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Abstract

Using the stress intensity factor to describe the stress field around a crack has become widely adopted due to its simplicity. The
stress intensity factor depends on the applied nominal stress, the crack length, and a geometrical factor. Geometrical factors can be
obtained from handbook solutions or, for complicated cases, through finite element simulations. Carefully defining the geometrical
factor with realistic boundary conditions is vital to obtain accurate values for the stress intensity factor. For fatigue life predictions,
even a small error in the stress intensity factor may get amplified as the total fatigue life is computed through integration over
thousands of crack growth increments. A commonly used specimen geometry for fatigue crack growth testing is the single-edge
cracked specimen. For such a specimen, the crack on one side of the geometry introduces bending, which, to some degree, is
constrained by the grips that hold the specimen in the testing rig. The effect of bending on the geometrical factor, and consequently
on the stress intensity factor, is generally overlooked due to the assumption that the test rig grips are infinitely stiff. Not considering
the bending effects could lead to an inaccurate evaluation of the stress intensity factor, especially for long crack lengths. This work
investigated the effect of bending on the stress intensity factor for a single-edge cracked specimen. Different grip dimensions were
studied to understand the degree of bending and its impact on the stress intensity factor. The work resulted in recommendations for
accurately evaluating the stress intensity factor for single-edge cracked specimens.
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1. Introduction

Knowledge about fatigue crack propagation is helpful for establishing accurate life prediction models for struc-
tures subjected to cyclic loading. The crack growth data is generally generated by testing specimens in a laboratory
environment. The single-edge cracked tension (SET) specimen is a commonly used geometry due to its ease of use
and manufacturing. In addition, it allows wider ranges of loading types as compressive loads can also be applied to it,
which is not possible in the traditional compact tension specimen (Hammond and Fawaz, 2016; Galyon Dorman and
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Fawaz, 2019). Crack growth testing, especially at high-temperature and thermomechanical fatigue testing, uses SET
specimens due to the ease of handling and placing them in the heating furnaces. The crack growth rates are evaluated
using a fracture mechanics parameter called the stress intensity factor range. The stress intensity factor parameter has
been widely used for its simplicity in characterising the stresses in front of the crack tip (Azeez et al., 2021, 2022;
Loureiro-Homs et al., 2020). Mode-I stress intensity factor, K, depends on the crack length, far-field stress, and a
geometrical factor specific for the used specimen (Anderson, 2017). The geometrical factor depends on the choice of
the specimen geometry. Many researchers have investigated the geometrical factor and established analytical expres-
sions to compute them. Several handbook solutions exist for the geometrical factor for many specimen geometries,
e.g. Tada et al. (2000). Closed-form solutions for the stress intensity factor have been derived for SET specimens and
are available in literature (Tada et al., 2000; Marchand et al., 1986). In addition, finite element analysis can be used to
obtain the geometrical factor where K is computed numerically (Narasimhachary et al., 2018; Hammond and Fawaz,
2016). Different boundary conditions on the SET specimen could influence the K solution. Thus, choosing accurate
boundary conditions for the tested specimen is essential to ensure accurate K solutions, which is vital in generating
accurate crack growth data.

In this work, the stress intensity factor solution is investigated for the SET specimen. The different boundary
conditions provided in the literature were explored. More accurate boundary conditions were suggested where the
grips that hold the SET specimen in the testing rig were modelled to include its influence on the K solution. This
study is done to understand the effects of grips bending on the K solution of the SET specimen, which is important,
especially for simpler and older loading frames.

2. Existing K solutions for SET specimen

Several solutions for the stress intensity factor, K, are available for SET specimens in literature (Tada et al., 2000;
Anderson, 2017; Sundström, 2010). Different K solutions can be found depending on the boundary conditions applied
to the SET specimen. Examining and understanding the applied boundary conditions on the SET specimen during test-
ing is important in choosing the correct K solution. Thus, it has become apparent for many researchers the importance
of defining and using correct boundary conditions (Hammond and Fawaz, 2016; Narasimhachary et al., 2018).

