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Abstract. The Modified-WOL specimen is a compact, bolt-loaded device used for fracture toughness tests of engineering
materials in environment-assisted conditions, which provides the Threshold Stress Intensity Factor for Environment-
Assisted Cracking, Kieac, value with one specimen only. Its internal bolt yields a constant notch opening, requiring a
clip gauge to measure this displacement inside the environmental chamber to calculate the initial K, applied. However,
corrosion reactions with the environmental solution limits the use of clip gauge. So, this work aims to propose a method
for the specimen’s setup based on a correlation between the load applied by bolt and the K, by three- and bi-dimensional
simulations with the Finite Element Method. With the three-dimensional simulation, we obtained the corresponding load
reactions and opening displacements for each bolt rotation. From these results, we did theoretical K, calculations. With
those load values, bi-dimensional simulations were performed to obtain numerical K, and validate the three-dimensional
modeling. We obtained correlation equations from the numerical results to estimate the amount of bolt rotation and bolt
load needed to apply a desired value of K, at the crack front. The results indicated that the numerical model used is
appropriate to simulate the specimen's setup, achieving acceptable errors.

Keywords: Modified-WOL specimen, Bolt-loaded specimen, Finite Element Method, Environment-Assisted Cracking.
1. INTRODUCTION

Characterizing the fracture toughness of engineering materials that work in aggressive environments is essential for
the mechanical design and maintenance of structures and structural elements. The experimental determination of fracture
toughness in environment-assisted conditions is expensive because the test method currently used in laboratories requires
multiple specimens and long test times. An alternative test method is the constant displacement fracture toughness test
performed with the Modified Wedge Opening Load (Modified-WOL) specimen, standardized by ASTM E1681-03
(2020). The Modified-WOL specimen has the main advantage of providing the value of the Threshold Stress Intensity
Factor for Environment-Assisted Cracking (Kieac) with one specimen only (Anderson, 2005). This specimen has an
internal bolt and a reaction pin as the loading device, therefore not needing a tensile testing machine, resulting in a compact
system, and easy-to-be-used.

The bolt imposes an initial load for the constant crack opening when a pre-cracked Modified-WOL specimen test
setup is used. A clip gauge measures the crack mouth opening displacement that will be used to calculate the initial Mode
| Stress Intensity Factor (K,). This initial K; value must be lower than the Fracture Toughness (Kic) of the material. As the
test goes, a relaxation of the load applied by the bolt due to crack propagation occurs, but the crack mouth opening
displacement should remain constant. The test instrumentation records this load relaxation by time and calculates
instantaneous K, values. This monitoring will indicate when the K, decreases until reaching a constant value, which will
occur when the crack arrests, whose value will correspond to the threshold for Kieac of the test (Chung et al., 1985;
Vigilante et al., 2000; Tjayadi et al., 2020).

Preconditioning of the Modified-WOL specimen in the environment before displacement application will greatly
influence the resulting Kigac values (ASTM, 2020). Thus, ASTM E1681-03 (2020) guides that the specimens shall be pre-
exposed to the environmental solution immediately preceding the test for at least 10% of the total test time, or 8h. Then,
the bolt loads the specimen, measuring the amount of applied crack mouth opening displacement with a clip gauge for
the initial K, calculation. However, ASTM E1681-03 (2020) advises that using a clip gauge is limited due to corrosion
reactions that may occur between the clip gauge and the test specimen when this gauge is placed directly above or into
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an environmental chamber. So, to guide the test setup in this condition, could we use a correlation between the load
applied by the Modified-WOL specimen’s bolt and the applied K;?

Therefore, to allow the Modified-WOL specimen’s setup without requiring a clip gauge, this work aims to propose a
setup method based on a correlation between the load applied by the bolt due to its rotation and the applied K;. To obtain
this correlation, we will simulate with Finite Element Method (FEM) three- and bi-dimensional models of this system
composed of the specimen, the bolt, and the reaction pin. The objective of the three-dimensional simulation is to obtain
the load reactions and crack mouth opening displacements corresponding to each bolt rotation angle. After that,
calculations with each notch opening displacements using the equation from ASTM E1681-03 (2020) will result in
theoretical K, values. Furthermore, with the load reactions, bi-dimensional simulations will be done to obtain numerical
K, values for comparison with these theoretical calculations. This work is organized as follows: Section 2 explains the
method followed on this work for the numerical modeling and calculations; Section 3 presents the results and discusses
the central points of the work; in Section 4, the main conclusions and limitations of the work are presented; and Section
5 concludes this document with the authors' acknowledgments.

