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Abstract

The aim of this thesis is to determine the influence of the Y/T, yield to tensile strength, ratio on the
stress fields of high strength steels. This is relevant to the offshore industry as regulations restrict the
use of steels with a high yield to tensile strength ratio, which is a characteristic of high-strength and
ultra high-strength steels. ldentifying the influence of these parameters on behavior could lead to a
scientific underpinning and review of the rules. The focus of this thesis is on stress concentrations at
circular cutouts under uniform tension. The local stress and strain was found, which could be used to
assess the risk of strain localization and fracture.

Analytical models of Stowell, Neuber and Irwin are used to establish new relationships between the
Y/T ratio and the stress field. The analytical methods of Stowell and Neuber were able to account for
strain hardening, while the Irwin analytical relationship only provides a elastic-perfectly plastic solution.
Besides the stress field, an analytical formulation for the local strain based on Stowell’s theory is also
established.

Numerical simulations were carried out for S690, S960, and S1100 materials. The numerical material
models are later used in the research to validate analytical approaches. Also, an infinite plate approach
is applied to the specimens by scaling the ligaments of the specimens by a factor of 6.

A parametric study has been carried out to gain insights into the influence of the governing parameters
in relation to local strain. The parameters studied are the Y/T, yield strength, strain hardening exponent,
and strength coefficient. Each parameter is varied separately.

The main conclusions are that a high Y/T ratio causes a slight decrease in plastic stress concentration
factor, resulting in a slight increase in local strain. The strain hardening exponent shows the same
trend, but the changes are even less significant. The yield strength and strength coefficient have no
effect on the stress concentration factor or local strain. None of the parameters show any influence on
the extent of the plastic zone of the material.
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1) Change in gauge length in mm
€ Dimensionless strain

€y Dimensionless yield strain

o Stress in N/mm?

oo Flow stress in N/mm?

o Tangential stress in N/mm?

oy, 051, 0757 Principal stress in N/mm?

o, Radial stress in N/mm?

oo,  Stress at 0.2 yield offset in N/mm?

Oeq Equivalent stress in N/mm?

ofs  Farfield stress in N/mm?

Omax Nominal stress in N/mm?

Orrue TrU€ stress in N/mm?

0xx:0yy Normal stress in respectively x and y direction in N/mm?

7,9  Shear stress in N/mm?

6 Angle in rad
A Initial cross-section in mm?
ag Original thickness of specimen in mm

acrr  Effective crack length in mm

by Original width of parallel length of specimen in mm

E Elasticity modulus in N/mm?

Eo Secant modulus of elasticity far from hole in N/mm?

Eg Secant modulus of elasticity at maximum stress in N/mm?
fy Yield stress in N/mm?

FEA Finite Element Analysis

K Strength coefficient in N/mm?
k Dimensionless gauge length constant
K; Dimensionless stress intensity factor for mode |

K.ry Dimensionless effective stress intensity factor

Lo Initial gauge length in mm

Nomenclature



X Nomenclature
L. Parallel length of specimen in mm

L¢ Total length of specimen in mm

n Dimensionless hardening parameter

P Applied load in N

S Applied loading in N

So Initial cross-sectional area of parallel length in mm?

SCF  Dimensionless Stress Concentration Factor

Y/T  Dimensionless yield strenght to tensile strength ratio



Introduction

Over the years, new, higher strengths of steel have found their way into the construction and manu-
facturing industries. These higher strengths of steel are more attractive to manufacturers and builders
because they are stronger (i.e., have a higher yield strength). This has the advantage of requiring
less material to achieve the same result: a safely designed structure with a lower structural weight.
The aforementioned advantage is a particularly relevant development for cranes on floating vessels
because cranes are structures located high above the keel, where mass reduction leads to increased
stability and increased capacity. In addition, the effects of weight reduction can have a positive impact
on costs, even if the material is more expensive. Therefore, the introduction of higher strengths of steel
could make a promising contribution to the crane construction industry.

Higher strength steels introduce challenges in terms of design rules set by certification companies.
These set limits on the yield strength to tensile strength ratio to ensure structural safety [5, 7-9, 19—
21, 27, 32, 33, 39, 40]. These limits are based on nominal values or actual values obtained from stan-
dard tensile tests [42]. The reason for introducing these rules is to ensure a sufficiently high margin of
safety before the material fails and dangerous situations arise. This is a problem for higher strengths
of steel, where the yield strength is closer to the tensile strength than for lower strengths of steel and
therefore the allowable limits are exceeded. Higher strengths of steel may then not be fully utilized in
terms of weight and consequently cost. There is a need for research to capture the behavior of these
types of steel and ultimately to extend their application by revising the design rules. The global objec-
tive is to find the influence of the yield to tensile strength ratio on the failure load of high strength steels.
This research will partially address this objective. The main objective of this research is to determine
the influence of the yield strength to tensile strength ratio on the stress field of high strength steels
induced by a discontinuity in order to evaluate the effects on the material behavior. Specimens with a
discontinuity experience stress concentrations that result in large local strains. These local strains are
the governing factor for ductile failure and therefore important to evaluate. The research question is
formulated as follows:

What is the influence of the yield strength to tensile strength ratio on the stress fields of high strength
steels?

The aim of this study is to answer the research question. Therefore, the following sub-questions
are introduced which will help in answering the main question.

* How can a stress field around a stress concentration be described analytically?
* What is the best way to describe the strain hardening behavior of high strength steels?



2 1. Introduction

1.1. Report Structure

To answer the sub-questions and ultimately the research question, this thesis begins with a literature
review in Chapter 2, followed by a discussion of the methodology and scope in Chapter 3. Chapter 4
describes analytical models that can approximate the behavior of high strength steels under uniform
tension. Numerical FEA models are discussed in Chapter 5. After that, the numerical FEA models are
calibrated in Ansys software to simulate the behavior of high strength steels with a stress concentration
in Chapter 6. Also, the analytical models will be validated in this chapter. Then, the results of the
numerical simulations and analytical formulas are presented in Chapter 7, including an analysis of the
findings. A conclusion is then drawn in Chapter 8. Finally, a discussion and recommendation for future
research is written in Chapter 9. Appendix A contains the experimental results of the standard tensile
tests of Stofregen and VTT. Appendix B contains design cases relevant for Huisman Equipment.



Literature Review

The literature review marks the beginning of the research project on the relationship between yield
strength over tensile strength with the stress field. The topics presented below are interrelated and
should be relevant to achieve the end goal of answering the research question. The main focus of the
literature review is on high strength steel plates in tension. Further specification of the scope can be
found in Chapter 3.

2.1. Theoretical background

To achieve a general understanding of the topics discussed in the remaining sections, a description
of stress-strain behavior of steel is provided in this section. All topics discussed in this section will be
used later in the applied theories or proposed experimental data.

2.1.1. Standard tensile test
To describe the behavior of materials after tension has been applied, stress and strain are essential
parameters. Equation (2.1) can be used to determine the nominal stress in materials, also known as
the engineering stress. Here, P is the applied load in N, 4, is the original net cross-section in mm?,
and ¢ is the stress in N/mm? [11].

_ P
A

Similarly, the nominal strain, also known as engineering strain, can be calculated using Equation
(2.2). Here, L, is the original gauge length in mm and § is the change in gauge length in mm .

o

2.1)

1)
=1

To show the relationship between the engineering stress and the engineering strain of a particular
specimen, a stress-strain curve is constructed with a standard tensile test such as the International
Organization of Standardization (ISO) [24]. In this test, a specimen is clamped on one side, and mono-
tonic tension is applied on the other side. The applied tension is increased, and the analogous change
in gauge length is followed until failure. A schematic specimen with the specified variables is shown
in Figure 2.1. Here, aq is the original thickness, L, is the original gauge length, and S is the original
cross-sectional area of the parallel length. An example of the stress-strain curve is shown in Figure
2.2. In this graph, the x-axis is described by strain and the y-axis by stress. A standard tensile test can
be used to calculate the relationship between yield strength and tensile strength (Y/T).

€ (2.2)

If the actual values of the cross-sectional area are used and the length of the specimen at the time
of loading is measured, then it is referred to as true stress and true strain. This is shown in Figure 2.2
for S355 steel, and given in Equations (2.3) and (2.4).
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Otrue = Oengineering 1+ Eengineering) (2.3)

€true = In(1 + Eengineering) (2.4)

Figure 2.2 also shows the elastic region, yielding region, strain hardening region, and the region
where necking occurs. The necking consists of a considerable amount of localization of strain. When
necking occurs, conversion from engineering stress/strain value to true stress/strain values is not valid
as the assumption L - A = L, - Ay does not hold anymore. The other areas mentioned are briefly
discussed in the following subsections. In addition, the yield stress and the ultimate stress are given.
In the elastic region, Hooke’s law, shown in Equation (2.5), is applied. Figure 2.2 also shows the
engineering stress-strain curves resulting from a standard tensile test for S1100, S690 and S355 steel.

o=E-€ (2.5)
S, 1
a, /
r —
| / E
- o A
L()
- Lc -
L

Figure 2.1: EN ISO 6892-1 Configuration test piece [24]
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Figure 2.2: Engineering stress-strain curve for ductile S1100, S690 , and S355 steel at room temperature and -40 °C [35]

Saint-Venant principle

In a standard tensile test to determine the stress-strain behavior, the boundary conditions may have
an effect on the behavior of the stress. The Saint-Venant principle states that if a load on a plate or bar,
that causes deformation on the support and on the applied load, is far enough away from the support,
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a uniform stress is obtained between the applied load and the support [11]. This principle is of great
importance when studying the behavior of stress concentrations in a standard tensile test. In the best
case, the stress concentration is not affected by the applied load, so that a purely discontinuity- induced
stress concentration can be studied.

2.1.2. Yield criterion

Isotropic yielding of the material is often described by the von Mises yield criterion. The von Mises yield
criterion is described by equation (2.6), where all three principal stresses are involved [43]. The von
Mises criterion gives the critical value of elastic stress in a material.

1/2
og = 271/2 [(01 — o) + (o — o)’ + (o — 0'1)2] (2.6)

2.1.3. Stress concentration

When discontinuities exist in the material with an applied load, stress concentrations occur. To repre-
sent these stress concentrations, a stress concentration factor K; is introduced. This factor gives the
ratio between the maximum stress and the mean normal stress applied to the cross section [11]. The
stress concentration factor K; is described mathematically by equation 2.7.

K, = Jmax 2.7)
Oavg
Causes of stress concentrations are holes, corners, cut-outs, notches and welded joints which can
have a significant impact on structural integrity, as local yielding of the material occurs at the locations
of stress concentrations.

2.1.4. Describing stress-strain behavior

Figure 2.2 shows the stress-strain relationship as a result of a standard tensile test on a ductile material.
In this figure, an elastic region is shown where stress and strain have a linear relationship. At higher
strains, yielding occurs and the material starts to behave plastically and thus nonlinearly. For modelling
purposes, this behavior can be approximated using various approaches [44] [31]:

* Elastic
« Elastic, perfectly plastic, see figure 2.3
« Elastic, nonlinear hardening model, see figure 2.4

a
Stress A Ramberg-Osgood Curve\ _______
L == Fa=0 == N s
Y 1
1
I
:
]
E,
1
1
1
i -
& Strain >
Figure 2.3: Elastic-perfectly plastic behavior of the engineering Figure 2.4: Elastic non-linear behavior of the engineering
stress-strain relationship [44] stress-strain relationship of austenitic UNS30400
(AISI304) stainless steel [31]
Hardening

As shown in Figure 2.2, the stress-strain curve shows an increase in stress in the plastic region.
This increase is caused by hardening. Hardening, or strain hardening, is a process in which the yield
point of a steel specimen increases due to plastic straining. Hardening is achieved by loading the
material beyond the yield point where after the load is removed, the yield point is increased [11]. The
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yield strength is then increased. For this research, isotropic hardening is considered assuming the
yield plane to extend in all directions.

