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Details related to modeling and experimental analyses for a new type of specimen, which is
proposed to be used for mixed mode-I/II fracture tests, are presented. The specimen is sim-
ilar to a T-shape and requires less material compared to some other specimens existing in
the literature. Specimens are made from Al 7075-T651 rolled plates in the L-T rolling
direction (crack plane is perpendicular to the rolling direction). Stresses in the loading
apparatus and distributions of mixed mode stress intensity factors (SIFs) on the specimen
are determined for all load mixity cases and comparisons are made for different specimen
types. To check the validity of results obtained from numerical and experimental analyses
of the T-specimen, similar studies are also performed for a different type of mixed
mode-I/II compact tension shear (CTS) specimen. The results show that the T-specimen
along with a suitable loading apparatus can be used for mixed mode-I/II fracture tests.
Critical fracture loads obtained for the specimens are compared with criteria existing in
the literature for mixed mode-I/II fracture conditions. It is found that most existing criteria
start deviating from the experimental measurements for highly mixed mode loading
conditions. Therefore, using all data obtained from numerical and experimental analyses,
first an improved empirical mixed mode-I/II fracture criterion is proposed, which is fol-
lowed by application on the T-specimen experiments for validation. The improved criterion
shows excellent agreement with the experimental measurements. Thus, it is concluded
that T-specimen and the newly developed criteria can be used for fracture problems with
mixed mode-I/II loading conditions.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Focusing initially on mode-I fracture problems, Fracture Mechanics concepts have been developed and applied on prac-
tical engineering problems successfully to assess safety and damage tolerance of structures over the past six decades. In
many engineering problems faced with today, mixed mode fracture conditions are encountered due to different reasons;
multi-axial and mixed mode loads, non-perpendicular orientation of crack surfaces with respect to uniaxial loading and dif-
ferent types and combinations of boundary conditions. Thus, thorough understanding and knowledge of mechanisms driving
mixed mode fracture and crack growth conditions are necessary for accurate assessment of such conditions computationally
and experimentally. Although initial studies on extension of an in-plane mixedmode crack can be traced back to five decades
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Nomenclature

ASTM American Society for Testing and Materials
CT compact tension
CTS compact tension shear
f kj , g

k
j , h

k
j mode I, mode II and mode III displacement components

C local isoparametric coordinate
HSS high speed steel
KI, KII, KIII mode I, mode II and mode III stress intensity factors
Ki
I , K

i
II , K

i
III nodal stress intensity factors

Keqv equivalent stress intensity factor range
Nj regular finite element shape functions
Pcrt critical fracture load
r(p) plastic zone size
SIF stress intensity factor
h crack deflection angle
uk
j , v

k
j , w

k
j nodal displacements

n, g, q local coordinates in the enriched element
Z0 zeroing function
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ago with Erdogan and Sih’s work [1], especially in the last decades much more emphasis has been given to two- and three-
dimensional mixed mode fracture and crack propagation problems in terms of detailed simulations and experiments, both of
which are inseparable from each other.

In the literature, many studies can be found that deal with analyses of mixed mode fracture problems and experiments.
Several stress or energy based fracture criteria are proposed so far to understand fracture mechanism of in plane mixedmode
problems. Maximum tangential stress (MTS) [1], minimum strain energy density (SED) [2], maximum energy release rate
(MERR) [3,4] and maximum tangential strain (MTSN) [5] criteria are some of the most common theoretical criteria used
in fracture and crack propagation analyses for mixed mode-I/II fracture problems. Pook [6], Richard [7–9] and Tanaka
[10] also proposed different fracture criteria by defining equivalent SIF equations. Much further details of in plane mixed
mode fracture criteria can be found in [11,12]. Numerous numerical and experimental analyses were also performed in
the literature by using different specimen types such as, disk type specimen [13–15], three or four-point bend specimens
[16,17], rectangular specimen with an angled edge or central crack [18,19], Arcan specimen [20] and compact tension shear
specimen, [21,22] designed for mixed mode loading cases to evaluate the criteria mentioned above. CTS (compact tension
shear) specimen is one of the most commonly used specimens by researchers [7–9,21–30] with different sizes used in
numerical and experimental analyses for mixed mode cases.

To be able to assess mixed mode fracture conditions, knowledge of both mixed mode crack driving forces under given
loading, i.e., SIFs, and material response, i.e., fracture toughness, to mixed mode loading is needed. The material response
to mixed mode fracture must be identified in a systematic and accurate way such that well-accepted standard fracture test
requirements established for mode-I conditions are not violated. In addition, performing these tests with equipment and
specimens that are as compact as possible and without sacrificing from these requirements is very desired to not only reduce
test load levels but also to dispose less specimen material for each test.

The aim of this study is to propose a new specimen, named as T-specimen, which requires less material and lower frac-
ture loads to failure compared to some other specimens existing in the literature used for mixed mode-I/II fracture tests. In
what follows, first, modeling of the T-specimen for in plane mixed mode fracture tests is given including design analyses to
determine stresses and deformations on the specimen and the apparatus. Based on results of the design analyses, the
specimen dimensions are finalized. Then, systematic and detailed three-dimensional fracture analyses are performed to
determine SIF distributions along the crack front in the specimen for different mode mixity ratios and comparisons are also
made for different specimen types. In terms of mixed mode SIFs for different loading angles and fracture loads, T-specimen
comparisons with CTS specimens having different dimensions are presented. Finally, the results obtained from numerical
and experimental analyses are compared with related criteria existing in the literature. It is observed that most existing
criteria start deviating from the experimental measurements for highly mode-II conditions. Therefore, new and improved
criteria with consistent terms for equivalent SIF and crack deflection angle are proposed. This is done by making use of
the analysis and experimental results from a different specimen to come up with a criterion, applying the criterion to the
results of the T-specimen and refinement of the criterion by making use of all the data including from the T-specimen.