2. NUMERICAL SIMULATIONS

This section presents the steps followed in carrying out the three- and bi-dimensional computational simulations via
FEM. Firstly, we present the mechanical properties of the steels adopted in both analyses. Then, we describe the three-
and bi-dimensional geometries, numerical modeling, and K, calculations.

2.1 Material properties

The materials adopted in both analyses had homogeneous, isotropic, and linear-elastic behavior. The API 5L steel
grade X70 was adopted for the specimen. It is a High Strength Low Alloy (HSLA) steel for pipelines standardized by
API (2018). Moreover, the bolt and the reaction pin were modeled with 17-4-PH (H900) martensitic stainless-steel
precipitation hardened, based on those used by Chung et al. (1985) and Vigilante et al. (2000). Table 1 lists the mechanical
properties of these steels based on the API (2018) and NAS (2021).

Table 1. Mechanical properties of the steels adopted in three- and two-dimensional analysis.

Elastic Modulus Poisson's Ratio  Yield Stress  Ultimate Tensile Stress

(E) ) (o) (ouT)

[Pa] - [Pa] [Pa]
AP1 5L X70 2.10x10™ 0.3 4.85x10° 5.70x10°
17-4-PH (H900)  2.10x104 0.3 1.172x10°  1.31x10°

2.2 Three-Dimensional Analysis

In this subsection, we describe the three-dimensional static structural analysis of this problem. Initially, we present
the geometry of the system components following the recommendations of the ASTM E1681-03 (2020) standard. Then,
we show the analysis modeling considering the non-linear frictional contacts and definition of Boundary Conditions. To
finish this subsection, we present the equations from ASTM E1681-03 (2020) used for the theoretical calculation of K;
with the results from this three-dimensional analysis.

2.2.1  Geometries

For the Kieac test results to be valid, the specimen should have predominantly elastic behavior and the Plane Strain
condition be met (ASTM, 2020). Therefore, specimen thickness B, the initial crack length ag, and ligament size (W — ay)
should be chosen based on the minimum specimen’s size requirements calculated with Eq. (1). So, replacing the material
properties of APl 5L X70 steel presented in Table 1 on Eq. (1), the size requirements calculated for this condition are
B, a0, (W —a0) > 5.77 mm. Considering that this specimen would be hypothetically machined from a commercial tube
(Vallourec, 2021) with an outer diameter of 298.5 mm (11 % in) and a wall thickness of 14.78 mm (0.582 in), we adopted
the best specimen thickness of B = 12.7 mm (1/2 in).

B, ap, (W—ay) 22,5% , @

Observing that the dimensions of the specimen, the bolt, and the reaction pin, according to ASTM E1681-03 (2020),
are defined as functions of the specimen’s width W, which is equivalent to twice the thickness previously adopted, we
created the three-dimensional geometries shown in Figure 1. A geometrical straight crack was created at the notch front
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with a sharpening angle of 1° and 0.02 mm opening to simulate the pre-crack. ASTM E1681-03 (2020) also specifies the
thread type, which must be of the Fine Serie of Unified Inch Threads (UNF) standardized by the ASME B1.1 (2019). So,
we see from Figure 1 that for the nominal diameter of 6.35 mm, the UNF thread has 28 threads per inch, which corresponds
to a pitch of approximately 0.907 mm (0.0357 in).

=

6.35 (Y4 in.) - 28 UNF - 2A

Figure 1. Isometric, front, and side cut views of the Modified-WOL’s assembly, with dimensions in millimeters.

2.2.2  Analysis modeling

The modeling of this analysis consists of the configuration of non-linear contacts, the definition of the cylindrical
joint, the application of Boundary Conditions, and Mesh generation. Firstly, the Augmented Lagrangian method was
adopted as the non-linear contact formulation between the three contact pairs of this system due to a reasonable penetration
control between the contact surfaces that ensures better numerical stability. (Vilela et al., 2019; Vilela, 2016; ANSYS,
2004; Telega and Gatka, 2001; Bandeira et al., 2010). Vilela et al. (2019) explains that with this method, the forces
developed in this region are decreased so that the penetration resulting from the contact between parts does not exceed
the allowed limit value. The Augmented Lagrangian method is the most used to solve mechanical contact problems with
high pressures at the contact interfaces (Bandeira et al., 2010). The contact pairs of this system are shown in Figure 2(A):
1%t Contact Region) Between the bolt and the flat surface of the reaction pin, indicated by a in Figure 2(A); 2" Contact
Region) Between the bolt’s and specimen’s threads, indicated by b in Figure 2(A); and 3 Contact Region) Between the
curved surfaces of the reaction pin and the specimen, indicated by c in Figure 2(A). For these three contact pairs, the
coefficient of friction x considered was 0.42, a reference value for a case of dynamic friction between two dry surfaces
of hard steels (Avallone et al., 2007).