2.1.5. High strength steel versus lower strength

As briefly indicated in the introduction, the yield strength of higher strength steels is closer to the tensile
strength than milder steel. This ultimately leads to challenges in terms of design rules that require a
specific Y/T limit [5, 7-9, 19-21, 27, 32, 33, 39, 40]. Figure 2.2 graphically shows the main difference
between high strength steel S355, and extra high strength steels S690 and S1100. As indicated, the
yield stress of the high strength steel is higher compared to the lower strength steels. The ultimate
tensile strength does not follow the same trend. As a result, the Y/T ratio is higher.

2.1.6. Necking

To determine the strain corresponding to the onset of necking (at ultimate tensile strength) in the stress-
strain curve, obtained with the standard tensile test, the Considére condition can be used [4]. This
condition uses the history of the stress-strain behavior and states that the derivative of the equation
given in (2.8) is equal to zero at the point of necking. Here, F is the applied force in N, o is the stress
in N/mm?, and A is the cross section in mm?.

F=0-A (2.8)
Provided that the strain increment is equal to equation (2.9), the final relationship can be found,
which is shown in equation (2.10).

a—aA 29
€= 2.9)

do

G=E

(2.10)

2.1.7. Ductile fracture

As described in Subsection 2.1.1, failure by excessive plastic deformation is the governing failure mech-
anism. This mechanism is associated with ductile fracture. A high material toughness combined with
a relatively high material temperature results in ductile behavior, as opposed to, brittle behavior.
Ductility is necessary to provide an energy distribution that prevents local failure. Global yielding should
be achieved before local fracture occurs, otherwise the load bearing capacity of the material is not
utilised [34]. Therefore, ductility is an important property for structures with high peak loads, such as
steel cranes. The yield to tensile strength ratio, Y/T ratio, can be related to the ductility of the material
[34]. A ratio close to 1 indicates a low hardening capacity, and a ratio closer to zero indicates in a
higher hardening capacity. This results, respectively, in low and high material ductility. Strain harden-
ing behavior is further discussed in subsection 2.1.4. In this research, high strength steels with ductile
behavior and therefore ductile fracture are considered.

2.2. Models describing stress concentration factor

In this section, an available model for describing stress concentration factors of materials under tensile
loading is discussed in more detail.

The study by Stowell in 1950 [36] based on Kirsch’s study in 1898 [14], describes the stress con-
centration around a circular cutout in a plate under uniform tension. In the study of Stowell, a perfectly
elastic, infinitely long, isotropic and in-compressible material is assumed. A sketch of the plate with
circular cutout under uniform tension S, equal to the nominal stress a,,,,, is shown in Figure 2.5. The
nominal stress is calculated with a net cross section of a specimen without taking into account a dis-
continuity. Due to the assumption of an infinitely large plate, the Saint-Venant principle can be applied,
which is discussed in Section 2.1.

Equations (2.11) to (2.13) analytically describe the elastic-plastic stress concentration factor. Here, o,
is the radial stress, gy is the tangential stress, 7,4 is the shear stress and g,,,,,, is the nominal stress.
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o =1<1_a_2)+1<1+y_4_az>00529 2.11)
Onom 2 2 2 r4 2 '

% =l<1+a—2)—l<1+E)00529 (2.12)
Onom 2 r2 2 r4 ’
Tro 1 3a*  2a%\ .
Tnom = —E <1 - T'_4' + ‘)"_2> sin 260 (213)

Except from the elastic solution Stowell also presents a solution for the SCF which is also accounts
for yielding of the material in Equations (2.14) to (2.16). Here, Es is the secant modulus at the point
(r,6) and E; , is the secant modulus at r = co.

o =1<1_£>+ E .1(1+3_“4_4_“2)cosze (2.14)
Cnom 2 -r-2 Es_oo 2 -r-4 -r-Z .
% _ 1<1+f>_ Es -1(1+3—a4>00529 (2.15)
Onom 2 72 Eseo 2 rt
e _ 1 K .<1_3_“4+E>sin20 (2.16)
oo 2 Eoo 1 ) ’
Gnom

PELL L

nom

Figure 2.5: Plate with circular cutout with applied uniform tension

2.3. Models describing hardening behavior
The non-linear hardening behavior of high strength steels can be described by power laws and other
types. These formulations are all based on an empirical approach, since they are used to approximate
as closely as possible the stress-strain behavior based on an existing stress-strain curve. This section,
briefly describes the most common hardening laws in the literature and shows relationships between
the hardening parameter and the Y/T ratio that are analytically and empirically based.

Much work has been done to approximate the stress-strain behavior by providing the best possible
description of hardening. Models exist in the literature such as Hollomon'’s power law [16], Swift-Voce
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[37], the Ramberg-Osgood relationship [10], various variations of the Ramberg-Osgood relationship
[10, 30, 31], a quad-linear stress-strain model [44] and a bilinear plus nonlinear hardening model [44].
The power-type hardening laws are extensions of the pure power law for hardening. This basic form
is shown in equation (2.17). Here ¢ is the stress in N/mm?, ¢ is the dimensionless strain, n is the
strain hardening exponent, and K is the strength coefficient. The fitting parameters K and n can be
determined using a standard tensile test.

o=Ke" (2.17)
Research by Bannister and Leis shows that the hardening exponent n can be related to the Y/T
ratio [3, 17]. This may be relevant to the relationship between the stress concentration factor and the
Y/T ratio if the stress concentration factor can be related to the hardening exponent via a hardening
law.
Bannister investigated the influence of the Y/T ratio in 1999 and established a conservative rela-
tionship between the Y/T ratio and the hardening exponent n [3]. The relationship is shown in Equation
(2.18).

—o031-Y 2.18
n=031-:) (2.18)

A study by Leis on the failure assessment of corroded pipelines showed an analytical relationship
between the Y/T ratio and the hardening exponent [17]. This relationship is given in Equation (2.19).
Here, €, is the yield strain and, e is Euler’s number.

T=1+£y

Y 1 e-ln(1+sy) "
[ " ] (2.19)

2.4. Elastic-plastic analysis models at discontinuities

Stress concentrations and hence peak stresses are induced by geometric discontinuities in materials
subjected to a certain loading. Locally, these peak stresses can be several times the yield strength,
causing local plastic deformations [15][38]. Since the peak stresses can be high above the yield stress,
a distorted picture of reality is shown, and structures could end up being designed too conservatively.
Therefore, methods are developed to calculate the elastic-plastic stress and strain at a notch. Stowells
and Neubers method can be used to calculate this stress and strain [28].

2.4.1. Stowell

To calculate elasto-plastic stresses and strains at a notch the equations from the study from Kirsch in
1898 are rewritten by Stowell. These equations account for the plastic behavior of the material which
results in the radial stress, tangential stress and shear stress shown in Equations (2.14) to (2.16) and
discussed in Section 2.2.

2.4.2. Neuber

In 1961, Neuber’s method was developed in for monotonic shear stress on prismatic bodies. But,
according to Neuber, it can “Be generalized for arbitrary loading states in notches by means of one of
the well-known theories of failure” [25]. The value of the theoretical stress concentration factor K; is
equal to the square root of the stress and strain concentration factors, i.e. the geometric mean value
according to Neuber [26]. Hooke’s law combined with the geometric mean, and the Ramberg-Osgood
equation are shown in Equations (2.5), (2.20), and (2.21). These equations can be used to determine
the relationship shown in Equation (2.22) [15].

o a\1/m
e=2+ <ﬁ> (2.20)
KL? "Onom ' €nom = 0 * € (2.21)
2
k 2 1/n
—(U”""L; D _ Z+a(2) (2.22)

Here, 0, is the nominal stress in N/mm?, k, the stress concentration factor, E the elasticity
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modulus in N/mm?, ¢ the actual stress in N/mm?, ¢ is the actual dimensionless strain, H the strength
coefficientin N/mm? and n is the hardening exponent. The nominal stress is the applied load divided by
the net cross-sectional area. The Ramberg-Osgood relation is used for the relationship between stress
and corresponding strain. Neuber’s method assumes that the strain energy density of a pseudo-elastic
problem is equal to the strain energy density of the actual elasto-plastic problem [15]. This assumption
is visually represented in Figure 2.6. It also assumed that Equation (2.22) holds for a plate in tension
as originally derived for shear strained notches in prismatic bodies [26]. Elastic-plastic behavior at the
notch root and elastic behavior at the nominal cross-section are also assumed.

o
'J\_.' o TS TTE

LT i 2 - I

- - ] kr (U‘pmm Enam)
- - L)
- - '
- - '

r,’ - : ag-gcurve
o —frt
- { ] - :
- ! L~ (GE) motch
P PR
- ]
- ER
- ]
- )
- -
= ]
-y -
L
k i Enom £ €

Figure 2.6: Energy redistribution Neuber [15]

2.4.3. Applicability of Neubers and Stowells method

These equations established by Stowell and Neuber can be used to describe the behavior at a notch
root or at a circular cutout. These equations can also be used for redistribution of energy in the elastic
zone to the elastic-plastic zone. A disadvantage of these methods is the assumption that the “total
strain energy density of pseudo-elastic problem is equal to the total strain energy density of actual
elasto-plastic problem”[15]. Moreover, isotropic behavior, incompressibility and an infinite plate are
assumed.

2.4.4. Dugdale and Irwin model

The Dugdale and Irwin model come from the field of fracture mechanics. The Dugdale model describes
the plastic zone around a crack. This model relates the amount of plastic yielding to the applied load
[6]. The Dugdale model is based on an ideal elastic-plastic material of a plate with infinite length.
This model evaluates plastic deformation in a line parallel to the crack-tip, which does not results in
a realistic representation of plastic behavior at stress concentrations without cracks because plasticity
around stress concentrations is not formed in a line [13].

Another method for crack-tip yielding is the Irwin approach [1]. This approach assumes that the
boundary between elastic and plastic occurs when equation (2.23) satisfies the set yield condition set.
gy, is then equal to the yield stress. In the given equation, oy, is the stress in x-direction in N/mm?,
gy, is the stress in y-direction in N/mm?. K; is the dimensionless stress intensity factor, r is the radius
in polar coordinates. The yield stress is implemented for g, and the equation is solved for r. Then
the same approach is implemented as in the Neuber, ESED and Hardrath and Ohman methods, a
force equilibrium between the elastic and plastic zonse is applied, graphically shown in Figure 2.7.
By defining an effective crack length, the softening of the material in the plastic zones is taken into
account. To account for this, an iterative solution is required, as no plasticity correction was previously
implemented. Equation (2.24) describes the form of the effective stress intensity that must be iterated.
The approach by Irwin could also be promising for a stress concentration factor instead of a stress
intensity factor, since a plastic correction due to softening of the material is accounted for.
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Figure 2.7: Graphical representation of the force equilibrium by Irwin [1]

Irwin’s approach is a description of the plastic zone for a crack, but this method can be used as an
analogy for application on a stress concentration factor. It is advantageous to correct for the plastic
zone. Irwin’s method does not account for strain hardening and therefore assumes perfect plasticity.

2.5. Available test results

The aim of the research is to find the influence of the Y/T ratio on the stress field for high strength steels
under tension. This objective could be achieved by finding a general relationship between Y/T and a
stress concentration in an analytical way. This analytical solution should be validated via Finite Ele-
ment Analysis (FEA). Therefore, the FEA should be validated with experimental results from standard
tensile tests.

Test data from Stofregen [35] and VTT is available to validate the FEA models [12]. Where Stofre-
gen tested double sided notched (2 and 4 mm radius) extra high strength steel specimens (S690 and
S1100) and VTT tested extra high strength steels (S960) with a circular cutout of different sizes. All
tests were carried out in accordance with ISO6892-1 [24].

2.5.1. Test data from M. Stofregen

Stofregen’s tensile test data is shown in Figures A.1 to A.3 in Appendix A [35]. Important parameters
associated with these tests are given in table 2.1. The orientation of the material is in the rolling direction
(longitudinal direction) of the steel which is the same for all specimens and the material is assumed
being isotropic. The layout of the specimen will be further discussed in Section 5.1.

