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ABSTRACT 

 
 
 

THREE DIMENSIONAL FRACTURE ANALYSIS OF FILLET WELDS 
 
 
 

FIÇICI, Ferhan 
 

M.S, Department of Mechanical Engineering 
 

Supervisor: Asst. Prof. Dr. Serkan DAĞ 
 
 
 

May 2007, 124 pages 
 
 
 

The aim of this study is to model three dimensional surface crack 

problems in fillet welds. It is assumed that weld material has the same 

material properties with the sheet metals. The surface crack is considered 

to occur at two regions; one at the weld root and the other at the weld toe. 

The surface crack is assumed to have a semi – elliptical crack front profile. 

The surface crack problem is analyzed under mechanical loading and the 

models are built up by three dimensional finite elements. Around the crack 

front, strain singularity is taken into account by using degenerated 20 – 

node quarter – point solid elements. The main results of this work are the 

stress intensity factors around the crack front for the test specimen model 

subjected to axial and bending loads. 

 

Keywords: Stress intensity factors, displacement correlation technique, 

semi – elliptical surface crack, mixed mode, parametric modeling 

 
 
 
 



 v

 
ÖZ 

 
 
 

KÖŞE KAYNAKLARININ ÜÇ BOYUTLU KIRILMA ANALİZİ 
 
 
 

FIÇICI, Ferhan 
 

Yüksek Lisans, Makine Mühendisliği Bölümü  
 

Tez Yöneticisi: Y. Doç. Dr. Serkan DAĞ 
 
 
 

Mayıs 2007, 124 sayfa 
 
 
 

Bu çalışmanın amacı, köşe kaynaklarında üç boyutlu yüzey çatlak 

problemlerinin modellenmesidir. Kaynak malzemesinin, sac metaller ile 

aynı malzeme özelliklerine sahip olduğu varsayılmıştır. Yüzey çatlağının iki 

bölgede olduğu düşünülmüştür; biri kaynak kökündedir, diğeri kaynak 

ucundadır. Yüzey çatlağının yarı eliptik çatlak yüzü görüntüsüne sahip 

olduğu varsayılmıştır. Yüzey çatlağı problemi, mekanik yükleme altında 

incelenmiştir ve modeller üç boyutlu sonlu elemanlar ile oluşturulmuştur. 

Çatlak yüzü çevresinde, bozulmuş 20 düğümlü çeyrek noktalı katı 

elemanlar kullanılarak gerinim tekilliği hesaba katılmıştır. Bu çalışmanın 

temel sonuçları, çekmeye ve eğmeye maruz kalmış test numunesi için 

çatlak yüzü çevresinde gerilme şiddeti faktörleridir. 

 

Anahtar kelimeler: Gerilme şiddeti faktörleri, yer değiştirme ilgileşim 

teknikleri, yarı eliptik yüzey çatlağı, karışık usul, parametrik modelleme  
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CHAPTER 1 
 
 

INTRODUCTION 
 
 
 
1.1 Introduction 
 
Earth-moving machines are heavy-duty vehicles used for engineering 

applications such as construction tasks, mining, trenching, moving large 

amount of bulk materials – sand, earth, and stone – and road construction. 

Backhoe loaders, bulldozers, cranes, drilling machines, excavators, graders 

and telehandlers are the main types of the earth-moving machines. Each of 

these machines is working in rough conditions and all of the earth-moving 

machines are faced with the enormous loadings during their applications. 

These loadings can cause harmful malfunctions to the structures of the 

machines. 

 

Backhoe loader is the most common earth-moving machine which consists of 

a tractor, front shovel/bucket and small backhoe in the rear (figure 1.1). Due 

to its small size, compared to the other machines, the backhoe loaders have 

widespread use in life. As the name implies, it has a loader assembly on the 

front and a backhoe on the back, and with these two mechanisms, backhoe-

loaders are very common and can be used for a wide variety of tasks: 

construction, small demolitions, light transportation of building materials, 

powering building equipment, digging holes/excavating, breaking asphalt, 

and paving roads. The movements of the mechanisms are satisfied by 

means of hydraulic cylinders. 
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Figure 1.1 General View of a backhoe loader  

 

 

 

Excavator, which is also called a 360-degree excavator or digger, is one of 

the earth-moving machines consisting of a backhoe and cab mounted on a 

pivot (a rotating platform). It is a mobile machine that is moved by means of 

either crawler track or rubber-tired undercarriage [1] (figure 1.2). Owing to 

these specifications, excavator has a wide working range. As a result of the 

structure, it is commonly used for digging applications, compared to elevating 

and carrying. Its digging mechanism is composed of boom, arm, 

bucket/shovel and the hydraulic cylinders, and the movements of these 

machines are carried by these hydraulic components. 

 

Both excavators’ and backhoe loaders’ attachments are manufactured by 

means of mostly welding operations. With respect to their weights and 

structural constructions, excavators and backhoe loaders are working in 

severe working conditions. As a result of the working conditions, some 

defects can occur at the welding areas or very close regions to them. Also, at 

the end of the welding process, an initial defect can be formed inside the 

weld material. Fatigue life of the attachments is determinative for the disposal 

time of the earth-moving machineries. Therefore, it can be easily understood 

that weld regions are very important for fatigue life of the structure and the 
 2



manufacture and the design processes must be performed considering these 

points. 

 

 

 

 
 

Figure 1.2 General View of an excavator 

 

 

 

In the previous studies, the effects of the defects were examined by empirical 

approaches and numerical approaches for possible defect regions near the 

weld areas. The empirical work was performed for the relevant standards, 

such as BS7910, BS7608, BS5400, by the methods, four-point-bending test 

and three-point-bending test. In these studies, T-welded joints, butt-weld 

joints were used [2] [3] [4] [5]. In these work, fatigue life predictions were 

made by using the ‘Paris-Erdoğan equation’ according to the tests results. 

 

Moreover, stress intensity factor calculations for modes I, II and III were 

made by placing different crack shape into finite element models and 

boundary element models, generated with various software, in different 

studies [6] [7] [8]. In these studies, 3-D models were created, axi-symmetric 
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boundary conditions were defined and the stress intensity factors were 

calculated by means of various techniques. 

 

In the present study, three-dimensional surface crack problem in a welded 

joint is examined using a three dimensional finite element technique. As 

software, MSC.Mentat-Marc is used. The crack problem is analyzed when 

the mechanical loading is applied to a T-weld shaped specimen. Full model 

of the specimen is generated and the crack is placed inside the model. The 

stress intensity factors for modes I, II and III loading are calculated by means 

of displacement correlation technique. 

 

1.2 Literature Survey 
 
The aim of this study is to model the three dimensional semi-elliptical surface 

crack for a construction with fillet weld and to calculate the modes I, II and III 

stress intensity factors around the crack front under mechanical loading by 

using the finite element method (FEM). This construction is called as a T-

weld joint. Three-dimensional crack problems are examined by various 

scientists in the past. Scientists have made important amount of progressions 

about the three-dimensional crack problems since 1950’s [9]. The present 

work contributes in the sense that fracture mechanics analyses are 

conducted by creating full three dimensional models of T – weld joints. 

 

In the study by Gray et al. [11] (2002), the stress intensity factors for different 

types of crack fronts were found by means of the displacement correlation 

technique in order to examine the effects of quarter-point elements. 

Calculations were made for two dimensional models. It is shown that as the 

number of the crack front elements increases, more accurate results can be 

obtained. Element number between 10 and 20 is enough to have correct 

results. Furthermore, the quarter-point elements make the calculations exact 

compared to the standard elements. 
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In the paper by Hou et al. [12] in 2001, the finite element method and crack 

growth laws in fracture mechanics were combined. The main approach was 

that the stress intensity factors for general three-dimensional cracks were 

calculated by means of the finite element method and the crack growth 

behavior was observed by using the crack growth principles in 3-D cases. In 

order to satisfy the stress and strain singularity at a crack front, collapsed 

brick elements with 20 nodes mid-side nodes at the quarter points were 

used. Firstly, three-dimensional model was formed and then a crack front 

was placed to this model in desired shape (semi-circular, semi-elliptical or 

longitudinal) and based on this model, the stress intensity factor could be 

calculated at each node along the crack front using J-integral method. 

 

In other paper published by Guo et al. [13] (2006), the stress intensity factor 

for a crack, which was placed at the weld toe of T-plate, was examined by 

means of the weight function together with the stress distribution on the crack 

plane. The validity of the weight function was examined by comparison to the 

numerical data obtained by the finite element method. The loading condition 

was pure tensile and the mode I stress intensity factor was calculated by J-

integral. The results showed that the stress intensity factor for a cracked 

padded plate can be obtained using the weight function of a T-plate together 

with the actual stress distribution on the crack plane. 

