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ARTICLE INFO ABSTRACT

Keywords:

Asymmetrical single-edge notched beam (ASENB) specimen is among the suitable specimens for measuring full
mode I/1I fracture parameters. However, in lack of a standard or common method, researchers used this spec-
imen with different geometers, which have proven can affect the results. This research evaluated the effect of
ASENB’s geometry on fracture parameters numerically and experimentally. First, the finite element method
determined the geometry factors (Y; and Yy) and non-singular (T-stress) fracture parameters. Then, the experi-
mental fracture tests were conducted using ceramic material. Results show it is more reasonable to express the Yy
and Yy based on S1/L and Su/H, instant S;/L, and Sa/L. In other words, the geometry factors can be expressed
better based on the height of the specimen and not length. So, for ASENB specimens tested in conventional S;/L
of 0.7 to 0.9, the pure mode-II condition was generated in 0.05 < So/H < 0.14. The modeling showed that the
non-singular term of fracture (T-stress) was significant compared to fracture toughness, so the Biaxiality was
measured as 0.5 to —2.5, more significant for pure mode-II and almost regardless of the a/H ratio. As experi-
mental tests show, the relative length of the ASENB specimen has an insignificant effect on measured fracture
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toughness, so a more compact specimen with L/H of about 2 to 4 can suggested for tests.

1. Introduction

Fracture studies require the implementation of suitable methods and
techniques, including the use of specimens. Specimens are representa-
tive samples of the under investigation material or structure and play a
crucial role in experimental studies [1,2]. These specimens should be
carefully designed, prepared to simulate real-life conditions, and sub-
jected to controlled loading or stress. By studying the behavior of these
specimens under different loading conditions, researchers can observe
and analyze the crack growth and failure mechanisms [3].

Various testing methods are employed to investigate cracking
behavior in materials and structures. One common method is standard
tensile or bending tests, where the specimen is subjected to specific loads
until failure occurs. This allows for the measurement of load-displace-
ment or load-time curves, which provide valuable data on the crack
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initiation and propagation stages [4,5]. One of the tools in developing
experimental methods is numerical modeling. Computational tools like
finite element analysis can simulate the response and predict crack
formation and propagation in fracture mechanics. These models enable
researchers to assess the structural integrity, identify critical areas prone
to cracking, and develop preventive measures [6,7].

The rectangular edge cracked beam is a commonly used test spec-
imen for fracture toughness experiments [8-10]. This specimen has been
used to study fracture phenomena in brittle engineering materials; and
designed to simulate different loading conditions and evaluate the
fracture toughness of materials such as ceramics, glass, polymers, ad-
hesives, rocks, graphite, composites, and metals [11,12]. The rectan-
gular edge cracked beam specimen offers several advantages. Its simple
geometry allows for easy fabrication and testing. Additionally, it pro-
vides a controlled and well-defined crack geometry, which is essential
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for accurately measuring crack growth and analyzing fracture behavior.
Subjected to symmetrical three or four-point bend loading, historically,
this specimen is used to create mode I (opening) fracture condition;
however, recently, by using asymmetrical supports (or inclining the
crack), combinations of mode II (shearing) fracture were also simulated
[13-16].

It is worth noting that while rectangular edge cracked beams are
commonly used, other test specimens and methods are also employed to
investigate mixed-mode fracture. These can include compact tension
specimens, modified chevron-notch specimens, notched round bars, and
various other geometries tailored to specific research needs. Each
specimen type offers its advantages and limitations, and the choice de-
pends on the material properties, desired mode mixity, and research
objectives [17-19].

The use of Single-Edge Notched Beam (SENB) specimens for fracture
toughness testing raises several debatable issues, including the size and
geometry of the specimen. These factors are essential as they can in-
fluence the reliability and validity of the test results. The size of the
specimen refers to its overall dimensions, often compared to material-
specific indicators such as grain size in rocks or aggregate size in con-
crete. On this issue, the size of the specimen should be larger than a
specific level to make an appropriate size, which is crucial for obtaining
reliable data [20-22].

The specimen’s geometry refers to the ratios of its dimensions, such
as the length-to-height ratio, which affects the longitudinal stress dis-
tributions in the specimen during testing. Or the height-to-thickness
ratio, which influences the transverse stress distribution. Depending
on the testing conditions, the specimen may be subjected to either plain
stress or plain strain conditions. The height-to-thickness ratio should be
chosen carefully to ensure the stress distribution matches the desired
condition. Deviations from the intended stress state can affect the
initiation and propagation of cracks, compromising the accuracy of
fracture toughness measurements [23-25].

