue production [38]. GLT used in this project contains
emulsion polymer isocyanate (EPI) adhesive, which has a GWP of 2 t CO,-eq. [39], and water
consumption of 0,6 m3 per tonne of glue.

Given that forest management is carried out sustainably, the remaining forest's yearly carbon released
from logging gets absorbed. As a result, the atmosphere will not have an increase in net CO, emissions.
Living trees and timber products contain about 1 t CO/m? [40].

6
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2.2.3 Impact of steel

Steel and iron industry sectors are amongst the leading contributors to the rise of CO; levels. They
released approximately 3,6 Gt in 2019 [41], which equals 11 % of the total global emissions because
they rely on fossil fuels. Crude steel production releases 1,9 t CO, emissions for every tonne of product
manufactured, and the energy intensity from production is 5,6 MWh/t [42]. Additionally, it is
important to consider other environmental factors, such as water footprint. Water scarcity is a global
problem due to increased urbanization, industrialization, and population growth. The freshwater
intensity for steel is approximately 3,3m3 per tonne of finished product [43].

Various LCA methodologies were considered in Ref. [44]. In this study, GLT has an overall lower climate
impact regarding the manufacturing process than steel, although different end-of-life scenarios
significantly affect the total assessment. For example, glulam had a lower GWP in the incineration
scenario even with emission timing and biogenic CO; treatment disregarded. Moreover, glulam had a
significantly lower GWP than steel if the GLT ended up in a landfill as a carbon sink instead of
incineration.

2.2.4 Impact of concrete

The cement industry accounts for approximately 7% of the total global anthropogenic emissions of
CO; and even more as a finished product of concrete [45]. There is close to a 1:1-ratio between one
tonne of cement production to CO;-equivalents, which includes the energy in the calcination process,
which is the thermal treating process to remove CO; from limestone [46]. In 2020, the global intensity
of thermal energy used to produce clinker, the main ingredient in cement, is close to 1 MWh/t [46].
In a finished unreinforced concrete mix, the total required energy equals approximately 0,4 MWh/t
[47]. The cement industry accounts for 5 % of the global energy consumption [48], excluding
reinforcing steel bars.

A problem for the cement industry is environmental impacts from their high-water consumption and
generation of wastewater, directly or indirectly, in the manufacturing process. According to Ref. [49],
the total water consumption is on averagely 0,2 m3/m? concrete, which equals approximately 0,1 m3/t.

Another comparative LCA [50] looked into laminated timber and reinforced concrete. In this Canadian
case study, 10 out of 11 impact assessment categories in a cradle-to-gate perspective favored GLT. In
the worst case, a concrete framed building had a 71 % higher GWP impact than a timber design.
Additionally, concrete surpassed timber by 70 % in GHG emissions, including carbon storage within
the wood.

2.2.5 Section summary

The quantifications found in the literature are in Figure 2.2. However, it is also crucial to consider other
categories and impacts regarding sustainable building design to get a broader perspective, such as
social, life cycle cost, and other economic indicators [50]. From a societal point of view, contributing
toward the standardization of holes in timber beams could give a better choice of building material
and ultimately offer a sustainable replacement. If holes in members become an alternative, then
suspended ceiling designs are avoidable since the holes provide a passage for technical infrastructure
directly through the beams instead, thus reducing materials.
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Comparison per tonne material
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Figure 2.2: A simplified comparison of the three materials evaluated, with numbers found from literature. The
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3 Theoretical background

This chapter presents the necessary background knowledge of mechanical and physical timber
properties and a theoretical background regarding the methods used later in this thesis to analyze the
crack behavior of glued laminated timber beams with holes. Explanation of a numerical method for
analyzing non-linear fracture mechanics is next in line. Finally, current reinforcement design proposals
are presented, followed by a literature review summarizing experiments of glulam beams with circular
holes.

3.1 Glued laminated timber

Glued laminated timber (Glulam) is a wood-based composite consisting of several layers of sawn
timber lamellas bonded together with adhesives. There are two common categories of glulam,
namely, homogenous and combined, and the end-letter differentiates them in their description, i.e.,
GI30h and GI30c, respectively. The number indicates the characteristic bending capacity in MPa.
Homogenous elements consist of lamellae with the same strength grading (Figure 3.1a), whereas
combined glulam has different strength parts (Figure 3.1b). In a combined glulam cross-section, the
outer lamellae are of better quality since external zones are usually the critical area subjected to the
highest concentrations of tension and compression stress under normal circumstances. According to
EN 14080 [51], each outer lamellae must be at least 17 % of the beam height. For tall beams, it may
be necessary with two layers at the bottom and top to reach this requirement [52].

= —— 1 17 % of h with a
N,
N— | stronger section
N —
N—T]
< N 66 % of h with a
N — weaker section
Lamellas with N—]
equal classification N— » 4 '
= p y — 117 % of h with a
TN | stronger section
homogenous glulam combined glulam

(a) (b)

Figure 3.1: (a) lllustration of a homogenous and (b) a combined glulam element.

An equally graded homogenous element has stronger tensile and compression capacity parallel with
the grain, contrary to a combined glulam element [51]; however, these are considered equal
perpendicular to grain load situations.

Finger-joint is a conventional concept used in both short and long glulam elements. Therefore, it is
most accurate to consider the quality of the glue-bond between layers of glulam, particularly finger
joints, under bending circumstances [52]. For this present work, the glulam beams contain the
adhesive called Emulsion Polymer Isocyanate (EPI), which is a two-component glue with a short curing
time and has a strong bond with resistance and flexibility in regards to humidity and temperature
conditions [53, 54]. EPI is applied between each lamella to connect the finger joints in the middle
section. In contrast, the outer lamellae finger-joints use Phenol Resorcinol Formaldehyde adhesive
(PRF) for bonding.
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3.2 Mechanical properties of timber

Timber is an anisotropic material with elastic behavior, entering a plastic state during some loading
circumstances. Additionally, it is viscoelastic because it is prone to creep [55]. Timber displays different
behavior when subjected to substantial loading by either compression (plastic) or tension stresses
(semi-brittle), as shown in Figure 3.2(a); however, linear-elastic behavior with a brittle failure is then
often assumed for the practical design of timber structures. However, a non-linear approach [56] has
shown to give more precise results of the ultimate load capacity.

Timber strength, stiffness, and dimensions fluctuate depending on moisture content and tree species,
and it also depends on the stress direction relative to the grain. The terminology of timbers' three
directions is commonly referred to as; longitudinal (L), radial (R), and tangential (T) (illustrated in
Figure 3.2(b)). Additionally, parallel to grain refers to load subjected in the L-direction and
perpendicular to the grain for R- and T-direction. The strength and stiffness in the R-direction are
usually slightly stronger than in the T-direction [57].

The anisotropy of wood complicates calculations significantly. Therefore, timber is often considered
orthotropic instead of anisotropic. This simplification reduces complexity and thereby the number of
unknown engineering constants from 21 to 9. Anisotropy refers to the unique and unidentical effects,
such as [58]; variation in growth rings, knots, curvature, and shrinkage. These distinctive effects are
disregarded when considering orthotropy. For practical engineering design, further reducing
engineering constants can be done by assuming transversal isotropy [58], which means differences in
the R- and T-directions are neglected, only considering the material properties of a single
perpendicular direction.

Since timber properties are dependent on a wide range of conditions, obtaining reliable data can be
extensive because of the stochastic variance in results [56]. Therefore, characteristic strength values
provide a safe structural design based on large-scale experiments' 5th-percentile normal distribution.
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Figure 3.2: (a) lllustrates the constitutive response of timber and the relation between tensile and compressive
behavior of wood, both parallel and perpendicular to the grain [59]. The capacity is much lower in the
perpendicular directions. Compression forces react more ductile, while tension creates a more brittle failure.
Figure (b) illustrates the global and local orientation in a 3D cross-section of a wood stem, adapted from [60].
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3.2.1 Orthotropic linear-elasticity

Equations (3.1) to (3.6) describe Hooke’s law’s generalized constitutive relation of a three-dimensional
linear-elastic orthotropic material :

{e} = [C{a} (3.1)

Where [C] is the compliance matrix. Further expanded to the following matrix system:

1 —Vyy —Ugy
0 0 0
Ey, E,, Esy
—Uya 1 —Usgg
4 ™ 0 0 0 4 ™
€11 Ey, Ey, Esy 011
€99 V13 T3 1 0 0 0 099
e | | B By Eyy T3
< 9 — 1 < - > (3.2)
23 0 0 0 — 0 0 23
2e14 G Ti3
2e 1 T
52 0 0 o o — o | ("
G3
0 0 0 0 0 1
Gy

where €, ; is the strain tensor (i,j = 1,2,3, i # 7), E;; is Young’s moduli of elasticity (MOE), GM is
the shear moduli, v;; is Poisson’s ratio, stress component tensor o;; and lastly, shear stress tensor 7, .

The (1,2,3)-coordinate system corresponds to the local timber coordinate system (L,T', R). The
relation between Poison’s ratio and Young’s moduli is given in eq. (3.3), due to symmetry in the

compliance matrix [C]:

E,L,] . . . .
Vij = Yiir B 123,14 ] (3.3)

Ji
Equation (3.1) can be rewritten to (3.4), with [ D] being the stiffness matrix:
{o} = [D|{e} (3.4)

And finally, the stiffness matrix of an orthotropic material in a 3D space with nine independent
constants:

11
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By (1 —v3v39)  Egg(vyg + Usav13)  Fag(vig + v190s3) 0 0 0
' v v
Eoy(1 —v13v3;)  Eaz(ves + v9,013)
0 0 0
v 12
Eoa(l — vy
33.( !p’UuT 21) 0 0 0
[D] = (3.5)
Symmetry Gy 0
G2
with
U =1 — 015Ug5 — Ug3Usg — U3y Up3 — 20gq Ugoy3 (3.6)

A typical transversal isotropic assumption in eq. (3.7)-(3.8) shows the further reduction of unknown
engineering constants. The following relation between moduli of elasticity and shear is assumed [61]:

E
transv y P 30 (3 7)
E,_E _ ., CGu_,
GJ:y B GZI o Y G,UZ - (38)

3.3 Physical properties

Timber is a hygroscopic material, which means it will absorb moisture from the surrounding air, and
conversely, it can release vapor depending on the relative humidity in the atmosphere [62]. As a result,
timber continuously shrinks and swells, influencing the dimensions and strength characteristics. The
mass of timber is also affected relative to the moisture content, which means that the density is
inconsistent. The effect of end-grain moist exposure in beams with holes can be significant [12], and
approximately half of the damages recorded in large-span GLT-constructions are due to moisture-
induced stress. A proposal for counter-measure [12] is to reduce the initial moisture difference within
an element before installing it. External reinforcement installed on the gross-section of a beam can
also reduce critical moisture variations [12]. Figure 3.3 illustrates a possible moisture cycle from
logging to operation.

In addition to moisture, the temperature is also a contributing factor to physical and mechanical
parameters. The combination of; variance in moisture content, temperature, and unidentical
anisotropic anatomy makes it difficult to accurately mimic realistic situations in analytical and
numerical calculations.

12
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Figure 3.3: Illustration of a possible moisture cycle, from wood stem to installed timber element [3].

3.3.1 Moisture content

The moisture content of w = 12 %, is standardized for experimental testing of timber [65] and is

considered the optimal condition. w can also be calculated in general as expressed in equation (3.9)
[56], if the mass of the specimen in dry and moisture condition is known:

wet — My,
w = ———=2100 [%)] (3.9)

And the mass of the water can be derived by the following:
My, = Myper — Mgy, (3.10)
Determination of the moisture content in a laboratory environment is described in EN 13183-1 [66]

with the oven-dry method and EN 13183-2 [67] when using electronic equipment.