Table 2.1: Overview important parameters S690 and S1100 standard tensile test

Material grade S690+S1100 | [MPa]
Cross section S, 300 | [mm?]
Gauge length L, 97.8 | [mm]
Applicable code EN 6892-1 | [—]
Repetitions 2| [-]

2.5.2. Test data from VTT

The standard tensile tests performed by VTT provide information on the stress-strain behavior of a
specimen with a central circular hole of varying dimensions. The data is given in Figure A.4 in Appendix
A. This data are converted from a force-displacement curve to a stress-strain curve, with a correction
for the reduced initial cross-section due to the hole. Important parameters associated with these tests
are given in Table 2.2.
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Table 2.2:

Overview important parameters S960 standard tensile test

Material grade S960 | [MPa]
Cross section S, 640 | [mm?]
Gauge length L, 142.93 | [mm]
Applicable code | EN 6892-1 | [—]
Repetitions 2| [-]
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2.6. Conclusion

In the literature study, the influence of the yield to tensile strength ratio on the stress field of high
strength steels is investigated. It is divided into models describing the stress concentration factor,
models describing hardening behavior, elastic-plastic analysis of notches, and available test results.

Models describing stress fields can be divided into two categories: analytical models and empirical
models. Analytical models are useful because they are generally applicable. The state of the art for
analytical formulations is described by Stowell [36]. For empirical models, the most recent published
work is by Deborah, Zhuming and Pilkey [29].

Regarding hardening behavior of high strength steels, relevant models such as Hollomon’s power
law and Ramberg-Osgood can be applied. The pure power hardening law is the simplest and thus most
easily applicable form of describing the hardening behavior. Therefore, it is most suitable for further
research using this model.

The most useful approaches for this study of material behavior at discontinuities is described by
Neuber, Stowell and Irwin [1, 18, 23, 36]. A distinction can be made in the relationship between elasticity
and plasticity, where Neuber and Stowell assume energy equality and Irwin corrects for softening due
to plasticity. Also, relationships are found by Leis between the hardening exponent n and the Y/T ratio,
which are useful in determining the influence of the Y/T ratio on stress concentrations [17].

Test data of high strength steels, S690 to S1100, are found in literature. These steels are tested with
notches and cutouts by Stofregen [35] and VTT [12]. The results can be used for validation purposes
to check the relationship between Y/T and the stress concentration factor at the end.

2.6.1. Research gap

After drawing conclusions regarding the literature related to the main research question, a research
gap is identified. To answer the research question, a model should be available that relates the Y/T
ratio to a stress field in the vicinity of a discontinuity of high strength steel. Several aspects of this
model are found in the literature, such as analytical/empirical formulations of the stress concentration
factor of structures with a discontinuity. Models describing the hardening behavior of the material are
also found. Furthermore, relationships between the hardening exponent and the Y/T ratio are found.
Test results of high strength steels with discontinuities are also found. But, a relationship between the
Y/T ratio and stress fields for high strength steels is not found in literature. This defines the research
gap. The methodology used to fill this research gap is discussed in Chapter 3.



Methodology and scope

The aim of this report is to answer the main question by formulating an analytical relationship between
the Y/T ratio and stress concentrations, which will be validated using FEA. To answer this question,
first the scope is discussed. Then, the first two parts of the methodology are discussed, the analytical
part and the FEA modeling part in Ansys. In the analytical part, several methods are described to
find an analytical relationship between the Y/T ratio and the stress field for high strength steel. In
the FEA modeling part, a methodology is described, which steps have to be taken in order to model
the behavior of specimens with a stress concentration and different material properties. In addition to
answer the main question, the third part of the methodology examines the governing parameter for
ductile failure, local strain. Then, the fourth part consists of a parametric study to artificially generate
different combinations of material properties. Finally, the calibration of the numerical and the validation
of the analytical models is discussed. Figure 3.1 shows a schematic visualization of the methodology.

3.1. Scope

In Chapter 2, the scope is already partially defined by limiting it to high strength steel plates subjected
to tensile loading. The scope is further restricted by considering only monotonic unidirectional tension.
Moreover, circular cutouts of different sizes and double-sided blunt notches are considered as discon-
tinuities. Furthermore, high-strength steels with yield strengths between 690 and 1100 MPa with yield-
to tensile ratios between 0.6 and 1 are considered in this study. In addition, the modeled materials are
assumed to be isotropic and in-compressible.

3.2. Analytical

The objective of analytical approaches is to approximate elasto-plastic material behavior as accurately
as possible. The advantage of the analytical approaches is that the results are obtained very quickly
compared to numerical simulation. Also, comparisons between several material property combinations
are easily possible. Moreover, the collection of experimental data from standard tensile tests, which
are needed for validation of the numerical models, is costly.

There are several approaches to find an analytical relationship between the Y/T ratio and the stress
field for high strength steels. The first approach involves rewriting the Stowell equation of Section 2.4
into a form in which the stress field is directly related to the Y/T ratio. In this form, the equation depends
only on the nominal quantities. The second approach is to use Neuber’'s method, which is based on
the assumption that the total strain energy density of the pseudo-elastic problem is equal to the total
strain energy density of the actual elasto-plastic problem [15]. The third approach is to use an analogy
between the Irwin method described in Section 2.4 for a stress concentration instead of a crack tip.
This approach yields only the elastic-perfectly plastic solution, which is also considered as the upper
bound solution.

13
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3.3. Local strain

To gain further insight into the influence of the Y/T ratio on structural integrity, the local strain at the
same location as the stress concentration factor is investigated in addition to the stress concentra-
tion factor. The local strain is the governing parameter for ductile failure and therefore very important.
More knowledge about local strain could lead to form a good opinion about the influence of the Y/T ratio
on structural integrity. Local strain is evaluated via calibrated numerical models and validated analyti-
cal models. These analytical models for local strain will be based on the method of Stowell and Neuber.

3.4. Parametric study

In order to investigate the influence of the Y/T ratio in more detail, a parametric study will be carried
out. A total of four parameters are investigated. In addition to the Y/T ratio, the yield strength, strain
hardening exponent n and strength coefficient K are investigated. The variation of these parameters
will provide further insights into the effect on the behavior of the material, as the combination of these
parameters with the Hollomon equation will provide the required plastic input to the numerical model.
An experimental data set from Bannister will be used to determine feasible combinations of Y/T and
the yield strength [2]. The use of these parameters in combination with a relationship between the Y/T
ratio, yield strength, and basic stress-strain relationships, can lead to the determination of the strain
hardening parameter and the strength coefficient. These values are gradually varied to see the effect
on material behavior. The ability to control the parameters will also lead to validation of the analytical
models for a wider range of material properties.

3.5. FEA model

In order to validate the analytical results at the end of the research, FEA models of high strength steels
are constructed in Ansys software with a stress concentration. For the calibration of the numerical
model itself, the experimental standard tensile test data from Appendix A are used. First, material
models with different strain hardening models are created for the available experimental results to
account for the elasto-plastic behavior. Then, the material models are calibrated to the stress-strain
curves of the plain steel specimen and the most suitable method is selected and further applied.

3.6. Validation

Once the numerical model of the plain steel specimen is calibrated, discontinuities can be added to the
geometries. These models can be double checked against the experimental data including discontinu-
ities from Appendix A. After calibration of the numerical material model, the influence of the boundary
conditions should be checked. This could be checked by looking at the theoretical value of the elastic
SCF versus the actual value. If the actual elastic SCF of the model is lower than the theoretical elastic
SCF, increasing the size of the model could be a solution to minimize the influence of the boundary
conditions and satisfy the Saint-Venant'’s principle.

The analytical models depending on the stress field and Y/T ratio can be validated with the FEA models,
after the validity of the Saint-Venant’s principle is checked of the numerical models. This is important
because the analytical models of the stress fields use an infinite plate approach where the boundaries
are assumed to have no effect on the stress concentration. Once this effect is determined, the influ-
ence of the Y/T ratio on the stress field described by the analytical formulation can be validated with
numerical results from the FEA models for different Y/T ratios.

Once all the results are collected, they will be evaluated for specific values considering the required
design specifications. For example, the lifting appliances regulations of Lloyds, DNV-GL, and Bureau
Veritas will be reviewed for the limits therein [21, 33, 39].
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Figure 3.1: Schematic overview of the methodology






Analytical method

In order to describe the material behavior in a more general way and to improve its applicability, an-
alytical formulations for the behavior of the stress fields as a function of the Y/T ratio are introduced.
First, a relationship between Y/T and the strain hardening exponent n is discussed. Then, Stowell's
approach and Neuber’s approach are considered based on this relationship. Later, the transition of
the elasto-plastic field across the width of the specimen is discussed. After that, the local strain is
examined. Finally, the parametric study approach is explained.

4.1. Relation Y/T and hardening parameter n

To achieve relating Stowell's and Neuber’s theory to Y/T, a relationship between the strain hardening
exponent n and Y/T is needed. This analytical equation is found by Leis and given including essential
substeps in Equation (4.1) to (4.7) [17]. Equation (4.1) describes the Hollomon’s law.

Otrue = K * €frue 4.1)
Equation (4.2) follows from applying the Considére’s equation and rewriting this equation for engi-
neering strain gives Equation (4.3).

€utrue = ln(l + Eu,eng) =n (42)

€ueng = €" — 1 (4.3)

An expression for the strength coefficient is found in Equation (4.4) by rewriting Hollomon’s law
using the Considére equation.

O
K= (4.4)

Substituting the expression for the strength coefficient into Hollomon’s law yields Equation (4.5).

ay,true - (Ey,true )n (45)

Ou,true n
Rewriting in terms of engineering stresses and strains gives Equation (4.6) and Solving for the
engineering yield stress divided by the engineering ultimate tensile stress gives the Leis equation in
(4.7).

Oy.eng * (1 + Ey,en‘g) _ (ln(l + Ey,eng)

n 4.6

Guong O - ) (4.6)

Oy eng _ 1 e In(1+ Ey’eng) X 4.7)
Oyeng 1+e€yeng n

The engineering yield strain, €, ¢4, in Equation (4.7) can be approximated by two methods. Hooke’s
law can be solved for the yield strain. Also, Hollomon’s law can be rewritten to Equation (4.8) to estimate
the yield strain. These equations can be substituted into Equation (4.7). Combined with the material

17
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and fitting properties of S690, S1100, and S960, given in Chapter 5 in respective Tables 6.1,6.2, and
6.3, the equations for the strain hardening exponent n can be solved. Then, the solved strain hardening
exponents can be compared with the strain hardening exponents obtained by the curve fitting procedure
described in Sections 6.1 and 6.2. An overview of the strain hardening exponents is given in Table 4.1
for both engineering yield strain approximations.

(4.8)

0.
— Yeng~(1/n
Ey,eng,Hollomon - ( K )( /m

Table 4.1: Results solving Leis with Hooke’s law and Hollomon'’s law for hardening exponent

Parameter S$690 (K=1090 [-]) | S960 (K=1490 [-]) | S1100 (K=1625 [-])
Hooke’s Law - n 0.041 0.044 0.044
Hollomon’s Law - n | 0.054 0.061 0.041
Fitted value - n 0.053 0.055 0.037

From Table 4.1, can be concluded that the Leis method with the Hollomon’s approximation of the
engineering yield strain provides the best agreement for the strain hardening exponent n compared to
the fitted value for the hardening parameter. Therefore, this method is used for the Leis equation to
relate the strain hardening exponent to Y/T.

4.2. Stowell Applied

In order to establish an analytical relationship between Y/T and the stress concentration factor, Stowell’s
equation is used and rewritten. This equation describes the stress concentration factor for a circular
cutout under uniform tension and is given in Equation (2.15). Here, a is the radius of the circular
cutout, r is the distance from the hole center to any point, E; is the actual secant modulus, E; ., is the
far-field secant modulus, and 6 is the angle between the horizontal axis and the point of interest. An
overview of the parameters is shown in a sketch in Figure 2.5. Stowell's method can be rewritten with
Hollomon’s power law and using an intersection between linear elastic theory and Hollomon’s formula.
This approach is referred to as “Stowell Applied”. Stowell assumes an infinite plate under uniform
applied tension with a circular cutout. The plate is assumed to be isotropic and incompressible.