In previous papers [31,32], similar studies consisting of detailed finite element models including fracture submodels,
description of the test procedure and the corresponding experimental results were performed for CTS specimen proposed
by Richard [21,22] and a new empirical mixed mode-I/II criteria for onset of fracture and crack deflection angle were pro-
posed. However, the developed empirical criteria had included inconsistent terms, i.e., not having the same units, in the
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equations. Therefore, using the results of analyses and experiments, improved empirical criteria with consistent terms, i.e.,
with same units, in terms of fracture and crack deflection angle are developed in this paper.

2. Modeling of T-specimen for mode-I/II fracture tests

In this section, modeling details of T-specimen for in-plane mixed mode fracture tests are provided. First, specimen con-
cept and geometry features are described, which is followed by detailed finite element analyses of the specimen for different
mixed mode loading conditions to monitor stresses and plastic zone sizes at the crack tip. Based on the detailed finite ele-
ment results, specimen geometry is finalized and test assembly is analyzed as a whole, including loading apparatus, clevises,
pins and the contact mechanics between different parts of the assembly.

2.1. Specimen concept

In this subsection, the motivations for proposing a new mixed mode specimen and basic features about the T-specimen
are presented. In Fig. 1, proportions of the T-specimen and its loading apparatus are shown. As can be seen from this figure,
the specimen contains four loading holes to prevent free-rotation under mixed mode loads and that the specimen is attached
to the loading apparatus through these four holes attached to the mixed mode loading apparatus. In Fig. 1b, for clarity only
the bottom lower apparatus, which contains loading holes that are 15� apart from each other, is shown.

2.2. Design analyses of the T-specimen

Using the above described specimen concept, detailed preliminary stress and fracture analyses are performed to obtain an
optimum specimen geometry with different specimen dimensions. ANSYSTM [33] is used to generate finite element models
and perform stress analyses. For fracture analyses, FRAC3D solver, a general-purpose finite element based 3-D fracture anal-
ysis program [34,35] employing enriched crack tip elements to compute the SIFs, is used. The enriched finite elements do not
require special mesh near crack front and SIFs are directly solved for at the same time as nodal displacements without any
post-processing effort. Details of the enriched finite elements are given in the following section. Minimum-thickness calcu-
lations are also performed to make sure that plastic zone size is smaller than 1/50 of the specimen thickness for different
mode mixity ratios, which is a condition to ensure plane strain fracture toughness test. From the results of fracture analyses,
equivalent SIFs on the crack front are calculated using existing in-plane mixed mode fracture criteria. In the following
preliminary design analyses, the main goal is to determine appropriate specimen dimensions to satisfy size requirements,
taking into account plastic zone sizes under mixed mode loading conditions. Therefore, in these analyses, a simple statics
approach is applied on the specimen without mixed mode loading apparatus, pins and contact mechanics to save
time. Boundary conditions and loads are applied to only specimen and loading holes and analyses are performed by taking
into consideration the case with maximum fracture loads, i.e., pure mode-II, h = 90�. For the specimen material of Al
7075-T651 aluminum alloy, Young’s modulus and Poisson’s ratio are 70 GPa and 0.33, respectively. Table 1 summarizes pro-
portions and analyses results of the specimen used in detailed preliminary stress and fracture analyses. First, the outer
dimensions of the T-specimen are approximated to those of the standard compact tension (CT) specimen. By taking thickness
of the specimen as 25 mm and the loading to be 10 kN, stress and fracture analyses are, then, performed on specimens with
different short-edge lengths and specimen dimensions (Model No.: M-1 and M-2 in Table 1). Using these results and an
existing failure criterion from the literature, i.e., Richard [7–9], estimated fracture loads are also computed for these two
Fig. 1. (a) T-specimen proportions and (b) overall views of mixed mode loading apparatus.



Table 1
Specimen proportions used in design analyses and results of fracture analyses (applied load-10 kN and the specimen thickness-25 mm).

Model no. Dimensions (mm) SIFs (MPaa m1/2) Critical load (kN)

a b c d e R KI KII KIII
a Keqv Pcrt

M-1 90 62.5 27.5 60 67.5 5 0.00 2.73 1.30 3.11 93.4
M-2 90 62.5 27.5 50 67.5 5 0.00 3.03 1.45 3.44 84.2
M-3 90 50 32.5 35 67.5 10 0.00 3.65 1.40 4.23 68.6
M-4 100 50 42.5 35 77.5 15 0.00 3.10 1.33 3.59 80.8
M-5 105 50 47.5 35 82.5 20 0.00 2.41 1.11 2.80 103.7

a KIII SIF values represent the edge values of crack front, since KIII = 0 at the center of the crack front.
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cases and are included in the table. It is seen that although the required critical fracture load decreases with decreasing
short-edge length of the specimen, still somewhat high fracture loads are expected for both designs considering load capa-
bilities of most universal testing machines.