Knowing the selection of specimen size is dependent on the type of
material and geometry can have an impact on the test results regardless
of the material’s inherent characteristics, researchers have proposed
some general rules for determining the minimum size of test specimens,
taking into account various factors specific to the material under
investigation. For example, in the works of different researchers on
asphalt and concrete materials, where large-size aggregates are present,
they proposed that the minimum size of the specimen (the ligament)
should be at least three times larger than the maximum size of the ag-
gregates. This ensures that the specimen’s ligament represents the base
material [16,19,23].

1.1. Literature review

Up to here, the importance of specimen type, the considered geom-
etry, and it’s size was discussed. Although several studies have been
conducted in this field of study, there is also a need for further studies,
even for well-known specimens such as SENB. Among some studies on
this matter, Aliha and Mousavi [26], and Mousavi et al. [27] introduced
a new test setup for studying mixed-mode I/II fracture toughness. This
configuration allows the simulation of pure mode I, II, and intermediate
mode mixities using a beam specimen with a small length ratio (with a
length typically about three times the height).

Aliha et al. also suggest a beam-shaped specimen with an inclined
crack orientation. They see that the ratio of support span to height
should be less than one, if the coverage of all mode I and II mixes is
needed. They conclude that this specimen has the practical ability for
experimental fracture toughness tests for the mode I and II mixes.
However, as a severe issue, introducing a precise inclined crack must be
done very carefully [28].

Avoiding the difficulties of preparation of single-edge notched bend
beams with inclined cracks, Aliha et al. introduced asymmetrical single-
edge notched bend beams for simulating the full range of mixed mode I/
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II. The fracture parameters, including intensity factors and T-stress, were
determined with the help of finite element analysis, considering
different crack lengths and support distances. Then, the specimen’s
ability was examined by conducting several fracture tests on a brittle
material. The fracture toughness values, the direction of crack initiation,
and the crack trajectory were investigated using theoretical fracture
mechanics criteria [29].

In other work on asphalt material, Saed et al. used a short seam
bending (SBB) specimen in asymmetric load conditions to investigate
mixed-mode I/1I fracture behavior. Their results showed a significant
similarity between the results of SCB and SBB specimens. In pure mode-I
and II, a difference of about 15 % is seen between the results of SBB and
SCB specimens [30].

Finally, it should be noted, when comparing the works of Aliha et al.
and Saed et al., who respectively conducted tests on PMMA (a polymer)
and asphalt mixtures using the same (asymmetrical short bend beam)
ASENB specimen, it is observed that PMMA, being a homogeneous
material without grains or aggregates, requires much smaller sample
sizes compared to asphalt. To compare, Aliha et al. used a smaller
ASENB specimen, while Saed et al. utilized a larger ASENB specimen
with dimensions suitable for testing asphalt mixtures. So, on this basis, it
can be said that size and geometry are also important when determining
material’s characteristics and behavior besides the type of specimen.
Materials with distinct features, such as aggregates or grains, may
require larger specimens to adequately represent those features, while
homogeneous materials like polymers may allow for smaller specimen
sizes [31].

1.2. Aims and scope

As discussed, investigating cracking in structures is a complex and
multidisciplinary field that requires a combination of scientific research,
experimental testing, and numerical modeling. By understanding the
behavior of cracks and their causes, researchers can develop effective
strategies to predict, prevent, and mitigate the failure of structures, ul-
timately ensuring their safety and longevity.

The use of different test specimens, including rectangular edge
cracked beams, has contributed to the understanding of mixed mode I/1I
fracture in various engineering materials. These experiments provide
valuable insights into fracture behavior, aiding in developing materials
with improved toughness and designing structures with enhanced
resistance to crack propagation. This is however the size and geometry
of SENB specimens have impact on the results of fracture testing. The
specimen size should represent the structure, while the geometry should
be chosen to achieve the desired stress state. Careful selection of these
parameters is essential for obtaining reliable fracture data, allowing for
accurate assessment of material behavior and the design of components.