3.3.2 Density

Since timber density p, volume V/, and mass m, vary relative to the moisture content, eq. (3.11)
denotes density at any given moisture content:

m
Pow = v~ (3.11)

w
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3.4 Stress distribution and crack development in the vicinity of circular holes

Cavities negatively influence the strength of a structural beam or joist, and it may alter the failure
mode due to stress concentrations, causing premature failure. Since wood is fragile regarding tension
stress, predominantly perpendicular to the grain, as shown in Figure 3.2(a), it is necessary to analyze
the contributing factors to stress occurrences.

Aicher & Hofflin [68] show that hole dimension (hg) and placement affect the tensile and compressive
stress distribution in the hole vicinity. They state that the tension stress perpendicular to grain peaks
in the bending-compression zone (see illustration in Figure 3.4a). Similar results are found in Ref. [5],
of laminated veneer-lumber (LVL) by Ardalany, where the maximum tensile stress perpendicular to
the grain, 0, ¢, was achieved at an ¢ = 45° inclination from the neutral axis. Vertical hole
eccentricity changes the inclination of stress relative to the neutral axis [69]. It is further proclaimed
in Ref. [68] that the first crack occurrence is dependent on the horizontal location of the hole, and
results show initial cracking at the following intervals: {40° < ¢ < 60°} or {220° < ¢ < 240°}.
Horizontal hole placement along the beam length is an important consideration because contributions
from both shear and moment will be present near a support. Subsequently, if a hole is placed near the
middle of a beam, only contributions from bending can be regarded, in which case the stress
distributions are changed considerably (Figure 3.4b), where cracking will occur at approximately ¢ ~
60° and 300° instead [70, 71].

Cracking will happen if the hole is large enough to alter the failure mode of the beam. Once the
cracking has begun, it works as a bridge for concentrated tension stress [5], stretching the wood apart
perpendicular to the grain. Initial cracking in previous research occurred in the center of the beams'
cross-sectional width in all 68 tested glulam specimens.

fiber direction |

! ! ! bending compression T %

i i zone -+

e | , ' | Im
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i ! ' zone _l_ ‘
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0, = 0 s
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-0,240
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0,240
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Figure 3.4: (a) Stress distribution in the vicinity of a typical non-reinforced hole in glulam beams subjected to
combined shear and bending forces [68], and (b) shows the stress distribution when only moment
contributions are present [71]. (+) for tension, (-) compression.
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After the initial cracking occurs, further increasing the force will cause the evolution of the crack until
the total width is cracked, as seen in Figure 3.5(b, c), and appears on the side of the beam. Finally,
cracking continues to develop gradually along the horizontal beam axis (see Figure 3.5(a, d)) until the
ultimate failure of the beam is caused by tension stress [72]. The required stress for causing failure is
far lower than in an intact beam because of the tensile stresses acting perpendicular to the grain.
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Figure 3.5: (a-d) is translated from German Ref. [72]. (a) Crack propagation relative to force and beam

deflection, (b) propagation in the cross-section of the “upper-right”-part of the hole, (c) propagation in the
“lower-left”-part of the hole, and finally (d): Crack propagation horizontally along the beam axis.

=20

The stress type to consider is tension and shear perpendicular to the grain near the hole, which is
emphasized in a combined glulam beam cross-section since holes typically are placed in the middle of
the elevation, which is the weakest part of this type of beam.
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3.5 Fracture mechanics

In a conventional structural design situation, strength is the decisive material property. As stated by
Anderson [73], there are two variables to consider in a traditional design: (i) The amount of applied
stress and (ii) the yield or tensile strength. However, when specific areas of the structure are under
stress concentrators, then fracture mechanics (FM) apply [5], where the two critical variables are
replaced by three: (i) Applied strength, (ii) crack size, and (iii) fracture toughness [73]. Figure 3.6
presents a graphical comparison of the two design principles.

Conventional analysis Fracture mechanics approach

(a) (b)

Figure 3.6: Adapted from [73]. (a) shows a conventional structural design analysis, and (b) a structural design
analysis using the FM approach.

A fracture mechanics (FM) approach is necessary to provide a safe analysis of a loaded timber beam
with large holes because of the stress concentrations and crack tendencies described in chapter 3.4.
The crack evolution in a loaded beam can occur in three ways and combinations (Figure 3.7a); opening
by tensile action (mode 1), shearing by pulling in different directions along the beam (mode 1), or by
tearing outwards of the beam axis (mode Ill). The local coordinate system (n,s,t = I,II, III) also
refers to each of these modes. Two of these mechanics are present in the analysis performed further
in this thesis: Mode | and Il [5].

Mode I Mode I1 Mode III | Stjess
Opening Shearing Tearing | ; Complete failure
( n) (S) (t) | Oct — -~ c;&qz,‘ ***** — :
-@ﬁv l | |
N ; l !
| | ' Limit load |
| LEFM | NLFM | amalysis |

‘ Fracture toughness

(2) * (b)

Figure 3.7: (a) The three possible fracture modes; where mode | is due to tensile stress normal to the crack
plane, mode Il is shearing in the crack plane by parallel sliding, and mode Il is tearing out of the beam axis,
also called the second shear plane. Illustration adapted from [74]. (b) The graph shows the limitations of LEFM
in regards to non-brittle materials with high toughness, adapted from [73].
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Various analytical and numerical methods exist for FM analyses, commonly split into two main
categories: non-linear fracture mechanics (NLFM) and linear elastic fracture mechanics (LEFM).

In 1921, Griffith [75] applied the minimum potential energy theorem to the crack mechanism in
materials. He stated that the critical condition for initial cracking or propagation of a crack happens
when the system is in equilibrium and when the system's total energy is kept constant or reduced.
Furthermore, when the energy starts to decline, so will the crack propagation. Griffith’s research
applies to brittle materials with isotropic assumptions.

Since then, the subsequent development of LEFM theory has enabled problem-solving of various
materials, using analytical methods in some cases and numerically by utilizing the finite element
method (FEM). However, there are some limitations to LEFM methods, such as having a prerequisite
requirement of knowing the initial crack opening [5].

NLFM is relevant when both or either is present [61]: (i) General nonlinear material stress and strain
relation outside of a fracture zone, or (ii) when a specific region prone to fracture has nonlinear stress
and deformation relation. With advanced computer science and broader availability, NLFM has
become a relevant tool for analyzing structural cracks; because of the software's ability to efficiently
apply known theoretical concepts.

As already mentioned, fracture modes | and Il are typical to consider for a glulam beam with holes.
Therefore, Wu’s mixed-mode (I-11) fracture-criterion (3.12) [76] is further used in this thesis, where m
and n represent 1 and 2 for timber, respectively.

GI ) m < GII ) n
- + =1 3.12
<GI(: GII(: ( )

With G; and G; being the fracture energy, GG;. and Gy, the critical energy release rate in the
opening and shearing mode, respectively.

3.5.1 Cohesive zones

Although the assumed linear-elastic brittle behavior of tension perpendicular to the grain, timber and
wood composites require a non-linear fracture model to study the post-failure behavior successfully.
Analyzing stiffness degradation after crack initiation can be achieved using the cohesive fracture zone
approach. Dugdale [77] and Barenblatt [78] studied cohesive bonds near crack tips, hence the name
cohesive zone elements (also referred to as «fictitious crack model»). Dugdale applied his hypothesis
to sheet metal slits and Barenblatt to brittle solids. Later, further research was done in the area by
Hillerborg [79], and this work applied the Dugdale-Barenblatt model to concrete. Gustafsson [80]
finally applied this concept to wood. The cohesive zone method assumes a plastic zone ahead of the
crack tip. Hillerborg found a constitutive relation between stress-deformation of tension in the
fracture zone, describing the stress softening part behind the crack tip of the fracture area, and this
cohesive behavior is a material-dependent property [73].

The cohesive zone method is described in the literature as reasonably applicable to timber because of
its quasi-brittle properties . Non-fractured parts of a uniaxially loaded timber beam with holes have
elastic behavior, while fracture zones will experience nonlinear softening. The nonlinearity is due to
the damage increase while the required stress decelerates [56], as shown in Figure 3.8(b). Moreover,
this behavior can sometimes refer to micro-cracking occurrences [10] (Figure 3.9). The fracture
process in wood is complex because of several mechanisms that contribute to damage simultaneously.
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Consequently, there is no generalized law that can describe the general post-failure behavior, but
exponential traction-separation behavior has shown to be applicable for approaching experimental
results [81].

The commercial finite element software ABAQUS does not recognize where a crack should occur or
how long it should propagate in an elastic FE-model. However, cohesive properties can be defined by
either creating a cohesive zone or by characterizing surfaces to behave under these cohesive laws
during post-failure. Therefore, a finite element model in ABAQUS is used further in this present work,
with a surface-based cohesive zone model (SCZM). The placement of this layer is with regards to the
previously discussed theory (Chapter 3.4), and the inclination from the hole center is ¢ =
45° (4180°). In situations where crack locations are unknown, it is possible to run an analysis to
identify the most prominent stress occurrences. However, the propagation may be challenging to
predict or incoherent for some materials.

Three different parameters for each present fracture mode are necessary to perform a cohesive FM
analysis in Abaqus, which can be defined by:

(i) Either by; the energy released during fracture G, defined by the area outlined of the
traction-separation curve (the energy method); or the surface separation point J,
(the effective separation method),

(ii) the initial slope of the first elastic line, and

(iii) the evolution damage line, which can either be defined as linear or exponential, in which
case an evolution-exponent coefficient a has to be specified when using the effective
displacement method.

Wang et al. [82] describe exponential softening in ABAQUS as problematic in some cases since the
softening rate is equal for both tension and compression. In addition, a recent paper found it quite
complex to obtain the correct exponential coefficient for curvature as done by Ostapska et al. in [81]
by model-calibrating based on wedge-splitting experiments. Therefore, a bilinear (Figure 3.8a)
simplification may sometimes be preferred, as it will lead to a better convergency rate [5], even
though it is less accurate, as found in Ref. [56].

The fracture energy G- can be expressed by the integral in equation (3.13):
Gp = / T(6) dé (3.13)

G is the area underneath the traction-separation curve (Figure 3.8), which can be found
experimentally, e.g., by the wedge splitting test [83]. The figure represents an arbitrary relation
between traction and the separation of either mode | (opening) or Il (shearing). Damage initiation
criteria occur at §,. which is when the tensile force exceeds the cohesive bonding strength of the
material, which will cause cracking to start (eq. (3.15)). Conversely, if the tension in the fracture zone
does not reach the 1;,,,,. limit, then the cohesive stiffness is kept constant [5]. 0, represents the point
when the fracture process is complete. Figure 3.9 shows a two-dimensional sketch of cohesive layers,
specifically where cracking will happen when a timber beam with a hole is subjected to combined
moment and shear, as described in chapter 3.4. Crack tip opening begins at the maximum stress point,
T

max?

which leads to fiber-bridging due to the tensile stress perpendicular to grain. A micro-cracking
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region is ahead of the crack, meanwhile the stress behind it are decreasing . Complete separation is
when the crack lips are traction-free [81].

Traction Damage initiation | Traction
A (critical seperation) A Damage initiation
| (critical seperation)
Toae| = - = = X | Tonaa| - - - - Exponential damage evolution.
: " Viscosity = p | Degradation of stiffness
% , | | in the cohesive layer
K(1-Dy) AN .
[ I
L //TT .}/" GF Linear | : GF
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d¢ de¢ Separation c d¢ Separation
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Figure 3.8: A sketch of a traction-separation curve with (a) linear and (b) exponential softening. Damage
initiation occurs at the peak traction. Damage evolution means that the stiffness is degraded gradually within
the cohesive layer. Fracture energy is the area underneath the curve. Kiis the linear slope before damage
initiation in the specific fracture or mixed-mode situation.
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Figure 3.9: A sketch of the crack propagation mechanics with a physical interpretation of the cohesive layer for
a beam with a single circular hole without reinforcement, subjected to bending and shear.

