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Abstract—The modified Arcan fixture was used in order to 

investigate the mixed mode fracture properties of high strength steel 
butt weld through experimental and numerical analysis. The fixture 
consisted of a central section with "butterfly-shaped" specimen that 
had central crack. The specimens were under pure mode I (opening), 
pure mode II (shearing) and all in plane mixed mode loading angles 
starting from 0 to 90 degrees. The geometric calibration factors were 
calculated with the aid of finite element analysis for various loading 
mode and different crack length (0.45≤ a/w ≤0.55) and the critical 
fracture loads obtained experimentally. The critical fracture 
toughness (KIC & KIIC) estimated with experimental and numerical 
analysis under mixed mode loading conditions. 
 

Keywords—Arcan specimen, fracture toughness, mixed mode, 
steel weld. 

I.  INTRODUCTION 
HE main objective of this study is to determine a fracture 
criterion for high tensile steel butt welded joint that used 

in fixed offshore platform joints and evaluation of strategies 
for the assessment of structures containing crack-like defects. 
The mixed-mode fracture mechanics predicts critical state 
under conditions that crack tip deflection is under opening 
(mode-I), in-plane shear (mode-II) and out-plane shear (mode-
III). It always relates the three basic modes of fracture to 
loading form as shown in Fig. 1 [1]. Furthermore, it is 
assumed that the fracture propagates in the pre-existing crack 
plane. This research is devoted to estimate fracture criterions 
under pure mode-I, II and in plane mixed mode loading 
conditions. For mixed mode conditions, previous work for 
mode-I and mode-III fields under small-scale yielding 
conditions has shown complex behavior, with the in-plane 
stresses having a different asymptotic functional form than the 
out-of-plane stresses [2]. Pure mode-I, II and mixed-mode-I/II 
are more possible in engineering problems. 

Many tests have been used to measure fracture toughness. 
The double cantilever beam (DCB) test [3] and compact 
tension specimen (CT) [4] are most often used to measure 
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mode-I (opening) fracture toughness for composite and 
metallic material, respectively. The end-notched flexure 
(ENF) test [5] is most often used to measure mode-II (sliding 
shear) fracture toughness. However, crack growth in structures 
is usually not a result of pure mode-I or pure mode-II loading, 
so it is important that the fracture toughness be known for 
mixed-mode loading.  

Several tests have been used for measuring mixed-mode 
fracture toughness in the mode-I/mode-II range. These tests 
include: the edge-delamination tension [6] the crack-lap shear 
[7], the mixed-mode bending (MMB) test [8], the asymmetric 
double cantilever beam [9], the mixed-mode flexure [10], and 
the variable mixed-mode [11] test. However, all of these tests 
have one or more problems which limit their usefulness. The 
modified Arcan test [12] seems to solve many of these 
problems. The MMB test uses a lever to simultaneously apply 
mode-I and mode-II type loadings, and by rotating the lever, 
practically any mode-I/mode-II ratio can be obtained. The 
Arcan test can be used with the simple and similar specimens 
for all in-plane mixed-mode tests and can be used to separate 
the mode-I and mode-II components. In other mixed-mode 
fracture tests, several different types of specimens are often 
needed to measured fracture toughness over a desired range of 
mixed-mode combinations. The use of different test 
configurations can involve different test variables and analysis 
procedures that can influence test results in ways that are 
difficult to predict. The Modified Arcan test is a test apparatus 
that can be used to measure fracture toughness over a wide 
range of mode I/II ratios as well as pure mode I and mode II. 

Ductile fracture of metallic materials generally involves a 
stable crack growth process prior to the occurrence of unstable 
crack propagation. Since stable crack growth requires an 
increasing applied load for continued crack growth, the 
maximum load-carrying capacity of ductile materials may be 
significantly larger than the loading required initiating crack 
growth. Thus, conventional assessment methods using the 
onset of crack extension for estimating the margin of safety 
for flawed components manufactured from ductile materials 
are often overly conservative[13]. 

 
Fig. 1 (a–c) Three basic modes of fracture 
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In this study, a modified version of the Arcan specimen was 
redesign for the mixed-mode fracture test of high stringent 
specimens, which allows mode-I, mode-II, and almost any 
combination of mode-I and mode-II loading to be tested with 
the same test specimen configuration.  Therefore, 
disadvantages presented in the previous mixed-mode 
toughness test methods can be avoided. 