One of the important characteristics of the mixedmode SIF distributions on the crack front is the existence of the mode-III
SIF along the crack front, although the loading is pure mode-II. A closer assessment of the finite element results yields that
the generation and variation of the mode-III SIF is due to the Poisson’s ratio of the material. To demonstrate this effect, the
specimen is loaded with h = 45�, i.e., mode-I/II loading, and the resulting mixed mode SIF distributions are plotted in Fig. 2a.
It is seen from the figure that mode-I and mode-II SIFs are nearly constant along the crack front and that, although there is no
mode-III external loading, mode-III SIF varies linearly. To substantiate this behavior on mode-III SIF, top views of the borders
of upper and lower crack surfaces are plotted before and after deformation, i.e., load application, in Fig. 2b. Owing to the
applied mixed mode load, upper crack surface is under compressive and lower crack surface is exposed to tensile stress along
the crack length direction. Thus, transverse expansion and contraction occur on the upper and lower crack surfaces, respec-
tively. Consequently, this relative deformation between the upper and lower crack surfaces in the very near vicinity of the
out-of-plane crack front causes positive and negative tearing mode SIFs on the two sides of the specimen, and this relative
difference in the out-of-plane direction is zero at the specimen’s central plane. For this reason, mode-III SIF values are zero at
the center of the crack front. Buchholz et al. [36] also observed mode III effect locally along the crack front under in-plane
mixed mode loading and noted the effect of Poisson’s ratio on this behavior. Therefore, it is anticipated that mode-III SIF
plays a significant role for highly mode-II conditions in mixed mode-I/II fracture experiments. To fracture the specimen
for highly mode-II conditions, the required loads levels and plastic zone size increase. As a consequence, to provide small
scale yielding conditions under LEFM (Linear Elastic Fracture Mechanics) rules, the required specimen thickness also
increases.

Additional many analyses are also performed by changing specimen width, height, the distance between loading holes
and the vertical positions of loading holes with respect to the crack plane. As a result of these analyses, specimen width
and short edge length are decided to be 50 mm and 35 mm, respectively. Next, effects of long vertical edge length and
the distance between loading holes on the SIFs and plastic zone sizes are investigated (Model No.: M-3, M-4 and M-5 in
Table 1). In Fig. 3, resulting plastic zone sizes of specimens, M-3, M-4 and M-5, and equivalent stress distributions around
the crack tip based on the yield strength, which is assumed as 460 MPa, are given. In this figure, the gray regions represent
the extents of zones having higher stresses than the yield strength. As shown in the figure, having measured the plastic zone
sizes, the required minimum thickness values are calculated from the measured plastic zone sizes and the predicted critical
fracture load using existing fracture criteria [7–9]. As can be seen from the results, required critical fracture load and, accord-
ingly, minimum thickness value increases with increasing the distance between loading holes to the crack front. Based on
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Fig. 2. (a) Variation of SIFs along the crack front and (b) original crack surface boundaries before and after application of the loads - 45� loading angle.
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these results, the first option is suitable with a minimum thickness of 26.4 mm. However, since the experiments performed
in this study do not involve pure mode-II, the thickness is chosen to be 25 mm. Consequently, final sizes of the T-specimen,
M-3, are determined as an optimum specimen geometry. Thus, in this study, a T-specimen which has smaller dimensions
requiring less material and lower load levels for the same thickness compared to some other specimens existing in the lit-
erature is proposed for in-plane mixed mode fracture tests. In what follows, all details of the analysis procedure for the test
assembly and the corresponding results are presented.

2.3. Analyses of the test assembly

In this section, details and results for the analyses of the whole assembly are presented. Mixed mode loading apparatus
are designed to allow the loading axis to pass through the mid-point of the loading holes under different loading angles (0�,
15�, 30�, 45�, 60�, 75�, 90�). The steps involved in the analysis of the whole assembly are shown in Fig. 4. Modeling and the
solution of the problem involving the whole assembly, i.e., loading devices, pins and the specimen, with contact mechanics
are performed using ANSYSTM. To simulate the real conditions as in the experiments, contacts are defined between the contact
surfaces of the loading devices, pins and specimen (Fig. 4). Also, to simulate the actual conditions in the tensile test machine,
boundary conditions are defined such that the surface nodes of the bottom loading clevis are constrained in all directions and
Fig. 4. Process map of the overall stress analysis procedure.
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those of the upper loading clevis are allowed to move along the loading axis only, i.e., y-direction. Load is applied on the
upper loading clevis in the vertical direction. Having obtained the overall solution using ANSYSTM, displacements are taken
from nodes of the loading hole surfaces of the specimen by using submodeling. Then these displacements are applied on
the specimen model, and three-dimensional fracture analyses are performed using FRAC3D, a standalone finite element pro-
gram employing enriched finite elements, to calculate the resulting SIFs. In the next section, results of the three-dimensional
fracture analyses are given.

3. Three-Dimensional fracture analyses of the T-specimen

Having performed detailed stress analyses for the specimen and the test assembly to finalize their geometric details,
three-dimensional fracture analyses under different in-plane mixed mode conditions are performed in this section. In what
follows, analysis method is described first. In the following sub-sections, distributions of mixed mode three-dimensional SIFs
for different mixed mode conditions and comparisons with other specimen types are given.

3.1. Analysis method

In this sub-section, the analysis method employed for computation of three-dimensional SIFs using enriched finite ele-
ments [35,37,38] is briefly described. As shown in Fig. 5, enriched elements are those elements that touch the crack front,
whereas those elements located between enriched elements and regular finite elements are classified as transition elements.

In Fig. 6, a schematic of 20-noded hexahedral enriched crack tip element on an arbitrarily oriented crack front is shown.
For an integration point at n, g and q, element local coordinates, three-dimensional displacement fields of enriched and tran-
sition elements are given by [39],
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Fig. 5. T-specimen fracture finite element model, the enriched and transition elements.



Fig. 6. Schematic of a 20-noded hexahedral enriched crack tip element on an arbitrarily oriented 3-D crack front.

O. Demir et al. / Engineering Fracture Mechanics 178 (2017) 457–476 463
wðn;g;qÞ ¼
Xm
j¼1

Njðn;g;qÞwj þ Z0ðn;g;qÞ f wðn;g;qÞ �
Xm
j¼1

Njðn;g;qÞf wj

 ! Xntip
i¼1

NiðCÞKi
I

 !

þ Z0ðn;g;qÞ gwðn;g;qÞ �
Xm
j¼1

Njðn;g;qÞgwj

 ! Xntip
i¼1

NiðCÞKi
II

 !