Three distinctive boundary conditions applied to SET specimen plates can be seen in Fig. 2 where a, W, and H
are the crack length, width, and height of the specimen. Figure 2 (a) shows the case of the pin-loaded ends where
the SET specimen is loaded such that a uniform stress field, σ0, is applied at the ends. In the pin-loaded case, there
is no restriction on the rotation of the specimen. Figure 2 (b) shows the clamped-ends case where both ends of the
specimen have uniform displacement, and no rotation is allowed for the plate ends. In the clamped-ends scenario,
the SET specimen can rotate except for the ends where no rotations are allowed (Zhu, 2017). This loading scenario
with clamped ends of the SET specimen is also known as a modified single-edge cracked tension (MSET) specimen.
Figure 2 (c) shows another boundary conditions case where the rotation is fully restricted along the whole section of
the SET specimen. The pin-loaded and clamped ends cases, Fig. 2 (a) and (b), are the two most common boundary
conditions scenarios for the SET specimen, while the restricted rotation along the whole section, Fig. 2 (c), is less
common. Those cases, i.e., pin-loaded and clamped-ends, represent two extreme conditions where the ends of the
specimen are either free or entirely restricted, which is not very realistic for a SET specimen placed in a testing rig. A
typical SET specimen with cylindrical ends used for crack growth testing is shown in Fig. 2 (Azeez et al., 2022, 2021;
Palmert et al., 2021).

For the SET specimen, the general form of the K solution was used as

K = σ0
√
πa · fgeo(a/W) (1)

where fgeo is the geometrical factor which depends on the normalised crack length, a/W, and the type of the boundary
conditions of the SET specimen, e.g. Fig. 2. For pin-loaded ends case (Fig. 2 (a)), the geometrical factor becomes f pin

geo
which is given by (Tada et al., 2000)

f pin
geo =

√
2W
πa

tan
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)
·
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For restricted rotation along the whole SET specimen case (Fig. 2 (c)), the geometrical factor becomes f restricted
geo which

is given by (Tada et al., 2000)

f restricted
geo =

√
2W
πa

tan
(
πa
2W

)
(3)
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Cl m e
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Fig. 1. Schematic illustration of the single edge cracked tension (SET)
plates showing three distinctive boundary conditions being: (a) pin-
loaded ends case with applied uniform stress field, σ0 and no restricted
rotation; (b) clamped-ends case with uniform displacement field at the
ends (restricted rotation at the ends); and (c) restricted rotation along
the whole section.
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Fig. 2. Detailed drawing of single edge cracked tension (SET) specimen
used in this work. The same specimen geometry was used in the study
by Azeez et al. (2021, 2022).

By substituting Eq. (2) and Eq. (3) in Eq. (1), the K solution for the pin-loaded case and the fully restricted case
are obtained and presented in Fig. 3 for different values of a/W. Furthermore, the K solution for the clamped-ends
case (Fig. 2 (b)) has been investigated by several researchers. Some researchers were able to derive a closed-form
expression, while others used FE analysis to obtain K solutions (Zhu, 2017). Using FE analysis, Narasimhachary et al.
(2018) provided a K solution for a SET specimen with threaded cylindrical ends, see Fig. 3. For the SET specimen
shown in Fig. 2, Azeez et al. (2021) used FE analysis with clamped ends boundary conditions to derive a K solution,
see Fig. 3. In the work by Azeez et al. (2021), the cylindrical ends of the SET specimen were clamped at a distance
of 42 mm from the free edge such that no rotation is allowed at the gripped ends. Clamped-ends type of boundary
condition assumes that the grips from the testing rig are incredibly stiff. Furthermore, in the work by Hammond and
Fawaz (2016), K solution for a SET plate was developed for several height-to-width ratio, H/W (Fig. 2 (b)). The K
solution from Hammond and Fawaz (2016) for both H/W of 1.5 and 5 are shown in Fig. 3. The choice of H/W = 1.5
approximates the height-to-width ratio of the planar section of the SET specimen shown in Fig. 2. The choice of
H/W = 5 approximates the height-to-width of the SET specimen in Fig. 2 excluding the gripped ends, i.e. SET height
without gripped region becomes H = 144 − 2 · (42) = 60 mm, and width of SET specimen is W = 12 mm. All the K
solutions shown in Fig. 3 were generated using nominal stress of σ0 = 100 MPa.