To find the stress concentration factor with input values based only on nominal quantities and ma-

E
terial properties, Equation (2.15) must be rewritten, specifically, the ratio ——. This ratio implies the
S,00
rate of plasticity of the steel when the yield strength is exceeded. Equation (4.9) is used to rewrite the
secant modulus. Here, Es - € and K - €™ are estimates of the stress at a given point on the stress-strain

curve.
Es-e=K-€e" (4.9)
Solving for the secant modulus E5 and rewriting e using Hollomon’s law yields Equation (4.10).

n—1
o
ES=K*(E) n

(4.10)
The strength coefficient K could also be rewritten using Equation (4.9) where is assumed that yield

stress occurs at the intersection of the elastic region and Hollomon’s equation. Therefore, the secant

modulus is equal to the Young’s Modulus. The result is shown in Equation (4.11).

(4.11)

Substituting this expression into Equation (4.9) and dividing by the Young’s Modulus because of

(¢
K=E- (7)™

S

far-field elasticity, an expression for the ratio in terms of the stress concentration factor, nominal

§,00

stress g,,,m, yield stress o,,, and strain hardening coefficient n is obtained given in Equation (4.12). This
expression can be substituted into Equation (2.15), resulting in Equation (4.13), and solved numerically
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for the stress concentration factor. The strain hardening exponent in this equation can be calculated
using Equation (4.7) from Section 4.1. SCF values from 1, full plasticity, up to 3, theoretical elasticity,
are considered. The nominal stress is based on the net cross section of a specimen without taking into
account the discontinuity.

n—1 n—1 n—1
o o O'ff — O-ff E—
= (— n =(— — n = . —_ n
(J) (Jff ay) (SCF Uy) (4.12)
n—1
scr=2(1+ @ scr- 20 Tn 1+3a4 26 413
=3 ) ( y) ( ) cos (4.13)

4.3. Neuber

The elasto-plastic stress concentration factor can also be calculated using Neuber’s method. This
method is based on the hypothesis that the product of stress and strain in the pure elastic state is equal
to the same product [18]. The derivation of Neuber’s method for a stress concentration near a hole is
shown in Equations (4.14) to (4.19).

022 * €22 = Og¢jastic * €elastic (414)
o
€22 = (K—)m (4.15)
3. 2
02 (22 = G (@.16)
E
2
m
022 = ( = ym+1 '(Ug)m+1 (4.17)
m-—1
K =22 =3 (4.18)
02
m=1/n (4.19)

Here, 0,, and €, are the second principal stress and strain, respectively. ¢ is the nominal stress.
Neuber assumes unidirectional uniform tension. Therefore, g,, and €,, are used in the derivation.

O.
The classical solution of the equation is obtained when the nominal stress is equal to —=~. The stress

concentration factor is equal to the theoretical value of 3 when this is used. The strain hardening
exponent can be calculated using Leis’ equation in Section 4.1. Using Neuber’s method requires an if
statement to constrain outputs greater than the theoretical elastic SCF equal to 3.

4.4. Transition elasto-plastic field

The changing extent of the plastic zone should be considered when analyzing the SCF including the
strain hardening behavior as a function of the width of the geometry (r/a). Irwin came up with a method
to implement this in crack analysis [1]. If this method is used as an analogy and implemented for
stress concentrations, Equation (4.20) can be used to correct for the changing plastic zone at 8 = /2
according to the maximum value.

= 2 4.20
a~a @7 (#.20)

Here, 7, is the first order estimate of the plastic zone and can be calculated by solving Equation
(4.21) [41]. This leads to Equation (4.22).
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% g2t 428 (4.21)
O_ff_ 2 T; 2 T:;L ’

I R I L 4.22
, | 673/ 4 oy (4.22)

The estimate of the second order plastic zone, 7, can be calculated by solving the energy balance
T
given in Equation (4.23). Ep can be determined shown in Equation (4.24).

Ty
Oy - Ty =f0 ogdr (4.23)

o _%r vy _loa 1 a

a_cry (a 2 n 2 (ry))+1 (4.24)
To calculate the plastic SCF including hardening using the Irwin approach, the reformulated R/a

from Equation (4.20) can be substituted into Equation (4.13) in Stowell Applied. This gives the solution

including shifts of the extent of the plastic zone. Calculating the elastic-perfectly plastic solution, the

R/a can be substituted back into Equation (4.21).

4.5. Local strain

If the research question can be answered, the influence of the Y/T ratio on the stress field can be
assessed. A great addition would be to relate the SCF to the local strain, since the local strain is the
governing parameter for ductile failure. To achieve this relationship, Equation (2.15) of Stowell can be
solved for the local strain €. A simplified situation at the maximum stress withr/a = 1and 6 = /2 yields
Equation (4.25). Analysis of this equation gives an indication of the interrelated behavior. A decrease
of the plastic SCF would lead to an increase in local strain. On the contrary, a relative increase in the
plastic SCF leads to a decrease in the local strain. This will be further investigated in the results in
Chapter 7.

1 1. E
€local = ((E -SCF — E) : E)n -1 (425)

4.6. Parametric study

A parametric study is desired to extensively look into the governing parameters of the elasto-plastic
behavior of high strength steels. The four governing parameters are the Y/T ratio, yield strength, strain
hardening exponent n, and strength coefficient K. The combination of these parameters leads to a
description of the strain hardening behavior according to the Hollomon equation. Varying these sepa-
rately gives further insight into the influence of these parameters. These parameters are interrelated to
each other. Thus, when the Y/T is varied, the yield strength remains constant and the tensile strength
is varied, but the strain hardening exponent and the strength coefficient also vary with Y/T. The same
is true for varying the yield strength where the Y/T ratio is kept constant. If the strain hardening expo-
nent is varied, the strength coefficient is kept constant and Y/T and yield strength vary with the strain
hardening exponent. The same method is used for the strength coefficient.

A relationship between Y/T and the yield strength is used to provide the required information. Data
from Bannister within SINTAP provides much information on the relation between the yield strength
and the Y/T ratio [2]. This data is based on a large set including high strength bainitic steels and
austenitic stainless steels among others. Bannister fitted a conservative upper bound that resulted in
a relationship between the Y/T ratio and the yield strength shown in Equation (4.26). Using this upper
bound in combination with the data and fitting a lower bound results in Figure 4.1. The lower bound is
constructed roughly by trial and error resulting in Equation (4.27) [41].
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1

Y
T~ 1+ 2(150/0,)%5 (4.26)
Y ! 4.27
T 1+2(150/0))1* (4.27)
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Figure 4.1: Experimental data yield strength versus Y/T ratio from SINTAP [2]

Besides the relation between the Y/T ratio and the yield stress, a relation between the Y/T ratio and

the strain hardening exponent is needed. Leis’s Equation (4.7) provides this relationship. When the
Y/T ratio is varied, or the yield stress is varied, it affects the value of the strain hardening exponent
according to this relationship.
The strength coefficient K is also closely related to all parameters. Two approaches can be used to
determine this coefficient. The first approach consists of equating Hooke’s law with Hollomon’s law
at the yield point and solving for K. This is shown in Equation (4.28). The second approach uses the
Considére equation, used for diffuse necking in an uniaxial test, to determine the parameters at the
ultimate tensile strength [4]. This leads to Equation (4.29) using the true ultimate stress. The derivation
of this equation is discussed in Section 4.1. The second approach will be more accurate because
Hollomon’s law uses in this method higher strains at ultimate tensile strength in stead of yield strength.
Therefore, the second method is more accurate for higher strains and will therefore be used for the
parametric study.

€y E=K-¢€} (4.28)
0;
K= % (4.29)

As discussed, the parametric study is divided into four parts where Y/T, yield strength, strain hard-
ening parameter n, and strength coefficient K are varied. With a constant value of 976.25 [MPa] for the
yield strength, the values equal to 0.6, 0.86, 0.91, and 0.96 are chosen for the changing study of Y/T
as shown in Figure 4.1. For the change in yield strength, values equal to 690, 960, and 1100 [MPa]
are chosen with a Y/T equal to 0.95 which also fits in the bounds in Figure 4.1. The values for n are
chosen equal to 0.0001, 0.02, 0.0282, 0.04, 0.05, and 0.06. 0.0282 is the original value here which
fits the rest of the parameters. K is taken equal to 1117. In terms of parametric study of parameter K
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values equal to 1000, 1117, and 1200 are used. Here, K = 1117 is the original value for K.

For each parameter the following plots are made; SCF vs r/a, SCF vs normalized nominal stress, and
the normalized peak strain versus the normalized nominal stress. Analysis of the results provides fur-
ther insights into the influence of each parameter on the stress field, elasto-plastic SCF, and the local
peak strain.



Numerical simulations

In this chapter, numerical simulations of standard tensile tests on high strength steel specimens with
discontinuities are performed. Specimens with symmetrically aligned notches equal to 2 mm and 4 mm
and specimens with circular cutouts with varying hole sizes are simulated. The aim of this chapter is to
calibrate the numerical models created in Ansys. First, the layouts of the test specimens are discussed,
followed by a discussion of various aspects related to Ansys. At the end, a method is described to
compare numerical results to experimental tensile test results. A static solver with an iterative solver
based on the Newton-Raphson method is used for the numerical simulations in Ansys. The extracted
stresses from Ansys are Von Mises stresses.

5.1. Specimen Types

As discussed in Section 2.5, experimental data from standard tensile tests are available from Stofregen
[35] and VTT [13]. This section describes the design of the specimens that will be used later in the
numerical simulation.

5.1.1. Stofregen specimen

Standard tensile data of S690 and S1100 steel conducted by Stofregen are given in Appendix A. The
layout for the plain steel specimen is shown in Figure 5.1. The specimens with symmetrically aligned
notches of 2 mm and 4 mm are shown in Figures 5.2 and 5.3, respectively. The loading of the standard
tensile test is applied to the vertical edges. It is noticeable that the gauge length L, differs and is
increased for notched specimens, as this quantity depends on the cross-sectional area of the specimen,
which is increased for the notched specimens. The gauge length is calculated as 5.65 - \/S_O according
to EN 6892-1 [24]. Here, S, is the initial cross-sectional area of the specimen. The thickness of the
specimen is 12 mm.

L,=97.8 mm

100 mm ’ ‘ I 25 mm

| '\r:ZS mm
I -

132.5mm

422.5 mm

Figure 5.1: Stofregen standard tensile test specimen
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119.6 mm

510 mm

Figure 5.2: Stofregen standard tensile test specimen with 2 mm notch

r=4 mm

100 mm

L,=123.8 mm

119.6 mm

510 mm

Figure 5.3: Stofregen standard tensile test specimen with 4 mm notch

5.1.2. VTT specimen

Standard tensile data of S960 steel performed by VTT are given in Appendix A. The specimens are
provided with a circular cutout that varies in size between 0 to 40 mm, as shown in Figure 5.4. The
thickness of the specimen is 8 mm.

120 mm

100 mm

400 mm

D=8 mm D=16 mm D=24 mm D=32mm D=40 mm

Figure 5.4: VTT standard tensile test specimen with varying circular cutouts
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5.2. Calibration material models

Calibrating of material models is important as the numerical simulation should represent the mate-
rial behavior as realistically as possible. Numerical simulation is performed for models that behave
in an elasto-plastic manner. The behavior of standard tensile tests for the plain steel specimen in
the experiment is numerically approximated. The stress-strain behavior of the standard tensile test is
approximated using various methods that describe the hardening behavior. After calibration, the geom-
etry of the specimen can be changed, extending the applicability of the numerical model. In addition,
specific behavioral parameters such as stresses and displacements can be extracted from a calibrated
numerical model.

5.2.1. Methods describing hardening behavior

Different methods can be used to describe the non-linear hardening behavior of a specimen in a stan-
dard tensile test. For the numerical simulation of a notched specimen, a method proposed by Stofregen,
the Ramberg-Osgood method, and Hollomon’s method are used and balanced against each other [35].
The Stofregen method converts the engineering stress and strain values to true stress strain values
from the engineering strain at yield up to an engineering strain equal to 0.04 according to equations
(5.1) and (5.2). For strains greater than or equal to 0.04, Hollomon’s law is used, which is explained
further.