It may be necessary to combine the contributions to a single plane for mixed-mode situations. An
effective displacement can be determined in a three-dimensional space, accounting for each mode
[84], such that:

2 2 2
O = Jén +4d, +6; (3.14)

Critical separation starts once the criteria in equation (3.15) are met [84]:

T T. T,
Max{ n s t } =1 (3.15)

max ’ max ’ maxr
Tyer Ter T
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Additionally, a viscosity coefficient u is required (illustrated in Figure 3.8a), which is defined by the
height of the slope. This is a measure of how many increments Abaqus uses to calculate the tangential
stiffness matrix. A lower viscosity coefficient has previously proved to increase the accuracy of an FEA
[5]; however, at a higher computational cost. The viscous stiffness degradation variable, D,, of the
curve in Figure 3.8 is defined by Abaqus as [85]:

d 1

—D, =—(D—-D, 3.16
500 =7D=-D) (3.16)
Where D is the damage parameter, with a value ranging between 0 to 1, where 0 is undamaged, and

1 is completely damaged (separated). D are calculated by Abaqus as shown in equation (3.17 a) for
linear softening and (3.17 b) for exponential softening when using the energy method.

_ 5;’;1,(57,]:(1,:, _ 6:n) (3.17a)
575 (55— 05)
Sy
D / T,,do (3.17b)
GF - G(:
6%,

The present work uses the energy method with a bilinear traction-separation behavior assumption.
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3.6 Reinforcement design for glulam beams with holes

Removing an area from the gross-section of a beam diminishes the strength, although the significance
depends on the removed area's placement and size. On the other hand, reinforcing the fracture areas
can improve the resistance considerably against premature failure and ideally alter the failure
condition to bending or shear. Reinforcement is usually categorized either as internal or external
reinforcement. Internal reinforcement is not visible, which could have an aesthetic benefit when the
construction is visible. The second may be preferred in practical situations when internal
reinforcement is more challenging to install, such as when there is a need to drill holes on-site or in
confined spaces after mounting a beam. Previous research introduces several methods for reinforcing
timber beams with holes and notches by using:

a) Glued-on plane reinforcement (LVL, plywood, OSB, panels, etc.) [86, 87]

b) Self-tapping screws, vertically and with an angle [88, 89]

) Predrilled and glued-in steel bars and rods, vertically and with an angle [86, 88, 90]
d) Internal vertically placed LVL reinforcement between glulam layers [91, 92]

The reinforcement methods mentioned above are visualized in Figure 3.10.

o © HEXE

- - " O

(a) (b) (c) (d)

Figure 3.10: (a) glued-on-plane reinforcement, (b-c) fully threaded self-drilling screws or glued-in steel rods

vertically and with an inclination. Notice that cracks can still occur between the hole and screws. (d) internal,
vertical glued-on reinforcement (e.g., LVL) between layers of glulam.

3.6.1 Glued-on reinforcement criteria according to a draft of the upcoming Eurocode 5

The current Eurocode 5 does not include beam members with holes nor reinforcement; however, a
work group at CEN is currently developing a new separate chapter regarding the reinforcement of
timber constructions and a section for members with holes [93].

This subchapter presents the current state-of-the-art glued-on reinforcement hole designs, which are
currently under development for the new Eurocode 5 version [93]. Design tensile strength
perpendicular to the grain must be greater than the relative total tensile stress, as expressed by
equation (3.18).

F,
_490.Bd 1,0 (3.18)

t,90,Rd
The total tensile stresses perpendicular to the grain are summarized as follows:

Ft,90,Ed = Fr,,v,Ed + Ft,M,Ed (3.19)

The two following empirical equations can approximate shear and moment contributions:
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V:l ’ hd, h(2l
Fi v pq = I [3 — h_2] (3.20)
M, h, 2
Fy vr,pa = 0,09 hl’ : (#) (3.21)

Where 1 is the beam height, and h; is the hole diameter, which has limitations according to Table
3.1. Note that the above equations are currently under further evaluation by the committee because
they do not account for vertical eccentricity and all tensile contributions from bending [93].

Calculation procedure of perpendicular tensile design resistance F} o, p, depends on the

reinforcement type, and the current method proposal for glued-on reinforcement, such as LVL, is
calculated according to equation (3.22). See Ref. [93] for calculation methods of other reinforcement

types.

fb?,d ) lad : br
Fi 00,4 =1, -min < frq (3.22)
Ldp ot
k: ™ ™
k
Where:
n, is the number of reinforcements, which is either 1 or 2 for glued-on plane reinforcement
(each side)
fooa 18 the design glue-line strength

lyg s the distance to the reinforcement carried potential crack line as seen in Figure 3.11
b is the width of the plane reinforcement

fra s the design tensile strength of the plate
t is the thickness of the plate

k, isafactorof {1; 1,5; 2,0} depending on the reinforcement function and beam geometry.

Table 3.1: The limitations to horizontal placement along the beam and other geometrical boundaries for
reinforced holes. The hole dimension criteria are valid for glued-on reinforcement only.

End distance | Space between Distance to Hole
to the hole holes support from the dimension
hole
l, >h h
ly > h 7 I, >— hy<04-h
(min. 300 mm) 2
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Figure 3.11: Illustration of a reference glulam beam with glued-on reinforcement with circular holes.

3.7 Digital image correlation

This optical method captures displacements over a field and allows the computing of surface strains.
Utilizing a two-camera setup allows stereo-triangulation to perceive images in three dimensions, see
Figure 3.12. Initially, a speckle pattern is painted onto the object within the field of interest, with a
density of approximately 50 %. Then, the software uses the pattern to detect changes between the
speckle points, like nodal displacement in a finite element analysis. Distance to the object and
between cameras, speckle pattern quality, and size relative to the camera distance and resolution
contribute to the accuracy.

Object coordinate
system

(a) (b)

Figure 3.12: (a) Example of a 3D displacement-field, and (b) the stereo-triangulation principle [94].

In post-processing, after selecting an area of interest, a mesh is formed based on the subset size
chosen, and step size is the amount of calculation done within each window. Utilizing a smaller step
size will result in a more refined analysis but at the cost of computation time. Doing so also decreases
grey area, which means undetected zones in post-processing analysis. The software VIC-3D
automatically calculates a recommended subset size, which gives a confidence of 0,01 pixel based on
an initial set noise level [95]. See eq. (3.24) for recommended relation between step, filter, and subset
sizes.
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Step size - Filter size > Subset size (3.24)

Post-processing allows for computing contour plots to detect and illustrate a chosen output variable.
Position and displacement of the three dimensions are always calculated relative to the reference
image, and additional variables can be selected for extraction, such as strain, velocity, curvature, and
rotation from any given point [95]. The formula presented in Figure 3.13 shows the image correlation
calculation procedure.

Pixel coord., reference image | Pixel value at (x+i; y+j) | Pixel value at (x+u+i, y+v+j)
n/2

C(x,y,u,v)= Z(](x+i,y+j)—]*(x+7,1+i,}/’+v+j))2

i.j=—n/2

Image before motion

Image after motion

n: subset size

Displacement (disparity)

Correlation function

Figure 3.13: VIC-3D calculation procedure for image correlation [94].

3.7.1 Automatic crack detection and measurement (ACDM)

A novel method developed in 2020 [96, 97] uses third-party software MATLAB 2021+ to automatically
detect cracks based on image correlation instrumentation's highly accurate displacement fields. The
tool identifies crack occurrence based on principle tensile surface-strain areas, which allows the
detection of fine cracks. ACDM discovers flaws by comparing a crack at the stabilized stage with the
last analyzed image, preventing disjoint cracks. After transforming the extracted DIC data to MATLAB
format, ACDM can then process the captured fields and compute the desired data, which depends on
the goal of the analysis. The crack detection relies on a defined strain threshold, and it is suggested in
[96] that the strain threshold should be greater than the sum of the largest elastic tensile strain and
noise interval.

3.8 Literature review of glulam beam experiments with hole(s)

An experimental overview of previous glulam beam research, including circular holes, is presented in
this section, both with (n=206) and without reinforcement (n= 85). Note that experiments with more
than two holes, extraordinary dimensions (above one meter tall), curved beams, and experiments with
rectangular holes are excluded. Each row indicates a different beam configuration regarding the hole
or dimensions. Experiments are divided into other series when a single paper presents multiple test
objects with varying beam dimensions. All timber specimens are spruce glulam beams unless expressly
stated otherwise. L indicates the span of the beam between the supports, H the height, and B the
width. The sample size is shown in column n. L, + h, suggests the distance from the closest support to
the hole center, and further, L; + hy means the distance from the center to center between the first
and the second hole (if multiple holes are present). e/h is the eccentricity relative to the beam height.
Table 3.2 is a reproduction of Danielssons's literature study [11], where the year 1971-2006 are
covered without reinforcement.

24



Chapter 3: Theoretical background

Table 3.3 presents recent experiments of circular holes without reinforcement, covering the year
2006-2021. Finally, Table 3.4 organizes literature from recent experiments covering 2009-2021 with
various reinforcement types.

Table 3.2: Experiments on glulam beams with circular holes without reinforcement. Literature from 1971 to
2006 (adapted from Danielsson [11]).

Author and LxHxB Lath, Lzt+hs hg/h e/h
Ref. Series n
year [mm] [mm]  [mm] [-] [-]
Bengtsson 7 5000 x 500 x 90 2 600 - 0,50 0
1971 5000 x 500 x 90 2 600 - 0,30 0
Kolb 1977 [99] - 8000 x 550 x 80 2 4000 - 0,55 0
4000 x 500 x 90 1 1050 - 0,51 0
a 4000 x 500 x 90 1 600 - 0,50 0
Penttala 1980 [100] 4000 x 500 x 90 1 600 - 0,30 0
5000 x 800 x 115 1 820 - 0,50 0
b
5000 x 800 x 115 1 1600 - 0,38 0
a 5000 x 500 x 90 2 650 - 0,50 0
5000 x 500 x 90 2 1400 - 0,50 0
a 5000 x 500 x 90 2 300 - 0,50 0
Johannesson 5000 x 500 x 90 2 300 - 0,25 0
[101]
1983 b 5000 x 500 x 90 1 2500 - 0,50 0
5000 x 495 x 88 4 1250 - 0,25 0
d
5000 x 495 x 88 4 1250 - 0,80 0
e 5000 x 495 x 88 1 2500 - 0,80 0
Johannesson
[101]
1983 e 5000 x 495 x 88 1 2500 - 0,80 0
Hallstrom [76]
- 4000 x 315 x 90 5 875 - 0,45 0
1995 [77]
3150 x 450 x 120 5 675 - 0,20 0
a 3150 x 450 x 120 6 675 - 0,30 0
3150 x 450 x 120 4 675 - 0,40 0
Ho6fflin 2005  [104]
6300 x 900 x 120 5 1350 - 0,20 0
b 6300 x 900 x 120 6 1350 - 0,30 0
6300 x 900 x 120 6 1350 - 0,40 0
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Author and LxHxB Lath, Lzt+hs hg/h e/h
Ref. Series n
year [mm] [mm]  [mm] [-] [-]
C 4675 x 450 x 120 5 1463 - 0,30 0
Hofflin 2005 [104]
d 9450 x 900 x 120 5 2925 - 0,30 0
a 4675 x 450 x 120 6 1263 - 0,40 0
9450 x 900 x 120 4 2925 - 0,20 0
. [46] b
Aicher 2006 [79] 9450 x 900 x 120 5 2925 - 0,40 0
C 4500 x 450 x 120 3 2250 - 0,40 0
d 9000 x 900 x 120 3 4500 - 0,40 0