In Fig. 3, the values of K for the SET specimen from Azeez et al. (2021) and Narasimhachary et al. (2018) are very
similar, and they are well approximated by the K solution of the SET plate with H/W = 5 from the work by Hammond
and Fawaz (2016). On the other hand, the two other K solutions, i.e. pin-loaded and fully restricted boundary condition
cases, show different values of K, especially for large values of a/W. Interestingly, the K solution of SET plate with
H/W = 1.5 shows values close to the fully restricted boundary condition case even though the choice of H/W is for
the planar section of the SET specimen used in the work of Azeez et al. (2021).

Using the boundary conditions for a pin-loaded case is not realistic since the SET specimen in the testing rig is
constrained enough to prevent some of the rotation of the specimen. However, on the other hand, using clamped-ends
boundary conditions assumes the grips of the testing rig (that hold the SET specimen in place) to be infinitely stiff.
Thus, the clamped-ends case could also be unrealistic and could lead to an inaccurate evaluation of the K solution
since the grips can bend to some degree depending on their stiffness (length and thickness). To understand how the
grips influence the boundary conditions of the SET specimen and how the K solution is affected, FE simulations of
the SET specimen, including the grips as cylindrical bars, are modelled with different lengths and radii.
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Fig. 3. Existing stress intensity factor solutions for three distinctive boundary conditions, i.e. the pin-loaded case, clamped ends case, and restricted
bending on full specimen case.

3. Finite element modelling

Finite element models for the SET specimen were built to investigate the effect of different boundary conditions
on the stress intensity factor solution. In addition, simulations for the SET specimen, including the grips that hold
the specimen in the testing rig, were performed. The grips were approximated as cylinders with length, L, and radius,
R. All the FE models in this work were built and simulated using the FE software ABAQUS (2017). A linear elastic
material model was utilised for all the simulations with arbitrary elastic modulus, E, of 200 GPa and Poisson’s ratio,
ν, of 0.3.

3.1. SET specimen without grips

The three different boundary conditions discussed earlier in Fig. 2, i.e. pin-loaded, clamped-ends, and fully re-
stricted rotation along the whole section, were modelled, see Fig. 4 (a), (b), and (c), respectively. In Fig. 4 (a), the
clamped-ends boundary conditions were achieved by sectioning both ends of the specimen at the centre and perpen-
dicular to Z and X directions where the displacement was fixed in the Z and X directions. For the pin-loaded case,
the ends were only sectioned perpendicular to the Z direction where the displacement in the Z direction was fixed;
see Fig. 4 (b). Not fixing the ends in the X direction allows the specimen to rotate when loaded freely. The fully
restricted boundary condition on the whole specimen was modelled using the same boundary conditions in Fig. 4 (a)
on both ends while fixing the rest of the specimen outer cylindrical surface in X direction as shown in Fig. 4 (c). For
all boundary conditions, Fig. 4 (a), (b) and (c), the displacement in the Y direction was fixed through the thickness at
the middle of the specimen. The sectioned ends (where the boundary conditions are applied) of all the models were
each 42 mm in length, representing the distance at which the grips from the testing rig were applied.

The mechanical loading was applied on the specimen in the axial direction (Y direction) through reference nodes
with coupled degree of freedom to the load applying cross-section surfaces, see Fig. 5 (a). The applied force, F, was
calculated by

F =
σ0

ACS,SET
(4)

where ACS,SET is the cross-section area of the planar section of the SET specimen given in Fig. 2 and nominal stress of
σ0 = 100 MPa was used. The SET specimen was meshed using reduced integration quadratic hexahedron elements,
and mesh refinement was done within the planar section of the specimen, see Fig. 5 (b). A through-thickness sharp
crack was introduced by inserting a through-thickness surface with length, a, where all the nodes along the surface
were duplicated (except for the nodes at the crack tip) to form the two surfaces of the sharp crack, see Fig. 5 (c).
Around the crack tip, spider web mesh was used to improve the strain singularity where the elements at the tip
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are hexahedron elements collapsed into wedge elements. The mode-I stress intensity factor, K, was calculated using
contour integral around the crack tip. Several models were built each with different crack lengths, a, between 1–11 mm
for each modelled boundary condition.

The three modelled boundary conditions (see Fig. 4) were simulated to generate K solutions that could be compared
to the existing K solution in literature shown in Fig. 3. This comparison would verify the FE model used and provide
insight into the boundary conditions applied to SET specimens.