Otrue = O-engineerl’ng ' (1 + Eengineering) (5-1)

€true = In(1 + Eengineering) (5.2)

The Ramberg-Osgood method is also an empirically based approximation for strain hardening be-

havior. Equation (5.3) describes this method. Here, € is the dimensionless strain, ¢ is the stress in

N/mm?, E is the Young’s Modulus in N/mm?, H is the strength coefficient in N/mm? , and n is the

dimensionless strain hardening exponent. Hollomon’s law is described by Equation (2.17) in Section
2.3.

o o 1/n
e=Z+ (E) (5.3)
1
=2 40002 (L)n (5.4)
€ E . O_y .

The description of the non-linear hardening behavior requires fitting the empirically based meth-
ods of Ramberg-Osgood and Hollomon methods to the actual data of the standard tensile test. The
Ramberg-Osgood method can rewritten to equation (5.4) if the yield stress is assumed to be at 0.2 %
offset strain. The fit parameter n can then be determined by solving this equation for n. Equation (5.3)
can be used with H and n as the fitting parameters which can be changed iteratively. Typically, the
Ramberg-Osgood method is used up to the ultimate strength where Hollomon’s law is then fitted to
this point using the Considére equation to determine n and then solving K to determine the strength
coefficient. The Considere equation is described in Section 2.1. Using Hollomon’s law alone requires
an iterative fitting of the parameters K and n. The obtained data is used as a plastic input to Ansys.
Here, the plastic strain input is equal to the total strain minus the elastic strain.

5.2.2. Boundary conditions

In order to obtain a numerical model representing an actual standard tensile test, appropriate boundary
conditions should be applied. These boundary conditions consist of constraining movements and ap-
plying displacements. Figure 5.5 shows an applied remote displacement on the solid VTT specimen.
A remote displacement is chosen over an applied load because it best simulates reality. Due to the
fact that an elasto-plastic simulation must be performed, an applied load would not be suitable instead
of a remote displacement. This is because according to the experiments shown in Appendix A, the
force will be more or less constant as the material yields. If this is modelled numerically with an ap-
plied force, no additional strain will occur in the constant part. A constantly increasing load will cause
the material to yield, resulting in a more or less constant force in the plastic part. For a purely elastic
model, an applied load would be sufficient because the load is constantly increasing. To simulate the
standard tensile test , the right edge of the specimen is clamped in the X and Y directions in addition
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to the remote displacement. Moreover, the rotations about the X, Y , and Z directions are set equal to
zero. The applied boundary conditions on the left edge do not allow any movements in the X, Y, and Z
direction. Also, the rotations about the X, Y, and Z directions are limited to zero. Moreover, the applied
boundary conditions behave as deformable as this is the most realistic representation and deformable
boundary conditions result in a perpendicular reaction force. Furthermore, it is important to consider
the influence of the edges on the stress concentration around a discontinuity like a circular cutout. The
edge at the width of the specimen could have an influence on the stress field if the width to diameter
ratio is not high enough. This will be evaluated in the results in Chapter 7.

J: 5960 - 16mm - Finite - Remote Displacement = Tmm
Remate Displacement
Time: 10. 5
24-5-202115:06

I:l Remote Displaceme
Components: 0,07,

Location: 60, 0., 40

0.00 50,00 100.00 {rmim)
25,00 75.00

Figure 5.5: Applied boundary conditions on VTT specimen

0: Simple Power Law Method - Solid - tryout L0 123.8 - Saint-Venant
Figure 2

Expression: SYECTORS

Unit: MPa

Time: 10
23-3-2021 1156
Maximum Principal

[ Middle Frincipal
[ Minirum Principal

Figure 5.6: Vector plot S690 2 mm notch

The effect of finite width and finite length on the behavior of the material should also be evaluated.
A finite width could have an effect on the stress flow around a discontinuity. An empirical relationship is
available in the literature to evaluate the influence of the diameter over the width ratio of the specimen
when a circular cutout is present in the specimen. This relationship is shown in Figure 5.7. A value
close to 0 for a specimen with a circular cutout would give the best agreement with the theoretical stress
concentration factor. This means that the width should be significantly greater than the discontinuity
to prevent any influence. In order to eliminate the influence of the boundary conditions as much as
possible and at the same time to limit the computation time, a scaling factor of 6 is chosen. Further
increasing the scaling factor would reduce the effect of the boundary conditions but would significantly
increase the computation time.
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Figure 5.7: Empirical relation diameter/width ratio [22]

5.2.3. Convergence study

The choice of the mesh size has a major impact on the accuracy of the numerical model results. In
general, a reduced mesh size leads to more accurate results up to the point of convergence. In this
study, a change in peak stress of less than 1 % is assumed to be convergent. The advantage of
choosing the mesh size corresponding to the first convergent solution is the reduced computation time.
This is because a reduced mesh size leads to an increased computation time. Moreover, this leads to
an almost identical result compared to a highly reduced mesh size.

In this study, a convergence study is performed for a double-sided 2 mm notch. For a finite notch like
this, a converging value for the peak stress is expected with a decreased mesh size. The result is
shown in Figure 5.8. A mesh size of 2 mm is chosen as sufficient to achieve a converging peak stress
corresponding to a 0.2 % change in peak stress. A maximum mesh size of 2 mm is used for modelling
in areas of interest such as stress concentration. This is also applied to the mesh size in the through-
thickness direction. Such a refinement of the mesh in areas of interest is shown in Figure 5.9. Here, a
refinement in the thickness direction and around the circular cutout is shown.

Mesh Convergence Study Ansys
|

960

Peak Stress S690 2 mm Notch ‘

955

[{e]
(5]
(=]

Peak Stress [MPa]
B

£
=)

935

10° 10°
Mesh Size [mm] - Log Scale

Figure 5.8: Convergence study with x-axis on log-scale
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J: 5960 - 16m m - Finite - Remote Displacement = Tmm
Figure

Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 10

24-5-202112:27

1350.3 Max
12034
1056.5
909.64
T62.77
613.9

469.02
3225
175.28
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..

0.00 50.00 100.00 (mrm)
I .
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Figure 5.9: Ansys equivalent stress solid VTT specimen 16 mm cutout

5.3. Comparison to experimental values

In order to compare the results from the numerical simulation in Ansys, certain steps need to be per-
formed. In a standard tensile test according to the standards of ISO, the stress is equal to the force in
the Z-direction divided by the initial cross-sectional area [24]. Therefore, the force in Z-direction should
be extracted from the results of the numerical simulation and divided by the initial area. According to
the standard ISO, the strain is the strain measured with respect to the gauge length L,. In Ansys, this
elongation can be calculated by subtracting the displacements of the edges of the gauge length and
dividing this value by the original gauge length.



Calibration and validation

This chapter discusses the calibration of the numerical models and validation of the analytical models.
First, the numerical models are calibrated with experimental tensile data. Then, the Stowell and Neuber
models are validated with the calibrated numerical models. Finally, the method of the parametric study
will be validated.

6.1. Stofregen material models

The fitting parameters for the Stofregen method, Ramberg-Osgood method and the Hollomon method
are given for S690 and S1100 in Tables 6.1 and 6.2, respectively. These parameters result in an ap-
proximation of the plain steel behavior of the material in the standard tensile test. The fitting results for
S690 and S1100 steel are shown in Figures 6.1 and 6.2, respectively.

All the approximation methods used give a good fit and hence the proposed material models are cal-
ibrated with the given fitting parameters. With the final goal in mind to formulate an analytical rela-
tionship between Y/T and a stress field, Hollomon’s law will end up being the simplest application in
the analytical solution. Therefore, this approximation method is preferred for further research. The
Ramberg-Osgood method is more difficult to apply in analytical derivations because of the complicated
equation. The Stofregen method is generally not applicable when all data are not available, since this
method is based only on the direct conversion of engineering values to true values.

Table 6.1: S690 fitting parameters Table 6.2: S1100 fitting parameters
Value | Unit Value Unit
Steel grade S690 | [] Steel grade S1100 [-]
Youngs Modulus | 210 [GPa] Youngs Modulus | 210 [GPa]
Oyield 850 [MPa] Oyield 1247 [MPa]
oyTs 890.1 | [MPa] oyTs 1369 [MPa]
Y/IT 0.955 | [-] Y/IT 0.91 [-]
Kstor-Hot 107 | [ Kstof—Hol1;2 16591591 | [-]
Nstof—Hol 0.057 | [] Nstof-Hol1;2 0.045;0.03 | []
NRro 98 [-] NRro 27 [-]
Kro-not 178 | [ Kro-not 1620 [-]
"RO-Hol 0.08 [-] "RO-Hol 0.037 [-]
Khot 1090 | [] Khot 1625 [-]
NHol 0.053 | [-] NHol 0.037 [-]

29
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Figure 6.2: Engineering stress as a function of strain approximation methods - Stofregen S1100 plain

Since the engineering stress-strain curve of the numerical simulation shows good agreement with
the experimentally determined stress-strain curve, the material models of S690 and S1100 are cali-
brated. Therefore, the geometry of the numerical model can be changed, but the input parameters
must be kept constant. A comparison of the numerical engineering stress-strain curve for S690 with
a notch of 2 mm and 4 mm with the experimental stress-strain curve is shown in Figures 6.3 and 6.4,
respectively. For the material S1100 with a notch of 2 and 4 mm, the comparative plots are shown in
Figures 6.5 and 6.6. The figures corresponding to geometries with discontinuities show good agree-
ment between the numerical approximation and the actual experimental results. A better agreement is

obtained for S690 than for the S1100 material. This is in agreement with the conclusion of Stofregen
[35]. Itis also noteworthy that the numerical solution does not fail. This can be explained by the fact
that no failure criterion is added to the numerical model. The notched specimens show a lower failure
strain, which can be explained by the present SCF as a result of the discontinuity, causing the material

to fail in an earlier stage.
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6.2. VTT material model

As discussed in Section 6.1, Hollomon’s law is used as an approximation method for the hardening
behavior of the numerical model. The fitting parameters for Hollomon’s law can be found in Table
6.3. These parameters result in a fit shown in Figure 6.7 for plain steel, which leads to calibration
of the material model based on the plastic input of Hollomon'’s law. Figure 6.8 shows the numerical
results in terms of force versus elongation for the different sized cutouts compared to the experimental
results from VTT. This choice was made to show all the data in one graph without overlapping results.
Overlapping results would be present because of the reduced area due to the hole. Notable in this
figure is that a decreasing slope in the elastic part results from an increase in hole diameter. This can
be explained by an increase in strain due to an increasing hole diameter. The stress in the elastic part
is defined by Hooke’s law, stress equals Young’s modulus times engineering strain.

Hollomon’s law shows a good fit for the S960 plain steel specimen. The agreement between numerical
and experimental results for the variable cutout size is also good.
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Table 6.3: S960 Fitting parameters

Value | Unit
Steel grade S960 [-]
Youngs Modulus | 210 [GPa]
Oyield 1084 [MPa]
OuTs 1190.8 | [MPa]
Y/T 0.91 [-]
Kol 1490 | [
Nyot 0.055 | []
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Figure 6.7: Engineering stress as a function of strain Hollomon’s law - VTT S960 plain
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Figure 6.8: Engineering force as a function of strain Hollomon’s law - VTT S960 specimen with a circuluar cutout with varying

diameter of 0-40 mm
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6.3. Analytical models

The analytical equations are validated by evaluating a specific point on the specimen. This point is
w
evaluated atr = a and 6 = 7 A schematic representation of this location can be seen in Figure 6.9.

This location is chosen because it assigns the highest value to the stress due to the effect of the dis-
continuity. Furthermore, the theoretical stress concentration factor for a circular cutout under uniform
tension is known and equal to 3 at this location.