Table 3.3: Experiments on glulam beams with circular holes without reinforcement. Literature from the year

2006-2021.
Author and LxHxB La+h,  Lz+hg ha/h e/h
Ref. Series n
year [mm] [mm] [mm] [-] [-]
Aicher 2009  [90] - 3150x450x120 3 675 : 0,40 0
a 4000x330x120 3 2000 - 040  0.167
b 4000x330x120 3 2000 - 0,40  0.120
e [87] 3000x330x120 3 300 - 040  0.167
2010
c 3000x330x120 3 300 - 0,40  0.120
3000x330x120 6 300 - 0,40  0.060
2650x400x120 3 600 - 035 -0,175
2650x400x120 3 600 - 0,35  -0,100
a
2650x400x120 3 600 - 0,35 0,100
2650x400x120 3 600 - 035 0,175
Danzer - 3750x400x120 3 600 280 0,35 0
2016 bl 3750x400x120 3 600 420 0,35 0
3750x400x120 3 600 560 0,35 0
o 2650x400x120 3 600 180 025 = +0.225
2650x400x120 3 600 - 025  -0,225
d
2650x400x120 3 600 - 0,25  -0,100
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Author and ret. R LxHxB . La+h, Lz+hg  hg/h e/h
year [mm] [mm] [mm] [] [-]
Danzer . ; 2650x400x120 3 600 - 0,25 0,100
2016 2650x400x120 3 600 - 0,25 0,225
Karimi 2021  [106] - 2900x420x85 2 750 - 0,43 0
1000x150x105 5 350 - 0,20 0
° 1000x150x105 5 350 - 0,20 0
2000x300x105 5 700 - 0,10 0
Okamoto b 2000x300x105 5 700 - 0,20 0
2021 7ol 2000x300x105 5 700 - 0,33 0
3000x450x105 5 1050 - 0,07 0
c 3000x450x105 5 1050 - 0,20 0
3000x450x105 5 1050 - 0,40 0
Lechner
5021 [92] - 1920x320x180 4 480 - 0,40 0

Table 3.4: Experiments from the literature regarding reinforced holes in glulam beams from 2009-2021.

Author LxHxB Lat+h, L:+hg hg/h e/h
Ref S. Reinf. type n
and year [mm] [mm] [mm] =[] [-]
Aicher Steelrods  3150x450x120 6 675 - 040 O
[90] = -
2009 Screws 3150x450x120 6 675 - 0,40 0
4000x330x120 3 2000 - 0,40 0
Plywood
4000x330x120 3 2000 - 0,40 0
a
Steel plates 4000x330x 120 3 2000 - 0,40 0
Hijikata
»010* [87] Steel plate  4000x330x120 3 2000 - 0,40 0
3000x330x120 6 300 - 0,40 0
Steel plate
b 3000x330x120 6 300 - 0,40 0
Steel plates  3000x330x 120 6 300 - 0,40 0
Steel rods 3150x450x120 2 675 - 0,40 0
Aicher
il [86] - Screws 3150x450x120 6 675 - 0,40 0
Plywood 3150x450x120 5 675 - 0,40 0
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Author LxHxB Lat+h, L:+hg hg/h e/h
Ref S. Reinf. type n
and year [mm] [mm] [mm]  [] [-]
2650x400x120 3 600 - 0,35 -0,175
2650x400x 120 3 600 - 0,35 -0,100
a Screws
2650x400x120 3 600 - 0,35 0,100
2650x400x120 3 600 - 0,35 0,175
Danzer [69]
2016 3750x400x120 3 600 280 0,35 0
bJr Screws 3750x400x120 3 600 42 0,35 0
3750x400x120 3 600 560 0,35 0
ci Screws 2650x400x 120 3 600 180 0,25 0,225
Lechner [92] Vertical LVL  1920x320x180 6 480 - 0,40 0
2021 inside GLT

* Based on Scots Pine glulam beams, all reinforcements cover half of the beam height (from bottom
to the middle).

TTwo holes are arranged horizontally along the beam.

iTwo holes are arranged vertically with eccentricity. A negative sign indicates eccentricity above the

neutral axis and positive means below it.

3.8.1 Summary of the literature review

Various test methods have been applied in the found literature, some using a three- and four-point
bending test and other techniques that are not according to standards. Experiments on beams with
holes have been with a relatively consistent specimen thickness between 80 to 180 mm. Most found
experiments are with a specimen height between 400 to 500 mm. Hole diameter has been consistently
below or equal to 40 % of beam height, with a few exceptions challenging this limit regarding
unreinforced hole areas. A gap was found regarding reinforced holes greater than 0,4 hg/h. Only 12
samples of glulam beams with two consecutive holes were observed in this literature review. The
reinforcement techniques using plywood or LVL on-plane are also commonly applied in other
situations, like for notched and curved beams, which may explain why most of the recent literature
with holes has focused on threaded screws and steel rods.
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4 Research question

The main goal of this thesis is to contribute to the field of fracture analysis of timber structures by
combining multiple established methods to create a finite element model efficiently. Previous
research has shown to cover singular, smaller holes mostly. A goal is to shed some light on the
reinforcement of multiple large holes in glulam beams, ultimately with a long-term hope to improve
the competitiveness of timber constructions, specifically by making room for large technical
infrastructure without losing ceiling height.

The problem area presents the following questions:

e How are simply supported glulam beams affected by a large hole when subjected to bending
and shear, with and without reinforcement?

o How can cracks be effectively detected and measured during experiments and used
in an FE-model?

o How does numerical data from finite element analyses correlate to experimental
results?

o How can experimental results from DIC be utilized to update the finite element
model?

The limitations of this thesis are as follows:

e Although moisture content in the materials during experiments is documented, the moisture
and temperature effects on strength are not calibrated.
e Glue lines are not considered in the FE-model.
e Transversal isotropy is assumed, and perpendicular stiffness is based on a formula.
e A bilinear cohesive traction-separation behavior is assumed, even though previous research
indicates exponential degradation to be more accurate.
e Cohesive material properties are based on literature for an initial guess.
The main reasons for simplifications are simply the lack of experimental data on the materials used in
this thesis.
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5 Materials

The experimental program involves four thin, combined glulam beams of Norway Spruce (Picea abies)
species, with two consecutive holes of 170 mm in diameter (0,57 hg/h), from a single manufacturer.
Series A concerns two unreinforced beams, while B is two beams with glued-on plywood. All the
specimens had pre-cut holes, and the reinforcement was also preliminarily mounted. Table 5.1 shows
the dimensions of the four samples and the reinforcement used.

Table 5.1: (a) Dimensions of experimental specimens, (b) dimension of reinforcement on series B.

Series LxHxB n Reinforcement Reinforcement on B e x he X tr
Glued-on-plane
A 5700x300x36 2 None 1200 x 290 x 12
plywood
Plywood on
B 5700x300x36 2 .
both sides

(a) (b)

The glulam elements have a global MOE of approximately 11 000 MPa, which equals to GL24c class
according to EN 14080 [32], with a mean density of 460 kg/m?> [108]. The outer lamellas in the beam
cross-sections are of C30-quality, each measured between 46-50 mm. The middle material section
consists of 10 laminated parts, measured height between 18-21 mm. These are of ungraded timber
quality, which means that the strength is not tested individually. Therefore, E = 6000 MPa is assumed
initially for this section. See Figure 5.2 for photographs of the four beams and the layer compositions.

The hole placement is in the middle of the gravity, which involves the weakest part of the glulam cross-
section, as seen in Figure 5.1(a). The reinforced beams in series B have spruce plywood glued on each
side [109] and eight small screws. See Figure 5.1(b) for an illustration of the reinforced area.

215 215
H ()
C30 | 1200 ,
E = 13 000 ' : o
MPa - i ‘
-, 62 | T62
~ % () I
GL24c Unsorted 300 2 |
E = 11 000 E ~ 6 000 P B
MPa MPa . A’ L . 12
30 150 515 85 600 '
E = 13 000

MPa

(a) (b)

Figure 5.1: (a) Quality of the glulam beam components in this project. (b) Placement of holes and
reinforcement.
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(b)

Figure 5.2: Photographs of (a) the four beams and (b) layers of timber (1-10-1).

5.1 Visual observations of material quality and flaws

The beams were straight with no indication of bowing or twisting, without any splitting of end-grain.
Test series B did not have any visible flaws due to reinforcement covering the area, and knots on the
plywood had been plugged (see Figure 5.5b). Tension and compression lamellas were of high quality,
with small knot density. However, there were some natural flaws in the middle part, as can be
expected due to low quality (see Figure 5.3 and Figure 5.4 accordingly):
1) Along wane-edge in a critical zone was measured to be approximately 700 mm on specimen
A1, which extends to the beginning of the right part of the hole at the expected crack area
2) Large knot density, especially between holes on specimen Al
3) A large knot-hole in the middle of specimen A2
4) All test specimens had finger joints going through all layers of timber at the second hole (the
right hole)

(b)

Figure 5.3: Photographs of (a) material flaws (all specimens) and (b) wane edge on specimen Al.
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(a) (b)

Figure 5.4: Photographs of (a) a dense knot area on specimen Al and (b) a large knot hole on specimen A2
between the two holes.

One of the specimens, Al, had a significant dimension difference of 6 mm at the finger joint, as seen
in Figure 5.5. This caused the beam to curve slightly outwards before any load was applied.

(b)

Figure 5.5: Photographs of (a) thickness discrepancy at finger-joint on specimen Al and (b) knot plugging on
the plywood reinforcement.
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6 Methods

In this chapter, all used methods are described in the subchapters, consisting of; (i) the experimental
setup with explanations and illustrations, (ii) the procedure for the finite element analyses is explained
thoroughly in steps, and lastly, (iii) the specific DIC post-processing data extraction procedures.

6.1 Experimental methods

A four-point bending test setup at the University of Agder was used for the experiments consisting of
two unreinforced (Series A), and two reinforced (Series B) combined glulam beams, each with two
consecutive holes. The experiments were recorded with Digital Image Correlation (DIC) and analyzed
through VIC-3D software. The hole areas in series B are reinforced with spruce plywood and attached
to the beam with adhesives and eight small screws (see Table 5.1 for dimension and material details).

6.1.1 Four-point bending test setup

All glulam test specimens have two holes, each with a 600 and 1200mm distance to the nearest
support. Figure 6.1 illustrates the experimental setup. The selection of test method and hole
modification is mainly to achieve a basis of comparable data in correlation to experimental results
done by the Norwegian Institute of Wood Technology (NIWT) (Appendix A).

An INP-260 steel beam was subjected to a vertical, centered point load from the actuator with a limit
of 200 kN, which then distributed the force on two points onto the glulam beams. According to EN
408 [110], the guidelines state that the width of these points shall not exceed half of the glulam beam
depth, which is cylindrical in these experiments and therefore within the requirements. Concrete
elements with small steel cylinders supported the glulam beam. Steel brackets on both sides were
intended to prevent out-of-plane buckling.

2000
]
steel I
brackets F
force distributing
steel beam

Cross- steel bar

section d=170
y i i
O e
. : , : : /
43_6L ! steel bar ! E ' grain direction ! !
concrete
element glulam beam
0 150 1150 1750 1950 3750 5550 5700

Figure 6.1: The applied test setup of glulam beams, subjected to a centered point-load, distributed by a steel
beam. The supports consist of two concrete elements, each with a steel bracket.
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In this project, a four-point bending method was selected over a three-point to avoid premature
failure due to stress concentrations in the bending area.