 

In another paper by Kuok et al. [14], three-dimensional finite element method 

was used to investigate the stress intensity factors of a semi-elliptical surface 

crack in a plate with finite thickness. The nodal displacement method was 

chosen to calculate the stress intensity factor. To maintain the singularity at 

the crack front, 20 nodes collapsed brick elements were placed and because 

of the symmetry condition, only the quarter of the plate was modeled. It is 

shown that as the crack depth is increased, J-integral gives more accurate 

results compared to the nodal displacement method. 
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In the paper by Muktepavel et al. [16], the fatigue test was applied to T-weld 

joints from steel weldox 420 by means of four-point-bending test method. 

Various types of weld treatments, such as shot-peening, etc, were used in 

order to avoid defects occurring during tests. For all types of treatment, a 

crack was formed at the crack toe of the specimen. 

 

Fatigue tests were conducted for fillet weld regions of two stainless steel 

grades: ferritic – martensitic EN1.4003 and austenitic EN1.4310 by means of 

three-point-bending method in the study by Lathi et al. [17] (2000). The test 

results were shown a good agreement with suggested fatigue classes in the 

Eurocode3 design standard. Nevertheless, if the size of the fillet weld was 

increased, the failure location was moved to the weld toe instead of weld 

root. According to the Eurpcode3, crack formation has a tendency of 

occurring at the weld root. 

 

In the paper by Fricke et al. [18] in 2005, the locations of the crack at fillet 

welds due to mechanical loading were mentioned. According to the test 

results, two different types of fatigue cracks are possible, starting from the 

weld toe and from the non – welded root gap. Even though the crack initiation 

site is dependent on the weld throat thickness and the axial misalignments, 

the common weld crack initiation region is the weld toe region, where the hot 

– spot stress occurs. A crack can be initiated if a non – welded root gap 

formed during welding process. 

 

In the research by Jia et al. [20], three dimensional static and dynamic stress 

intensity factor computations using ANSYS was searched. As it was 

mentioned, element formation at the crack tip for various crack problems was 

easily applicable with the capability of automatic meshing. The singularity of 

stresses near the crack tip was satisfied by the quarter – point elements 

giving the possibility of computing the stress intensity factors near the crack 

tip for three – dimensional crack problems. In this study, it was finally stated 
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that stress intensity factor calculations using the displacement correlation 

technique gave precise and reliable results. 

 

Inan (2004) [10] considered the three – dimensional surface cracking 

problem in functionally graded material (FGM) coatings bonded to 

homogeneous substrates by using three – dimensional finite element 

modeling. In this work, it was assumed that the surface crack front had a 

semi – circular profile. As loading cases, both mechanical and transient 

thermal loading types were considered. During the finite element analyses, 

the strain singularities were ensured by using 20 nodes quarter – point 

wedge elements at the crack front. Mode I stress intensity factor was derived 

by three – dimensional displacement correlation technique. For analyzing the 

accuracy of the stress intensity factor derivations, comparisons were made 

between calculated stress intensity factors and the stress intensity factors 

given by Newman and Raju [21] for different crack problems under various 

types of loadings. As a result of his study, the difference between these two 

groups of stress intensity factor calculations was smaller than 5%. This 

results show that calculations of mode I stress intensity factor by means of 

displacement correlation technique using finite element analysis was 

sufficiently accurate. 

 

In the thesis study of Sabuncuoglu [22], fatigue crack growth analysis was 

performed for functionally graded materials (FGM’s) by using finite element 

analysis method. A parametric modeling code for test specimen given in 

ASTM E399 was prepared for mode I stress intensity factor calculations by 

using ANSYS software. All the parametric modeling stages were carried out 

by APDL codes [22]. Because of the symmetrical properties of the crack, it 

was formed as one forth of the model, and 20 nodes brick elements were 

used in order to satisfy the strain singularity at the crack front. As a control 

point, a sample model was formed and after the analysis, results coming 

from displacement correlation technique calculations were compared to the 

values from the studies Kadioglu et al. [23] and Guo et al. [24]. As can be 
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seen from this work, displacement correlation technique is a reliable 

approach for finding out stress intensity factors in three – dimensional 

analysis. 

 

1.3 Scope of the Study 
 
The purpose of this study is to model semi – elliptical and quarter – elliptical 

surface cracks in a test specimen. The specimen, whose material is st37, is 

declared in the standard ISO/DIS 14345 [25]. The specimen is examined by 

considering axial and bending types of loading. All parts of the model 

including the semi-elliptical and quarter-elliptical with respect to the crack 

location surface crack are generated in the finite element software 

MSC.MENTAT – MARC [26] and the crack profile can be placed at the weld 

toe or at the weld root depending on the user’s choice. Its profile is semi 

elliptic when the crack is inside the thickness of the specimen. When the 

crack is located at edge of the structure, crack profile is in the shape of 

quarter elliptic. In this study, 20 node quarter-point collapsed brick elements-

called as wedge elements- are used in order to maintain the strain singularity 

along the crack front profile. Displacement correlation technique is derived for 

computing modes I, II and III stress intensity factors under mechanical 

loading. The main goal is to prepare a parametric model with user interface 

which makes all of the stages – including modeling the specimen, placing the 

crack, loading, post-processing and computing the mixed-mode stress 

intensity factors – automatically. In order to check out the accuracy of the 

calculations and the software MSC.MENTAT – MARC, a sample model is 

generated with an embedded circular crack front (penny-shaped crack 

geometry) under tension load. The results of calculated mode I stress 

intensity factor are compared to the values, which are found according to the 

equation extracted from Sneddon’s solution [27]. Also, a comparison is 

performed for mixed-mode stress intensity factor with the study of Noda et al. 

[37] 

 
 8



This thesis is composed of five chapters. In this chapter, the introduction, the 

literature survey and the scope of the study are stated. Theory of fracture 

mechanics and three dimensional fracture analyses are mentioned in chapter 

2. The problem description is stated in chapter 3. In chapter 4, the finite 

element modeling and the displacement correlation technique for mode I, 

mode II and mode III stress intensity factors are given full details. All of the 

results and the comparisons are given in chapter 5. Finally, discussions and 

conclusions are presented in chapter 6. 
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CHAPTER 2 
 
 

THEORY OF FRACTURE MECHANICS 

 

 

 

2.1 Introduction 

 

In modern materials science, fracture mechanics is an important tool in 

improving the mechanical performance of materials and components. It 

applies the physics of stress and strain, in particular the theories of elasticity 

and plasticity, to the microscopic crystallographic defects found in real 

materials in order to predict the macroscopic mechanical failure of bodies. 

Fracture mechanics is a method for predicting failure of a structure containing 

crack. It uses methods of analytical solid mechanics in order to calculate the 

driving force on a crack and those of experimental solid mechanics in order 

to characterize the material’s resistance to failure. Fracture mechanics is 

based on the principle that all materials contain initial defects in the form of 

cracks or voids which can affect the load carrying capacity of engineering 

structures. Propagation of the cracks under repeated loading can be studied 

in fracture mechanics by two approaches: 

 

• Stress Analysis (Focusing the stress fields in crack region; Stress 

Intensity Factor) 

 

• Energy Balance (Energy Release Rate)  
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2.2 Three Dimensional Fracture Analysis 
 

Stress Intensity Factor, K, is used in fracture mechanics to more accurately 

predict the stress state ("stress intensity") near the tip of a crack caused by a 

remote load or residual stresses. When this stress state becomes critical a 

small crack grows ("extends") and the material fails. The load at which this 

failure occurs is referred to as the fracture strength. The experimental 

fracture strength of solid materials is 10 to 1000 times below the theoretical 

strength values, where tiny internal and external surface cracks create higher 

stresses near, hence lowering the theoretical value of strength. Stress 

intensity factor is a measure of the strength of the singular fields at the crack 

tip under different loading modes. Unlike "stress concentration", Stress 

Intensity, K, as the name implies, is a parameter that governs the magnitude 

of the applied stress that includes the geometrical parameter Y (load type). 

These load types are categorized as Mode I, II, or III. The critical Mode I 

stress intensity factor, KIC is the most often used engineering design 

parameter in fracture mechanics and hence must be understood if we are to 

design fracture tolerant materials used in bridges, buildings, aircraft, or even 

bells. Polishing just will not do if we detect a crack. Typically for most 

materials if a crack can be seen it is very close to the critical stress state 

predicted by the "Stress Intensity Factor" [33]. 

 

2.2.1 Modes of Loading 

 

There are three possible modes of crack extension in linear elastic fracture 

mechanics; the opening mode, sliding mode, and tearing mode. 

 

• Mode I: The opening mode is defined by the symmetric separation of 

the crack surfaces with respect to the plane, prior to extension. 
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• Mode II: The sliding mode is defined by displacements in which the 

crack surfaces slide over one another perpendicular to the leading 

edge of the crack. 