þ Z0ðn;g;qÞ hwðn;g;qÞ �
Xm
j¼1

Njðn;g;qÞhwj

 ! Xntip
i¼1

NiðCÞKi
III

 !
ð3Þ
In (1)–(3), Nj are the regular element shape functions, uj, vj and wj are the nodal displacements, Z0 is a zeroing function
that varies between 0 and 1. It is 1 for all enriched elements touching the crack front nodes. For the transition elements that
surround crack front enriched elements and located between the enriched elements and regular finite elements this function
takes a value of 0 at nodes shared by regular elements, a value of 1 at nodes shared by crack tip elements and contains up-to
tri-linear variation between these two values for integration points inside the element. fu, gu, hu, fv, gv, hv, fw, gw and hw are the
analytically known terms from asymptotic crack tip displacement functions for mode I, mode II and mode III displacement

components. Ki
I , K

i
II and Ki

III are the unknown nodal SIFs at the ith crack front node, and
Pntip

i¼1NiðCÞKi
I;II;III

� �
represents the vari-

ation of the SIFs along the crack front on the element edge. For a model with quadratic elements, ntip = 3. As such, the vari-
ation of SIFs along the whole crack front is defined in a piecewise quadratic fashion by making use of the piecewise variations
on all elements along the crack front. As can be seen from Eqs. (1)–(3), unknown SIFs on the crack front are included in the
displacement fields of the crack tip elements, which are solved at the same as the nodal displacements during the solution of
simultaneous linear finite element equations. Much further details and validations of the three-dimensional enriched ele-
ments for a variety of single-crack applications can be found in [35,37–39].
3.2. Mixed mode SIFs

Mixed mode I/II fracture analyses are performed for the 25 mm-thick T-specimen with a crack length of 25 mm under
different loading angles (0�, 15�, 30�, 45�, 60�, 75�, 90�). 10 kN tensile load is applied for all analyses. Distributions of mixed
mode three-dimensional SIFs for all loading conditions are given in Fig. 7. It is seen that, as expected, KII and KIII increase with
increasing loading angle while KI decreases. Since fatigue pre-crack lengths measured after experiments are not always
25 mm and that one needs to have the SIF values for the exact crack length observed before fracture during the test, analyses
are also performed for 26 and 27 mm crack lengths. Thus, using results from all analyses with different crack lengths, KI, KII

and KIII SIF values corresponding to actual crack length obtained from experiments can be calculated by interpolation. Table 2
summarizes SIFs obtained for the center point of the crack front for 25, 26 and 27 mm crack lengths under different loading
angles. In the way the loads are applied, 0� loading angle case, i.e., mode-I loading, is different from the other cases. In this
case, the load is applied to the upper and lower holes of the specimen using the axial loading clevis only. That is, the spec-
imen is loaded from the outer two holes only. However, in the other loading cases, the load is applied on all four holes of the
specimen through the mixed mode loading apparatus.
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Fig. 7. Distributions of mixed mode three-dimensional SIFs for T-specimen under different mixed mode conditions (0�, 15�, 30�, 45�, 60�, 75�, 90�), (a)
mode-I, (b) mode-II and (c) mode-III.
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3.3. Comparisons with other specimen types

Up to now, various types of specimens have been proposed in the literature to understand the nature of fracture behavior
of cracks exposed to in plane mixedmode loading. In this sub-section, comparisons of T-specimen with other specimen types
in terms of mixed mode SIFs for a given loading angle are presented. CTS (compact tension shear) specimen (Fig. 8a), which is
widely used in the literature and proposed by [21,22], its smaller version (Fig. 8b) studied by Zhao and Guo [29] and modified
Arcan specimen, also called ‘‘butterfly specimen” (Fig. 8c), originally proposed by Arcan [40] and studied by [41,42], are eval-
uated in order to compare with the T-specimen (Fig. 8d). Loading devices suitable for these specimens are designed and



Table 2
KI, KII and KIII SIFs obtained from crack front center for 25, 26 and 27 mm crack lengths under different loading angles for 25 mm-thick T-specimen (M3).

Loading angle (�) SIFs (MPa�m1/2) (crack length-
25 mm)

SIFs (MPa�m1/2) (Crack length-
26 mm)

SIFs (MPa�m1/2) (Crack length-
27 mm)

KI KII KIII KI KII KIII KI KII KIII

0 13.80 0.00 0.00 14.15 0.00 0.00 – – –
15 13.27 1.04 0.00 13.96 1.01 0.00 14.26 1.08 0.00
30 11.93 1.87 0.00 12.64 1.81 0.00 12.90 1.96 0.00
45 9.76 2.56 0.00 10.42 2.48 0.00 10.62 2.69 0.00
60 6.88 3.08 0.00 7.46 2.99 0.00 7.59 3.25 0.00
75 3.50 3.39 0.00 3.73 3.66 0.00 4.04 3.58 0.00
90 �0.12 3.45 0.00 – – – – – –

Fig. 8. The geometries and dimensions of different specimens, (a) Richard’s specimen [19,20], (b) Zhao and Guo’s specimen [32], (c) Modified Arcan’s
specimen [44,45] and (d) T-specimen.
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modeled together with the specimens, which all had a thickness of 25 mm. Fracture analyses are also performed for these
configurations with different loading angles. Distributions of mixed mode three-dimensional SIFs along crack front under
10 kN mixed-mode loading case (45�) for all specimens are shown in Fig. 9. It can be clearly seen from the figure that, com-
pared to results of the other specimens, higher SIF values are obtained for the T-specimen for all three modes under the same
external loading conditions.