The UiA laboratory did not have the necessary equipment to perform a four-point bending test on
long beams, both in terms of a support system and load-distributing steel beam. An optimal setup
would be a permanent floor-mounted setup with adjustable support distance, with a mechanism to
avoid lateral displacement. Moreover, it was not allowed to drill holes in the UiA concrete floor to
install secure supports to prevent sliding and tilting. Therefore, alternative solutions were improvised
to solve these challenges. Two roadside crash-barrier concrete elements were used to support the
beams (Figure 6.2). These elements are stable from sliding and tilting without any mechanical
fastening to the floor because of their broad feet and heavy weight. A steel cylinder holds the beams
on each end, similar to the load condition. The reason behind the procedure was to secure the glulam
beams from rotation and raise the height to surpass the actuator base and allow bending.

s
~
~
~
-~
-~
-~
~

RS . . T

Figure 6.2: Support boundary with a frictionless steel bracket working as a lateral restraint.

6.1.2 System data overview

A transducer and different technologies are utilized to gather the required data for further analysis.
Figure 6.3 illustrates the interacting parts of the system. The load and transducer outputs are
compared with the DIC output relative to the picture index, which accurately represents displacement,
load, and time.
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¥
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Figure 6.3: Data in- and outputs.

Objective

6.1.3 Actuator

The four tests used displacement control, with 0,13 mm/sec constant incrementation, to stay within
the interval of 180 s < F < 420 s, according to EN 408 [110]. The LVDT and actuator registered

max
output two times per second.

6.1.4 Midpoint displacement

The displacement of the experiments was measured using a linear variable differential transducer
(LVDT) with a stroke length of 250 mm on beam midpoints. The accuracy of the equipment is
10,3 % = 0,75 mm. However, the signal output was in voltage originally and was connected to the
actuator, and thus a recalibration was necessary to achieve comparable signals. The equipment was
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supposed to be linear, but minor discrepancies were detected when measuring preliminary to the
experiments. The calibration resulted in an approximate accuracy of +0,8 mm. Appendix B presents
the calibration process with the related calculation formula. Because of the long-stroke length of the
equipment, it was necessary to place the LVDT on the side of the beam, with the stroke touching the
actuator base, as seen in Figure 6.4. Ideally, the LVDT should be placed oppositely, with the stroke
touching the beam instead. The LVDT was attached with duct tape to avoid penetration of the wood

with screws/nails, which may affect the results.

Figure 6.4: Centrical placement of the LVDT with stroke touching the actuator base.

6.1.5 Digital Image Correlation setup and preparations

Initially, white paint was applied on all four test specimens to create a contrast for the cameras to
accurately detect displacements, followed by a black speckle pattern application with an ink roller (see
Figure 6.5) after at least 24 hours of drying. The dot sizes had a uniform diameter of 1,27 mm (0,05
inches), as instructed by the manual [111] when using 16 MP cameras in a field of view (FoV) within
the interval of {770-2060 mm}. Furthermore, the pattern was randomly applied with ink 5-10 times in
an attempt to cover half of the area with speckle pigments. The chosen FoV was equal to 215 mm
from each side of the holes and covered the beam height (L = 1500, H = 300 mm). The selected length
was to produce an analysis field 150 mm adjacent to the reinforcement on each side.
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Figure 6.5: Example of a speckled area.

Due to the wide FoV, the camera setup was vertically aligned (see Figure 6.6b) to follow the
instructions from technical support. The camera distance to the beams was 1780 mm, which ideally
should have been equal to the FoV, but the cameras were placed further back due to calibration focus.
An ideal theoretical distance between cameras is equal to half of the depth, which equals 890 mm in
this case. It was, however, necessary to decrease this to 830 mm because the camera stand was
blocking the view.

Two cold spotlights were facing toward shoot-through umbrellas for adequate light quality to create
necessary contrast on the speckles. Both cameras capture five high-resolution pictures every second,
which means that the output could either be downscaled relative to the output from the actuator or,
conversely, the actuator output upscaled to match the DIC output frequency. Downscaling was chosen
to avoid interpolation between measured points.

Camera 1

(a)

Figure 6.6: (a) shows DIC cameras on an anti-vibration stand as used in this project [112], and (b) shows a
picture of the vertical alignment of the cameras facing the speckled area.
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6.1.6 Moisture content

A pin-less moisture encounter measured the moisture content right after each test. Figure 6.7 shows
a picture of the equipment. It creates an electrical field inside the depth of the material in a range
between 10 and 30 mm, ranging from 5 to 30 % moisture content. The moisture content was noted
for each meter of the beam span, resulting in five readings per specimen. The measurements were
rounded to the nearest 0,5% because the display was difficult to read more accurately (design
inaccuracy). Note that this apparatus deviates from the standard EN 13183-2, which recommends
equipment with electrode pins. Documentation of values can be found in Appendix C.

Figure 6.7: Tramex moisture content encounter

6.2 Numerical methods

A finite element model was created in ABAQUS with identical dimensions and modifications as the
experiments without reinforcement. The modeling process, material, and cohesive layer parameters
are further explained in this section.

6.2.1 Finite element modeling details

All modeling was done through ABAQUS/Standard 2020 using python scripts. Every process was edited
to variables and defined in the code to calibrate model parameters and execute many analyses
automatically.

First, a beam was initially created and cloned two times with identical material and hole dimensions
equal to the experiments. Secondly, these were then divided into three different beam parts (top,
middle between holes, and bottom, Figure 6.8) to deploy a cohesive layer on the surfaces (SCZM),
which allows fracture mechanics considerations in the model (Figure 6.8). Thirdly, partitions divided
the beam into heterogenous material sections (higher stiffness on top and bottom, while lower in the
mid-lamellae, similar to Chapter 5). Additional vertical partitions and a horizontal was placed
centrically at the reinforced area to provide a good mesh division. Figure 6.8 illustrates the sections of
the model and the cohesive layer. Master and slave surfaces were defined as the cohesive layer
between parts, placed at a 45° angle (+180°) clockwise. These are the expected crack-plane locations,
based on literature for holes within the moment and shear region, as previously introduced in
Chapter 3.4. The surface interaction acts as a hard contact between the model elements in an
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undamaged state while tangentially frictionless. Next, bilinear traction-separation cohesive law was
introduced to the model (theory in Chapter 3.5.1). The four-point bending test setup from the
experiments (section 6.1.1) was replicated, while the load was a 100 mm vertical imposed
displacement. Moreover, the power-law criteria in eq. (3.12) is applied to the model.

Figure 6.8: Shades of grey indicate different parts of the model divided into three. The purple lines illustrate
the cohesive surface layer.

Z-symmetry was applied across the surfaces on the vertical y-plane; this reduces model size in half and
computation time. Additionally, it simplifies the model by neglecting the effects of torsional rotation.
An eight-node hexagonal mesh was used with reduced integration (C3D8R), with a global size of 18
mm. Re-meshing was done with half the size, 9 mm, near the hole vicinity, which encloses the same
area as the FoV in the DIC setup. Moreover, this mesh was chosen to achieve two brick elements in
the width, thus further reducing computation time. See illustrations in Figure 6.9-Figure 6.10 of the
mesh area divided into model parts, a zoomed picture of the hole vicinity, and the reinforced model.

Figure 6.9: lllustration of the transition between coarse (18 mm) and refined (9 mm) mesh.
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Figure 6.10: Zoomed illustration of the mesh grid.

6.2.2 Material parameters

Linear-elastic orthotropic material properties are used on the beam globally while in undamaged
conditions and outside the fracture zone outlined by the cohesive layers. Known material parameters
are shown in Table 6.1, with their associated references based on experimentally derived data of
similar material quality and dimensions.

Table 6.1: Material properties

Part E, E,, onsv Gwy G,. Gyz Vpy VUpz Uy
[MPa] [MPa] [MPa] [MPa] [MPa] [-] [-]  [-]
Ref. App.A  Eq.(3.7) Eq.(3.8) Eq.(3.8) Eq.(3.8) [113] [113] [113]
Glulam beam (global) 11 000 367 688 688 69 0,02 0,02 0,3
Ref. [109] [109] [109] [109] [109] [114] [114] @ [114]
Plywood Reinf. 10 235 1765 350 350 350 0,06 0,4 0,4

Note that the global glulam beam parameters are listed; this is due to the unknown quality of the
middle section. Therefore, a parametric, linear-elastic sensitivity analysis was carried out to achieve
values that reflect the heterogenous cross-section.

6.2.3 Elastic analysis

Assimple linear-elastic beam FE-model without contributions from cohesive layers and linear geometry
(no holes) was analyzed to find the optimal moduli of elasticity and shear of the individual lamellae.
Sobol’s Sensitivity Analysis [115] was used with the Python module SALib.sample.saltelli [116]. After
that, the optimized parameters were applied to the cohesive model. The number of iterations is IV *

2D +2 = 5120, where N is the integers (= 512) and D are E, and G, , for both top/bottom

and middle lamellae (= 4), which are the material parameters to be analyzed (Table 6.2).

xYy !
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Table 6.2: Range of elastic parameters regarded in the optimization analysis

Parameter Ea:,top/bot Ga:y,top/bot E:c,m'id G:cy,mid

Range 13000 + 25% 750 £ 25% 6000 £ 25% 450 + 25%

Another series of elastic analyses were conducted using a single hole to determine the change in stress
distribution relative to hole placement along the beam length, with 5 mm increments. The hole
location is within the interval of 385 to 2850 mm, which is according to upcoming design rules that set
a minimum distance between hole to beam end, L, (Table 3.1). The end point indicates the mid-span

0-—385
5

of the beam (symmetry). A total of 235355 — 493 model iterations were carried out.

6.2.4 Initial guess of cohesive layer properties

Ideally, fracture parameters are determined experimentally. However, since this is beyond the scope
of this thesis, cohesive layer properties are found based on existing literature. Table 6.3 presents

these values, where 0;,,; and 7;,,; are the maximum nominal and shear stress to initiate damage in

ini

modes | and Il. Furthermore, G ; and G are the fracture energy related to modes | and II, and 1
is the viscosity parameter.

Table 6.3: Cohesive layer properties (initial guess values used in this thesis)

Part Oini Tini Grr G rrr 4

[MPa| [MPa] [N/mm] [N/mm)] [—]

Ref. (5] (5] (5] (5] (5]
Initial input 2 6,2 0,7 1,2 0,0001

6.3 DIC post-processing

All four beams were analyzed according to the rule of thumb in eq. (3.24) with minor discrepancies
depending on the calibration of the software. Initial analyses with step size 20 were used (Figure 12.3,
Appendix D), but some grey areas around holes were not detected. Therefore, a step size of 10 was
used instead (Table 6.4), which gave a low uncertainty interval (see an example of this in Figure 6.11)
without missing parts throughout the analysis. A further decrease in step size was tested but
decreasing from 10 to 5 resulted in a computation time increase from 4 to 13 hours for each
simulation, without including the extra data export processing, which was not feasible in this project.

Decreasing the subset size resulted in some missing areas throughout the analysis. Furthermore, the
recommended subset setting proved to be the most consistent, then used for all cases. The area of
interest (AOI) was defined with a rectangle to cover the speckled area (see Figure 6.12), with some
minor adjustments around the load condition and removal of holes. For the reinforced beams, it was
necessary to define the AOI by three individual rectangles because the program would neglect a large
part of the beam otherwise, likely because of the sudden jump in-depth at the transition from beam
to reinforcement.
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Table 6.4: Details of the step, filter, and subset sizes

Subset size
Series Step size Filter size
(Recommended)
A 10 7 61
B 10 7 63

Figure 6.11: Uncertainty interval related to subset size. The darker, purple/blue areas indicate better accuracy.
Notice some small grey spots at the reinforcement edge because of the depth difference. This example is from
specimen B1.
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Figure 6.12: Defined area of interest with a cutout around the hole area. This example is from specimen B1.
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6.3.1 Data extraction

Peak-strain area levels were evaluated by selecting four points perpendicular to the grain ¢, , where
cracking occurred on both unreinforced beams. An additional six points of ¢,,,. were extracted, then
compared to the FE-analyses. Figures are presented together with these points and their respective

data in the following chapter (Figure 7.3 and Figure 7.7).