 

• Mode III: The tearing mode finds the crack surfaces sliding with 

respect to one another parallel to the leading edge. 

 

 

 

 
 

Figure 2.1 Modes of loading 

 

 

 

2.2.2 Fracture Toughness of the Material 
 

When the stress intensity factor (such as KI) reaches a critical value (KIC), the 

crack begins to grow. This critical value of the stress intensity factor is known 

as fracture toughness of the material, which depends on the thickness of the 

specimen and the temperature. The fracture toughness can be considered as 

the limiting value of the stress intensity just as the yield stress might be 

considered as the limiting value of the applied stress. Mode I plane strain 

fracture toughness is denoted as KIC. KC which is the plane stress fracture 

toughness is used to measure a material's fracture toughness in a sample 

that has a thickness that is less than some critical value, B. When the 
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material's thickness is less than B, and stress is applied, the material is in a 

state called plane stress. A material's thickness is related to its fracture 

toughness graphically in Figure 2.2. If a stress is applied to a sample with a 

thickness greater than B, it is in a state called plane strain [10]. 

 

 

 

 
 

Figure 2.2 The effect of thickness on fracture toughness 

 

 

 

2.2.3 Stress Fields and Asymptotic Expressions for a Crack 

 

The stresses and strains at any point near a crack tip (Figure 2.3) can be 

derived from the theory of elasticity. Stresses and strains within the interior of 

a solid body subjected to external load and/or displacement conditions are 

known to satisfy a set of fundamental differential equations resulting from 

equilibrium, compatibility conditions and physical properties of the material 

which constitutes the solid body. 
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Figure 2.3 Stress field near a crack tip 

 

 

 

Asymptotic stress and displacement fields at the crack tip are of critical 

importance in fracture analysis and also, an important quantity in fracture 

mechanics is the stress intensity factor which gives the strength of the 

singular fields for small values of “r”. The distribution of stresses and 

displacements in small region around a crack tip given by asymptotic 

expressions are always the same for any cracked body. Although the 

asymptotic expressions are universal, the stress intensity factor depends on 

the geometry and the loading conditions. In other words, the stress intensity 

factor is a function of the size and position of the crack in the geometry and 

the applied stress. 

 

In figure 2.4, polar coordinate system for a two dimensional crack is shown.  
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Figure 2.4 A two-dimensional crack configuration 

 

 

 

For each loading mode (mode I, II and III), two dimensional linear elastic 

crack tip fields and definitions of stress intensity factors are cited below. [39] 

 

Mode I Crack: 
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where KI is the mode I stress intensity factor and σxx, σyy and σxy are the 

components of stress with the distance r from the crack front and with angle 

θ from the crack plane. In equations 2.4 and 2.5, and  are the 

displacements in x and y directions. µ is the shear modulus and κ is 

u v
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ratio. There is a relationship between shear modulus (µ) and Young’s 
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Definition of the mode I stress intensity factors can be expressed as: 
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where crack length is equal to 2a. 

 

Mode II Crack: 
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Definition of the mode II stress intensity factors are: 
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ax
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     (2.14) 
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Mode III Crack: 

 

 ( ) ⎟
⎠
⎞

⎜
⎝
⎛−=

2
sin

2
, θ

π
θσ

r
K

r III
xz       (2.16) 

 ( ) ⎟
⎠
⎞

⎜
⎝
⎛=

2
cos

2
, θ

π
θσ

r
K

r III
yz       (2.17) 

 ( ) ( ) ( ) 0,,, === θσθσθσ rrr zzyyxx      (2.18) 

 ( ) ⎟
⎠
⎞

⎜
⎝
⎛=

2
sin

2
, θ

πµ
θ rK
rw III       (2.19) 

 ( ) ( ) 0,, == θθ rvru        (2.20) 

 

where w is displacement in z direction and KIII is mode III stress intensity 

factor whose definition is given as: 

 

 ( ) ( ) ( )0,2lim xaxaK yz
ax

III σπ −=
+→

     (2.21) 

 ( ) ( ) ( )0,2lim xaxaK yz
ax

III σπ −−=−
−−→

    (2.22) 

 

In figure 2.5, a three dimensional crack front is shown. The parameter s in 

this figure is the arc length of the crack front and t, n, b is a local coordinate 

system located at point P composed of the tangential (t), normal (n) and 

binormal (b) directions, n pointing into the material side. (r, θ) are the polar 

coordinates in the normal plane (n, b) [34]. Three dimensional linear elastic 

crack tip fields are given below: 
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Figure 2.5 Three dimensional crack front 
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where KI, KII and KIII are the stress intensity factors and these are defined as: 
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2.2.4 Energy Release Rate 
 

The energy release rate often denoted by G is the amount of energy, per unit 

length along the crack edge, which is supplied by the elastic energy in the 

body and by the loading system in creating the new fracture surface area. In 

terms of the stress intensity factor, there is relationship called the Irwin 

relationship. Note that there are our two models for the stress intensity factor 

one for plane stress and plane strain [40]. 

 

 2
21 K
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G ⋅⎟⎟

⎠

⎞
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⎝

⎛ −
=

ν  (For plane strain)    (2.35) 

 

 
E
KG

2

=  (For plane stress)      (2.36) 

 

The total energy release rate in combined mode cracking can be obtained by 

adding the energies from the different modes. 
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In this study, three dimensional semi – elliptical surface cracks in a welded 

joint under mechanical loading are examined. Therefore, the cracks are 

assumed to be exposed to mode I, II and III loading. The stress intensity 

factors and energy release rate are derived and displacement correlation 

technique (DCT) is used with respect to relevant asymptotic expressions. 

Material properties of the weld connection are assumed to have the same 

with main structure, such as Poisson’s ratio and modulus of elasticity.  
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CHAPTER 3 
 
 

DESCRIPTION OF THE PROBLEM 
 
 
 
3.1 General Survey of Earth-Moving Machines 
 
Back-hoe loaders and excavators are the earth – moving machines which are 

composed of hydraulic cylinders, bucket or shovel, boom, arm and chassis 

as well as powerful engine and hydraulic units, pumps, valves, hoses. All of 

the digging and loading parts of these machines, except hydraulic cylinders, 

are manufactured by means of welding operations. As welding process, butt 

welding and fillet welding are usually performed with the methods of metal 

inert gas (MIG) and tungsten inert gas (TIG). In the welded construction, 

approximately 80% of the welds are fillet welds and 15% are butt welds. The 

remaining 5% are plug, slot and spot welds [29]. A butt weld is a type of weld 

joint that it is made by welding together the flat ends, or edges, of piece of 

iron or steel, or of separate pieces, without having them overlap [28] (Figure 

3.1). A fillet weld is a weld of approximately triangular cross-section applied 

to the surface profile of the plates. According to the relative positions of the 

welded components, three types of fillet weld applications exist: 

 

(a) Lap joint, 

(b) Tee or cruciform joint, 

(c)  Corner joint (Figure 3.2) [29]. 
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Figure 3.1 Samples of butt weld [29] 

 

 

 

As it has been mentioned in the previous chapter, excavators and back-hoe 

loaders are used in hazardous areas, such as marble quarries, stone 

quarries, construction sites, etc. and during their applications, they face 

enormous cyclic loadings (figure 3.3, figure 3.4). These types of loadings 

cause fatigue problems and strength properties become more important 

regarding the life prediction. Besides the poor strength properties, fracture 

behavior of the structure is also important. These machines must be 

designed so that they can be used, adjusted, and maintained without putting 

people around in danger when these operations are performed under the 

conditions anticipated by the manufacturer.  Measures must be taken to 

minimize any possibility of accident throughout the predicted lifetimes of the 

machines, including the phases of assembly and dismantling. In order to 

maintain the safety and the reliability, all of the processes beginning from 

design to the end of the manufacture must be conducted with respect to 

working conditions of the machines. 
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Figure 3.2 Fillet welds 
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Figure 3.3 Excavator working at stone quarry 

 

 

 
 

Figure 3.4 Excavator working at construction site 
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3.2 Defects that occur during applications 

 

Excavators and back-hoe loaders are exposed to high repeated loads during 

their operations and under these repeated loads; random defects are formed 

in the high stress regions of the structures. This phenomenon is called as 

fatigue. Most of these high stress regions are placed very close to the 

welding areas. In these areas, three types of behavior can be observed: 1) 

Crack initiation, 2) Crack propagation from initial crack. 3) Failure. 