II.   AN OVERVIEW OF FRACTURE MECHANICS 
A variety of approaches have been proposed to characterize 

the stable crack propagation process. For example, the J-
Integral as a function of crack growth (J-R curve) has a long 
history of use as a crack growth resistance curve based on the 
studies Hutchinson and Paris (1979)[14], Paris et al. 
(1979)[15], and the others (e.g. Begley and Landes, 1972[16]; 
Clarke et al., 1976[17]). The J-integral is widely accepted as a 
fracture mechanics parameter for both linear and nonlinear 
material response. It is related to the energy release associated 
with crack growth and is a measure of the intensity of 
deformation at a notch or crack tip, especially for nonlinear 
materials. If the material response is linear, it can be related to 
the stress intensity factors. Because of the importance of the J-
integral in the assessment of flaws, its accurate numerical 
evaluation is vital to the practical application of fracture 
mechanics in design calculations [18]. In ABAQUS software 
evaluation of J-integral is based on the virtual crack 
extension/domain integral methods (Parks, 1977 [19], and 
Shih, Moran, and Nakamura, 1986 [20]). 

The purpose of fracture toughness testing is to determine 
the value of the critical stress intensity factor, or plane stress 
fracture toughness. This material property is used to 
characterize the resistance to fracture in the design of 
structural members. ASTM standards E 399 [3] and D 5045 
[21] give some guidance for plane stress mode-I fracture 
toughness KIC for metals and plastics. The stress intensity 
factor KC at the tip of the pre-crack in a compact tension 
specimen is given by: 

 

)/( waf
wt

P
K C

C =  (1) 

 

Where Pc is the fracture load, a is crack length, w is the 
specimen width, t is the specimen thickness, and  is a 
geometrical factor. Linear elastic fracture mechanics and plan 
stress conditions are the primary requirements. 

The stress intensity factors ahead of the crack tip for a 
modified version of Arcan specimen were calculated by using 
the following equations [22, 23, 24 and 25]: 
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In turn KIC and KIIC are obtained using geometrical factors 
fI(a/w) and fII(a/w) respectively, which are obtained through 

finite element analysis of Arcan test specimen. 
Also energy release rate for isotropic material with edge 

crack can be calculated from the following relationships: 
 
Where E is Young’s modulus and ν is Poisson’s ratio. 

III. FINITE ELEMENT BACKGROUND 
The method used to calculate the stress intensity factor was 

an interaction J-integral method performed in ABAQUS, and 
is required to separate the components of the stress intensity 
factors for a crack under mixed-mode loading in conjunction 
of finite element analysis. The method is applicable to cracks 
in isotropic and anisotropic materials. Based on the definition 
of the J-integral, the interaction integrals α

intJ  can be 
expressed [18]: 
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Where Γ is an arbitrary contour, q is a unit vector in the virtual 
crack extension direction, n is the outward normal to Γ, σ  is 
the stress tensor and u is the displacement vector, as shown in 
Fig. 2. The subscript aux represents three auxiliary pure mode-
I, mode-II, and mode-III crack-tip fields for α=I, II, III, 
respectively. The domain form of the interaction J-integral is: 
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Where λ(s) virtual crack advance and dA is surface element. In 
the interaction J-integral method [18] the two-dimensional 
auxiliary fields are introduced and superposed on the actual 
fields. By judicious choice of the auxiliary fields, the 
interaction J-integral can be directly related to the stress 
intensity factors as: 
 

int.4 JBK π=  (8) 

Where B is called the pre-logarithmic energy factor matrix, 

[ ]TIIIIII JJJJ intintintint ,,= and [ ]T
IIIIII KKKK ,,= . In 

linear elastic fracture mechanics, the J-integral coincides with 
total energy release rate, IIIIIIT GGGGJ ++== , where GI, 
GII and GIII are the energy release rates associated with the 
mode-I, mode-II and mode-III stress intensity factors, 
respectively.  
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Fig. 2 Closed contour  encloses a domain A that 
includes the crack-tip region as 0→Γ  

 

    

 
 
Fig. 3 Finite element mesh pattern of the entire specimen and around 

the crack-tip with crack length а= 15 mm 
 

Numerical analyses were carried out using the interaction J-
integral method. Fig. 3 shows example of the mesh pattern of 
the specimen, which were performed with ABAQUS under a 
constant load of 40000 N. The entire specimen was modeled 
using eight node collapsed quadrilateral element and the mesh 
was refined around crack tip, so that the smallest element size 
found in the crack tip elements was approximately 0.02 mm. 
A linear elastic finite element analysis was performed under a 
plain stress condition using 1/r0.5 stress field singularity. To 
obtain a 1/r0.5 singularity term of the crack tip stress field, the 
elements around the crack tip were focused on the crack tip 
and the mid side nodes were moved to a quarter point of each 
element side. 