6.3.2 MATLAB-ACDM post-processing of DIC results

The images gathered from the DIC experiments were further processed in MATLAB 2021a using the
automatic crack detection and measurement (ACDM) tool [96]. Cracks were rendered by the tool in a
1:1 coordinate system (mm), which enabled the calculation of crack occurrence and its diagonal length
relative to the picture numbers, load, and displacement. However, some minor adjustments were
made because line crooking was not adaptable to the cohesive layer in ABAQUS: A diagonal length
was calculated for start/end nodes for each crack length increment. Furthermore, the recommended
strain threshold was estimated to be 10 mm/m (= 1+9 mm/m) [96]. However, manual measurements
indicated that 5 mm/m would give the best representation of experiments; it was, therefore, used to
compute the crack length.
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7 Results

First off, this chapter presents the experimental results of the four glulam specimens, which are
conducted according to the four-point bending procedure (see details of materials in Chapter 5 and
section 6.1 for the test setup and methods). Next, the results from elastic FE-analyses are presented,
including best-fit material parameters and hole placement to angle relation by applying a four-point
setup and an evenly distributed load. Then, the unreinforced cohesive FE-model is compared with
experimental results regarding force and crack length relative to displacement. Finally, a method and
function are developed to update the cohesive layer parameters, although not validated in this
present work.

7.1 Experimental results

7.1.1 Unreinforced beams

Figure 7.1 shows the force/displacement behavior (left y-axis, blue line) of experiment Al but also
presents an issue regarding out-of-plane displacement (right y-axis, orange line), which was seen
visually during tests and measured from the DIC stereo-triangulation. Therefore, results after this issue
occurs, e.g., up to 40 mm displacement (black vertical line), will be disregarded further in FE-model
validation. Additionally, the crack initiation and propagation were analyzed during DIC post-
processing, utilizing the ACDM MATLAB extension to detect cracks relative to the displacement output
from the LVDT. Fracture points are shown by red circles in Figure 7.1 and ordered by numbers,
compared with Figure 7.2, which shows the crack length increments.
Crack evolution relative to force/displacement, A1
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Figure 7.1: Crack evolution relative to force and displacement of specimen Al.
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A_]_ 1 =32

A 7 = tension perpendicular to
grain complete failure

Figure 7.2: Sketch of the crack evolution of specimen Al. Crack length increments are shown to the right.

Ten points are defined in the DIC post-processing software (Figure 7.3), which will later be used to
compare with the FE-model. Six of these points (P0O-P5) are used to extract strain data along the grain
(Figure 7.4a), and the other four (P6-P9) extract strain data perpendicular to the grain (Figure 7.4b).
These are chosen with regards to the first crack occurrences. P8 is the most intense point in this case.
In the area near the loading condition, P5 (+ for tension) and P2 (- for compression) have the most
significant strain outcome along the grain. For more illustrations/contours of DIC post-processing, see
Appendix D. Moreover, the numerical data of strain and crack length can be found in Appendix E.

¥ ps: 0.00810168 [1]

-0.0058 eyy [1] -Lagrange 0.0119

Figure 7.3: Contour and points marked for data extraction of strain (&,, PO-P5, and &,,, P6-P9) on specimen Al.
Results of these are seen in Figure 7.4(a-b). The legend explains the contour colors, where negative and
positive indicate compression and tension.
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(a) (b)
Figure 7.4: (a) Strain perpendicular to the grain &,,, at four high peak points can be seen on the right y-axis. (b)

Strain along the beam length on the right y-axis. The blue line refers to force/displacement until 40 mm. The
location of points PO-P9 is shown in Figure 7.3.
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The same process is repeated for the other unreinforced specimen, A2, where the crack evolution

and force-displacement are shown in Figure 7.5 coupled with Figure 7.6 to illustrate the crack

occurrences. Data after 40 mm displacement is also disregarded for this case for further analysis.

Cracking relative to force/dis

placement, A2
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Figure 7.5: Crack evolution relative to force and displacement of specimen A2.
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Figure 7.6: Sketch of the crack evolution of specimen A2. Crack length increments are shown on the right.

Similarly, P8 on specimen A2 (Figure 7.7), on the upper right side of the left hole, is registered as the
highest strain area, which is the start of crack occurrence. No cracks were detected at the bottom-left
side of the hole closest to the support, even though this was the second-highest strain perpendicular
to the grain (Figure 7.8). The failure mode resulted in a sudden finger-joint failure combined with
tension cracks perpendicular to the grain, as illustrated in Figure 7.6.

B T =
oy e B
.000225789 [1] EW s
\ .

P5: -0.00193773 [1]

-0.0044 eyy [1] - Lagrange 0.0021
Figure 7.7: Contour and points marked for data extraction of strain (&,, PO-P5, and ¢,,, P6-P9) on specimen A2.

Results of these are seen in Figure 7.8(a-b).
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Figure 7.8: (a) Strain perpendicular to the grain ¢,,, at four high peak points on the right y-axis. (b) Strain along
the beam length on the right y-axis. Refer to Figure 7.3 for the placement of points labeled in the legends.

7.1.2 Reinforced beams

Two beams with glued-on plane plywood reinforcement were also tested, which did not experience
any cracks in the hole areas. The same problem was encountered with displacement out of the plane,
resulting in a decrease of force after maximum load. In addition, the beams experienced tension
failure due to bending at the mid-span. Again, the strain behavior was analyzed in the DIC post-
processing; however, there was no significant strain at the hole vicinity (Figure 12.8, Appendix D). The
most prominent peak strain was identified at the transition between unreinforced and plate area, yet
no cracks at these points were seen visually nor registered by ACDM. The main reason for these two
experiments was to assess if the beams would retain the failure mode and strength as if the beams
were intact without any holes. The first argument can be confirmed from the experiments; however,
the second cannot because of lateral buckling.
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Figure 7.9: Force-displacement relation of (a) B1, and (b) B2.
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7.1.3 Experiment summary

All load-displacement and crack initiation results are summarized in Table 7.1 to illustrate the
differences. Crack initiation shows that the reinforced beams did not experience cracking in the DIC-
recorded area. Al had a quicker initiation than A2.

Table 7.1: Load, displacement, and first crack occurrence of all four experiments.

S Maximum First crack Displacement [mm)]
load [kN] initiation [kN] (at max. load)
Al 10,6 51 40,1
A2 11,9 8,8 41,3
B1 12,5 - 48,0
B2 12,9 = 45,3

7.2 Finite element elastic analyses

Elastic analyses were conducted preliminary to applying the cohesive layers to determine material
properties for the individual parts applied to the final model. Additional results were extracted using
a FE beam model with one hole to determine normalized stress relative to the angle at the hole.

7.2.1 Elastic material parameter sensitivity analysis

A sensitivity analysis was conducted to find the best fitting moduli of elasticity parallel to the fibers
along beam length, distinguishing between the middle and outer lamellae of the glulam beam
concerning its global parameters (method described in section 6.2.3). These values are then applied
to the FE-model accordingly. The plot in Figure 7.10 shows the relation between the top/bottom and
middle lamellae. Additionally, shear moduli are shown with colors, where the green color is aligned
on the best fitting plane. The material parameters used further in the FE-model are listed in Table 7.2.

Gxy — middte [MPa]
337 360 383 406 429 452 475 498 521 544

100

[o¢]
o
=0

N
o
best fit

Figure 7.10: Four-dimensional sensitivity plot to determine material parameters.
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Table 7.2 Elastic material properties used in the cohesive FE-model. (See section 3.2.1 for an explanation of
these parameters)

E, E,, onsv Gmy G,. Gyz VUpy Upz Uy

[MPa] MPa] [MPa] [MPa] [MPa] [-] [-] []

Ref. Sens. An. Eq. (3.7) Sens. An. Eq. (3.8) Eq.(3.8) [113] [113] [113]
Middle lamellas 7 000 233 440 440 38 0,02 0,02 0,3
Top/bot. lamellas 13 000 433 810 810 81 0,02 0,02 0,3

7.2.2 The inclination of stress distribution in the hole vicinity

Further elastic FE-analyses were done to estimate the stress behavior in the hole vicinity, which is
shown in Figure 7.11 (method explained in section 0). The graph shows the inclination of where the

current peak o, is located (right y-axis, red line) relative to the hole location along the beam length.

yy
The maximum stress inclination at the hole vicinity is between 40 and 50° until the first point load,
which shifts to around 30° between the two load points. Note that stress is the maximum absolute
value, which can either be tension or compression (o, o, or o, 4,). A normalized stress plot is also
demonstrated (on the left y-axis with a blue line) to indicate relative stress at any given point along

the beam length. Peak normalized ¢,, occurs before the load point, due to a combination of moment

and shear. Bending moment is present alone past the load point, hence why the normalized stress

curve has a steep drop and then stabilizes at = 30°.

4 point bending - [0y, ]
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Figure 7.11: Normalized stress (blue line, left y-axis) and angle (red line, right y-axis) relative to the distance
between beam edge and hole center, using a four-point bending setup.
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A similar graph is shown in Figure 7.12, with an evenly distributed load every 900 mm along the beam,

starting at 150 mm from the end, above the support. The maximum absolute stress o, , at a specific

yy’
angle (red line, right y-axis), in addition to the normalized stress along beam length (blue line, left y-
axis) are shown. Here, the angle of the largest tensile stress is reduced by approximately 4° as the hole
placement along the beam reaches a new load, although somewhat unpredictable right below the

loads.
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Figure 7.12: Normalized stress/angle relative to the distance between beam edge and hole center, with evenly
distributed load every 900 mm.

7.3 Results of the cohesive FE-model

Figure 7.13 presents the results of the FE-model (see section 6.2 for methodology description)
compared with both unreinforced experiments, along with their relative crack progression and
capacity. Lines represent force-displacement (left y-axis), and dots and dash plotlines represent crack
lengths relative to displacement (right y-axis) of the upper-right (u-r) and bottom-left (b-I) planes,
respectively. All crack length plots refer to the first (left-side) hole. Colors indicate individual
experiment or FE-model, where; Al is green, A2 is red, and FE-result is blue. Additionally, the chart is
marked with a black vertical line at the point where out-of-plane displacement began. Finally, the
mean maximum force/displacement of experiments (n = 10) conducted by The Norwegian Institute of
Wood Technology (Appendix A) is displayed as a purple star to demonstrate where ultimate failure
was likely to happen without rotation issues. Crack evolutions are listed in steps in Appendix E.
Additionally, a contour of the FE-model is shown (Figure 7.14) in a cracked state (see previous steps
in Appendix F).

The two reaction forces are added and multiplied by two because Z-symmetry was implemented at
half of the depth in the model. Figure 7.13 shows that the FE-modelled beam (27 kN) has around
double the capacity compared to experiments conducted in this project (11-12 kN) and by NIWT
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(14 kN). Additionally, crack initiation in the FE-model appears significantly later, at 72 mm
displacement, compared to 17 and 28 mm. The line slope is in correspondence with the experiments.
Refinement of the cohesive layer properties is necessary to match the maximum force and crack
initiation.

FE-model compared with experiment, A1 & A2
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Figure 7.13: Finite element-model results compared with unreinforced experiments, A1 and A2.
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Figure 7.14: Increment 300 (Convergence) of the FE-model. Red indicates tension and blue compression.