 

3.2.1 Crack initiation  
 

In reality, a small crack occurs at the end of the welding process. This small 

crack cannot be seen with naked eye. Also, it cannot be observed with non-

destructive testing methods like ultrasonic flaw detectors, magnetic-particle 

inspection or so on. It occurs in the structure of the material and 

measurement devices’ tolerances do not let the operator detect the crack. It 

is possible to fix the flaw with only electron microscope, therefore, in earth-

moving machinery sector, this type of defects is ignored and structure with 

weld process is called as welding with full penetration. In structural work, the 

composition of the electrode is usually chosen so that the resultant weld 

metal is stronger than the connected elements. Although butt weld or fillet 

weld is formed with full penetration, residual stresses are caused in heat 

affected zone (HAZ) [30]. These regions become possible cracking regions. 

During operation of excavators and back-hoe loaders, some flaws occur at 

these regions due to cyclic and high loads and in the course of time they can 

be seen by naked eye because of crack propagation. In figure 3.5, an 

excavator boom with flaws at the fillet weld region is shown. Detail of this 

crack can be seen in figure 3.6. In this figure, it is noted that reinforcement 

and bottom sheet are welded at both sides of the reinforcement. However, 

during welding process, a small crack occurs initially at the weld toe and in 

operation period crack growth occurs. 
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Figure 3.5 Flaw in excavator structure 

 

 
 

Figure 3.6 Detail of the flaw 
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3.2.2 Crack propagation from initial crack 

 

In welding process, full penetration cannot be satisfied. In this situation, an 

undesirable weld gap is formed at the end of the manufacture process. This 

opening behaves like an initial crack. Because of high repeated loads, this 

crack continues to grow and structure fails by means of crack propagation.  

 

 

 

 
 

Figure 3.7 Crack propagation due to weld gap 

 

 

 

In figure 3.7, it is seen that reinforcement and bottom sheet are welded at 

only one side. At the end of welding, a weld gap occurs because weld does 

not penetrate to the other side of reinforcement. This weld gap behaves like 

initial crack. Crack propagates at the weld root of the junction. 
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In figure 3.8, a tee joint without edge preparation is shown. For this model, 

partial penetration occurred and for this reason, an initial crack was formed 

between the sheet metals. 

 

 

 

 
 

Figure 3.8 Tee joint with weld gap 

 

 

 

3.2.3 Failure 

 

Failure occurs when the material that has not been affected by the crack 

cannot withstand the applied stress. This stage happens very quickly. The 

rate at which a crack grows has considerable importance in determining the 

life of a material. The propagation of a crack occurs during the second step of 

fatigue failure. As a crack begins to propagate, the size of the crack also 
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begins to grow. The rate at which the crack continues to grow depends on 

the stress level applied [31]. In figure 3.9, failure of part from an excavator 

boom at the time of operation can be seen. Dark grey region in the figure is 

the place of the initial crack and it makes the structure fail at that point. 

 

 

 

 
 

Figure 3.9 Failed parts of an excavator boom 

 

 

 

3.3 Crack Map of the Excavator Boom 

 

For an excavator boom, it is observed from test results and operation 

feedbacks that there are five possible defect regions. All of these are due to 

weld gaps or weld toes. These regions can be seen in figure 3.10. 
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Figure 3.10 Crack Map of the Excavator Boom 

 

 

 

3.4 Boom Structural Analysis by Finite Element Method 

 

In the thesis study of Yener [32], design of a computer interface for automatic 

finite element analysis of an excavator boom is carried out. This work lets the 

user model the excavator boom by setting the parameters. All of the stress 

concentration regions can be observed during the post-processing 

application. However, effects of weld areas cannot be determined in this 

study, because, when modeling process is performed, any type of welding 

(fillet or butt welds) is not formed. It is known that the stress intensity factors 

of a material are important to predict its life-span; therefore, a new model 

including welding connections with weld gaps is needed. Nevertheless, if full 

model of an excavator boom is formed with weld connection including weld 

gap, it is very difficult to conduct the finite element analysis as there are too 

many finite elements and nodes in the model. Instead of this, a new model 

containing the same deformation characteristics is needed. When the stress 

concentration regions of the full model are investigated, it is seen that a T-

shaped specimen is suitable in order to find out the stress intensity factors of 

the material. 
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CHAPTER 4 
 
 

FINITE ELEMENT MODELING AND DISPLACEMENT CORRELATION 
TECHNIQUE  

 
 
 
4.1 Finite Element Modeling 

 

Finite Element Analysis (FEA) consists of a computer model of a material or 

design that is stressed and analyzed for specific results. It is used in new 

product design, and existing product refinement. A company is able to verify 

a proposed design will be able to perform to the client's specifications prior to 

manufacturing or construction. Modifying an existing product or structure is 

utilized to qualify the product or structure for a new service condition. In case 

of structural failure, FEA may be used to help determine the design 

modifications to meet the new condition. 

 

Finite elements resemble fragments of the structure. Nodes appear on 

element boundaries and all elements that share a node have the same 

displacement components at that node. Nodes are assigned at a certain 

density throughout the material depending on the anticipated stress levels of 

a particular area. Regions which will receive large amounts of stress usually 

have a higher node density than those which experience little or no stress. 

Points of interest may consist of: fracture point of previously tested material, 

fillets, corners, complex detail, and high stress areas. Mesh structure is 

programmed to contain the material and structural properties, which define 

how the structure will react to certain loading conditions and it acts like a 
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spider web in that from each node, there extends a mesh element to each of 

the adjacent nodes. [35]. 

 

T-shaped specimen with a fillet weld is modeled in MSC.MENTAT – MARC 

2005 (Figure 4.1). Different from the previous work, full model is created in 

order to find out the modes I, II and III stress intensity factors at the crack 

front. The close-up view is shown in the figure 4.2. 

 

 

 

 

Loading end 

Loading end 

 

Figure 4.1 Full model of the specimen 
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Figure 4.2 Close-up view of the wedge elements 

 

 

 

In a conventional type of finite element modeling, all the geometric, material 

and boundary condition parameters are put in separately by user. In this 

study, however, all of these input data are formed automatically by the 

PYTHON code, which is a software code that lets the user to configure the 

parametric model of a structure. 

 

In the finite element model of the specimen, there are nearly 16000 elements 

and 60000 nodes. At the crack front, the elements are 20 node collapsed 

brick elements (wedge elements), which are seen in figure 4.3. These 

elements are used to satisfy the strain singularity around the crack front. In 

the remaining part of the model, 10 node tetrahedral elements (figure 4.4) are 

placed for the model with semi-elliptical type of crack front. For the wedge 
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elements, mid-point nodes are moved to the quarter points to provide the 

singularity. 

 

 

 

 
 

Figure 4.3 20 node collapsed brick element 

 

 

 

 
 

Figure 4.4 10 node tetrahedral elements 
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Some analyses are performed related to radius and number of the 20 node 

collapsed brick elements. Consequently, analyses, having one over twenty-

five of the crack depth (a) for the radius of the wedge elements and sixteen 

for number of the wedge elements along the crack front have the sufficient 

accuracy compared to the theoretical solutions. The circular crack and 

singular elements with quarter point nodes are given in figures 4.5 and 4.6. 

 

 

 

 
 

Figure 4.5 Circular crack 

 35



 
 

Figure 4.6 Singular elements with quarter point nodes 

 

 

 

The stages of the modeling T-shaped specimen with a fillet weld in finite 

element analysis software MSC. MENTAT – MARC are described below: 

 

Â User enters the geometric (Figure 4.7) and material properties of 

the specimen by using an interface. 

 

o Crack place 

o Material type 

o Thickness of the base sheet metal (t1) 

o Thickness of the upper sheet metal (t2) 

o Width of the specimen (B) 

o Angle of the crack with respect to base sheet metal (ψ) 
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o Depth of crack (a) 

o Length of crack (c) 

o Vertical leg of the fillet weld (Kv) 

o Horizontal leg of the fillet weld (Kh) 

o If necessary, distance of the crack center from front surface 

o Whether weld is double sided or single sided 

 

 

 

 
 

Figure 4.7 Parameters of the model 

 

 

 

Â Boundary points and curves are created with respect to 

parameters. 

Â Wedge elements with quarter points’ nodes are formed. 

Â Nodes of wedge elements are taken into memory in order to use 

these for calculations of stress intensity factors. 
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Â Remaining parts of the specimen are modeled. 

Â Boundary nodes are swept to satisfy the integrity of the model. 

Â Boundary conditions are applied. 

Â Material properties are defined. 

Â Analysis is performed. 

Â Wedge elements’ displacements are taken from the result file as a 

post-processing application. 

Â By using displacement correlation technique, stress intensity 

factors are determined at the crack front. 

 

Now, displacement correlation technique and its derivations for this type of 

problem are outlined. 

 

4.2 Displacement Correlation Technique 

 

Displacement correlation technique is used in order to calculate the modes I, 

II and III stress intensity factors for the T-shaped specimen. As a starting 

point of these derivations, equations for three dimensional crack fronts, which 

are mentioned in chapter 2, are used. 