Seen this issue, in the current study it is tried to investigate the effects
of the specimen’s configuration on the fracture results. These effects
were studied for the full range of mode I/1I fracture conditions. the study
was separated into two sections, numerical and experimental study.
First, in the numerical study, ASENB specimens with different relative
lengths (L/H = 2, 4, 8, and 15), relative crack lengths (a/H = 0.2, 0.4,
and 0.6), and a wide range of mode mixities (0.0 < M® < 1.0) were
simulated in a finite element software to extract the fracture parameters.
In this regard, the L/H = 2 is the minimum size of specimen recom-
mended by Aliha et al [26,28], the L/H in the range 4 to 8 are the
recommendation of standards such as ASTM D5045 (for fracture tests of
plastics) and ASTM E399 (for fracture tests of metals) for fracture
toughness measuring of plastic materials), and L/H = 15 is the
maximum size for a practical SENB specimen made of conventional
materials. Then, in an experimental study, using 48 samples, the prac-
tical abilities of ASENB specimens were evaluated. As some important
aspects of fracture mechanics studies, in current research, the fracture
parameters (geometry factors, T-stresses, crack propagation angles)
were extracted and justified, also to increase the innovation of the study,
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the experimental program was done using porcelain material as a brittle
material.

2. Materials and methods

The geometry and loading configuration of the ASENB specimen is
illustrated in Fig. 1. ASENB is a beam subjected to three-point bend
loading with a length of L, a height of H, and a thickness of t. The pure
mode-I (fracture in pure tensile mode) occurs when the specimen is
loaded symmetrically. To change the state of tensile and shear stresses,
the specimen should be subjected to asymmetric loading by adjusting
the supports (i.e., S; and S»).

The distance S; altered from a symmetrical (S; = S3) by moving the
support for any fixed value of S;. A. The contribution of in-plane shear
force (representing mode II deformation) becomes more pronounced
than the bending moment effect (representing mode I or opening mode)
as the S, distance decreases. It is also important to consider that the
stress distribution in the crack’s tip and the resulting mode-mixing may
be influenced by the pre-crack length ratio to the specimen height (a/H).

The state of mode mixity in the ASENB specimen is altered by
modifying the geometry and loading parameters, including S;/L, Sa/L,
and a/H. both mode I and mode II of the can contribute to this specimen.
The ASENB specimen’s mode I and mode II stress intensity factors (SIF or
K. and Kji¢) can be expressed as follows [29]:

6P S S,
Ky = ——F———=— V/nay, 1
T WES, 1 8,) V! W
6P S1S,
Ky = ————=~Vnay, 2
yit tWZ(Sl+Sg) nary (3]

where Y; and Yy are geometry factors for modes I and II, respectively.
Geometry factors depend on crack length (a/W), and span ratios (S1/L
and Sy/L).

Where the stress field at crack’s tip can be described by the stress
intensity factors in relation to the singular stress term, the non-singular
stress term in this series expansion is called T-stress. T-stress parameter
can also influence the mixed mode I/1II fracture process. The T-stress for
the ASENB specimen is a function of a/W, S1/L, and Sy/L and can be
expressed as the following equation where T* is the dimensionless form
of T.

6PS;S, T

T=_ 2192
tW2(S; + S,)

3

The SIFs and T-stress values must be determined for various
geometrical and loading conditions in order to characterize the fracture
behavior using any specimen. These three parameters are measured in
their normalized form (Y;, Yy, and T*) by utilizing finite element
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analyses to analyze the ASENB specimen.

The ABAQUS software was employed to generate the finite element
model of the ASENB specimen, which consisted of eight nodded
quadratic CPE8 elements. The maximum seed size was set as 1.0 mm and
in order to enhance the precision of the numerical results it reduced to
0.05 mm in mid-section. Furthermore, to enhance the precision,
singular-type elements with sizes lower than 0.01 mm were employed to
model the crack tip region (shown in the red rectangle of Fig. 2). The
mesh convergence study shows that the specimens with L/H ratios of 2,
4, 8 and 15, have approximately 30000, 50000, 80,000 and 100,000
elements. Same as actual test conditions, and in accordance with other
studies, the supports were simulated using pin and roller supports. Also,
the applied load was limited to moving only vertically (same as the
fixture of the loading machine) [32-34]. The finite element model of the
ASENB sample and a zoomed-in view of the crack tip region are illus-
trated in Fig. 2.

The geometrical and loading parameters (L/H, a/H, S1/L, and Sy/L)
were considered variables in the numerical analyses. The geometry of
ASENB models was selected for the finite element analyses, with length-
to-height (L/H) values of 2, 4, 8, and 15, and crack length-to-height (a/
H) values of 0.2, 0.4, and 0.6. The S;/L ratio was set at 0.9 and 0.7, and
the So/L ratio was adjusted from the symmetric condition (S; = S») to the
crack location (S1>>85). This process was done for each L/H, a/H, and
S1/L ratio.