7.4 FE-model updating procedure

This section presents a strategy to correct the FE-model based on the crack length and strain fields
extracted from DIC. First, ten displacement points were defined where the desired data was extracted
from the FE-model, ranging between 4-40 mm displacement. A history output of strain was then
obtained at the related coordinates corresponding to the ten points in Figure 7.3 and Figure 7.7.
Finally, crack initiation and propagation were calculated in the model by identifying the node IDs
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associated with the cohesive layer. The ABAQUS parameter BDSTAT returns the damage condition, a
value between 0-1 indicating when cracking starts.

An optimization algorithm can adjust model parameters based on the current iteration error. The SciPy
toolkit Differential Evolution (DE) is suggested to tune the model parameters based on Python's
programming language. DE is a stochastic population-based method that automatically searches for a
solution through large data areas by mutating the search parameters. When the script detects
improvements, they are then used as new parameters in the FE-model; if not, then they are
disregarded, and the parameters change once again until the best match is identified [117, 118, 119].
A function (7.1) determines the error between experimental and numerical parameters, which
calculates each trial of cohesive properties within the chosen boundaries:

M N exrp n um exrp num 2 exrp num 2
o— €11,45 — €115 €o0.ik ~ €22,ik la;,  —a; | (7.1)
- exrp + %P =+ a=P :

=1 j=1 11 i5 227’/',14: =1 il

Where the apex (x)“*P is an experimentally (DIC) calculated variable, (x)"“™ is a numerically
calculated variable from the FE-model, £,; and ¢,, are the strain parallel and perpendicular to the
grain, and q is the crack length measured by ACDM, which is compared to the calculated distance of
damaged node coordinates in the FE-model (BDSTAT). M describes the number of steps {i =
1,2...,10} where each step indicates 4 mm displacement increments, N is the number of strain points
parallel to grain measured by DIC {j =1,2...,6} and O perpendicular to grain {k=1,2 ... 4}.
Finally, P is the number of crack planes {l = 1,2}. The cohesive parameters suggested to change are
the normal and shear stress required to initiate a crack (o, . and 7, .). All the experimentally

ini ini

measured inputs to the above formula are listed in Appendix E.

Given the time-consuming process of non-linear cohesive FEA, combined with the DE-method, the
model-updating and validation of this method are purposed for future work.
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8 Discussion

Experiments were studied using Digital Image Correlation-instrumentation in a four-point bending test
setup on four beams. Two of the beams were reinforced with plywood glued at the hole vicinity. All
specimens had two adjacent holes with a 0,57 hg/h ratio, with the first being 1000 mm from the
support to the center and the next at 1600 mm, which is 200 mm left from the first load. The strain
concentrations were directly extracted from the post-processing software VIC-3D, allowing
comprehension of the consequences of holes in a loaded beam. Additionally, the crack length was
calculated with ACDM (MATLAB extension) to interpret the DIC results, then analyzed relative to the
global displacement.

8.1 Evaluation of experimental setup, instrumentation, and post-processing

The experiments underwent lateral-torsional buckling at approximately 40 mm displacement during
loading, mainly due to insufficient lateral restraints. Therefore, results after 40 mm mid-point
displacement (bending) were disregarded because this presented multiple uncertainties. A
preliminary test on a 48x198x6000 mm sawn timber specimen without holes did not experience this
issue. This leads to the argument that other factors may have contributed to the lateral buckling, e.g.,
thin, tall, and heterogeneous cross-section, long span, non-linear geometry (holes), and finger-joints
at the load. This problem could be reduced significantly in future experiments by utilizing a restraint
at every meter along the beam. However, it might be challenging to eliminate twisting while retaining
a friction-free constraint as the standard testing methods require.

The concrete support base was a solid solution, as they did not move and tolerated the load. During
the laboratory tests, minor crushing of wood fibers was observed at the cylindrical steel support and
loading points; this could be diminished by providing a larger contact area in future experiments. The
author believes the maximum limit specified in the standard (EN 408) should be used, with half beam
depth (18 mm in this case) and a thin layer of rubber between a plate and rounded edges to minimize
fiber-crushing.

Securing the transducer with duct tape showed to be adequate, although it is uncertain whether this
caused any minor irregularities. The linearity of the readings indicates that duct tape was sufficient.
Still, a smaller piece of equipment placed underneath would have been more efficient because it
would not be necessary to reattach it between every experiment.

The moisture content of all specimens was within a reasonable range of optimal test conditions (11-
12%), given that the measurements were from a pin-less instrument that deviates from EN 13183-2.

DIC instrumentation met accuracy expectations, although the setup and post-processing were quite
complex and time-consuming. Vertical camera alignment was used due to the broad field of view, and
it met the expectations for the experiments. The speckle pattern and application were reasonable
because they provided minimal grey areas with the recommended subset size. An initial attempt with
a step size of 20 showed missing parts near the holes. A step size of 10 provided good accuracy within
a reasonable timeframe of 13 hours per experiment.

In the absence of a better verification method, visual and manual measurements were performed on
beam A1 to validate a few control points to compare with ACDM with different threshold settings. The
settings were set to a 5 m/mm threshold, which deviates from the recommended settings; however,
this gave the best correlation to the measurements. Crooked lines showed to be a limitation of the
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software extension. Length of cracks was calculated diagonally, with no regard to jagged lines, which
probably had a minor effect.

8.2 Analysis of experimental results

For both unreinforced beams (7.1.1), the most prominent strain concentrations were observed at the
first hole, specifically at the upper-right side, which indicates that the shear force contribution has had
a considerable effect on that specific hole. Initial cracking occurred at 17 and 28mm mid-span
displacement for specimens Al and A2. A limitation of the DIC setup is that the two cameras only
capture one side of the beam; thus, one side is undocumented. The early crack initiation of Al is likely
due to the wane edge flaw, as seen in Figure 5.3, although this cannot be statistically confirmed. The
ultimate failure happened at the second hole (after twisting), where a long crack propagated between
the holes. In addition, A2 experienced a very brittle finger-joint failure, although the author believes
this was influenced by lateral buckling, which caused tearing (fracture mode IIl). Nevertheless, it still
indicates that finger-joint placement is not optimal, and an ideal placement would be on the opposite
side of the beam. The low quality in the mid-section presents another uncertainty, emphasizing the
need to do more tests. It would be more consistent in load-bearing joints to use high-grade timber
with greater homogeneity or to ensure that flaws are not present in the tension zone, especially when
fracture mechanics are present. Despite this, it is advantageous to evaluate worst-case scenarios in
laboratory testing to ensure safety in these situations. Manufacturers may not consider the
consequences of finger-joint placements and other imperfections in critical areas.

The two reinforced beams (7.1.2) did not experience any cracks in the hole area. Instead, tensile
bending failure was detected at the mid-span, suggesting that plywood reinforcement can prevent
stress concentrations and premature failure for beams with two large holes. The DIC analysis further
confirmed this due to minimal strain values at the hole vicinity. The literature review uncovered a gap
in reinforced glulam beam experiments with holes larger than 0,4 hg/h; however, more extensive
statistical support is necessary without the influence of lateral buckling to confirm if the upcoming
Eurocode 5 section is too conservative regarding hole size.

8.3 Analysis of numerical results and methods

An optimization analysis initially estimated the moduli of elasticity and rigidity (7.2.1), which was
based on known parameters of the entire beam (Gl24c) and the outer lamellae stiffness (C30).
Although experimentally determined values give the most accurate result, estimating these values
based on the best fit from the analyses is considered a good alternative solution by the author.

Further FE analyses were simulated with many iterations, and for that reason, the mesh type (C3D8R)
and size (18mm global) were chosen to reduce computation time. Various mesh types and sizes have
not been compared to verify the effects this could have on the results. Previous research indicated
that selecting a higher viscosity parameter is not ideal; this was then chosen to a low value of 0,0001.
FE-analyses (7.2.2) with one hole uncovered that the stress distribution is dependent on hole location
relative to the support and load. In most areas, the maximum absolute stress perpendicular to the
grain o, was found to be between approximately 45° and 30° degrees, except near the load. Thus
deviating from the literature (Chapter 3.4) near loads, where crack planes were discovered at 60° or
300°. Only o, was considered in this analysis, and o, will have a greater contribution near the mid-
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span which explains this deviation. When the hole is close to or beneath the load, the maximum stress
location is unstable and challenging to accurately predict when stress contributions change from shear
and bending to pure bending. Keep in mind that this is generated from a model and not validated by
laboratory testing. In addition, glue lines are not considered in the model and have an unknown effect.

Numerical crack length data and force-displacement relation (7.3) were compared with this thesis's
experimental results and previous findings. The force-displacement slope line of the FE-model
correlated to the experiments, which suggests that elastic parameters agree with the glulam beams.
Even with limitations of transversal isotropy and numerically generated values. The numerical results
greatly overestimated the force to reach ultimate failure and the initiation of cracks, which signifies
that the cohesive material parameters are not in accordance with reality, which is expected when
values are found from the literature of different material strengths. The placement of the cohesive
layer does not entirely represent the actual crack propagation, as some cracks tend to extend away
from the horizontal plane. Moreover, ultimate failure at the second hole happened at a lower position
in the cohesive zone. The bilinear traction-separation assumption may also explain why the cracks are
rapidly propagating.

Experimentally determined fracture energy will most likely provide the best fitting model parameters,
but these test methods require special equipment and are not included in the scope of this thesis. The

author believes that the stress needed to initiate cracks (o,,,;, 7;,,;) needs to be lowered to reflect the

e
actual crack-timing better. This led the author to create an expression (7.1) which is believed to
describe the error realistically based on strain changes and crack evolution to adjust the cohesive
parameters. It can be argued that using ultimate force as the variable can allow for quicker
convergence. Still, it is the author's opinion that this would not correctly represent the overall

progression of the material behavior compared to DIC results.
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9 Conclusion

Cutting holes in load-bearing timber beams cause failure due to concentrations of tension
perpendicular to the grain, which has been addressed in this thesis. Utilizing modern methods to
analyze this type of damage or failure and other topics outside of building codes can be advantageous
in providing knowledge for practitioners and motivating further research.

The research questions created the basis for the theme of this project, which is repeated and
answered below:

e How are simply supported glulam beams affected by large holes when subjected to bending
and shear, with and without reinforcement?

A standard four-point bending was used to conduct experiments on two unreinforced glulam beams
with two consecutive holes, each constituting 57% of beam height in diameter. Crack initiation began
at 45° of the closest hole to the support, but the next crack plane differed between the experiments.
A detailed analysis utilizing two Digital Image Correlation-cameras uncovered that tensile stress
perpendicular to the grain was the cause of the crack occurrence, which is the weakest strength
direction of timber.

The same setup was used for two reinforced beams with equivalent dimensions and hole sizes. The
reinforcement successfully prevented tensile stress concentrations at the holes, which resulted in no
cracks being detected in this area, and strain levels were found minimal in the post-processing of DIC.
The beams experienced failure at mid-span in the tensile bending area.

e How can cracks be effectively detected and measured during experiments and used in an
FE-model?

A method to use the high-resolution images from DIC, called “Automatic Crack Detection and
Measurement (ACDM),” was utilized on the gathered data of the four experiments after extracting it
to a MATLAB format. This tool effectively detected cracks in the experiments, and their length was
calculated through the software, with some limitations. Nevertheless, the data indicated to be in unity
with the experimental findings, given a selected strain threshold of 5 mm/m. A surface-based cohesive
zone FE-model (SCZM) was created in ABAQUS to analyze cracks and capacity numerically, with equal
hole placements and dimensions in resemblance to the beam experiments. No existing methods were
identified to correct an FE-model relative to DIC results directly. Instead, a technique to extract specific
points of cracks along the cohesive layer in ABAQUS was devised by identifying the parameter that
causes separation (BDSTAT). These points were then manually compared to the equivalent DIC
coordinates.

e How does numerical data from finite element analyses correlate to experimental results?