 

4.2.1 KI Calculation 

 
 

Figure 4.8 Deformed shape of the crack surface 
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Normal displacement is given as; 
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For figure 4.7 (θ =π); 
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From the equation (4.3); 
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E
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Stress Intensity Factor obtained from equation (4.4) is given as; 
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⎦
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Asymptotically, 
r

 )(r, Ub π  is linear, so that  

 

r
 )(r, Ub π  = Ar + B        (4.6) 

 

We have 2 conditions. These are 
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Point 2: when r = R2, then Ub = Ub2 

Point 3: when r = R3, then Ub = Ub3
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We have two unknowns “A” and “B”, from equations (4.7) and (4.8); 
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At the crack tip, SIF is equal to 
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The above equations are derived by considering a single crack surface. We 

can extend this derivation by considering both of the crack surfaces. 

 

Recalling equations (4.1) and (4.2); 

 

Ub = (
E

ν+1 ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×

π
r2

×  KI ×sin ⎟
⎠
⎞

⎜
⎝
⎛

2
θ

× ( ) ⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛−−

2
cos12 2 θν  (4.1) 

 40
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Figure 4.9 Schematic view of the crack surfaces 

 

 

 

Also, applying equation (4.1) for the angle θ = -π, we obtain 

Ub (r, -π) = - (
E
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Subtracting these two equation from each other, then 
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Stress Intensity Factor obtained from equation (4.4) is that; 
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Considering the linearity of ( ) ( )
r

rUrU bb ππ −− ,, , then 

 

( ) ( )
r

rUrU bb ππ −− ,,  = Ar + B               (4.15) 

 

Two conditions (for r = R2 and r = R3) will be applied to equation (4.15), then 

 

r = R2   ( ) ( )  = 
2

42
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RURU bb ππ −− bb −  = AR2 + B (4.16) 

 

r = R3   ( ) ( )
3

33 ,,
R

RURU bb ππ −−  = 
3

53

R
UU bb −  = AR3 + B (4.17) 

 

From these two equations, “B” will be obtained.  In equation (4.14), as “r” 

goes to zero, then ( ) ( )
r

rUrU bb ππ −− ,,  is equal to “B”. 

All derived equations show that Stress Intensity Factor Mode I at the crack tip 

(r = 0) is 
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4.2.2 KII Calculation 

 

 
 

Figure 4.10 Schematic view of the crack surfaces for mode II loading 

 

 

 

Firstly, let’s calculate mode II stress intensity factor for anti-symmetric 
displacements; 
 
 

Ut(r,θ) = 
⎭
⎬
⎫

⎩
⎨
⎧

⎟
⎠
⎞

⎜
⎝
⎛++×⎟

⎠
⎞

⎜
⎝
⎛××

2
cos21

2
sin

22
2 θκθ

πµ
rKII             (4.19) 

 

Considering plane strain, 

 

κ = 3 - 4ν        (4.20). 

 

And also 

 

( )ν
µ

+
=

12
E         (4.21) 

 

Using equations (4.20) and (4.21) into equation (4.19), then 
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Ut(r,θ) = 
⎭
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The displacement equation becomes 
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For θ =π:   

 

Ut(r,π) = 
π

ν
2

)1(4 2 rK
E II ××
−      (4.24) 

 

This derived equation is the same with equation (4), so no need to make the 

same calculations for mode II SIF. Then, we can easily express that KII equal 

to (like eq. (4.18)) 
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4.2.3 KIII Calculation 

 
For stress intensity factor mode III; equation (4.26) coming from equations for 

three dimensional crack front is used. 

 

)
2

sin(
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πµ

θ rK
rU III=       (4.26) 
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Figure 4.11 Schematic view of the crack surfaces for mode III loading 

 

 

 

For θ =π: 

 

( )
π

νπ
⋅

⋅
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Like KI and KII, stress intensity factor KIII is calculated with the same manner. 

It can be expressed that; 
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4.3 Verification of the Displacement Correlation Technique for 
embedded cracks and surface cracks 

 

In this section, stress intensity factors obtained by using MARC are verified 

by making comparison to the results given by Sneddon [27], Irwin [38] and 

Noda et al. [37] 
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Firstly, the results of the model are confirmed by comparing them with the 

results along crack front obtained by using the solution for the embedded 

crack in an infinite medium. 

 

Then the results of the model are compared with stress intensity factor 

calculations along a crack front of a 3D inclined semi – elliptical surface crack 

in a semi – infinite body under tension. 

 

4.3.1 Verification by using Sneddon’s Solution 
  
The solution for the embedded circular crack is given by Sneddon [27]. This 

problem is known as penny shaped crack problem in the literature. This 

problem is shown in figure 4.12.  

 

By the linear elastic fracture mechanics aspects, the stress intensity factor 

was found for this type of problem. For penny-shaped crack problem, stress 

intensity factor is found as 

 

 aaK ⋅⋅⋅=⋅⋅⋅= πσπσ
π

64.02      (4.29) 

 

 
 

Figure 4.12 A penny-shaped crack in an infinite body [27] 
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For this problem, equation (4.18) is valid and both theoretical results and 

results from DCT are converted to non-dimensional values by using eq. 

(4.30). 

 

 
a

K
f I

⋅⋅
=

πσ
        (4.30) 

 

Stress intensity factor calculation for embedded crack is made for a material 

with the properties of E=210000 MPa, ν=0.3. Crack shape has the dimension 

of 10 mm as “a”. During finite element modeling, size of the wedge elements' 

edges lying on the crack are one over twenty-five of the crack length "a".  

 

 

 

 
 

Figure 4.13 General view of the circular crack 
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Figure 4.14 Close-up view of the circular crack 

 

 
 

Figure 4.15 Close-up view of circular crack’s node structure 
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Table 4.1 Normalized SIF comparison for penny-shaped crack 

 

E (MPa) 
Poisson’s 

ratio 
a (mm)

Present 

Study 

Sneddon’s 

Solution [27] 

Difference 

(%) 

210000 0,298 10 0,6298 0,6366 1,07 

 

 

 

Around the crack front, all of the stress intensity factors are the same with the 

value above. 

 

4.3.2 Verification by using Irwin’s Solution 

 

For the problem of an embedded flat elliptical crack in an infinite body loaded 

in remote tension, Irwin derived an analytical solution for the stress 

distribution in the neighborhood of the crack and found that a stress 

singularity occurred all round the perimeter of the crack front characterized 

by the stress intensity factor, but the magnitude of the stress intensity factor 

varied around the crack front. Irwin's solution for the variation of K is as: 
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2
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2
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where a, c, Φ are as shown in figure 4.16, and E (Φ) is the elliptical integral: 
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Figure 4.16 Parametric representation of a point on an ellipse 
 

 

 

The maximum value of the stress intensity factor appears at the end of the 

minor axis for Irwin’s solution under uniform tension loading. The ratio of the 

height of the crack (2a) to the length of the crack (2c) is known as the aspect 

ratio [38]. 

 

Eq. (4.18) is valid for this problem and both theoretical results and results 

from DCT are converted to non-dimensional values by using eq. (4.30). 

 

In this problem, an infinite body with young’s modulus of 210000 MPa and 

poisson’s ratio of 0,298 has been examined. Crack is in the middle of this 

body and it has the dimensions of 5 mm as the minor axis and 10 mm as the 

major axis and uniform tension load has applied. By the solution of eq. (4.32) 

by using MATLAB, for the given "c" and "a" values, "E (Φ)" is equal to 

1.21106. 
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Figure 4.17 Close-up view of elliptic crack 

 

 
 

Figure 4.18 Close-up view of elliptic crack’s node structure 
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Table 4.2 Normalized SIF comparison for an elliptical crack 

 

Φ (degree) Present 
study 

Irwin’s 
Solution [27] Difference (%) 

0,00 0,5724 0,5839 1,9650 
8,54 0,5822 0,5933 1,8739 
16,61 0,6058 0,6168 1,7870 
24,02 0,6351 0,6458 1,6666 
30,78 0,6646 0,6749 1,5358 
36,99 0,6915 0,7017 1,4592 
42,78 0,7175 0,7255 1,1083 
48,24 0,7392 0,7463 0,9563 
53,40 0,7571 0,7641 0,9165 
58,36 0,7729 0,7794 0,8342 
63,14 0,7859 0,7921 0,7800 
67,79 0,7965 0,8026 0,7670 
72,33 0,8050 0,8111 0,7485 
76,78 0,8140 0,8175 0,4295 
81,18 0,8223 0,8221 0,0310 
85,54 0,8249 0,8248 0,0102 
90,00 0,8254 0,8257 0,0425 

 

 

 

4.3.3 Verification of mixed modes stress intensity factors of an inclined 
semi – elliptical surface crack 

 

In the study of Noda et al. [37], the stress intensity factors along crack front of 

a 3D inclined semi-elliptical surface crack in a semi-infinite body under 

tension have been calculated by means of a singular integral equation 

method. 