The specimens compared above are different types of specimens used to determine fracture response of a material under
different mixed mode loading conditions. Thus, for a given material test, generally numerous tests are performed to ensure
repeatable and reproductable results, or in some cases, to obtain in statistical variation in material properties, which gener-
ally requires number of specimens produced in multiples of tens. Thus, minimization of material used and the necessary load
capacity required for the tests is highly desired. To illustrate the importance of specimen sizes for total number of specimens
that can be obtained from a fixed-size plate by machining operations, a comparison between Richard’s and T-specimen in
terms of saved machining time and material is given on a plate, 290 � 310 mm (Fig. 10). Number of Richard’s and
T-specimen obtained from this plate is 6 and 16, respectively. Moreover, from the outer dimensions of the two specimens,
machining time expected for one Richard’s specimen is about 1.7 times more compared to the T-specimen.

In addition to comparisons of analyses results and specimen dimensions, Richard’s specimen together with its loading
device is also manufactured for experimental work with their actual size and to be able to make comparisons between
Richard’s and T-specimen in terms of fracture loads. Results of stress and fracture analyses for 25 mm-thick Richard’s spec-
imen for all loading angles showed that required fracture loads are very high especially for highly mode-II conditions (60�,
75� and 90�). Therefore, as was done by Richard, 10 mm-thick CTS specimens are manufactured and used in the experimental
studies. Fracture experiments are performed for the CTS specimen (10 mm-thick) and T-specimen (25 mm-thick) under dif-
ferent loading cases (0�, 15�, 30�, 45�, 60�, 75�). In Fig. 11, variations of fracture loads obtained from the experiments per-
formed for CTS (10 mm-thick) and T-specimens (25 mm-thick) are given. It is seen that, although it is two and a half
times thicker than the CTS specimen, lower fracture loads are obtained for the T-specimen under mixed mode loading
conditions.
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Fig. 10. A dimensional comparison between Richard’s and T-specimen in terms of saving machining time and material.
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4. Fracture experiments using the T-specimen

In this section, experimental details of the T-specimen for in-plane mixed mode fracture tests are provided. First, exper-
imental setup and used equipment are described, which is followed by validation of the finite element model using strain
gage measurements and mode-I fracture toughness tests. Then, having presented results from all of the mixed mode tests
performed, fracture loads are compared with some of the criteria existing in the literature.

4.1. Experimental setup

Mixed mode-I/II fracture experiments for the T-specimen are performed on a 100 kN ‘‘MTS 809” axial/torsional fatigue
test machine. The specimens are made of Al 7075-T651 aluminum alloy and machined from rolled plates in the L-T rolling
direction (crack plane is perpendicular to the rolling direction) and has a Young’s modulus of 70 GPa, a Poisson’s ratio of 0.33,
and an initial yield stress of 460 MPa. The loading clevises are made of AISI 4140 steel and the loading pins are made of HSS
steel. Modulus of elasticity and Poisson’s ratio of the loading devices and pins are 200 GPa and 0.3 respectively.

In Fig. 12, overall views of the experimental set-up and the equipment used are shown. As seen from this figure, the test
system consists of MTS test machine, T-specimen, the loading apparatus, the pins and a high-zoom camera used to monitor
crack length and its propagation. 25 mm-thick T-specimens are used in the experiments.

Fatigue pre-cracking is performed undermode-I loading for all specimens according to ASTME399 standard [43]. Pre-crack
lengths of all specimens are determined as indicated in the standard (pre-crack Length � 0.025 W or 1.3 mmwhichever is lar-
ger). Also pre-crack load is determined according to the ASTM condition (Kmax � 0.8KQ). After generation of the pre-crack, ten-
sile load is applied quasi-statically to the specimens by taking into account limitations in the standard that the specified rate
of increase of the SIF ranges from 0.55 to 2.75 MPa

p
m/s, under different loading angles. Finally, load vs. displacement data

are taken from the machine and critical fracture load is determined according to the options in the standard.

4.2. Validation studies using strain gages and mode-I fracture toughness tests

Strain gage application is performed to validate the results of simulations involving contact mechanics between loading
devices, pins and the specimen. First, T-specimen with no crack is modeled and stress analysis is performed for test assembly
as a whole, including mode-I loading apparatus, pins and the specimen under 10 kN load and 0� loading angle (mode-I load-
ing) (Fig. 13(a)). ANSYSTM [33] is used to generate finite element models and perform stress analyses. After performing stress
analysis, position and direction of strain gages are determined to be placed on the specimen according to distributions and
directions of maximum principal stresses (Fig. 13(b)). Strain gauges are attached to the specimen with a special glue. In
Fig. 14, overall and close-up views of the experimental set-up with strain gage applications are given. Load is applied to
the specimen from 0 to 10 kN by an increment of 2 kN, then load is decreased from 10 kN to 0 by the same increment of
2 kN. The reason for applying the variable load is to ensure the load linearity and validate the sensitivity of strain gage mea-
surements. The measured strain values and percent differences calculated from numerical and experimental analyses are
given in Table 3. It is seen from this table that, with an average error rate of 1–3%, excellent agreement is obtained between
experimental and numerical results.

Mode-I fracture toughness test is also performed to validate the results of stress and fracture analyses. From mode-I
toughness testing of the T-specimen having 26.03 mm crack length and thickness of 24.87 mm, a fracture load of
19.60 kN is obtained. Load vs. displacement curve and fracture point are shown in Fig. 15. Considering the fracture toughness
of the material (29 MPa

p
m), at the crack length observed in the experiment, the predicted fracture load is 21.01 kN. From

another mode-I toughness testing having 27.57 mm crack length and thickness of 25.00 mm, experimental fracture load of
18.82 kN is obtained and 19.72 kN is predicted. Thus, it is concluded that good agreement is also found between experimen-
tal and numerical results of T-specimen with an error of approximately 6% in terms of mode-I fracture test.