IV. EXPERIMENTAL PROCEDURE 

A.  Specimen and Material 

The material properties for S355 J2G3 high strength steel 
are Young's modulus, E=206 GPa, Poisson's ratio, v=0.3,    
σy=465 MPa and σy=549 MPa. For SFA5.1 E7018-1 
electrode, E=206 GPa, v=0.3, σy= 536 MPa and σy=585 MPa. 
The chemical composition of this steel and weld can be seen 
in Table I. Specimen includes two part steel that fully welded 

in middle and then machined to butterfly-shape. Also, a 
notched has been created with wire cut as a crack which is 
shown in Fig. 4(b). The specimen thickness is B=8.5 mm. 
 

TABLE I 
CHEMICAL COMPOSITION 

 %C %Mn %Si %S %P %N %Ce 
Steel 0.104 1.296 0.193 0.021 0.017 0.008 0.366 

Electrode 0.07 1.460 0.290 0.004 0.009   
 

B.  The Modified Arcan Test 
The Arcan specimen and test fixture are shown in Fig. 4(a). 

Originally used for testing of composite specimens by Arcan 
et al. (1978), the fixture was modified by Amstutz et al. 
(1995a, 1995b) for stable tearing tests. This apparatus, also 
known as the modified Arcan fixture, subjects a central 
section of a "butterfly-shaped" specimen to homogeneous 
stress and strain fields, as confirmed by photoelastic analysis. 
Further, the stresses and deformation gradients are highest at 
the central section, so that failure necessarily occurs there. 

The presence of a reaction force is the basic difference 
between the current set-up and the original Arcan fixture. In 
particular, increasing the number of bolts and adding hardened 
drill rod inserts stiffened the specimen-fixture connection. In 
the original design by Arcan et al. (1978), the apparatus is 
joined to the testing machine by a single loading pin, thus 
allowing rotations, resulting in zero reaction force. This may 
be appropriate for fiber-reinforced composites, which are 
relatively stiff solids. For metals, the clamped configuration 
was chosen for many practical reasons. Metals are in general 
very soft as compared to the stiff metal grips. Deformation 
tends to concentrate in undesirable regions of the specimen 
when using a single loading pin. This is due mainly to the rela-
tively large dead weights of the half-circular metal plates. 
Further, a slight misalignment of the testing machine induces 
large out-of-plane displacements of the specimen. Therefore, a 
design of self-aligning intermediate grips to guide and control 
the planar loading process is indispensable. Authors 
experienced these problems when using a single loading-pin 
for steel materials, and showed that the problems are better 
solved using the clamped Arcan apparatus. 

 

 
(a)                                         (b) 

Fig. 4 Specimen and Arcan apparatus 
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                 (a)                                (b)                                  (c) 

Fig. 5 Overview of loading device and test setup: (a) pure mode-I 
test; (b) mixed-mode test; (c) pure mode-II test 

 

C.  Specimen Geometry and Test Rig and Setup 
Modified Arcan fixture is made of 1.6582 (DIN17200) high 

tensile steel with Thickness of 30mm and machined in the way 
to be able to test a 10mm specimen. The holes created in 
circumference make loading in each 15 degree possible. 

The dimensions of the modified Arcan test specimen used 
are showed in Fig. 4 (b). Three holes were drilled along the 
right and left side of the specimen. Sharp crack-shaped 
notches were made by wire cut of 0.25mm thickness with 
a/w=0.45. For the testing of the butt welded specimens in pure 
mode I, pure mode II and mixed-mode loading conditions, the 
crack-tip extended to a/w=0.5. The loading device is simply 
installed in the universal testing machine and generates 
accurately repeatable loading conditions. 

The specimens are colored to observe crack initiation and 
growth during loading process. Loading was carried out with a 
tensile loading device with the rate of 0.01mm per second 
until the final rapture.  

To reduce the effects of involved errors, loading in each 
angle was repeated 3 times and the average was counted as 
final rapture load or critical load. Arcan specimen and 
apparatus is showed in Fig. 5. 
 