A numerical analysis was conducted by applying a reference load and
establishing a contour integral method for crack analysis. The outputs of
each scenario were used to extract the corresponding values of stress
intensity factors (Kj and Kjp) and T-stress. The geometrical scenarios that
were analyzed are schematically depicted in Fig. 3.

It is important to note that the SIF is frequently achieved at the
midpoint of the crack, and the variations for a significant portion of the
crack front (excluding the corners) is negligible, as also indicated by
other studies [13,24,35].

3. Numerical analysis

The variations of Y; and Yy; values for various L/H, a/H, S1/L, and So/
L ratios are depicted in Fig. 4. The pure mode-I fracture condition is
indicated by the maximum value of Y; and zero value of Yy (in the
symmetrical condition). The decrement of the So/L value results in a
decrease in Y and an increase in Yy to a specific value of So/L, at which
point Y| becomes zero, and Yy reaches the maximum value, indicating
the pure mode-II condition.

Looking at the effect of L/H ratios (e.g., 2, 4, 8, and 15), it can be seen
with an increase of L/H ratios, the Sy/L ratio for simulating pure mode-I
becomes lower significantly. For example, for specimens with a/H = 0.4,
to simulate the pure mode-II fracture condition, for specimens with L/H

Fig. 1. The form of ASENB specimen and its test configuration for mixed-mode I/II fracture studies.
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Fig. 2. Finite element model and boundary conditions of ASENB specimen.
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Fig. 3. The assumed geometries for tests of the current study.

= 2, the Sy/L ratio should be 0.083, while for specimens with L/H = 15,
the S,/L ratio becomes 0.01.

In order to assess the validity of the numerical analysis, the results of
the pure mode-I condition were compared with previous studies, and
identical results were seen [28-30], also in mixed mode I/II, although
the studies are more limited, however, the obtained data is obtained
similar to those presented by Aliha et al. [29]. This demonstrates the
reliability of the finite element analysis, which encompasses the appli-
cation of boundary and loading conditions, the mesh pattern, and the
extraction of fracture parameters from the current research outputs.

Fig. 5 shows the T* (non-dimensional T-stress) variations in the
ASEND specimen under a variety of geometrical and loading conditions.
According to this figure, the corresponding value of T* increases as the
crack length ratio (a/H) or the pure mode II condition is approached.
Additionally, the T-stress sign is negative for the ASENB specimen,
particularly in dominantly mode II loading conditions, even though
there are only a few such cases with slight positive values (dominantly
pure mode I loading conditions).

The existence of high negative values of T-stress when approaching
the pure mode-II fracture condition suggests that the value of fracture
toughness is expected to increase. In this scenario, the effectiveness of
the non-singular term (T-stress) in relation to the singular terms (Kj and
Ki) can be defined by a parameter called the Biaxiality ratio (B =

TVza ).
VK +Ky?

The variances in the Biaxiality ratio for various geometrical and
loading conditions in the analyzed ASENB specimens are shown in
Fig. 6. The horizontal axis of these curves is the mode mixity ratio (M* =

%tan’l (YLI’])) that shows the dominance of tensile-shear fracture condi-

tion by 1 and 0, respectively. As can be seen in Fig. 6, the significant
value of the Biaxiality ratio that reaches even —2.5 indicates the sub-
stantial impact of T-stress on the mixed mode I/1I fracture of materials
tested with the ASENB specimen.

It is also worth mentioning, through examination of data, it is seen
that expressing the Sy value relative to the height of the specimen is
more direct than the length of the specimen (So/H instant of Sy/L). as
presented in Fig. 7, which the geometry factors are shown relative to Sa/
H value, it is seen, the relative length of specimen (L/H) has the insig-
nificant effect of geometry factors, and geometry factors mostly depend
on the relative crack length (a/H). It is also seen that the dependency of
geometric factors on relative crack length is more significant for Y7, and
Yy values are even less dependent on relative crack length values.

Examining the fracture parameters (Y7, Yy, T" and B) for the ASENB
specimen, considering the S, values based on H, it is seen they are nearly
insensitive to Sy/H ratio in the range of 0.4 < 2S,/H. However, such
parameters become much more sensitive with the decrease of So/H. This
reveals that for producing mode-II fracture conditions (and mode mix-
ities with the dominance of shear mode), the exact placement of support
spans (especially S») is essential.