4.3. Mixed mode fracture tests

In this subsection, results from the fracture tests of T-specimen are presented. In-plane mixed mode I/II fracture exper-
iments are performed under different loading angles using pre-cracked T-specimens under mod-I conditions. Details of the
experimental setup and used equipment are described in Section 4.1. Critical fracture loads are determined from load-
displacement curves according to the ASTM E399 standard and crack deflection angles are measured from the fracture sur-
faces for all fractured specimens after the tests. In Fig. 16, overall view of fracture surfaces from broken samples are given.
Consistent fracture surfaces and deflection angles are observed from the tests for all loading angles. Table 4 summarizes
results of fracture tests for loading angles of 0�, 15�, 30�, 45�, 60� and 75�.

4.4. Comparisons of fracture loads with existing criteria

In order to validate the results of fracture analyses and experiments, fracture loads obtained from the tests are compared
in this section with the existing criteria described earlier for in-plane mixed mode loading situations. First, for every loading



Fig. 12. Experimental set-up and MTS test machine.

Fig. 13. Numerical analysis results for strain gage application of T-specimen, (a) Finite element model and (b) equivalent stress distributions.
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cases SIFs (KI and KII) obtained from detailed finite element models of T-specimen are substituted into the equivalent SIF
equations given by existing criteria. Then, critical fracture loads required to for equivalent SIF values to be equal to the frac-
ture toughness (KIC) value of the material according to different criteria are computed. The obtained results showed that, all



Fig. 14. Experimental set-up for strain gage application of T-specimen.

Table 3
Strain values measured and percent differences between numerical and experimental analyses.

Load (kN) Front face Diff. % Dorsal face Diff. % Back face Diff. %

Strain values measured from strain gages
0–2 7.72E�05 0.84 �9.75E�05 2.72 7.03E�05 �9.77
0–4 1.54E�04 0.34 �1.99E�04 5.10 1.47E�04 �5.39
0–6 2.32E�04 0.86 �2.97E�04 4.21 2.21E�04 �5.43
0–8 3.06E�04 �0.12 �3.91E�04 3.00 3.00E�04 �3.79
0–10 3.79E�04 �0.91 �4.87E�04 2.54 3.80E�04 �2.54

Strain values calculated from ANSYS
10 3.83E�04 �0.91 �4.74E�04 2.54 3.90E�04 �2.54

Fig. 15. Load-displacement curve of T-specimen for 0� loading angle during fracture toughness test.
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criteria are in good agreement with the experimental results up to 60� loading angle. The predicted fracture loads by differ-
ent criteria start to differ from the experimental measurements for cases with loading angles greater than 60�.
5. Development of new mode-I/II fracture criteria

In an effort to improve the aforementioned differences between predicted fracture loads by some of the existing criteria
and the experimental measurements, details related to development of an improved mode-I/II fracture criteria are presented



Fig. 16. Broken sample pictures and fracture surfaces of T-specimen for different loading angles.

Table 4
Experimental test results for 25 mm-thick T-specimen under different loading angles.

Specimen no. Loading angle (�) Thickness (mm) Crack length (mm) Experimental

Fracture load (kN) Crack deflection angle (�)

T-01 0 24.87 26.03 19.60 0.0
T-02 0 25.00 27.57 18.82 0.0
T-03 15 25.00 26.93 19.80 �11.4
T-04 15 24.98 26.34 19.70 �11.1
T-05 30 24.98 26.21 23.07 �18.2
T-06 30 25.00 26.90 20.64 �19.8
T-07 45 25.00 25.24 28.09 �27.2
T-08 45 25.01 25.46 29.21 �26.9
T-09 60 24.96 27.13 33.59 �37.6
T-10 60 25.00 26.58 34.76 �42.4
T-11 75 25.03 26.89 54.31 �55.9
T-12 75 24.96 26.70 55.04 �62.0
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in this section. First, current analysis and experimental results for a different specimen type, Richard’s CTS specimen [21,22],
are given. This is followed by development of a new mode-I/II criterion by using the numerical and experimental results of
the CTS specimen and its application to the T-specimen test cases. Finally, by combining the analysis and experimental data
for both CTS and the T-specimen, a further improved mixed mode-I/II fracture criteria are developed.

5.1. Analysis and experimental results from CTS specimen

CTS specimen has been studied very extensively by many scientists in the last two decades and well known to many
researchers in fracture mechanics. To check the validity of results from the numerical and experimental analyses of the
T-specimen, similar studies are also performed for the Richard’s CTS specimen. Its detailed dimensions are given in Fig. 8a.
Thus, first, finite element modeling and experimental studies are performed on this specimen both to gain confidence in the
obtained results and identify any improvement needs for the mixed mode fracture criteria development. Similar analysis
procedure to the one described in this study for the T-specimen is applied for CTS specimen. Detailed stress and fracture
analyses are performed for all mode mixity cases using detailed three-dimensional finite element models, which include
loading clevises, apparatus, pins, the specimen and contact mechanics between them. As is the case with the T-specimen,
analyses are performed for 43.5, 45 and 47 mm crack lengths, since fatigue pre-crack lengths measured after experiments
are not always at the same length. Using the additional analyses with different crack lengths, KI, KII and KIII SIF values cor-
responding to the actual crack length obtained from experiments can be calculated by interpolation. In a previous paper [31],
details of the finite element models including fracture submodels, description of the test procedure and the corresponding
experimental results were presented for the CTS specimen. In Table 5, KI, KII and KIII SIFs obtained from crack front center for
43.5, 45 and 47 mm crack lengths under different loading angles for 25 mm-thick CTS specimen are given. 0� loading case i.e.
mode-I loading case, is obtained by applying the load to the upper and lower left holes of the specimen using the axial load-
ing clevis only. However, load is applied to other holes of the specimen through the usage of the mixed-mode loading appa-
ratus. Therefore, there is a high degree of change for KI SIF values between 0� and 15� loading angles.