V.   RESULTS AND DISCUSSIONS 

A.  Mixed-Mode Arcan Fracture Specimen Calibration 
In order to assess geometrical factors or non-dimensional 

stress intensity factors fI(a/w) and fII(a/w) to determine fracture 
toughness from (2) and (3) presented in previous chapter for 
specimens, the a/w ratio was varied between 0.1 and 0.8 at 0.1 
intervals and a fourth order polynomial was fitted through 
finite element analysis as Fig. 6: 
 

TABLE II 
AVERAGE CRITICAL MIXED-MODE FRACTURE LOADS PC (N) OF BUTT 

WELDED STEEL FOR A/W=0.5 
  Loading Angles 

  0° 45° 90° 

1 56720 53220 48310 

2 55290 52300 47580 Critical 
Loads 

3 51310 45730 43940 

Average  55766.7 50416.7 46610 
 

TABLE III 

AVERAGE CRITICAL STRESS INTENSITY FACTORS (KC) ( ) OF BUTT 
WELDED STEEL FOR A/W=0.5 

   Loading Angles 

   0° 45° 90° 

KIC 118.1 55.13  Fracture 
Toughness KIIC  25.1 46.8 

 

 
Fig. 6 Non-dimensional stress intensity factors vs. crack length of 

butt welded steel 
 

 
Fig. 7 Non-dimensional stress intensity factor vs. loading angle of 

butt welded steel for the crack length 15mm. 
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fI(a/w)(α=0)=188.6(a/w)4-260.9(a/w)3+134.2(a/w)2+26.3(a/w)+3.16 
 
fII(a/w)(α=90)=-2.34(a/w)4+12.04(a/w)3-12.07(a/w)2+4.977(a/w)+0.348 

 
Here a/w is the crack length ratio, where a is the crack 

length and w is the specimen length. 
The relationship between the non-dimensional stress 

intensity factor and the loading angle is shown in Fig. 7. It can 
be seen that for loading angles α≤60o, the mode-I fracture is 
dominant and as the mode-II loading contribution increases, 
the mode-I stress intensity factor decreases and the mode-II 
stress intensity factor increases. For α≥75o mode-II fracture 
becomes dominant. 

B.  Experimental Results 
Fracture tests were carried out using a kind of universal 

tension testing machine (UTM). All tests were conducted by 
controlling the constant displacement rate of 0.01mm/sec in 
order to reduce dynamical effects and the fracture loads and 
displacements were recorded. 

Tests were repeated 3 times for mode-I, mode-II and 45° 
loading angels. The load-displacement curves generated by the 
test machine were used to determine load vs. displacement.  
The tests shown some ductility and for reduce this effect 
specimens was colored for observe crack initiation. The 
average values of fracture initiation loads were used to 
determine the critical mixed-mode stress intensity factors. 
Initiation fracture toughness was determined experimentally 
with the modified version of the Arcan specimen under pure 
mode-I, II and mixed-mode loading conditions. The values of 
mixed-mode critical loads are shown in Table II. The average 
values of mixed-mode critical stress intensity factors are 
summarized in Table III. From Table III, It can be seen that 
the shearing-mode (α=90°) fracture toughness is smaller than 
the opening-mode (α=0°) fracture toughness. This means that 
the cracked specimen is tougher in tensile loading conditions 
and weaker in shear loading conditions. 

Also Fracture toughness measurements for the modified 
Arcan specimen under pure mode-I loading show the average 
fracture toughness of KIC=(KI)C=118.1 [MPa.m1/2] for steel 
butt welded with crack length 15mm. For pure mode-II 
loading using modified Arcan specimen, the average fracture 
toughness is found KIIC=(KII)C=46.8 [MPa.m1/2].  

VI. CONCLUSION 
In this paper the mixed-mode fracture behavior of steel butt 

weld specimens was investigated based on experimental and 
numerical analyses. A modified version of Arcan specimen 
was employed to conduct a mixed mode test using the special 
test loading device. It is a simple test procedure, 
clamping/unclamping the specimens is easy to achieve and 
only one type of specimen is required to generate all loading 
conditions. Finite element analysis confirmed that by varying 
the loading angle of Arcan specimen pure mode-I, pure mode-
II and a wide range of mixed-mode loading condition can be 
created and tested. The fracture toughness was determined 
experimentally with the modified version of the Arcan 
specimen under mixed-mode loading condition. Results 
indicated that the cracked specimen is tougher in opening 

loading condition and weaker in shear loading condition. 
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