(a)

Clamped ends 
(uniform displacement)

(b)

(c)

Clamped ends 
(uniform displacement)

restricted rotation

free to rotate ends
(uniform stress)

Fig. 4. Finite element models of the single edge cracked tension (SET)
specimen showing boundary conditions used to represent (a) clamped
ends case; (b) pin-loaded case (free to rotate ends); and (c) Restricted
rotation on full specimen case.
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Fig. 5. Finite element models of the single edge cracked tension (SET)
specimen showing: (a) the coupling of the reference nodes to the load
applying cross section surfaces; (b) the mesh of the SET specimen with
a zoomed view showing the mesh refinement within the planar section;
and (c) a zoomed side view showing the sharp crack, the crack tip, and
the spider web mesh around the tip.

3.2. SET specimen with grips as cylinders

More realistic boundary conditions for the SET specimen can be achieved by modelling the grips that hold the
specimen in the testing rig. Figure 6 (a) shows the SET specimen with the grips modelled as cylinders with length, L,
and radius, R. The grips were modelled as a single part with the SET specimen and were placed at a distance of 42 mm
from each end of the specimen. An additional length was added to the grips after the length, L, to facilitate applying
the clamped ends boundary conditions as shown in Fig. 6 (b). The clamped ends were sectioned perpendicular to
the X and Z direction where fixed displacement condition was applied on the X and Z directions, respectively. The
displacement in the Y direction was fixed through the thickness at the middle (similar to the SET specimen without
grips, see Section 3.1). The mechanical loading was applied on the grips in the axial direction on the load applying
cross section surfaces as force through the reference nodes as shown in Fig. 6 (b) (similar to the SET specimen without
grips, see Section 3.1). The applied force, F, used was the same for the model of SET specimen without grips; see
Eq. (4). The meshing of the SET specimen with the grips is shown in Fig. 6 (c), where quadratic hexahedron elements
with reduced integration were used. Mesh refinement within the planar section, the insertion method of the sharp
crack, the meshing around the crack tip, and the computing way of K were all done as discussed in Section 3.1.

Several models were created using different L and R for the grips. Different configurations of the grips were
modelled with L in the range of 200–1000 mm and R in the range of 7.5–15 mm, see Fig. 7. For each configuration,
several crack lengths were simulated to produce K solutions.

3.3. Results

Figure 8 shows the FE results produced from the simulations of the SET specimen without grips together with the
K solutions obtained from the literature. As can be seen, the K values from the FE simulation with the pin-loaded
boundary conditions (see Fig. 2 (b)) were in good agreement with the analytical solution for the pin-loaded case
given by Eq. (1) and (2). Furthermore, the FE simulation with the clamped-ends boundary conditions (see Fig. 2 (a))
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Fig. 6. Finite element model of the single edge cracked tension (SET)
specimen with grips modelled as cylinders with length, L, and radius,
R. Each end of the grips has clamped boundary conditions.

7 8 9 10 11 12 13 14 15 16

100

200

300

400

500

600

700

800

900

1000

1100

Fig. 7. Different modelled grips configurations for the SET specimen
with cylindrical grips. Each marker (•) represents a model.

yielded values similar to the clamped-ends case produced by Azeez et al. (2021), Narasimhachary et al. (2018), and
Hammond and Fawaz (2016) with H/W = 5. In addition, the use of fully restricted boundary conditions (see Fig. 2 (c))
gave good agreement with the analytical solution of the corresponding boundary condition from Eq. (1) and (3).

Figure 9 shows the FE results from the simulations of the SET specimen with grips. A grips compliance parameter,
given as L/R4, was used to represent the different simulated configurations of the length and radius of the grips (L
and R, respectively) as L/R4 is proportional to the bending compliance of a beam subjected to bending moment. It
can be seen that the values of K increase with the increase in L/R4 (see Fig. 9). The lowest value of L/R4 represents
the stiffest grip configuration (thickest and shortest grip configuration), while the stiffness of the grips reduces by the
increase in L/R4. The stiffest configuration of the grips (L/R4 = 0.004 mm−3) gave K values close to the clamped-ends
boundary conditions of the SET specimen without grips. On the other hand, the configuration with the least stiffness
(L/R4 = 0.32 mm−3) seems to produce K values close to the pin-loaded case solution for normalised crack lengths of
a/W ≤ 0.5, see Fig. 9.
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Fig. 8. Stress intensity factor solutions compared to the values obtained
from finite element models of single-edge cracked specimens with no
grips.
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Fig. 9. Stress intensity factor solutions compared to the values ob-
tained from finite element models of single-edge cracked specimens
with modelled grips.
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4. Analysis of results and discussion