Table 5
KI, KII and KIII SIFs obtained from crack front center for 43.5, 45 and 47 mm crack lengths under different loading angles - 25 mm-thick CTS specimen [31,32].

Loading angle (�) SIFs (MPa* m1/2) (crack length-
43.5 mm)

SIFs (MPa* m1/2) (crack length-
45.0 mm)

SIFs (MPa* m1/2) (crack length-
47.0 mm)

KI KII KIII KI KII KIII KI KII KIII

0 8.78 0.00 0.00 9.13 0.00 0.00 9.59 0.00 0.00
15 4.37 0.32 0.00 4.60 0.46 0.00 5.13 0.43 0.00
30 3.91 0.65 0.00 3.91 0.82 0.00 4.59 0.94 0.00
45 3.16 0.94 0.00 3.17 1.18 0.00 3.74 1.35 0.00
60 2.23 1.15 0.00 2.20 1.48 0.00 2.63 1.72 0.00
75 1.05 1.30 0.00 1.10 1.67 0.00 1.31 1.94 0.00
90 – – – 0.00 1.73 – – – –

Fig. 17. Overall views of the experimental equipment used for testing CTS specimen [31,32].
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In Fig. 17, overall views of the equipment used in fracture experiments of the CTS specimen with experimental set-up for
75� loading angle are shown. The same material, manufacturing and experimental test procedures are applied for CTS spec-
imen as in the case of the T-specimen. Table 6 summarizes results of fracture tests of 10 mm-thick CTS specimen for 0�, 15�,
30�, 45�, 60�, 75� loading angles. In Fig. 18, overall views of fracture surfaces from broken samples are given. Consistent frac-
ture surfaces and deflection angles are observed from the tests between different loading angles. In what follows, fracture
loads obtained for CTS specimen are compared with some of the existing mode-I/II fracture criteria and are used to develop
new and improved mode-I/II fracture criterion.

5.2. Development of new mode-I/II fracture criterion and application on T-Specimen

In an effort to develop an improved empirical in-plane mixed mode-I/II fracture criterion with consistent terms, mixed
mode SIFs obtained from detailed fracture analyses of the CTS specimen and results from the fracture experiments for dif-
ferent mixed mode loading situations are used in a nonlinear regression analysis using DatafitTM [44]. The empirical mixed
mode-I/II fracture criterion equation, i.e., equivalent SIF, is determined by performing nonlinear regression analyses using
fracture loads measured from the experiments and mixed mode SIFs for all loading angles. This criterion proposes that when
the equivalent SIF reaches the fracture toughness of the material under mode-I loading, unstable fracture occurs. Equivalent
SIF (Keq) in the developed criterion is defined by,
Keq ¼ a � K4
I þ b � K4

II þ c � K2
I � K2

II

� �1=4
ð4Þ
This equation is, first, developed by using only the CTS specimen data under 0�, 15�, 30�, 45�, 60� and 75� loading angles.
Coefficients obtained from the nonlinear regression analyses for Eq. (4) are given in Table 7. Experimental loads and pre-
dicted fracture loads obtained from this developed criterion for the CTS specimen along with other existing criteria in the
literature for different loading cases are given in Fig. 19. The developed criterion by using only the CTS specimen data is
labeled in the graph as ‘‘Developed Criterion (1)”. As can be seen in the figure, significant deviation occurs after 45� loading
angle for Erdogan and Sih, Richard and Pook criteria and the difference increases with increasing loading angle. Tanaka cri-
terion is in good agreement with the experimental results up to 60� loading angle but the criterion does not produce accurate
result for 75� loading case. Critical load values predicted by developed criterion and obtained from experiments are in excel-
lent agreement with an average error rate of 4.15% for different loading cases performed.



Table 6
Experimental test results for 10 mm-thick CTS specimen under different loading angles [31,32].

Specimen no. Loading angle (�) Thickness (mm) Crack length (mm) Experimental

Fracture load (kN) Crack deflection angle (�)

CTS-01 0 10.00 46.50 11.38 0.0
CTS-02 15 10.07 46.07 26.11 �12.4
CTS-03 15 10.06 45.96 26.68 �12.6
CTS-04 30 9.60 45.08 27.52 �21.1
CTS-05 30 10.10 44.94 28.59 �20.7
CTS-06 30 10.20 45.03 29.57 �20.2
CTS-07 45 10.13 44.95 35.61 �31.2
CTS-08 45 10.17 44.75 33.00 �31.7
CTS-09 60 10.16 44.93 46.25 �43.1
CTS-10 60 10.15 45.22 46.90 �43.6
CTS-11 60 10.18 45.20 45.71 –
CTS-12 75 10.10 46.38 62.73 �61.5
CTS-13 75 10.14 45.24 68.07 �59.5

Fig. 18. Broken sample pictures and fracture surfaces of CTS-specimen for different loading angles performed [31,32].

Table 7
Coefficients of equivalent SIF equation developed using CTS specimen data.

a b c

0.9151 �0.2401 2.4070
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In order to validate the so far developed criterion, which made use of only the CTS analysis and experimental data, Eq. (4)
is also applied to the T-specimen test cases and the predicted and measured fracture loads are compared with each other. In
Fig. 20, comparisons of the predicted fracture loads for the T-specimen using the developed criterion (labeled as ‘‘Developed
criterion (1)”) with other existing criteria in the literature and the experimental measurements for the T-specimen are given.
Critical load values obtained from the developed criterion and experimental results are almost identical with an average
error rate of 4.57% for different loading angles. Thus, the developed criterion, which so far is based only on the CTS data,
is validated with direct application and comparison to T-specimen fracture results. Furthermore, the good comparison
obtained between predictions and experimental measurements also proves that the proposed T-specimen is a valid and
new type of specimen that can be used for mixed mode fracture toughness tests.