The numerical and experimental results were compared with others findings of equivalent beam
modifications. Elastic parameters of the model were partly determined by actual test values combined
with numerically optimized values to fill in missing parameter gaps, which resulted in a great match
between the force-displacement curve slopes.
Cohesive layer parameters were found in the literature and applied to the FE-model, but they did not
correlate with experimental findings of crack initiation and ultimate failure load. Consequently, the
FE-model overestimated the capacity by approximately twofold compared to experiments, and cracks
were initiated at a later stage.

e How can experimental results from DIC be utilized to update the finite element model?
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Adjusting the maximum nominal stress required to initiate cracks of the cohesive layer was necessary
due to the inconsistencies between the model and experiments. Hence, a method to optimize these
parameters was presented based on the high-quality images from DIC.

The suggested procedure involves a stochastic optimization algorithm using Python script, which
identifies the degree of correlation between chosen data from the model and experiments and
replaces model parameters until an improvement is made, which will continue until the best fit is
found. An error function was defined based on three different measurements from DIC: four high-
strain points perpendicular to the grain where cracks initiate, and six points of strain along the grain,
in addition, to crack length. The author believes that the cohesive parameters, g;,; and t;;,;, should
be corrected by the optimization to create a more precise correlation between the FE-model and
experiments. However, this hypothesis has not been validated within the framework of this study.

To summarize, a novel combination of existing, although advanced methods were utilized in this thesis
to gather information on crack and strain behavior in timber beams, which can be directly used to
update an equivalent FE-model with cohesive layers by Python scripts. Experiments proved that
unreinforced glulam beams with large holes are subject to stress concentrations, which causes cracks
and premature failure to occur, although this can be prevented by applying plywood with adhesives
to the beam faces. This thesis does not provide enough statistical material and control group (beam
without holes) to conclude that it retains its strength as if there were no holes. However, it raises the
guestion that research until now has not covered large, reinforced holes. The results of a non-linear
finite model with cohesive layers emphasized the importance of acquiring realistic material
parameters. The model proved to overestimate the strength given the literature-based parameters,
which was the motivation to find a method to tune the model automatically.

Modeling in ABAQUS by Python code was initially very time-consuming. Still, it showed to be highly
advantageous for creating an automated process since it allowed to iterate thousands of analyses with
small differences in dimensions and material parameters. Dual-camera DIC proved to be excellent for
analyzing strain at specific points and measuring any unwanted issues, such as lateral buckling. The
post-processing of DIC did not provide any means to detect or measure cracks itself, but the ACDM-
method showed to be an efficient extension for this purpose. However, it requires validation to assure
correct threshold settings. Moreover, extracting strain and crack data from the FE-model showed to
be more challenging than initially expected, as sets of specific node IDs must be defined, which
required significant manual labor.
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10 Recommendations

During the work of this thesis, some questions emerged that were outside the framework, besides
finding some undiscovered areas in current research.

o Reinforced glulam beams with large holes

A research gap was found in reinforced holes larger than 40 % of the beam height. The author urges
future research to follow this up with experiments, especially with a new Eurocode 5 within reach and
improving timber's competitiveness.

e Validation of the proposed model-updating method

The author believes that DIC data can be used to update a model based on the stochastic optimization
procedure. It is highly recommended that this method is validated in future work.

o Experimental determination of material fracture parameters

The reliability of FE-models is imperative for practitioners; therefore, the author recommends further
studies to determine fracture parameters for different materials.

e Utilizing DIC data to an FE-model and creating a common format

Direct use of DIC strain-field in combination with crack length to update an FE-model seems
unexplored; thus, the author is hopeful that this thesis will be a foundation for future work on this
topic. Furthermore, the author is optimistic about creating efficient, reliable models that reflect
realistic situations based on DIC experiments. Locating and extracting data from specific nodes in the
FE-model to correlate with DIC proved to be complicated and tedious during the work with this thesis.
The author is confident that additional research and software development can lead to successful
collaboration between FE-software and DIC-instrumentation and lead to automatization.
Consequently, this can advance new ways of analyzing practical situations of structures based on
acquired knowledge from experiments.

e Applying ACDM in more case studies of different materials

Supplementary experiments of cracks utilizing ACDM are recommended to establish more knowledge
of the consequence regarding the chosen threshold and a validation procedure to confirm its accuracy.
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12 Appendices

The list below provides an overview of the content in all appendices:

A. The Norwegian Institute of Wood Technology conducted Experiments on beams with equal
dimensions and modifications as in this thesis.

Documentation of the LVDT calibration procedure.

Data from moisture content readings.

Collection of pictures and illustrations gathered from post-processing of DIC and ACDM results
A sample of the data gathered from DIC and ACDM is listed, which is a part of the suggested
model-updating procedure

F. Contours of the finished Finite Element model

mOO®

Additional electronic appendices:

e A3-Poster

e Actuator, load, and displacement data are within the Excel file, and the DIC extracted data.
e (CSVfile of numerical analysis

e Python code of the models and analyses (Note: copy the model code into the ABAQUS
command line)

Model data and python code can be shared upon request.
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A.Experimental results (by NIWT)

These experiments were conducted by the Norwegian Institute of Wood Technology before this
project, with the same beam and hole configurations as in the present work. Table 12.1 shows the
maximum force, displacement

Table 12.1: (Source is raw data from NIWT)

Experiment Max Force Displacement at maxF E

number [kN] [mm] [MPa]

1 12,52 39,7 10497,0

2 15,50 46,3 10832,7

3 14,26 49,0 11466,8

4 14,26 51,7 11249,0

5 15,54 57,0 10658,1

6 14,88 44,4 11164,4

7 13,82 48,5 11335,8

8 14,60 45,6 10343,1

9 14,66 50,2 10313,7

10 14,70 46,4 11414,9
mean 14,47 47,9 10928
std 0,87 4,64 452,1
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B. Calibration of LVDT equipment

Details on how the LVDT signal is recalibrated are described in this appendix.
Creating a line of the first and last non-zero point of the signal output data, as shown in Table 12.2,
the straight line can be expressed as:

—mrtb = ymg— 2 12.1
y=me Y7957 10 (121

Assuming the measured distance of the LVDT to be 4y = x, then the calibration formula is:

y+2,7
T
0,52

(12.2)

Where z is the recalibrated distance and y is the signal output. This gives an accuracy of + 1 mm but
can be further reduced by slightly adjusting the formula to:

y+2,3
T~ —

052 (12.3)

This results in an accuracy interval of approximately + 0,8 mm, as presented in Table 12.2.

Table 12.2: Data used for recalibrating the LVDT output. The signal output presented in the table is the average
of three measurements.

Measured stroke length Signal output, avg. Recalibrated according Difference

on the LVDT [mm] n=3 [mm] to eq. (12.3) [mm] [mm]
0 0 0 0

30,0 12,9 29,2 -0,8

60,0 28,5 59,2 -0,8

90,0 44,3 89,6 -0,4
120,0 60,1 120,0 0
150,0 75,7 150,0 0

180,0 91,7 180,8 +0,8

210,0 107,2 210,6 +0,6

240,0 122,1 239,2 -0,8
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C. Moisture content

Moisture content was measured using electronic apparatus. Values in Table 12.3 are rounded to the
closest 0,5 value because of difficulties reading precise decimal values.

Table 12.3: Moisture content of each experiment.

Measured point  Moisture content [%]

x [m] Al A2 Bl B2
1 95 11,5 11,5 9,5
2 105 12,0 11,5 105
3 13,0 12,5 12,0 12,0
4 11,0 11,0 12,0 13,0
5 10,0 10,5 12,5 12,0

mean 11,0 115 12,0 11,5
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D.DIC and ACDM post-processing pictures

Illustrations of ACDM contours of Al and A2 are shown in this annex. Additionally, the contour of
strain perpendicular and parallel to grain from DIC are shown. Lastly, two photographs show the
failure mode of the unreinforced beams. The reinforced beams were not photographed because
cracks were not visible in the middle of the beams when not loaded.

Figure 12.1: ACDM crack contour plot of specimen Al before complete failure

Figure 12.2: ACDM crack contour plot of specimen A2 before complete failure

Win: -0.00638603

of specimen A1l with a step size of 10 showing significantly more details and

Figure 12.4: Contour plot (g, )

fewer grey areas around the hole vicinity.
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Figure 12.7: DIC contour of A2 (¢,,,.).
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Figure 12.8: Contour plot (¢, ) of reinforced specimen B2 with a step size of 10. The picture shows the largest
strains at the transition of reinforcement. Some grey areas are due to depth differences.

e

B)

Bkl

Figure 12.10: Failure cause of A2 at the right hole. Tensile stress perpendicular to the grain and finger-joint
failure.
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Table 12.4: Experimental data at specific points (Al). Each point is displayed in Figure 7.3. Surface (S) 1 and 2

are the bottom-left and upper-right crack planes of the first (left) hole.

Al Displacement [mm]

4 8 12 16 20 24 28 32 36 40

po | 0163 | 1635 3618 2277 3680  3.347 4269 3686 5640 | 6.225
pp|-0.867 1880 0889 2895 2247 4611 5099 5771 5789  7.845

o, P2| 0557 2997 383 5572 7734 6832 o416 1084 12311 15921
[10%] p3 | 0730 -2.939 -1.260 -1613 -2710 -3469 -4.933 5023 5837 -3.336
pg | 0001 -1154 0417 -1.888 -3.864 -3.741 -4.929 -4227 -5081 -2.696

p5 | 2959 4032 -4990 -6.786 -0.692 -8.586 ~-8.370 -10.699 -11.576 -10.655

pe | 0695 2159 4123 6255 0501 12056 14.779 16.890 18.834  20.937

e, P7|L797 3065 6700 7905 9507 12002 14008 15901 17.695 17.009
[104] pg| 0460 3716 5919 8059 10382 13.152 15959 20741 24.295 40.067
pg | 0.952 12296 1982 3.523 3862 5180 5409 7.074 5704 = 2.162

a S1| o 0 0 0 0 0 37 71 71 71
[mm] g3 | o 0 0 0 32 56 56 71 71 71

Table 12.5: Experimental data at specific points (A2). Each point is displayed in Figure 7.7. Surface (S) 1 and 2

are the bottom-left and upper-right crack planes of the first (left) hole.

A2 Displacement [mm]

4 8 12 16 20 24 28 32 36 40

po| 1296 2439 3382 3729 43828 5052 6173 5964 8221  9.429

pp | 3497 5022 5863 7707 9.843 11795 14.273 16.092 17.455 19.628

. P2 -0.515  0.669 1.197 3.756 4.234 6.241 7.862 = 7.444 12.535 14.830
[10] p3 |-1.880 -1.535 -1.422 -2390 -1.999 -1.372 -2339 -1.544 0371 1277
pg | 0.047 -2903 -3.674 -3.783 -5.824 -5418 -7.341 -6.753 -8.425 -8.049

p5 | -0.408 -2.532 -4.466 -4.854 -6.626 -8.402 -11.265 -13.344 -13.581 -20.547

pe | 1.049 1068 2164 2443 3344 3291 3.875 2819 1839 -0.971

e, P 0.930 2368 4.184 4506 6.517 9344 9.726 11.613 13.008 15.624
[10%] pg | 0493 2694 3457 5381 7115 8654 9.889 12480 14071 15709
pg | 1.616 1815 2890 3.770 6002 6.495 7.204 8453  9.015  10.170

a S1 0 0 0 0 0 0 0 0 0 0
[mm] 5| o 0 0 0 0 0 40 91 91 134
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F. Finite Element model contour
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Figure 12.11: Increment 30 of the FE-model

Figure 12.12: Increment 60 of the FE-model

Figure 12.13: Mesh of a reinforced model. This was not analyzed due to the twisting of the beams.
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