As another interesting aspect that is revealed by the use of Sy/H
instant of Sy/L values, as can be seen, the relative length of the specimen
has an insignificant effect on test configuration. For example, as can be
seen, for all the specimens with an a/H ratio of 0.4 (shown as red lines in
Fig. 7), the Sp/H value needed to simulate pure mode-II is 0.08. In other
words, it is disputed that the specimen has a relative length of L/H = 2 or
15; if the specimen’s height is constant, the position of Sy becomes the
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Fig. 4. Variations of Y; and Yj; for the ASENB specimen with different geometries, including crack length ratios (a/H), length ratios (L/H), and loading span ratios

(S1/L and S,/L).

same. This justifies the use of specimens with lower relative lengths,
which also results in the use of lower materials.

4. Experimental fracture tests

In order to investigate the ability of the ASENB specimen, porcelain
material in the shape of beams was employed. Porcelain is a ceramic
material known for its strength, durability, and homogenously. It is
made from a refined clay called kaolin, mixed with other materials like

feldspar and quartz. The mixture is fired at high temperatures, typically
between 1200 °C and 1400 °C, which vitrifies the material, giving it a
glass-like quality and making it non-porous. Porcelain is commonly used
for making tiles and decorative objects and is well-known for its fine
quality and appeal [36,37].

Porcelain is an excellent material for fracture mechanics tests due to
its inherent brittleness, which allows for the study of crack initiation and
propagation without plastic deformation. Its homogeneous nature en-
sures consistent and reproducible fracture behavior, which is crucial for
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Fig. 6. The changes in Biaxiality ratios relative to mode mixity, for different geometries, including crack length ratios (a/W), length ratios (L/H), and loading span
ratios (S;/L and S,/L).

micro-mechanisms of crack propagation and the influence of micro-
structural features on fracture behavior. The high strength and hardness
of porcelain make it suitable for evaluating fracture toughness under

reliable test results. Porcelain’s well-defined elastic properties facilitate
the modeling and analysis of stress and strain behavior under applied
loads. Additionally, its fine microstructure is ideal for examining the
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Fig. 7. Variations of geometry factors with Sy/H values in the analyzed ASENB specimen for different geometrical and loading conditions.

various loading conditions. Finally, its availability and ease of process-
ing into test specimens of various shapes and sizes make porcelain a
practical choice for experimental investigations into the fracture
behavior of brittle materials [38,39].

Initial evaluations and data gathered from the producer show that
the used porcelain has a compressive strength of about 770 MPa, a
flexural strength of about 95 MPa, and Young’s modulus of 55 GPa. It
has a 2450 Kg/m3 density and hardness of 6.1 on the Mohs scale. Its
Poisson’s ratio falls to about 0.23. Chemically, porcelain is composed
primarily of 30 % kaolinite (Al»SizOs (OH)4), 25 % of feldspar (KAI-
Si30s), 25 % of quartz (SiOz) and 20 % of other materials such as clay
minerals. It maintains thermal stability at temperatures up to 1200 °C
and has a low thermal expansion coefficient of about 3 to 5 x 1076 /°C.
Additionally, its water absorption is minimal, usually less than 0.5 %
[40,41].

A sheet of porcelain with a thickness of 10 mm was used to prepare
specimens. The height of beam-shaped specimens was chosen as 30 mm,
so for simulating the L/H ratios of 2, 4, 8, and 15, beams with lengths of
60, 120, 240, and 450 mm were prepared. As at the middle of the
specimen a vertical edge crack is needed, a crack with a length ratio (a/
H) of 0.4 was introduced. Same as other studies on brittle materials,
these notches were created using a rotary diamond blade with a thick-
ness of 0.2 mm, with the help of a milling machine and adjustable fixture
[10,16,24,42].

Mixed-mode fracture experiments were implemented using a three-
point bend fixture and test machine, as shown in Fig. 8. There were
four distinct M€ values: 1, 0.6, 0.3, and 0.0. the constant loading support
(S1) was set to 0.45L, while the variable loading support (Sa/L) was
adjusted for each test condition. A rate of 0.5 mm/min was used to load
the specimens. The test was conducted on three replicates for each.

The load-displacement curves of the tested specimens exhibit a
linear and brittle behavior under various loading modes, as shown in
Fig. 9. It is also evident that the failure load of specimens increases as
they transition from pure mode I to pure mode II.

The maximum loads recorded during the tests were placed into Egs.
(1) and (2) to measure the fracture toughness of specimens. Table 1
contains the corresponding geometry factor values (Y; and Yy) which are

a. LIH=15, a/H=0.4, M*=1.0

\Ld. L/H=4, a/H=0.4, M=0.0

Fig. 8. Test setup for conducting fracture toughness experiments on porcelain
material using the ASENB samples, before and after the tests.

necessary for determining the fracture toughness values.