The good agreement between the FE results of the SET specimen without grips and the K solutions provided in
the literature indicate that the FE model utilised in this work is reasonably accurate (see Fig. 8). In Fig. 9, it can
be observed that a noticeable difference in the K solution was achieved when using different grips dimensions (or
L/R4). The differences in K values are most apparent for a/W > 0.5. Correct boundary conditions are crucial in
producing accurate fatigue data, especially for tests with long crack lengths. The boundary conditions applied on the
SET specimen to produce accurate K solutions depend mainly on the testing rig that holds it in place. Assuming
infinitely stiff grips is common; however, it could be misleading and potentially lead to an inaccurate assessment of
the experimental data, especially for compliant load frames. It can be seen that the K solutions produced from the
SET specimen with grips of large stiffness, i.e. low compliance of L/R4 = 0.004 mm−3, give similar results to the K
solutions from literature as shown in Fig. 6.

To provide a more accurate K solution, boundary conditions that include the effects from the grips must be taken
into account. This leads to the definition of a stress intensity factor for a SET specimen with grips, Kgrips, which is

Kgrips = Kpin − Kbend,grips = σ0
√
πa
(

f pin
geo

( a
W

)
−
(

f bend
geo

( a
W

)
· ggrips

( a
W
,

L
R4

)))
(5)

where Kpin is the stress intensity factor for the SET specimen with pin-loaded ends (see Fig. 2 (a)) while Kbend is
the stress intensity factor for the SET specimen with applied bending which was modified to include a grips bending
function, ggrips (see Fig. 10). The parameter f pin

geo is the geometrical factor for pin-loaded ends of SET specimen, which
is given in Eq. 2, while f bend

geo is the geometrical factor of bending case of SET specimen given by

f bend
geo =

√
2W
πa

tan
(
πa
2W

)
·

0.923 + 0.199
(
1 − sin πa2W

)4

cos
(
πa
2W

) . (6)

The grips bending function, ggrips, depends both on the normalised crack length (a/W) and the compliance of the
grips (L/R4) that holds the SET specimen in the testing rig, see Fig. 11. In Fig. 10, it can be seen that the ggrips increases
with the increase in a/W while it decreases with the rise in L/R4. At large values of L/R4, the bending function is
zero for short crack lengths, i.e. a/W < 0.4, indicating that Kgrips tends to become similar to the pin-loaded case
by reducing the stiffness of the grips, which is reasonable. Figure 11 shows the grips bending functions, ggrips, as a
function of both a/W and L/R4, where each marker represents a single FE simulation. A linear interpolation between
the FE simulation is shown as a surface. Within the range of the investigated values of a/W and L/R4, a table of the
grips bending function, ggrips is provided in Appendix A in Table A.1. The table can be used to obtain the required
grips bending function, ggrips and together with Eq. (5), (2), and (6), it is possible to produce K solution that takes into
account more realistic boundary conditions.

5. Conclusion

The accuracy of data generated from crack growth testing can be influenced by the stress intensity factor, K,
solution used. Single-edge cracked specimens are commonly used for crack growth testing, especially under high-
temperature and thermomechanical fatigue conditions. Existing K solutions for SET specimens assume the testing
grips to be extremely stiff. This assumption could lead to a poor assessment of the experimental data due to the
inaccurate K solution utilised, especially for compliant loading frames. In this work, FE simulations were performed
to produce more accurate K solutions by considering the grips that hold the SET specimen in the testing rig. The grips
were modelled as cylinders with length and radius where several grips configurations were simulated to analyse their
effects on the K solution. This study resulted in an equation for the stress intensity factor of the SET specimen that
takes into account the bending effects generated from the grips of the loading frame.
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L/R4. Markers represent values obtained from FE simulations, while
the surface represents linear interpolation between the markers.

Appendix A. Grips bending function, ggrips
(

a
W ,

L
R4

)

Table A.1 provide values for the grips bending function, ggrips, as a function for different values of normalised
crack length, a/W, and grips compliance parameter, L/R4. The table also provides values for the geometrical function
of pin-loaded and bending cases, f pin

geo and f bend
geo , respectively, as a function of a/W (produced using Eq. (2) and (6),

respectively).
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