(A) (B)

Figure 2. (A) Indications of the three frictional contact pairs of the system; And (B) Cylindrical joint between the
specimen’s hole and the bolt.

A deformable cylindrical joint was defined between the threads of the Modified-WOL specimen and the bolt, shown
in Figure 2(B). Thus, 2 Degrees of Freedom were allowed for the bolt’s motion, which are the rotation and translation
about the Z-axis of the Local Coordinate System, that has the same direction of the longitudinal axis of the bolt.
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Due to the large rotation angles that the bolt may suffer in a laboratory test setup, the application of the Boundary
Conditions was divided into four static load-steps with automatic sub-steps for gradual transitions. Constant displacement
constraints in the three directions of the Global Reference System were applied on the specimen’s edge indicated by A in
Figure 3. On edge indicated by B, constraints were applied only on X and Z directions, and free displacement in Y. Those
constraints were necessary to avoid rigid body motion due to the reactions on the frictional contacts and enable solution
convergence. Rotation angles () of 45° clockwise were applied to the bolt in each load-step with gradual sub-step
increments, reaching 180°. A mesh with 290,866 nodes and 196,279 elements was generated with SOLID187 at the
specimen and the bolt and SOLID186 at the pin.

L

A
g

Figure 3. System’s Boundary Conditions.
2.2.3  Theoretical K; Calculation
With the results of this three-dimensional analysis, theoretical K, values were calculated based on Eq. (2) from ASTM
E1681-03 (2020). From this equation, a/W is the ratio between the crack length and the specimen width, f(a/W) is the

correction factor given by Eqg. (3), and the crack mouth opening displacement VV was obtained by this three-dimensional
analysis as illustrated by Figure 4.

b-36) @

1G)=( —%//2/).654—1.88[§Vj+2.66(v%)2—1.233(%/;/ ©)

Figure 4. Parameters obtained from the three-dimensional simulation results.
2.3 Bi-Dimensional Analysis

This subsection describes the bi-dimensional analysis to validate the three-dimensional model by calculating the K|
values numerically for different contact reaction forces as Boundary Conditions. Firstly, we present the bi-dimensional



26" ABCM International Congress of Mechanical Engineering
November 22-26, 2021. Florianépolis, SC, Brazil

geometry adopted for this analysis. Then, we show the Boundary Conditions, mesh element type, and numerical K
calculation.

231 Geometry

These bi-dimensional analyses were performed using half of the Modified-WOL specimen geometry presented in
Figure 1 before. Figure 5 presents this geometry. A sharp and straight half-crack was also assumed in this model, as
shown in detail B in Figure 5. For the K, calculation, the linear-elastic material behavior was used as the constitutive law,
with the parameters E and v taken from Table 1. Also, the Plain Strain condition was considered.

B(50:1)

12.3444

Figure 5. Bi-dimensional geometry of the Modified-WOL with dimensions in millimeters.

2.3.2  Analysis Modeling and Numerical K Calculation

The Boundary Conditions were applied to this model, as shown in Figure 6, which were the displacement restriction
at one vertex, the symmetry line at the ligament region, and the distributed force P at the surface nodes of the reaction
pin. This force P is due to reaction loads at the Bolt-Pin Contact Region shown in Figure 4 before, obtained from the

three-dimensional simulation.

symmetry line crack tip
crack face

Figure 6. Boundary Conditions of bi-dimensional analysis.

Figure 7 shows the mesh generated with 18,068 nodes and 5,947 elements of type 8-node PLANE183 and, in more
detail, the distributed force P applied on the surface nodes of the pin. Quarter-point singular elements were used at the
half-crack tip to enhance numerical accuracy for K, calculation (Anderson, 2005), while the other parts of the model used

quadrilateral elements.
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PLANE183
P L 1
[ k1.0 crack tip
" N ‘ / crack face
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LTRSS
500, 9%0,

Figure 7. Mesh configuration and Boundary Condition in detail.