)L. %
0.00 30,00 60.00{rmm) '
[ B |

15.00 45.00

Figure 6.9: Element selection at & = /2 and a/r=1

To determine the value of the SCF, the maximum stress of the selected elements is divided by the
nominal stress. The nominal stress is equal to the force in the Z-direction divided by the initial net
cross-sectional area of the specimen without taking into account a discontinuity. This value is plotted
against the normalized nominal stress. This stress is normalized to the yield stress as this is useful
for comparison purposes. The numerical material models of S690, S960, and S1100 are calibrated in
Chapter 5. The fitting parameters of these material models are applied to the circular cutout specimen
of VTT. The comparison of the different analytical approaches results in Figures 6.10 to 6.12, which
represent the validation of the analytical models by comparing them with the calibrated material models

g
of S690, S960, and S1100. The analytical models indicate a value of 3 at % = 0.33, which is the

same as the theoretical value. Originally, these analytical relations would Ieaé to vertical asymptotic
behavior. However, “if statements” are added to these relations which equate exceeding values of the
elastic SCF to the theoretical value of 3.

The figures show a very good agreement between the numerical simulations and the analytical approx-
imation. In particular, very good agreement is obtained for the materials with a relatively low Y/T ratio.
Remarkable is the left hand side of the plots where the elastic stress concentration factor is constantly

o
equal to 3, which can be explained by the material behaving elastically. A value of % equal to 0.33

y
indicates the onset of yielding. The SCF drops to a value close to 1, indicating global yielding. The
elastic-perfectly plastic solution for the Irwin, Neuber, and Stowell Applied approaches is discussed in
the results in Section 7.2.
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6.4. Parametric study

Separate validation apart from equations used in the parametric study is not required. This is because
the parametric study is partially based on existing experimental data from Bannister. Moreover, the
equations used are already validated in the literature or like the Leis equation mathematically described
in the report in Section 4.1. Also, the Hollomon method, which describes the elasto-plastic behavior
of the steel, is validated for S690, S960, and S1100 in Chapter 5. Furthermore, only one parameter is
varied at a same time, so the relative error between the varied parameters will be zero. Besides these
arguments to avoid a separate validation an additional validation is done.

This additional validation consists of reconstructing the material properties of the already calibrated
material model of S960 steel in Section 6.2 with a circular cutout under uniform tension. The value
for yield strength and ultimate tensile strength are used to calculate the strain hardening exponent and
the strength coefficient via the equations described in the parametric study. The strength coefficient is
calculated via the second method, which is considers large strains. The plastic input for the multi- linear
isotropic hardening is generated using the Hollomon’s law for FEA in Ansys. The result of the simulation
with the input values obtained via the parametric study method is shown in Figure 6.13. This plot is part
of the plot in Section 6.1 Figure 6.8 which gives an overview of all hole sizes of VTT. The difference is
the added black dashed curve for the parametric study fit. This shows a very good approximation to the
numerical data. A misfit in the elastic part is confirmed like in Section 6.1. This could be explained by a
possible bending during the experiment or anisotropic behavior of the steel specimen. This validation
offers the possibility to generate input data for elasto-plastic numerical models with relative ease. A
combination of yield strength and Y/T can be chosen according to Bannister's data and the strain
hardening exponent and strength coefficient can be calculated with given equations.
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Results

This chapter shows the numerical and analytical results. The focus of this chapter is on plates with a 16
mm cutout, since the plate with a 8 mm cutout is prone to asymmetrical failure [13]. First, the influence
of a finite width and length of the numerical model versus an infinite approach is discussed. Then,
the results of the elasto-plastic behavior of the SCF including the elastic-perfectly plastic solutions are
discussed. Next, the results of the transition of the elasto-plastic field across the width of the specimen
are analyzed, including the numerical and analytical solution. Then, the calibrated material models
of S690, S960, and S1100 are analyzed in terms of the behavior of the elastic/plastic SCF. Later,
the numerical and analytical results of the local strain are considered. After this, the results of the
parametric study are presented. Finally, a quantification of the main findings is given.

7.1. Infinite approach vs Finite

A theoretical value for the elastic SCF equal to 3 is obtained when an infinite width and length plate
is simulated. The numerical model described in Chapter 5 uses a finite width and length based on
actual specimen dimensions. When the stress concentration factor is plotted against the elongation at
the gauge length, a stress concentration factor equal to 2.55 is obtained in the elastic portion. This is
shown in Figure 7.1. The difference between this elastic SCF and the theoretical value can be explained
by the influence of the finite width and length. The boundaries of the specimen have such an influence
on the maximum stress that the elastic SCF does not reach the theoretical value. Section 5.2.2 explains
the influence of the finite width and length in more detail. To simulate an infinite plate approach, the
ligaments of the specimen are scaled by a factor of 6 resulting in a diameter/width ratio of 30. The
SCF is shown in Figure 7.2. The SCF is determined by dividing the maximum stress at r/a = 1 and
6 = m/2, as described in Section 6.3. The gauge length elongation is determined by subtracting the
displacements of the gauge length boundaries and dividing by the original gauge length.
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7.2. Stress concentration factor

Figure 7.3 shows the results for the SCF versus normalized nominal stress. The nominal stress is
divided by the yield stress to ensure a good comparison without the influence of the yield stress. The
figure shows the results of the three different analytical methods previously discussed in Chapter 4,
Stowell Applied, the Neuber method, and the Irwin method. An elastic-perfectly plastic solution is shown
for the Neuber and Irwin methods. A solution for the Stowell Applied equation, which approximates an
elastic-perfectly plastic solution, is also shown in the figure. In addition, the numerical results for an
infinite plate approach are plotted in this figure. These numerical results show bumps which could be
explained by time steps which are not small enough. Or, the plastic input in Ansys should be further
discretized, i.e. smaller step sizes should be chosen.

This figure shows a good agreement between the analytical approximation methods and the calibrated
numerical results. Also, the upper bound of the material is represented by the elastic-perfectly plastic
solution. This solution is based on a strain hardening exponent equal or close to 1. All solutions give a
linear solution for the elastic SCF , which is expected. Here, the boundary of the elastic part is indicated

o
by the dashed grey line, which has a value equal to % = 0.33. When yielding is initiated, the plastic

y
SCF decreases.

The analytical results have a very good agreement with the values obtained by numerical simulation
for the elastic-plastic behavior of the SCF. In conclusion, the analytical approaches of Stowell Applied
and Neuber are validated.
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Figure 7.3: S960 SCF as a function of normalized nominal stress for an infinite plate

7.3. SCF versus r/a

The results related to the stress field are shown in this section. A numerical simulation of the calibrated
material model of S960 steel is shown in Figure 7.4 and a schematic representation of the specimen
including cutout is shown in Figure 2.5. The first figure shows the material behavior across the width
of the material. The numerical simulation starts at r/a equal to 1, this is the edge of the circular cutout

atg = g An increasing r/a ratio means an increase perpendicularly across the width of the material
o
to the edge with a constant value for 8. This figure clearly shows that for a % less than or equal
y
to 0.33, which would be the theoretical point at which yielding would occur when the elastic SCF is
o
equal to 3. The first three solutions overlap due to this elastic behavior. With a further increase of ﬂ,

y
the stress concentration factor also decreases due to the plastic behavior and the extent of the plastic
zone also increases. At the point where the curve drops off again, the material behavior is elastic again.
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Figure 7.4: SCF as a function of r/a over the width of the S960 specimen for a 16 mm cutout

Besides the numerical simulation, a rigid analytical approximation via the Irwin analogy is also per-
formed following the methodology described in Section 4.4. This method takes into account the extent
in plastic zone as shown in the previous numerical simulation. The result is shown in Figure 7.5.
When strain hardening is considered and this is plotted against the rigid solution and the numerical
solution for S960 steel, Figure 7.6 follows. This figure shows for higher values of normalized far field
stress a better agreement compared to the numerical solution. The effect of hardening is shown in the
analytical solution by the dashed lines, a slight decrease in plastic SCF across the width can be seen.
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Figure 7.5: Elastic-perfectly plastic solution SCF as function of r/a - Irwin’s method [41]
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Figure 7.6: Analytical solution SCF over the width of the plate versus numerical solution

7.4. SCF around a circular cutout with different materials

Figure 7.7 shows the difference in stress field between the calibrated material models S690, S960 ,
(o}
and S1100 steel. The ratios % are chosen as close as possible to allow a fair comparison between
y
the different materials. The blue and green curves, corresponding to S960 and S1100, each with a Y/T

o
of 0.91, are very close or even overlap. If I \vere the same for both materials, the overlap would be

y
even be more clear. Due to a remote displacement added to the numerical model instead of an added
force, this ratio cannot be perfectly controlled with a limited number of time steps.

The figure also shows that the S690 material with a Y/T ratio equal to 0.955 has a lower plastic SCF

g
for an almost identical %. This could mean that the Y/T ratio has an impact on the SCF. This will be

y
further investigated in the parametric study.
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Figure 7.7: $690, S960 , and S1100 SCF as a function of the width of the specimen for ofr/oy ~ [0.1 0.5 0.67]
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Figure 7.8 shows for materials S690, S960, and S1100 the change in plastic SCF when r/a equals
1 and 0 equals /2. The observation made earlier that steel S690 has a lower plastic SCF than steels
S960 and S1100 is further confirmed in this figure.
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Figure 7.8: S690, S960 , and $1100 SCF as a function of dimensionless nominal stress for s /oy ~ [0.1 0.5 0.67] at
6 =m/2 and r/la=1

7.5. Local strain

It is essential to investigate the local strain if a conclusion is to be drawn about the structural integrity
of the material, as strain is the governing parameter for ductile failure. In this section, the results of the
analytical approach validated with the numerical data are presented. Section 7.6 discusses the results
of the parametric study where the influence of four parameters is evaluated.

Figures 7.9 to 7.11 show the peak strain divided by the yield strain, the strain concentration factor, as
a function of normalized nominal stress for materials S690, S960, and S1100. Using the term strain
concentration factor is allowed when is assumed that the nominal strain is equal to the yield strain. The
yield strain is calculated by dividing the yield stress by the Young’s modulus. The analytical results
of the Stowell Applied method and the Neuber method are also plotted in the same figures. A good
approximation to the elasto-plastic behavior of the local strain is shown. Except for the yield plateau in
the numerical results, this is not taken into account in the analytical solution. This causes a constant
error that is larger for a larger yield plateau, but the trends of the behavior are similar and therefore
useful. The error leads to a more conservative solution. The strain hardening exponent in the analytical
solution for the Neuber approach is varied to show the expected behavior of the strain. Values close
to zero, corresponding to high Y/T ratios, are chosen to see the influence of the hardening capacity of
the material on the local strain. According to the analytical solution a decrease in the strain hardening
exponent and thus an increase in the Y/T ratio leads to an increase in local strain. This is further
investigated by numerical simulations in the parametric study in Section 7.6.
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Figure 7.10: Analytical approximation local strain versus numerical results S960
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Figure 7.11: Analytical approximation local strain versus numerical results S1100

7.6. Parametric study

The analytical approach of the parametric study is described in Section 7.6. The results are divided into
four subsections; varying Y/T, varying o,,, varying n, and varying K. Each subsection consists of plots of
SCF as a function of r/a , SCF versus the dimensionless nominal stress, and normalized €., versus
the normalized nominal stress. The yield strain, used for normalizing €,.4, is calculated by dividing
the yield stress by the Young’s modulus. When Y/T is varied, the yield stress is kept constant and the
tensile stress is varied. The same is true in reverse for the yield stress. When the strain hardening
exponent n is varied, the strength coefficient K is kept constant. For the strength coefficient K, the
same applies in the opposite direction.