 

During the verification, equations (4.18), (4.25) and (4.28) have been used. 

The modulus of elasticity and the poisson’s ratio of the material are 205000 

MPa and 0,300. The ratio between major axis and minor axis of the semi-

elliptical shape equals to 0.5. The model can be seen in figures 4.19, 4.20, 

4.21 and 4.22. 
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Figure 4.19 An inclined semi-elliptical surface crack in a semi-infinite body 

 

 
Figure 4.20 General view of the inclined semi-elliptical surface crack  
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Figure 4.21 Stress concentrations during tensile loading for inclined crack 

 

 
Figure 4.22 Close-up view of the crack opening 
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Table 4.3 KI normalized comparisons for an inclined semi-elliptical surface crack 

 

β 
(degree) 

ψ 
(degree) 

Present 
study  

Noda’s 
Solution [37]

Difference 
(%) 

90 15 0,8556 0,8444 1,33 
90 30 0,7295 0,2797 0,84 
90 45 0,5858 0,5816 0,73 
90 60 0,4019 0,4204 4,40 
79 15 0,8339 0,8407 0,81 
79 30 0,7323 0,7320 0,04 
79 45 0,5810 0,5725 1,48 
79 60 0,3971 0,4093 2,99 

 

 

 

Table 4.4 KII normalized comparisons for an inclined semi-elliptical surface crack 

 

β 
(degree) 

ψ 
(degree) 

Present 
study  

Noda’s 
Solution [37]

Difference 
(%) 

90 15 0,1580 0,1577 0,19 
90 30 0,2740 0,2797 2,00 
90 45 0,3373 0,3399 0,77 
90 60 0,3129 0,3303 5,28 
79 15 0,1485 0,1521 2,35 
79 30 0,2694 0,2707 0,50 
79 45 0,3269 0,3273 0,11 
79 60 0,3136 0,3128 0,26 

 

 

 

Table 4.5 KIII normalized comparisons for an inclined semi-elliptical surface crack 

 

β 
(degree) 

ψ 
(degree) 

Present 
study  

Noda’s 
Solution [37]

Difference 
(%) 

90 15 0,0023 0 N/A 
90 30 0,0025 0 N/A 
90 45 0,0008 0 N/A 
90 60 0,0016 0 N/A 
79 15 0,0250 0,0251 0,58 
79 30 0,0443 0,0471 5,86 
79 45 0,0562 0,0649 13,44 
79 60 0,0515 0,0921 44,09 
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4.3.4 Conclusion 
 

As can be seen from the comparison tables 4.1, 4.2, 4.3, 4.4 and 4.5, 

computed stress intensity factors are approximately the same with referred 

values except near the free surface for large inclination angle. From these 

results, it is easily said that displacement correlation technique is suitable in 

order to find out the stress intensity factors along crack front of a 3D model 

and equations (4.18), (4.25) and (4.28) can be used for these types of 

problems. 

 56



 
 
 

CHAPTER 5 
 
 

NUMERICAL RESULTS AND DISCUSSION 
 
 
 
5.1 Introduction 

 

In this chapter, implementation of the displacement correlation technique is 

carried out and the numerical results obtained are presented. For this 

purpose, the mixed modes stress intensity factors; KI, KII and KIII, and energy 

release rate, G, are studied for a range of crack angles, ψ, at various crack 

locations in the test specimen. KI, KII, KIII and G are found along the crack 

front at 0, π/6, π /3, π /2 angles (β). The specimen is examined by considering 

axial and bending types of loading. The effects of the crack geometry, crack 

place and weld geometry on the mixed modes stress intensity factors and 

energy release rate are examined in figures 5.1 – 5.96 for a crack subjected 

to uniform stress and bending load. As mentioned in chapter 4, crack depth is 

depicted by a; crack length by c; base material thickness by t1. In the figures, 

the normalization constants for the mixed modes stress intensity factors and 

energy release rate are Ko = σο (πc) 1/2 and Go = σο
2 (πc) / Eo for uniform 

tension, Ko = σb (πc) 1/2 and Go = σb
2 (πc) / Eo for bending load.  

 

5.2 Mechanical Loading on the T-shaped Specimen 

 

In this section, two different mechanical loading types, namely uniform 

tension and bending, are considered to be applied to the T-shaped 
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specimen. The normalized KI, KII, KIII and G are computed for various 

parameters of the specimen. Finite element analyses are carried out by the 

material with 200000 MPa of modulus of elasticity and 0.29 of poisson’s ratio. 

 

5.2.1 Uniform Tension 

 

In this section, T-shaped specimen is assumed to be subjected to uniform 

tension σ at the ends of the specimen as shown in figure 5.1. The stress 

equals to 100 MPa. 

 

 

 
 

 Figure 5.1 Uniform tension σ at the ends of the T-shaped specimen 
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Figure 5.2 Trace angle (ψ) 

 

 

 

 
 

Figure 5.3 Parametric view of the crack front 

 

 

 

 59



5.2.1.1 Loading of a Crack at the Side of the Weld Toe 
 

In this section, a specimen that is constructed with a crack at the side part of 

the weld toe is subjected to tensile loading. Crack dimensions are identified 

as parameters of the base sheet metal. The normalized KI, KII, KIII and G for 

four β (Figure 5.3) are presented in the following figures 5.4 – 5.19. 

 

In Figures 5.1-5.16, the variations of the normalized stress intensity factors 

and normalized energy release rate are plotted with respect to normalized 

crack angle, 2ψ / π. In all these plots, it can be seen that the normalized 

mixed modes stress intensity factors and normalized energy release rate 

have nearly the same behavior whether the specimen has the double-sided 

fillet weld or one-sided fillet weld for this type of loading. The maximum and 

the minimum normalized stress intensity factor are obtained at free surfaces 

β= π/2 and β= 0. The normalized mode I stress intensity factor and the 

normalized energy release rate have a tendency to decrease with the rise of 

the crack angle. On the other hand, the normalized mode II, mode III stress 

intensity factors rise up when the crack angle increases. The main difference 

occurs at β= π/2 and ψ = 0 for the normalized mode I SIF. 
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Figure 5.4 Normalized mode I SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β=0, a / t1=0.1, c / t1=0.3. 
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Figure 5.5 Normalized mode II SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β=0, a / t1=0.1, c / t1=0.3. 
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Figure 5.6 Normalized mode III SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β=0, a / t1=0.1, c / t1=0.3. 
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Figure 5.7 Normalized energy release rate versus crack angle parameter ψ 

and the weld option parameter for a surface crack, β=0, a / t1=0.1, c / t1=0.3. 
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Figure 5.8 Normalized mode I SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β=π/6, a / t1=0.1, c / t1=0.3. 
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Figure 5.9 Normalized mode II SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β= π/6, a / t1=0.1, c / t1=0.3. 
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Figure 5.10 Normalized mode III SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β= π/6, a / t1=0.1, c / t1=0.3. 
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Figure 5.11 Normalized energy release rate versus crack angle parameter ψ 

and the weld option parameter for a surface crack, β= π/6, a/t1=0.1, c/t1=0.3. 
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Figure 5.12 Normalized mode I SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β=π/3, a / t1=0.1, c / t1=0.3. 
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Figure 5.13 Normalized mode II SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β= π/3, a / t1=0.1, c / t1=0.3. 
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Figure 5.14 Normalized mode III SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β= π/3, a / t1=0.1, c / t1=0.3. 
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Figure 5.15 Normalized energy release rate versus crack angle parameter ψ 

and the weld option parameter for a surface crack, β= π/3, a/t1=0.1, c/t1=0.3. 
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Figure 5.16 Normalized mode I SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β=π/2, a / t1=0.1, c / t1=0.3. 
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Figure 5.17 Normalized mode II SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β= π/2, a / t1=0.1, c / t1=0.3. 
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Figure 5.18 Normalized mode III SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β= π/2, a / t1=0.1, c / t1=0.3. 
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Figure 5.19 Normalized energy release rate versus crack angle parameter ψ 

and the weld option parameter for a surface crack, β= π/2, a/t1=0.1, c/t1=0.3. 
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5.2.1.2 Loading of a Crack at the Side of the Weld Toe for Various Weld 
Shape 
 

In this section, a specimen with various weld geometry that is constructed 

with a crack at the side part of the weld toe is subjected to tensile loading. 

Crack dimensions are identified as parameters of the base sheet metal and 

the weld geometry is defined as Kv=12 mm and Kh=10, 11, 12, 13, 14 mm 

(Figure 5.20). The normalized KI, KII, KIII and G for four β (Figure 5.3) are 

presented in the following figures 5.21 – 5.36. 