The obtained and calculated fracture parameters, including the
maximum loads and the fracture toughness values, are shown in Table 2.
To assess the validity of the obtained data it is seen, that other studies
also measured the fracture toughness of construction porcelain material
in the range of 1.0 to 2.0 MPa\/m [36,43-45]. it is also interesting, as
porcelain is also used vastly in dental applications, the dental porcelain
is tested vastly by bio-engineers and due to its higher robustness re-
quirements of dental implants, higher fracture toughnesses are achieved
by adding different fillers [46,47].

Fig. 10 shows the variations of fracture toughness for the full range of
I/1I mode mixities presentation in two absolute and normalized forms.
Reviewing the absolute values of fracture toughness for porcelain ma-
terial shows the value of about 1.4 MPa\/ m, which is in good agreement
with other studies that measured it in the range of 1.0 to 2.5 MPay/m
[48-50]. The results show that all the specimens (with different L/H
values) measured the fracture toughness values almost identical.
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Fig. 9. Examples of load—displacement behaviors seen during the test of porcelain material using ASENB specimen.

Moving from pure mode-I to mode-II, it is seen that the effective fracture

Table 1
Geometry factors (Y; and Yy)) for the tested ASENB specimen. toughness (Ko = (Kie)® + (Kne)®) first decreases (in the range of 1.0
Mode mixity M*=10 M°=06 M°=03 M°=0.0 < M® < 0.3) and then increases significantly. So that, for M® values of
wH H 25,1 09 @7 0927 0927 0927 1.0, 0.6, 0.3, and 0.0, the values of K¢ calculate averagely as 1.37, 1.25,
_ _9 ) mm) mm) mm) mm) 1.40, and 1.72.
0.4 2S5/L 0.9 (27 0.2 (6.0 0.13 (3.9 0.0825 Fig. 10(b) shows the normalized form of fracture toughness values.
(S82) mm) mm) mm) (2.5 mm) This figure demonstrates that moving from pure mode-I to pure mode-II,
n 0.97 0.75 0.50 0 the fracture toughness value increases such that the Ky value reaches
e 0 05 098 1 1.25 times the Kic. In order to evaluate the validity of the trend, i
T 0.02 135 Coss 503 : imes the e n order to e\'/a uate the validity o .e rend, in
a/H IL/H  2S/L 0.9 (54 0.9 (54 0.9 (54 0.9 (54 Fig. 10, the predictions of two mixed mode fracture theories are also
= =4 (51) mm) mm) mm) mm) shown. However, the difference between these two well-known criteria
0.4 2Sy/L 0.9 (54 0.1 (6.0 0.074 0.04 (2.4 should be evaluated first.
ng) 111“2“3) Omgll) (()4;; mm) glm) Considering the formula for calculating the tangential stress
YL 0 0.60 1.02 2.0 component (ggg) at the crack tip (with r, § coordinates) as the following
T* 0.10 ~1.29 1.6 ~5.09 equation (known as a Williams series), the MTS criteria only considers
a/H L/H  25/L  0.9(108 0.9 (108 0.9 (108 0.9 (108 the first term of the equation and neglects the term that participates the
= =8 1) mm) mm) mm) mm) T-stress (non-singular term) effect. This is while, in GMTS criteria, both
0.4 2Sy/L 0.9 (108 0.051 0.033 0.02 (2.3 the sineul. d ineular t idered
S mm) Gimm)  (40mm)  mm) e singular and non-singular terms are considered.
Y; 1.31 0.85 0.58 0 1 0 0 3
Yo 0 0.65 1.12 2.17 6gp = ———c0s— | K;cos>= — =Kysinf | + Tsin?6 + higher order terms (©)]
T* 017 “1.26 257 543 Vo 2 2 2
a/H L/H  28/L 09 0.9 0.9 0.9 (202.5 - . .
_ 15 s (202.5 (202.5 (202.5 mm) ' As. can be obserYed 1nvF1g. 19, Fhe maximum Fangentlal stress (MTS)
0.4 mm) mm) mm) criterion can’t provide suit predictions, and the discrepancy between the
25/L 0.9 0.027 0.019 0.011 (2.2 test results and theoretical estimations risers moving toward pure mode
(S2) (202.5 (61mm)  (40mm)  mm) II, while general maximum tangential stress (GMTS) accurately predicts
v ng 0.87 0.65 0 trends in all the trend of mixed mode I/II. Indeed, as described before,
1 . g . . . . . . .
Y 0 0.66 115 2.24 the effect of T-stress (that is ignored in the MTS criterion) is the reason
T* 0.19 _1.24 _2.68 _5.49 for the discrepancy between the predictions of the theories [51].
Solving the EQ.4 for the critical value of fracture load and defining r,
as the critical distance from the crack tip, when the tangential stress at
the crack’s tip reaches a critical value (oggc), the general equation of the
Table 2
Maximum loads and Ki., Ky, Kegr and T, values.
a/H L/H e Pe avg (N) cov Kicavg (MPay/m) Kite,avg (MPay/m) Kot (MPay/m) Te avg (MPa)
a/H=0.4 L/H=2 1.0 825 14 % 1.35 0.00 1.35 0.12
0.6 2102 7% 0.96 0.71 1.20 ~7.74
0.3 2924 8% 0.62 1.22 1.37 -14.12
0.0 3256 13% 0.00 1.78 1.78 —20.63
a/H = 0.4 L/H=4 1.0 332 9% 1.37 0.00 1.37 0.50
0.6 1925 8% 1.05 0.78 1.31 —7.45
0.3 2357 1% 0.66 1.23 1.40 -13.97
0.0 3035 10 % 0.00 1.74 1.74 -19.72
a/H = 0.4 L/H=8 1.0 154 10 % 1.36 0.00 1.36 0.79
0.6 1616 9% 0.99 0.76 1.25 —6.55
0.3 2367 13% 0.65 1.26 1.42 -12.91
0.0 2758 13 % 0.00 1.66 1.66 -18.58
a/H = 0.4 L/H=15 1.0 83 11 % 1.39 0.00 1.39 0.89
0.6 1558 6% 1.00 0.76 1.25 -6.33
0.3 2047 15 % 0.69 1.23 1.41 -12.76
0.0 2746 6% 0.00 1.70 1.70 —18.64
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Fig. 10. A) the absolute values of fracture toughness values obtained by the test of asenb specimens made of porcelain material. b) the normalized form of fracture