7.6.1. Varying Y/T

Figure 7.12 shows the numerical results of SCF versus r/a for materials with a Y/T equal to 0.6, 0.86,
0.91, and 0.96. For all of these numerical models, three steps are plotted, with the normalized nominal
stress being approximately 0.1, 0.45, and 0.67. For the first step, the material is fully elastic, so all
three plots overlap. The second step results in a partially plastic field and a partially elastic field. The
third step likewise, but with a larger extent of the plastic zone. In terms of the plastic SCF, when r/a
equals 1, a small difference is observed between the four curves. The plastic SCF, which belongs to
the lowest value of Y/T, has the highest value and the plastic SCF, which belongs to the highest value
of Y/T, has the lowest value. Since the value for the normalized nominal stress is exactly the same due
to conservation of energy, the areas below the curves for the different steps should be the same. This
can be seen for the second step, where at r/a equal to 1 the plastic SCF is high, and after entering the
elastic zone the plastic SCF is lowest compared to the other Y/T ratios. The extent of the plastic zone
is not affected by the Y/T ratio. This is not clearly shown for the third step, since the r/a is limited to 1.5.
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Figure 7.12: Influence Y/T on the stress field for Y/T =[0.6 0.86 0.91 0.96] and ¢,,=976.25 [MPa]

The SCF as a function of the normalized nominal stress is shown in Figure 7.13 at location 6 = /2
and r/a=1. The same observation is obtained as for the SCF versus r/a plot in terms of a decrease in
plastic SCF for a higher Y/T ratio. This is also confirmed by the upper bound that follows from Neuber’s
analytical elastic-perfectly plastic solution.
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Figure 7.13: Influence Y/T on the SCF for Y/T =[0.6 0.86 0.91 0.96] and ¢,,=976.25 [MPa] at § = /2 and r/a=1

The influence of the Y/T ratio on the local strain can be assessed when the SCF is related to the
local strain by Equation (4.25) in Section 4.5. Figure 7.14 shows the normalized peak strain versus
the normalized nominal stress. This graph shows that an increase in Y/T leads to an increase in
local strain. This has already been shown in an analytical manner in Figure 7.10. The graph with the
analytical solution shows the relationship with a decreasing strain hardening exponent, which is closely
related to an increasing Y/T.
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Figure 7.14: Influence Y/T ratio on local peak strain for Y/T = [0.6 0.86 0.91 0.96] and 5,,=976.25 [MPa] at = /2 and r/a=1

7.6.2. Varying yield stress

The second parameter that was varied in the parametric study is the yield stress. A yield stress equal to
690, 960, and 1100 [MPa] is evaluated with a constant value for the Y/T ratio equal to 0.95. Figure 7.15
shows the SCF as a function of r/a. Approximately the same normalized nominal stress values are
used. However, due to the limited steps in the numerical simulation, the exact same values could
not be chosen. In the figure shown, this leads to a distorted representation since the curves for each
normalized nominal step should overlap. This can be confirmed by considering a normalized nominal
stress value corresponding to about 0.5. The curve representing a yield stress equal to 690 has a
value less than 0.5 and is therefore at an “earlier” step of the graph. To confirm this explanation, Figure
7.16 shows the SCF versus normalized nominal stress. This figure shows that the curves overlap,
confirming the previous explanation. Both figures imply the same observation that the yield stress has
no effect on the stress concentration factor.

T T T
+ny=690 Ansys ”ff/”yield:0'1575

+o’y=960 Ansys Uﬁ/”yield=0'1132 M

—a—0 =1100 Ansys oﬂ/oyield=0.098794k

=690 Ansys aﬁ/rryield=047206

=960 Ansys oﬁlay. =0.50858

281"

---0

R

24 ield

=1100 Ansys ”ﬂ/”yield:o‘49306

e o'y=690 Ansys ”ﬁ/”yield=0'66831 M

—mm oy=960 Ansys rrﬂ/ay. =0.67759

< < < <

-—-0

ield
ay=1100 Ansys oﬁ/ayield=0.66505

SCF [-]

1 1.05 11 1.15 1.2 1.25 13 1.35 1.4 145 1.5

rla [-]

Figure 7.15: Influence gy, on the stress field for nominal yield strengths of 690, 960, and 1100 [MPa] with Y/T=0.95
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Relating the SCF back to the local strain using Equation (4.25) yields Figure 7.17. From this figure,
it can be seen that the normalized local strain is not affected by a change in yield stress when the
curves are normalized by dividing by the yield stress.
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Figure 7.17: Influence oy, on the local peak strain for a,, = [690 960 1100] [MPa] and Y/T=0.95 at 6 = /2 and r/a=1

7.6.3. Varying strain hardening parameter

The third parameter changed is the strain hardening exponent n while the strength coefficient K remains
constant. For n, a value equal to 0.0001, 0.02, 0.0282, 0.04, .05, and 0.06 is used. The value of
0.0282 is the original value which belongs to the yield stress of 960 [MPa)]. Figure 7.18 shows the
effect of varying this parameter on the stress field. It is not possible to obtain definite relationships
from this figure as the normalized nominal stress is not perfectly equal and therefore it is difficult to
extract relationships with this amount of data. Therefore, Figure 7.22 provided a better insight since
the nominal stress is normalized. This figure shows that the differences are small, but there is a slight
effect of the strain hardening parameter on the plastic SCF. A decrease in the strain hardening exponent
leads to a decrease in plastic SCF. This is consistent with the results from varying the Y/T ratio, as a
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higher Y/T ratio is related to a low value for n .
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Figure 7.18: Influence n on the stress field for n = [0.00001 0.02 0.0282 0.04 0.05 0.06] and K=1117
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Figure 7.19: Influence n on the SCF for n = [0.00001 0.02 0.0282 0.04 0.05 0.06] K=1117 at 8 = /2 and r/a=1

Relating the SCF to the local epsilon again with Equation (4.25) results in Figure 7.20. This figure
shows that a decrease in the strain hardening parameter leads to an increase in the local strain. This
is also consistent with the results from the varying Y/T ratio, as a higher Y/T ratio is associated with
a lower value of the strain hardening exponent n. As a result of linear interpolation between a limited
numbers of data points, a distorted picture of reality is shown in the range of normalized nominal stress
between 0.3 and 0.4. The curves should all be constant up to a normalized nominal stress equal to
0.33 as this is the theoretical elasticity limit.
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Figure 7.20: Influence n on the local strain for n = [0.00001 0.02 0.0282 0.04 0.05 0.06] K=1117 at 6 = /2 and r/a=1

7.6.4. Varying K

The fourth and final varied parameter varied is the strength coefficient K. While K is varied, the strain
hardening exponent remains constant. Figure 7.21 shows the SCF as a function of r/a for a varying
value of the strength coefficient. Slight differences in behavior are observed, which may be related to
the slight differences in the normalized nominal stress. This is also confirmed by Figure 7.22, where
the nominal stress is normalized on the x-axis. Both figures show that the strength parameter has no
effect on the SCF.
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Figure 7.21: Influence K on the stress field for K = [1000 1117 1200] and n=0.0282
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Figure 7.22: Influence K on the SCF for K = [1000 1117 1200] and n=0.0282 at 6 = /2 and r/a=1

Focusing on the local strain by using Equation (4.25) to relate the SCF to the local strain leads to
Figure 7.23. This figure shows that the strength coefficient has no effect on the local strain.
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Figure 7.23: Influence K on the local strain for K = [1000 1117 1200] and n=0.0282 at 6 = /2 and r/a=1

7.7. Quantification

The quantification of the results is useful to see the real influence of certain parameters and to answer
more precisely the main question about the influence of the Y/T ratio on the stress field. The collected
results are selected at interesting values in the plots. The values are noted at a normalized nominal
stress of 0.67, which is 2/3 of the yield stress. This value was chosen because this is the design limit
for Huisman Equipment set by classification societies with which Huisman Equipment works: Lloyds,
DNV-GL, and Bureau Veritas [19, 33, 39]. The results of the parametric study are used for quantification
as these provide the most consistent findings on the effects of the parameters. Since the parameters
Y/T and the strain hardening exponent are the only parameters that tend to have an impact, this is

further quantified with ar;ﬂ =0.67.
y
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Table 7.1 and 7.2 show the results for the SCF and normalized local strain. Due to an applied far-field
displacement in the numerical model combined with limited time steps, the values for the plastic SCF
and the local strain are to be interpolated according to the normalized nominal stress equal to 0.67.
These tables show that a 2.4% decrease of plastic SCF occurs for the Y/T between 0.94 and 0.87.
Between 0.6 and 0.87, the decrease from plastic SCF is equal to 8.48%. For normalized local strain,
these values correspond to an increase of 9.4% and 2.8%, respectively. Thus, an increase in Y/T
causes a slight decrease in plastic SCF and a slight increase in local strain.

Varying the strain hardening exponent results in even smaller percentages. A value for n equal to 0.02
compared to an n equal to 0.06 leads to an increase in plastic SCF equal to 1.87% and an n close to
zero compared to an n equal to 0.02 results in an increase in plastic SCF equal to 3.30%. The normal-
ized local strain percentages are equal to 1.04% and 6.2%, respectively. Thus, the strain hardening
parameter also has a small effect on the plastic SCF and strain hardening exponent. According to Leis,
the used strain hardening exponents correspond to Y/T ratios equal to 1, 0.97, 0.95, 0.917, 0.887, and
0.857 for n values equal to 0.00001, 0.02, 0.0282, 0.04, 0.05, and 0.06, respectively.

Table 7.1: Quantifying parametric study - Y/T ratio

YT 06 [087 (091 [094
SCF 1.701 | 1.568 | 1.553 | 1.531
€pear/€y | 2586 | 2.83 | 2.858 | 2.91

Table 7.2: Quantifying parametric study - strain hardening exponent

n 0.00001 | 0.02 | 0.0282 | 0.04 | 005 [ 0.06
YIT 1 097 | 095 | 0917 | 0887 | 0.857
SCF 1467 | 1.5145 | 1.5216 | 1.5247 | 1.5242 | 1.5429
€pear/€y | 31514 | 2.9667 | 2.946 | 2.955 | 2.963 | 2.936




Conclusion

The study can be roughly divided into five parts, into which the conclusion will also be divided. The
literature review, the analytical models, the FEA models in Ansys, the validation, the results, and the
quantification of the results.

The aim of the literature review was to identify the research gap. The research gap that was found
in the literature review is the missing analytical relationship between the Y/T ratio and stress fields for
high strength steels. Therefore, the research question reformulates this research gap with the aim of
answering this question.

In the analytical study, a mathematical relationship between the the Y/T ratio and the strain harden-
ing exponent is found. Moreover, the methods Stowell Applied and Neuber are validated with numerical
data. The Stowell Applied method is developed in this research and is based on the Stowell equation.
In the analytical part, a method for the stress field based on the Irwin analogy is given, and an analytical
formulation for the local strain based on Stowell’s approach is established. At the end of the analytical
part, the parametric study is described using the yield strength and Y/T ratio as input. This input is
used to find the strain hardening parameter and the strength coefficient using the described equations,
which are used in combination with Hollomon’s law as a plastic input for a material model in Ansys.
The parametric study includes variation of Y/T ratio, yield strength, strain hardening parameter, and
strength coefficient. A method is formulated using experimental data from Bannister in combination
with basic stress-strain relationships [2]. This method provides a wide range of possible combinations
of material properties.

For the numerical part, numerical models are created and calibrated in Ansys with FEA and used at
the end to validate the analytical equations. In terms of calibration, the material models of Stofregen and
VTT are calibrated by simulating a standard tensile test with a material model by FEA in Ansys using
Hollomon’s law. Itis also found that a model in FEA in Ansys is able to simulate a standard experimental
tensile test correctly. This answers the sub-question of the research question on how to describe the
hardening behavior of high strength steels in the best way. Using the calibrated numerical material
models, the analytical models are also validated. Furthermore, it is concluded that the parametric
study is validated by simulating the material properties of S960 steel and comparing the stress-strain
curves resulting from the parametric study method and the calibrated material model.

The results of the numerical and analytical models are presented in Chapter 7. With respect to the
numerical models, with the original specimen and the ligaments of the specimen scaled by a factor of
6, it can be seen that the influence of the edge is significant. Scaling the specimen by a factor of 6
gives a good representation of an infinite length and width. Therefore, a scaled specimen should be
used in further comparisons with the analytical results as they are based on an infinite plate type.

It can also be noted that the elastic SCF is constant when the material behaves elastically, and de-
creases as it enters the plastic zone. This can be properly described by the analytical methods Stowell
Applied and Neuber. The rigid-plastic solutions of Irwin and Neuber show a lower bound of the plas-
tic SCF when no hardening occurs. A near-zero solution of Stowell Applied shows the same trend.
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The lower bound, which is zero hardening, is useful because this is the worst case scenario. As the
material enters the plastic zone, the plastic SCF decreases due to the redistribution of energy. This
decrease causes a reduction in stress peaks and is therefore important for engineering practise. The
sub-question about the analytical description of the stress field can be partially answered with this in-
formation at the edge of the circular cutout.