 

 

 

 
 

Figure 5.20 Dimensions of the weld 

 

 

 

In Figures 5.21-5.36, the variations of the normalized stress intensity factors 

and normalized energy release rate are plotted with respect to normalized 

crack angle, 2ψ / π for different weld geometry with respect to horizontal leg 

of the fillet weld (Kh). In all these plots, it can be seen that the normalized 

mode I stress intensity factor has nearly the same behavior for various weld 

geometry. However, as normalized ψ approaches to unit value, the higher Kh 
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values reduce the normalized mode II, mode III stress intensity factors and 

the normalized energy release rate compared to lower ones. The normalized 

mode II and mode III stress intensity factors reach the maximum point at 

nearly half of the crack angle. The main difference occurs at β= π/2 and ψ = 0 

for the normalized mode I SIF and the maximum values of the normalized KI, 

KII, KIII and G are seen at β= 0 and ψ = 0, free end of the specimen. No crack 

closure is observed during the calculations. 
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Figure 5.21 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=0, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.22 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=0, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.23 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=0, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.24 Normalized energy release rate versus crack angle parameter ψ 

for a surface crack, β=0, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.25 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=π/6, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.26 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=π/6, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.27 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=π/6, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.28 Normalized energy release rate versus crack angle parameter ψ 

for a surface crack, β=π/6, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.29 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=π/3, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.30 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=π/3, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.31 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=π/3, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
 75



0.03

0.08

0.13

0.18

0.23

0 0.2 0.4 0.6 0.8 1

2ψ / π

G
 / 

G
o

Kh=10 mm

Kh=11 mm

Kh=12 mm

Kh=13 mm

Kh=14 mm

 

 

Figure 5.32 Normalized energy release rate versus crack angle parameter ψ 

for a surface crack, β=π/3, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.33 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=π/2, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.34 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=π/2, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.35 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=π/2, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.36 Normalized energy release rate versus crack angle parameter ψ 

for a surface crack, β=π/2, a / t1=0.1, c / t1=0.3, Kv=12 mm. 

 

 

 

5.2.1.3 Loading of a Crack at the Side of the Weld Root for Various 
Crack Depth 
 

In this section, a specimen with various crack geometry that is constructed 

with a crack at the side part of the weld root is subjected to tensile loading 

(Figure 5.37). Crack dimensions are identified as parameters of the base 

sheet metal and the weld geometry is defined as Kv=12 mm and Kh=12 mm. 

The normalized KI, KII, KIII and G for four β are presented in the following 

figures 5.39 – 5.54. 
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Figure 5.37 Crack at the root of the weld 

 

 

 

 
 

Figure 5.38 Close-up view of the root crack 
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In Figures 5.39-5.54, the variations of the normalized stress intensity factors 

and normalized energy release rate are plotted with respect to normalized 

crack angle, 2ψ / π for different crack geometry with respect to crack depth 

(a). In all these plots, it can be seen that the normalized energy release rate 

becomes higher for all β as the crack deepens. For higher crack depth 

values, the changes in the normalized KI, KII, KIII and G are much more 

remarkable. The normalized mode II and mode III stress intensity factors 

reach the maximum point at nearly half of the crack angle. The maximum 

values of the normalized KI, KII, KIII and G are seen at various β and ψ, not in 

the free ends of the specimen. Crack closure is observed for specimen with 

a/t1=0.4 and a/t1=0.5 for β=π/6 (see figure 5.37). For these parameters, the 

normalized mode I stress intensity factor is smaller than zero.  
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Figure 5.39 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=0, c / t1=0.3, Kv=12 mm, Kh=12 mm. 

 

 

 80



0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0 0.2 0.4 0.6 0.8 1

2ψ / π

K
II

 / 
K

o

a/t1=0.1

a/t1=0.2

a/t1=0.3

a/t1=0.4

a/t1=0.5

 

 
Figure 5.40 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=0, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.41 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=0, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.42 Normalized energy release rate versus crack angle parameter ψ 

for a surface crack, β=0, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.43 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=π/6, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.44 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=π/6, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.45 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=π/6, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.46 Normalized energy release rate versus crack angle parameter ψ 

for a surface crack, β=π/6, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.47 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=π/3, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.48 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=π/3, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.49 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=π/3, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.50 Normalized energy release rate versus crack angle parameter ψ 

for a surface crack, β=π/3, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.51 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=π/2, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.52 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=π/2, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.53 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=π/2, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.54 Normalized energy release rate versus crack angle parameter ψ 

for a surface crack, β=π/2, c / t1=0.3, Kv=12 mm, Kh=12 mm. 

 

 

 

5.2.2 Bending 

 

In this section, T-shaped specimen is assumed to be subjected to bending 

load F at the ends of the specimen as shown in figure 5.55. The bending load 

equals to 715 N. 

 

5.2.2.1 Loading of a Crack at the Side of the Weld Toe 
 

In this section, a specimen that is constructed with a crack at the side part of 

the weld toe is subjected to bending load. Crack dimensions are identified as 

parameters of the base sheet metal and crack place can be seen in figure 

5.1. The normalized KI, KII, KIII and G for four β are presented in the following 

figures 5.56– 5.71. 
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Figure 5.55 Bending load at the end of the T-shaped specimen 

 

 

 

In Figures 5.56-5.71, the variations of the normalized stress intensity factors 

and normalized energy release rate are plotted with respect to normalized 

crack angle, 2ψ / π. In all these plots, it can be easily depicted that the 

normalized mixed modes stress intensity factors and normalized energy 

release rate have nearly the same behavior, except when 2ψ / π is smaller 

than 0.2, whether the specimen has the double-sided fillet weld or one-sided 

fillet weld for this type of loading. The minimum and the maximum normalized 

mode I stress intensity factors are obtained at free surfaces β= π/2 and β= 0. 

The normalized mode II stress intensity factor is nearly the same for all β 

values. The normalized mode I stress intensity factor and the normalized 

energy release rate have a tendency to decrease with the rise of the crack 

angle. On the other hand, the normalized mode II, mode III stress intensity 

factors rise up when the crack angle increases for β=π/6, π/3, π/2. The main 

difference occurs at β= π/2 and ψ = 0 for the normalized mode I SIF. 

, 
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Figure 5.56 Normalized mode I SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β=0, a / t1=0.1, c / t1=0.3. 
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Figure 5.57 Normalized mode II SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β=0, a / t1=0.1, c / t1=0.3. 
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Figure 5.58 Normalized mode III SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β=0, a / t1=0.1, c / t1=0.3. 

 

 

 

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0 0.2 0.4 0.6 0.8 1

2ψ / π

G
 / 

G
o

double-sided

one-sided

 

 

Figure 5.59 Normalized energy release rate versus crack angle parameter ψ 

and the weld option parameter for a surface crack, β=0, a / t1=0.1, c / t1=0.3. 
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Figure 5.60 Normalized mode I SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β=π/6, a / t1=0.1, c / t1=0.3. 
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Figure 5.61 Normalized mode II SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β= π/6, a / t1=0.1, c / t1=0.3. 
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Figure 5.62 Normalized mode III SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β= π/6, a / t1=0.1, c / t1=0.3. 
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Figure 5.63 Normalized energy release rate versus crack angle parameter ψ 

and the weld option parameter for a surface crack, β= π/6, a/t1=0.1, c/t1=0.3. 
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Figure 5.64 Normalized mode I SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β=π/3, a / t1=0.1, c / t1=0.3. 
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Figure 5.65 Normalized mode II SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β= π/3, a / t1=0.1, c / t1=0.3. 
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Figure 5.66 Normalized mode III SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β= π/3, a / t1=0.1, c / t1=0.3. 
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Figure 5.67 Normalized energy release rate versus crack angle parameter ψ 

and the weld option parameter for a surface crack, β= π/3, a/t1=0.1, c/t1=0.3. 
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Figure 5.68 Normalized mode I SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β=π/2, a / t1=0.1, c / t1=0.3. 
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Figure 5.69 Normalized mode II SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β= π/2, a / t1=0.1, c / t1=0.3. 
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Figure 5.70 Normalized mode III SIF versus crack angle parameter ψ and the 

weld option parameter for a surface crack, β= π/2, a / t1=0.1, c / t1=0.3. 
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Figure 5.71 Normalized energy release rate versus crack angle parameter ψ 

and the weld option parameter for a surface crack, β= π/2, a/t1=0.1, c/t1=0.3. 
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5.2.2.2 Loading of a Crack at the Side of the Weld Toe for Various Weld 
Shape 
 

In this section, a bending load is applied to five specimens with various weld 

geometry (Figure 5.20) that is constructed with a crack at the side part of the 

weld toe. Crack dimensions are identified as parameters of the base sheet 

metal and the weld geometry is defined as Kv=12 mm and Kh=10, 11, 12, 13, 

14 mm. The normalized KI, KII, KIII and G for four β are presented in the 

following figures 5.72 – 5.87. 