toughness values, along with prediction curves of mts and gmts criteria.

GMTS criterion can be written as:

2
16T
% — aaggo <0 [K,sing — Ky (3cost — 1)} - % \/Zﬂrccosasing
=0
5)
0 .0 3 . .2
K = cosi K;cos ) 7§K,,smc9 + +/2nr Tsin"0 6)

As seen in these equations, besides the magnitude of T-stress in the
GMTS criterion, it also has a role. So that the fracture toughness value
increases for negative T-stress values and decreases for its positive
values. This statement was also concluded by other researchers utilizing
other specimens with negative and positive T-stress.

Similarly, the direction of crack initiation decreases with negative T-
stress and vice versa. The direction of crack initiation () for the tested
material can be predicted by utilizing fracture parameters (i.e., Ky, K,

and T). Fig. 11 shows fractured ASENB samples with varying mode
mixities. The fracture is observed to deviate from its vertical direction
and propagate along a curvilinear trajectory, with the exception of pure
mode I. As mixed mode progresses toward pure mode II, the angle of
fracture initiation increases.

Fig. 12 presents the direction of crack initiation recorded after the
test, along with its theoretical values calculated using the MTS and
GMTS criteria. It is seen that the GMTS criterion presents acceptable
estimations for the directions of crack initiation in all tested mode
mixities compared to the MTS. Measured from the test samples, similar
to predictions of GMTS criteria, the crack initiation direction for M®
values of 1, 0.6, 0.3, and 0 ratios was obtained as 0, —52, —70, and —82
degrees. This is while MTS criteria predict the crack initiation angles
about 10 % lower than its actual value. Similar to fracture toughness
values, this prediction difference arises due to significant negative T-
stress.

To assess the trends seen for experimental data of current research,
looking at other studies is helpful. In this regard, the trend of data and its

M=1.0 M=0.6 M=0.3 M=0.0 \ M=1.0 M=0.6 M=0.3 M=0.0
Ocxp=-1£1° Ocxp=-50+4° Oexp=-09+£5° Ocxp=-79£7° Ocxp=-1£1° Oexp=-55£2°  Ooyp=-72+3° Ocxp=-84+£5°
Omrs=0° Omrs=-47° Omrs=-62° Omrs=-70° Omrs=0° Omrs=-47° Omrs=-62° Omrs=-70°
OGmTs=0° Omrs=-52°  Ogmrs=-71°  Ogmrs=-84° OGmTs=0° Omrs=-52°  Ogmrs=-72°  Ogmrs=-83°
M=1.0 M=0.6 M=0.3 M=0.0 M=1.0 M=0.6 M=0.3 M=0.0