Looking at the results for the SCF as a function of specimen width, it can be seen that the extent of
the plastic zone increases with normalized nominal stress. An analytical rigid solution based on Irwin’s
approach yields a stress field with a similar change in the extent of the plastic zone. Comparison of
the rigid analytical solution, the analytical solution that includes strain hardening and is based on the
method Stowell Applied, and the numerical solution, gives a relatively good fit for the rigid plastic solu-
tion. The solution that includes strain hardening does not (yet) account for the change in the extent of
the plastic zone. The sub-question of the research question concerning the analytical description of the
stress field can be answered. This can be described by a rigid solution in analogy to the Irwin method.
Also the Stowell Applied describes the stress field in a suitable way including the shift in plastic zone.
When material models for common steels S690, S960, and S1100 are compared in terms of SCF with
the width of the specimen and the normalized nominal stress, a conclusion is drawn. An increase in the
Y/T ratio leads to a decrease in plastic SCF. These material models are also compared separately with
the analytical solution of Stowell Applied and Neuber for the local strain. It is concluded that the yield
plateau, shown in the plots for local elongation, is not included in the analytical solution. Nevertheless,
the analytical solutions are a good approximation to the numerical results. It can also be concluded
from the increase in the strain hardening parameter in the approach Neuber Derived for S960 that this
leads to an increase in the local strain.

Looking at the results of the parametric study, an increase in Y/T ratio leads to a decrease in plastic
SCF. The extension of the plastic zone does not change under the influence of a changing Y/T ratio.
An increase in Y/T ratio leads to an increase in the local strain.

Varying the yield strength has no effect on the extent of the plastic zone and plastic SCF. It also has
no effect on the local strain.

From the variation of the strain hardening exponent, it is concluded that a decrease leads to a slight
decrease in plastic SCF. Looking at the local strain, it is concluded that a decrease in the strain hard-
ening exponent leads to an increase in local strain. These relationships are to be expected since the
strain hardening exponent is closely related to the Y/T ratio via the Leis equation.

The last varied parameter in the parametric study is the strength coefficient. It is concluded that the
variation of this parameter has no effect on the stress field or SCF. Also, the variation of the strength
coefficient has no effect on the local strain.

o
When the influencing parameters are quantified at % = 0.67, it can be seen that a change in Y/T

y
from 0.6 to 0.87 results in an 8.48% decrease in plastic SCF and a 9.4% increase in local strain. Be-
tween a Y/T of 0.87 and 0.94, a decrease of 2.4% in plastic SCF and an increase of 2.8% in local strain
is observed. Increasing the strain hardening exponent from 0.00001 to 0.02 results in a 3.3% increase

(2
in plastic SCF and a 6.2% decrease in local strain for % = 0.67. Increasing the strain hardening

y
exponent from 0.02 to 0.06 results in a 1.87% increase in plastic SCF and a 1.04% decrease in local
strain at the same normalized nominal stress.
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Ultimately, the research question “What is the influence of the yield to tensile strength ratio on the
stress fields of highs strength steels?” can be answered with additional information. An increase in
the Y/T ratio results in a relatively small decrease in the plastic SCF. A change in the Y/T ratio has
no effect on the extent of the plastic zone. Thus, the Y/T ratio has an effect on the plastic SCF of the
specimen. The parametric study shows that increasing the Y/T ratio leads to an increase in local strain.
The parametric study also shows that in addition to the Y/T ratio, the strain hardening exponent also
has an effect on the plastic SCF and the local strain. According to this study, the yield stress, and the
strength coefficient have no influence on the SCF and the local strain.






Discussion and recommendation

First, this chapter will provide an interpretation of the results. Then, this chapter will discuss the rele-
vance of the research. After that, the limitations of the research will be discussed. In the end, recom-
mendations for future research will be provided.

9.1. Interpretation

The first results presented show that the numerical material models of S690, S960, and S1100 materials
are calibrated with the actual experimental data of standard tensile tests. This means that the numerical
models show the same behavior as the specimen in an experiment. The same is true for the analytical
methods such as Stowell Original, Stowell Applied and the Neuber method. These methods are also
validated and thus realistically represent the actual material behavior.

The described behavior of the SCF in Figure 7.3, a decreasing plastic SCF with increasing normalized
nominal stress, can be explained. The SCF is constant in the elastic zone and the SCF decreases
when entering the plastic zone. This means that the material redistributes energy by extending the
plastic zone, resulting in a decrease in plastic SCF. If the material has strain hardening capacity, i.e.,
a Y/T ratio less than 1, the decrease in plastic SCF is slower. As the analytical equation and results
show, the local strain can be related to the SCF. The relationship shows that the local strain increases
when the plastic SCF decreases. This can be explained by the fact that a decrease in plastic SCF
is associated with an increase in the size of the plastic zone due to energy redistribution. When the
plastic zone is increased, the elongation also increases, resulting in a larger local strain.

The analytical results versus the numerical results of the local strain show a systematic mismatch.
There seems to be a yield plateau that is not accounted for in the analytical method. However, the
analytical methods are still very useful as they still describe the correct trend, which is linear in the
elastic part and increasing in the plastic part for increasing normalized nominal stress.

The influence of the Y/T ratio on the plastic SCF and on the local strain also give good insights. An
increasing Y/T ratio leads to a decrease in plastic SCF and an increase in local strain. This means that
a material with a higher Y/T ratio tends to have a higher strain distribution compared to a material with
a lower Y/T ratio.

9.2. Relevance

Investigating the influence of parameters such as the Y/T ratio on the behavior of high strength steels
is extremely relevant. As structures tend to get larger and are built for higher capacities, the structure
needs to be stronger. Therefore, higher strength steels play a very important role. Identifying the
influence of parameters such as the Y/T ratio on the behavior of high strength steels potentially provides
an opportunity to test established design criteria. In the end, if it can be shown that an increase in the
Y/T ratio leads to a small reduction in the failure load, this could lead to a flexibilisation of the rules.
Stress concentrations play a very large role in the potential failure of structures. A stress concentration
can lead to local strain, which can lead to local fracture and eventually global fracture. Local strain
directly leads to possible local fracture as this is the governing factor for ductile failure.
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The analytical formulations are also very useful. They are simple and generally applicable. So they
can be used for quick hand calculations in a very efficient and valid way. The parametric study uses
the analytical formulas in combination with Bannister’s experimental data [2]. This is also very relevant
because the described method can be used to artificially generate a wide range of material properties
and implement them in a FEA model in Ansys. In this way, experimental data from standard tensile
tests are not required and engineers can easily generate elasto-plastic models in Ansys to check the
influence of changed material properties on stress fields.

9.3. Limitations

A limiting factor in this research was computational time. In this research, it was concluded that the
ligaments of the geometries of the FEA models in Ansys should be scaled by a factor of 6 to get rid of
the influence of the boundaries on the behavior. This resulted in a dramatic increase in computation
time. This approach also likely resulted in “bumpy” plots. These could possibly be refined if the number
of time steps could be increased.

Another limiting factor is that only ductile failure is considered in his study. The Y/T ratio could have a
different influence on other failure modes, which could be interesting as other modes also occur in real
situations.

In addition, the lack of a failure criterion in the numerical model is a limitation. At the beginning of the
research it was chosen that no failure criteria will be formulated as this would be too much work for a
nine month research. However, this could give engineers more concrete insight into the actual effects
of an increasing Y/T ratio to consider in their designs.

Also, a limiting factor is considering only a circular cutout as a discontinuity. The last identified limitation
of this research is the assumption of infinitely large ligaments of the specimens.

9.4. Recommendations

A failure criterion for ductile failure should be implemented in the numerical model in a future research.
This will help to achieve the global goal of determining the influence of the Y/T ratio on the failure load
of high strength steels. This will yield the influence of strain hardening capacity on the actual failure
load.

To further optimize the results generated in this study for the infinite models in Ansys, smaller time
steps could be chosen to produce a smoother curve. Also, further discretization of the plastic input into
the multi-linear isotropic hardening could be achieved. More, and smaller steps should be chosen for
the plastic strain input.

In further research, the Neuber approach could be applied to other types of discontinuities. In this
research, the approach is used only for circular cutouts with a theoretical elastic SCF equal to 3. The
equation could be updated for a discontinuity with a different theoretical elastic SCF and replace the
factor 3 in Neuber’s equation.

Moreover, in this study, the SCF is solved numerically for the Stowell Applied method. Efforts could
be made to find an algebraic expression that can be solved by a simple hand calculation. This would
benefit the applicability of this method, because at the moment a numerical solver is needed.



Experimental Results Standard Tensile
Tests Stofregen and VTT

This appendix shows the experimental results of the standard tensile tests performed by Stofregen
[35] and VTT [12]. Figure A.1 shows the results for plain steel specimen of grades S690 and S1100,
respectively. The figure shows that the higher grade has a significantly higher yield strength.

1400

1200

1000

[MPa]

800

engineering

600

400 [+

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

[]

€ .
engineering

Figure A.1: S690 and S1100 - Standard Tensile Test Results Stofregen Plain Steel

Figure A.2 shows the results for steel specimens with a notch of 2mm of grades S690 and S1100,
respectively. The figure shows that the failure strain is reached earlier. The value for the ultimate tensile
strength is also higher for a specimen with a notch compared to plain steel. This can be explained by
the presence of a SCF.
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Figure A.2: S690 and S1100 - Standard Tensile Test Results Stofregen 2 mm Notch

Figure A.3 shows the results for steel specimens with a notch of 4mm of grades S690 and S1100,
respectively. The figure shows that the failure strain is achieved in a later stage compared to the 2
mm notch. Moreover, the value for the ultimate tensile strength is higher for a specimen with a notch
compared to plain steel. This can be explained by the presence of a SCF.
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Figure A.3: S690 and S1100 - Standard Tensile Test Results Stofregen 4 mm Notch

Figure A.4 shows the standard tensile test results of VTT using specimens with a circular cutout
varying from 0 to 40 mm. A larger diameter for the cutout tends to result in a larger ultimate stress
compared to lower values for the diameter.
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Design cases

Besides interest in academic results, Huisman Equipment is also interested into actual design cases.
These cases will be useful for engineers of Huisman Equipment to see the influence of changing the
material properties yield and tensile strength. Three cases will be looked into with respect to elasto-
plastic SCF and local strain. These parameters will be calculated analytically and numerically.

Cases shown in Table B.1 are looked into. Case | is the benchmark case fulfilling the minimal de-
sign requirements of Huisman Equipment. Figure B.1 shows the results for the elasto-plastic SCF as
function of the normalized nominal stress. As shown in this figure, the plastic SCF is lower for materials
with a higher Y/T ratio as expected. Figure B.2 shows the normalized local strain as function of the
normalized nominal stress. This figure shows that a higher Y/T ratio results in a higher local peak strain.

Table B.1: Design cases

a, [MPa] [ ayrs [MPa] | Y/T []
Case | 690 770 0.896
Casell | 760 770 0.987
Case Ill | 690 700 0.986
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Figure B.1: SCF as a function of normalized nominal stress for different design cases at 6 = /2 and r/a=1
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Figure B.2: Normalized local peak strain as a function of normalized nominal stress for different design cases at 6 = m/2 and
rla=1

Onom

Quantifying the results like in Section 7.7 for benchmark case | at = 0.67 gives Table B.2. This

table shows the same local peak strain values after linear interpolatio% with corresponding allowable
stresses. Using the material properties of case Il results in a 1.90% lower allowable stress compared to
the benchmark case. Using the material properties of case Il results in an 1.66% decrease in allowable
stress compared to the benchmark case.

Table B.2: Allowable stress for different design cases

Znom | e ear | YITE
Oy
Case | 0.67 2.798 | 0.896
Casell | 0.6573 | 2.798 | 0.987

Case Ill | 0.6589 | 2.798 | 0.986
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