 

In Figures 5.72-5.87, the variations of the normalized stress intensity factors 

and normalized energy release rate are plotted with respect to normalized 

crack angle, 2ψ / π for different weld geometry with respect to horizontal leg 

of the fillet weld (Kh). As 2ψ / π approaches to unit value, the higher Kh values 

make the normalized KI, KII, KIII and G decay compared to lower ones. The 

normalized mode II and mode III stress intensity factors come up to the 

maximum point at nearly half of the crack angle. Unlikely, KI, KII, KIII and G 

have their maximum values at 2ψ / π =0 and minimum values at 2ψ / π =1. 

The main difference occurs at β= π/2 and 2ψ / π  = 0 for the normalized mode 

I SIF and the maximum values of the normalized KI, KII, KIII and G are seen at 

β= 0 and 2ψ / π  = 0, free end of the specimen. No crack closure is observed 

during the calculations. 
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Figure 5.72 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=0, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.73 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=0, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.74 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=0, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.75 Normalized energy release rate versus crack angle parameter ψ 

for a surface crack, β=0, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.76 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=π/6, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.77 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=π/6, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.78 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=π/6, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.79 Normalized energy release rate versus crack angle parameter ψ 

for a surface crack, β=π/6, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.80 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=π/3, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.81 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=π/3, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.82 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=π/3, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.83 Normalized energy release rate versus crack angle parameter ψ 

for a surface crack, β=π/3, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.84 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=π/2, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.85 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=π/2, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.86 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=π/2, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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Figure 5.87 Normalized energy release rate versus crack angle parameter ψ 

for a surface crack, β=π/2, a / t1=0.1, c / t1=0.3, Kv=12 mm. 
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5.2.2.3 Loading of a Crack at the Side of the Weld Root for Various 
Crack Depth 
 

In this section, a specimen with various crack geometry that is constructed 

with a crack at the side part of the weld root (Figure 5.37) is subjected to 

bending load. Crack dimensions are identified as parameters of the base 

sheet metal and the weld geometry is defined as Kv=12 mm and Kh=12 mm. 

The normalized KI, KII, KIII and G for four β are presented in the following 

figures 5.88 – 5.103. 

 

In Figures 5.88-5.103, the variations of the normalized stress intensity factors 

and normalized energy release rate are plotted with respect to normalized 

crack angle, 2ψ / π for different crack geometry with respect to crack depth 

(a). In all these plots, it can be seen that the normalized energy release rate 

becomes higher for all β except β = π/2 as the crack deepens. At β = π/2, the 

contrary behavior is observed with respect to the normalized energy release 

rate. For higher crack depth values, the changes in the normalized KI, KII, KIII 

and G are much more remarkable. The normalized mode II and mode III 

stress intensity factors reach the maximum point at nearly half of the crack 

angle. The maximum values of the normalized KI, KII, KIII and G are seen at 

various β and ψ, not in the free ends of the specimen. However, for β =π/6, 

normalized KII rises up from zero point and reaches its maximum value at 

2ψ / π=0, unlikely (see figure 5.86). Crack closure is observed for specimen at 

β=π/6, β=π/3, β=π/2 (see figures 5.85, 5.89, 5.93). For these parameters, the 

normalized mode I stress intensity factor is below zero. Actually, if the stress 

intensity factor has a minus sign, energy release rate is not computed at this 

point. This means that crack closure occurs and the crack surfaces seem to 

contact each other. 
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Figure 5.88 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=0, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.89 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=0, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.90 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=0, c / t1=0.3, Kv=12 mm, Kh=12 mm. 

 

 

 

0,00

0,05

0,10

0,15

0,20

0,25

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

2ψ / π

G
 / 

G
o

a/t1=0.1

a/t1=0.2

a/t1=0.3

a/t1=0.4

a/t1=0.5

 

 

Figure 5.91 Normalized energy release rate versus crack angle parameter ψ 

for a surface crack, β=0, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.92 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=π/6, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.93 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=π/6, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.94 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=π/6, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.95 Normalized energy release rate versus crack angle parameter ψ 

for a surface crack, β=π/6, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.96 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=π/3, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.97 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=π/3, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.98 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=π/3, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.99 Normalized energy release rate versus crack angle parameter ψ 

for a surface crack, β=π/3, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.100 Normalized mode I SIF versus crack angle parameter ψ for a 

surface crack, β=π/2, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.101 Normalized mode II SIF versus crack angle parameter ψ for a 

surface crack, β=π/2, c / t1=0.3, Kv=12 mm, Kh=12 mm. 

 114



0,00

0,02

0,04

0,06

0,08

0,10

0,12

0,14

0,16

0,18

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

2ψ / π

K
II

I /
 K

o

a/t1=0.1

a/t1=0.2

a/t1=0.3

a/t1=0.4

a/t1=0.5

 

 

Figure 5.102 Normalized mode III SIF versus crack angle parameter ψ for a 

surface crack, β=π/2, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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Figure 5.103 Normalized energy release rate versus crack angle parameter 

ψ for a surface crack, β=π/2, c / t1=0.3, Kv=12 mm, Kh=12 mm. 
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CHAPTER 6 
 
 

CONCLUSIONS 
 
 
 
In this study, three dimensional surface crack problems in fillet welds are 

analyzed under mechanical loading and the models are built up by three 

dimensional finite elements. An interface, which is capable of creating a finite 

element model of t-shaped weld specimen by using a set of design 

parameters, has been developed and 3D finite element models are 

developed by using the finite element analysis software MSC. MARC 

MENTAT R3. By using the developed interface, SIF CALCULATOR, the 

mixed modes I, II, III stress intensity factors and the energy release rate can 

be calculated around the crack front using displacement correlation 

technique for a surface crack. The surface crack is considered to occur at 

two regions; one at the weld root and the other at the weld toe, and it is 

assumed to have a quarter – elliptical crack front profile. Around the crack 

front, strain singularity is taken into account by using degenerated 20 – node 

quarter – point solid elements.  

 

Firstly, the performance and the accuracy of the displacement correlation 

technique in mixed modes stress intensity factors are analyzed under 

mechanical loading, uniform tension. Stress intensity factors obtained by 

using MARC MENTAT are verified by making comparisons to the results 

given by Sneddon [27], Irwin [38] and Noda et al [37]. In these comparisons, 

the maximum difference is found 2 % for mode I problems, around circular 

and quarter-elliptic crack front, and 5 % for mixed mode problems in which 
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the inclination angle between surface and the crack plane is smaller than 45o. 

From these results, it can be said that displacement correlation technique is 

sufficient to find out the mixed modes I, II, III stress intensity factors unless 

the inclination angle is above 45o. In addition to these, surface effects are 

much more remarkable in stress intensity factor calculations and calculated 

stress intensity factors are not accurate near the free surfaces. However, 

these values are still useful for comparing the effects of the parameters, such 

as the geometry. 

 

In the analyses of t-shaped weld specimen, three different parameters are 

taken into account during the case study. First one is about the weld option, 

whether it is double-sided or one-sided weld. The second one is about the 

weld geometry. For this case study, everything is kept fixed but the horizontal 

leg of the weld. The last case study is about the effect of the crack depth on 

the mixed modes stress intensity factors and also energy release rate. 

 

In all the computation carried out for the first case study, it is observed that 

the normalized mode I, II and III stress intensity factors and the normalized 

energy release rate are not drastically influenced by the weld option. 

However, by the comparison, it can be said that one-sided weld option is 

seen more useful than the double-sided one. In the second case study, it is 

observed that as the Kh value becomes higher, the normalized energy 

release rate drastically drops. Nevertheless, the normalized mode I, II and III 

stress intensity factors shows various characteristics for two different types of 

loading. Most of them have the same behavior with the normalized energy 

release rates. For the last case study, as it is expected, the higher the (a / t1) 

ratio, the larger the normalized energy release rate is observed. However, it 

is seen that crack closure occurs when bending load is applied and the actual 

crack surfaces seem to contact each other. Therefore, the normalized energy 

release rate is unreliable for the bending load condition. 
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Fatigue failure of the welded structures is an important issue. Nevertheless, 

fatigue life prediction of the weldments is not considered in this study. By 

means of sub-modeling, a crack can be placed in a structure of the earth-

moving machines, such as excavator, backhoe loader. Also, the effects of the 

heat affected zone, the mechanical properties of the weld material and heat 

treatment are not taken into account. These parameters have influence on 

the fatigue life of the welded structures. These parameters can be defined 

and the behavior of the specimen can be observed. In addition to these, the 

verification of this study by means of experimental results and the 

observation of the t-shaped welded specimen behavior under mechanical 

loading can be thought as a future work, as well. 
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