Finally, to calculate KI numerically, a three-point path at the crack face was defined for the Approximate Crack-Tip
Displacements method calculation based on the nodal displacements in the vicinity of the crack, as indicated in Figure 8.
Equation (4), from ANSYS (2018), shows this K; calculation for a half-crack model, where G is the shear modulus,

x = 3—4v for Plane Strain, and% is the factor based on the nodal displacements and locations.

. —X,U
I \— symmetry (or

anti-symmetry)
plane

Figure 8. Nodes used for the Approximate Crack-Tip Displacements method, from ANSYS (2018).

—J3.26 M 4
K,—\/EHKW, 4
3. RESULTS AND DISCUSSION

Figure 9 shows the average crack mouth opening displacements measured from the three-dimensional simulation due
to the specimen’s deformation for each bolt rotation and their corresponding theoretical K, calculated according to Egs.
(2) and (3) from ASTM E1681-03 (2020).

+ + + + + + + + + 7.0E-04
14E+H08 T
—KI(Calculated with ASTM E1681-03)

6.0E-04
1.2EH08 T

® Avg Notch Opening Displacement
(3D Analysis)

5.0E-04
1.0E+08 T

5

s0E+07 4.0E-04

6.0E+07 + 3.0E-04

Ki[Pam™(0
Notch Opening [m]

40E+07 T 2.0E-04

2.0E+07 + 1.0E-04

0.0E+00 t t t t t t u t t 0.0E+00
0 20 40 60 80 100 120 140 160 180 200
Rotation [°]

Figure 9. Crack mouth opening displacements and theoretical K, calculated for each bolt rotation.
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Figure 10 shows in three different projection views the resultant reaction force vectors at the Bolt-Specimen Contact
Region and at the Bolt-Pin Contact Region that arose on the specimen and the pin, respectively, due to the bolt loading.
We note that at both contacts, the reaction force vectors are not parallel to plane YZ of the Global Coordinate System,
even with perfect contacts between the surfaces of these components that were established by contact constraints during
the assembly of this geometry and without misalignments.

Figure 10. Views of the resultant reaction force vectors at Bolt-Specimen Contact (Left) and Bolt-Pin Contact (Right).

We obtained these two resultant reaction forces for each bolt rotation, whose values Figure 11 shows. Not counting
the resultant reaction forces at those two contact regions at 4.5° bolt rotation, which had a difference of 522.60 N between
them, from the second point onwards, this difference was reduced to an average of 0.50 N + 0.50 N. Also, in Figure 11,
two linear correlation equations were presented to estimate the reaction forces based on the angle of bolt rotation «. They
are shown in Eq. (5) for the reaction force P, at the Bolt-Pin Contact Region and in Eq. (6) for the reaction force Py at
the Bolt-Specimen Contact Region.

3.0E+04 + + + + t
A Resultant Reaction Force at Bolt-
Pin Contact (3D Analysis)
2.5E+04 T )
© Resultant Reaction Force at Bolt-
Specimen Contact (3D Analysis)
&, 20EH04 Linear (Resultant Reaction Force at
3 Bolt-Pin Contact (3D Analysis)) e
3 - y=137.7384x + 249.0828
M~ 15E+04 F Linear (Resultant Reaction Force at gy S R2=0.9998
g Bolt-Specimen Contact 3D __a%
2 o
2 y=137.2104x +315.0136
& 1.0E+04 + R2=10.9993
5.0E+03 T
0.0E+00

0 20 40 60 80 100 120 140 160 180 200
Rotation [°]

Figure 11. Reaction forces from Bolt-Pin and Bolt-Specimen Contact Regions and interpolation functions.

P)=137.7384a + 249.0828, ®)
Py=137.2104a + 315.0136, (6)

With these resultant reaction forces obtained at the Bolt-Pin Contact Region, the force Boundary Conditions were
applied to the nodes of the bi-dimensional model as explained in subsection 2.3 to calculate numerical K, values. Figure

12 presents these results, where linear interpolation gave us Eq. (7) that associates the resultant reaction force P(y at the
Bolt-Pin Contact Region with the K; at the crack tip.
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Figure 12. Numerical K, by each reaction force and interpolation function.

K;=5,111.3445P,;, — 257.9595, @)

Figure 13 shows the comparison results between these numerical K, values obtained by the bi-dimensional analysis
and those previously calculated by Egs. (2) and (3), and the relative errors calculated. As observed before, with the first
reaction force corresponding to 4.5°, the first numerical K, value was significantly higher than in theory, with an error of
121.00%. However, this error was reduced significantly from the second point onwards.