5.3. Refinement of new criterion using results from CTS and T-specimen

So far, the developed criterion by the CTS data only is validated against the T-specimen data. On the other hand, the
T-specimen data also serves as an opportunity to additionally improve the criterion. Thus, by combining the analysis and
experimental data for both CTS and the T-specimen a further improved equivalent SIF equation is developed in this subsec-
tion. 0� loading case data for CTS and T-specimens are also included. The form of equivalent SIF (Keq) in the refined new cri-
terion is the same as before and defined by,
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Fig. 19. Comparisons of experimental and predicted fracture loads for the CTS specimen using developed and existing fracture criteria.
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Fig. 20. Comparisons of experimental and predicted fracture loads for the T-specimen using developed and existing fracture criteria.

Table 8
Coefficients of new refined equivalent SIF equation.

d e f

1.0519 �0.0350 2.3056
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Keq ¼ d � K4
I þ e � K4

II þ f � K2
I � K2

II

� �1=4
ð5Þ
Having used the described combined data from both types of specimens, coefficients in Eq. (5) are given in Table 8. Com-
parisons of predicted fracture loads obtained from this refined new criterion (labeled as ‘‘Developed criterion (2)”) for the
CTS specimen and T-specimen with other existing criteria in the literature and experimental fracture loads under different
loading angles are given in Figs. 19 and 20, respectively. Critical load values of the refined new criterion and experimental
results are good agreement with an average error rate of 4.67% for CTS and 2.92% for T-specimen under all loading angles
including 0� loading angle.

Furthermore, experimental results are evaluated with existing fracture criteria in terms of crack deflection angles and a
new improved empirical crack deflection angle equation for in-plane mixed mode loading is also proposed. For the determi-
nation of the equation, mixed mode SIFs obtained from detailed finite element models of CTS and T-specimen and crack
deflection angles obtained from the experiments for all loading angles are used. Developed crack deflection angle equation
is given in the following form,
h0 ¼ � arccos
a � K2

II þ KI �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2

I þ b � KII � KI

q
þ c � KII � KI

K2
I þ d � K2

II

0
@

1
A ð6Þ
The coefficients of Eq. (6) obtained by using deflection angles from all of the CTS and T-specimens in the nonlinear regres-
sion analyses are given in Table 9. Variations of crack deflection angles based on different criteria with respect to KII/KI ratio
and including experimental measurements are plotted in Fig. 21. The crack deflection angles obtained from the developed



Table 9
Coefficients of new developed crack deflection angle equation using CTS and T-specimen data.

a b c d

0.1723 5.1062 �2.7483 �1.1636
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Fig. 21. Variations of crack deflection angles with respect to KII/KI ratio - CTS specimen.
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Fig. 22. Variations of crack deflection angles with respect to KII/KI ratio – T-specimen.
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criterion and experimental results are almost identical with an average error of 6.58% for all loading angles. When compared
with experimental results, crack deflection angles obtained from different criteria, except Koo and Choy criterion, show rea-
sonably close agreement up to 45� loading angle, and start deviating from experiments for 60� and 75� loading cases. Sim-
ilarly, variations of crack deflection angles as a function of KII/KI ratio are presented for T-specimen in Fig. 22. The predicted
crack deflection angles are in good agreement with measured values with an average error of 4.59% considering all loading
angles. It is seen from the figure that all of the criteria, except Koo and Choy criterion, have about the same and close ten-
dency as the experimental results as is the case with the CTS specimen up to 45� loading angle. It is again seen that the dif-
ference between predicted and measured deflection angles increase for 60� and 75�loading angles. Finally, it is stated that
the developed criterion for the crack deflection angle agrees well with the experimental measurements for both types of
mixed mode specimens, namely the CTS specimen and the T-specimen.
6. Summary

In this study, details of modeling, mixed mode-I/II fracture analyses and experiments for a new type of specimen, named
as T-specimen are presented. The specimen has smaller dimensions and requires less material compared to other specimen
types used for the same purpose. The specimen is proposed with its loading device to be used for in-plane mixed mode frac-
ture tests. The results and comparisons show that specimen structure and its configuration play a significant role to obtain
higher mixed mode SIF values. This becomes more important especially for highly mode-II conditions in terms of fracture
loads, since as mode mixity increases the fracture loads also increase. It is shown that the T-specimen, which requires less
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material and lower fracture loads compared to some other specimens existing in the literature, can be used as a practical test
configuration for mixed mode-I/II fracture investigations.

Detailed results from experimental studies of the T-specimen and their comparisons to predictions from the analyses
using existing criteria in the literature are also presented in the study. To check the validity of the obtained results, they
are compared with existing criteria in the literature for mixed mode-I/II fracture conditions. The results show that existing
criteria yield reasonably close results to experiments for up to moderate levels of mode mixity in the loading. However, most
existing criteria start deviating from the experimental measurements for highly mixed mode loading conditions. Therefore,
using all data obtained from analyses and experiments of the CTS specimen, first an improved empirical mixed mode-I/II
fracture criterion is proposed and for validity, it is applied to the newly proposed T-specimen. Refinement of the criterion
for critical fracture loads and crack deflection angles are, then, performed by making use of all the data from both the
CTS and the T-specimen. It is shown that the developed criteria for both onset of fracture and crack deflection angle under
mixed mode conditions are in very good agreement with the experimental measurements. Thus, it is concluded that the
newly developed criteria can also be used for fracture problems with mixed mode-I/II loading conditions.
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