; |
'l | |
| !
Ocxp=2%1° Oexp=-56+3° Ocxp=-64+4° Oexp=-86+2° Oexp=-2%1° Oexp=-58+3° Oxp=-66+2° Ocxp=-87+4°
Onmrs=0° Omrs=-47° Omrs=-62° Omrs=-70° Omrs=0° Omrs=-47° Omrs=-62° Omrs=-70°
OGmrs=0° Ogmrs=-52° Ogmrs=71° Ogmrs=-83° OGmrs=0° Ogmrs=-52° OgmTs=-69° OgmTs=-82°

Fig. 11. Crack initiation direction of tested ASENB samples, along with MTS and GMTS predictions for the crack initiation angles.
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Fig. 12. Comparison of crack initiation angles for mixed mode fracture
behavior, along with predictions of GMTS and MTS criteria.

prediction with fracture criteria, including the ratio of fracture tough-
ness in pure mode-I to pure mode-II or crack initiation angle was in
accordance with previous studies [52-55]. It is worth mentioning, that
researchers have also seen the same trends using other specimens such
as Brazilian disc or semi-circular bend specimens [55-58].

As a summary of the experiment section, SENB is a suitable specimen
for fracture tests of many materials, especially those that can be
extracted from sheets. Preparation of SENB is straightforward, and its
test does not need complex fixtures. More especially, all the I-II mixed-
mode (including pure mode-I and II) can simulated by only adjusting the
supports.

To suggest an optimal geometry for the SENB specimen, as the results
showed, the relative length (length to height ratio) of the SENB speci-
mens hasn’t a significant effect on the fracture results in all the mixed
mode I-II conditions. In this condition in line with studies such as
Mousavi et al. [27] and Aliha et al. [28], in the dominant mode-I con-
dition, and for the sake of minimizing the needed material for preparing
the samples, using compact specimens with L/H < 2 is practical. this is,
however, dictating the asymmetrical loading condition and closeness of
one support to the crack plane in dominant mod-II fracture, a minimum
L/H = 4 ratio is more practical for the tests.

5. Conclusions

The Single-edge Notched Beam (SENB) is a widely used specimen for
measuring fracture-related parameters in brittle materials. However,
due to the absence of a well-known testing configuration, researchers
have employed SENB with various geometries, particularly differing in
the length-to-height (L/H) ratios. This research evaluated the effect of
SENB’s geometry on mode I/II fracture parameters numerically and
experimentally. From the results, the following conclusions can be
drawn.

e The corresponding value of T* increases with the increase of crack
length ratio (a/H) and by moving toward pure mode II condition.

e The T-stress sign is negative for the ASENB specimen, particularly in
dominantly mode II loading condition, which show that the fracture
toughness value is expected to increase. However, a few cases with
slight positive values (dominantly pure mode I loading conditions)
are seen.

e With increased L/H ratios, the Sy/L ratio for simulating pure mode-I
becomes significantly lower. However, expressing the S value
relative to the height of the specimen is more direct than the length
of the specimen (Sy/H instant of Sy/L).

10
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Considering the So/H ratio for determining test configuration, frac-

ture parameters were insensitive to the Sy/H ratio for 0.4 < 2S,/H.

However, they become intensely more sensitive with decreased Sy/

H.

The relative length of the specimen has an insignificant effect on test

configuration. For all the specimens with a constant a/H ratio, the

So/H value becomes constant, which justifies using specimens with

lower relative lengths.

The porcelain’s mode-I fracture toughness (Kj.) values were about

1.4 MPa\/ m. All specimens almost identically measured the fracture

toughness values.

e Moving from pure mode-II, the effective fracture toughness first
decreases (in the 1.0 < M® < 0.3) and then increases significantly.
For M® values of 1.0, 0.6, 0.3, and 0.0, Ke's values are 1.37, 1.25,
1.40, and 1.72 MPay/m.

e The maximum tangential stress (MTS) criterion couldn’t provide
suitable predictions of data trends. General maximum tangential
stress (GMTS) accurately predicts trends. The effect of T-stress
(ignored in the MTS criterion) is the reason for the discrepancy be-
tween the predictions of these theories.

e When moving toward pure mode-II condition, the fracture is
observed to deviate from its vertical direction and propagate along a
curvilinear trajectory. As mixed mode progresses toward pure mode
11, the angle of fracture initiation increases.

e As predicted by theoretical criteria, as observed in experimental

tests, in pure mode II, the crack initiation angle reaches up to 80°

(relative to the pre-crack axis), indicating a significant effect of

negative T-stress.
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