14EH8 +—r—r—rt+r—Trrrt Tttt 140.0%
X

1.2EH08 + T 120.0%

1.0E+H08 1 T 100.0% .
- 5
‘i i
S, 8.0EHT T 80.0% o
s =]
= 83}
o] o4
A 6.0EH0T T T 60.0% .5
— [
M ——KI(Caleulated with ASTM E1681-03) =

4.0EH07 T 40.0%

X KI(From 2D Analysis)
2.0EH0T T T 20.0%
Relative Error
X
0.0E+00 t t t t t t 1 t 1 0.0%
0 20 40 60 80 100 120 140 160 180 200

Rotation [°]

Figure 13. Numerical and theoretical K, values and the curve of relative error.

For a closer analysis of these errors obtained in Figure 13, Figure 14 shows the boxplot displaying the distribution of
these values. Figure 14 gives that 50% of the relative errors lie in the range of 4.87% and 5.38%, with an average value
of 4.99%. The minimum and maximum values obtained are 4.20% and 6.02%. Furthermore, the errors 121.00%, 8.97%,
and 6.58%, which corresponds to the rotations of 4.5°, 9°, and 15.75°, are the outliers of this boxplot.
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Figure 14. Generated boxplot with the relative errors between numerical and theoretical K; values.

To complete this section, Figure 15(A) presents the von-Mises stress fields at the cross-section plane in the three-
dimensional specimen model at 22.5° bolt rotation. Figure 15(B) shows the von-Mises stress fields at the bi-dimensional
model with the corresponding resultant force reaction at the Bolt-Pin Contact Region at 22.5° bolt rotation, which is
3,209.2 N, applied as the Boundary Condition. Figure 15(C) shows the von-Mises stress fields at the cross-section of the
complete three-dimensional model, with the specimen, the bolt, and the pin.

(A) (©)

Equivalent Stress Equivalent Stress
Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress
Unit: Pa Unit: Pa

. 4,7725e8 Max

. 9,8616e8 Max
4,2422e8

8,76598

== 3,712e8 767018
3,1817e8 6,5744e8
2,6514e8 D 54787e8
2,1212e8 4,383e8
1,5909e8 I 3,2872e8
1,0607e8 2,1915e8
5,3043e7 I 1,0958e8
17652 Min 5093,5 Min

r
o

Figure 15. Von-Mises stress fields in (A)Three-dimensional specimen model; (B) Bi-dimensional model; And (C)
Three-dimensional complete model.

4. CONCLUSION

In this work, we performed three- and bi-dimensional Finite Element simulations of the Modified-WOL specimen to
obtain a correlation between the bolt rotation, the reaction load on this bolt, and the initial K, applied to the specimen. The
objective of the three-dimensional simulation was to obtain the load reactions and crack mouth opening displacements
corresponding to each bolt rotation angle. After that, we calculated theoretical K, values with each crack mouth opening
displacements using an equation from ASTM E1681-03 (2020). Bi-dimensional simulations were done with these load
reactions to obtain numerical K, values for comparison with theoretical calculations.

Thus, the simplifications adopted in the bi-dimensional analysis, which were the symmetrical geometry and the
homogeneous force distribution at the Boundary Condition, gave us acceptable numerical K, approximations. In addition,
hardware limitations for further mesh refinements at the three-dimensional analysis and the FEM approximations to
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calculate the crack mouth opening displacements and the reaction forces for each bolt rotation contributed to the
accumulation of errors. Further works could be done with finer mesh at the three-dimensional model and apply a variable
force distribution as the Boundary Condition of the bi-dimensional model, as observed by the stress distribution at the
Bolt-Pin Contact Region in Figure 15(C), to minimize these errors.

Despite that, the numerical and theoretical proximate results of K, obtained in this work corroborate that the method
followed for the three-dimensional analysis modeling is appropriate to simulate the test setup of the Modified-WOL
specimen. Also, we can use the reaction force measured at the Bolt-Pin Contact Region to calculate the applied K; at the
crack front with Eq. (7) obtained by linear interpolation of Figure 12 for the geometry size and materials adopted in this
work. In addition to this, Egs. (5) and (6), obtained by linear interpolation of Figure 11, can be used to calculate the
reaction forces at the Bolt-Pin Contact Region and the Bolt-Specimen Contact Region, respectively, based on the applied
bolt rotation. Therefore, with these equations, we can calculate the amount of bolt rotation needed to apply a desired value
of K, at the crack front of the Modified-WOL specimen, and thereby this angle of rotation applied to the bolt can be
controlled by measuring it with a torsion angle gauge, for example.
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