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Summary
In the report the plate buckling verification for stiffened plates subjected to combinations of biaxial in-
plane normal stress, in-plane shear stress and out-of-plane loads is performed based on Eurocodes
and relevant literature. A normative panel is selected from the structure to go through the calculations
step-by-step. As not much literature or information is available for the combination of in-plane stress
and out-of-plane load, the main objective is to develop a reliable verification analysis for this load com-
bination.

It was found that by combining the reduced stress method as given in EN-1993-1-5 and the simpli-
fied design method as given in EN-1993-1-7 (section 5.2.3.4) for the combination of in-plane stress
and out-of-plane load, a verification is possible.

The obtained results were compared to the unity checks given by another design code (DNV-RP-C201)
that has a validated design approach for this load combination for stiffened plates. The results showed
large similarities in unity checks found for plates subjected to longitudinal in-plane normal stress and
out-of-plane loads. In cases with high values of shear stress and for large plate thicknesses, the results
for the unity check for out-of-plane loads showed less similarity.

It was recommended to perform the verification of panels subjected a combination of in-plane longitu-
dinal normal stress, in-plane shear stress and out-of-plane loads according to the standard verification
analysis given in EN-1993-1-5 (reduced stress method) and EN-1993-1-7 (simplified design method,
section 5.2.3.4). For plates subjected to combinations of biaxial in-plane normal stress, in-plane shear
stress and out of plane loads, it is recommended to verify the stiffeners according to EN-1993-1-5 sec-
tion 9, and to check the local buckling according to the reduced stress method, as the local buckling
should be normative in case the stiffeners comply with section EN-1993-1-5 section 9.
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1
Introduction

1.1. Company and internship background
Mcdermott International is a globally operating contracting company active in the energy sector. Orig-
inally founded in the United States, its early enterprises consisted of the construction of oil rigs used
in the Texas oil boom in the 1930s. Mcdermott delivers integrated solutions in the energy field, from
engineering to procurement and construction in their yards.

As the earth’s natural resources deplete and global warming as a result of the use of fossil fuels
becomes increasingly problematic, the energy sector is shifting its focus towards renewable energy
projects. In this context, Mcdermott is involved in an increasing number of projects related to the en-
ergy transition. Among these are hydrogen or offshore wind projects.

One of these projects is the BorWin 6 project. This project was awarded to a consortium of McDermott
and Global Energy Interconnection Research Institute Co. Ltd. and C-EPRI Electric Power Engineering
(GEIRI/C-EPRI) in February 2022 (renews.biz, 2023). The project consists of a 235-kilometre-long ca-
ble route to transport power from offshore wind parks off the coast of Germany to the extra-high-voltage
grid in Buttel, Germany (renews.biz, 2023). The power from wind turbines is delivered as three-phase
current in the BorWin Kappa platform, where it is converted into direct current. It is then transported
via cables to Büttel (renews.biz, 2023).

Figure 1.1: Render of an HVDC platform. (source: internal presentation
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2 1. Introduction

1.2. Topsides
The term topside is used for the part of an offshore structure that is located above the waterline, out
of the splash zone. In offshore engineering, topsides traditionally housed the equipment used for oil
and gas extraction. However, they can also be used to house the equipment for power conversion in
offshore windparks, as is the case in the Borwin 6 project. These kinds of topsides are often referred
to as HVDC platforms. Next to equipment, topsides often house the living quarters for staff.

Figure 1.2: The Borwin 6 project shown. The topside is left in the red box. (van Dijk, 2023)

Topsides are traditionally constructed by making use of a post-and-beam structure. If needed, this post
and beam structure can be covered with non-structural plating. Especially in the case of converter sta-
tions, it is often desired to make use of this cladding, as the equipment used for the power conversion
is sensitive to the influence of (sea)water and temperature. Although relatively simple to construct,
this traditional way of constructing topsides has the disadvantage that the structure is prone to leaks,
endangering the cool and dry air conditions inside the topside needed for the converter equipment. For
this reason, newer generations of HVDC topsides are designed to make use of a structural skin. This
structural skin consists of reinforced steel plates, also referred to as a “stressed skins”. The concept of
reinforced plates is already widely used in other industries, such as the airplane or shipbuilding indus-
tries. Reinforced steel plate structures are also often used as the deck of steel bridges.

These stressed skins can be checked using design codes. Examples of these are “DNV-RP-C201”
and “Eurocode 3 – Design of steel structures- part 1-5: Plated structural elements” (EN-1993-1-5), and
“Eurocode 3 - Design of steel structures - Part 1-7: Plated structures subject to out of plane loading”
(EN-1993-1-7).

Due to the fact that topsides are subjected to high environmental loads from sea waves and strong
winds, they are checked for many criteria. Among these are yielding, fatigue, buckling, and defor-
mations. Because of the slender nature of the skins of topsides and the fact that stressed skins are
required to have a structural function, they are prone to buckling behaviour. The buckling behaviour is
studied in this internship report.

1.3. Research question and goal
Stressed skins on topsides are subjected to both in-plane loads and out-of-plane loads. In-plane loads
may result from decks that transfer their loads to the skin or the dead weight of the stressed skin itself.
Examples of out-of-plane loads are wind pressure or overpressure from the inside of the structure. The
most suitable design code to use for these loadcases is the DNV-RP-C201 code. In the verification of
stiffened panels, a part of the panel is examined. Both in-plane and out-of-plane loads can be checked
under different structural dimensions and boundary conditions.

For the Borwin 6 project, one of the demands is that the structure complies with Eurocode. Therefore,
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DNV-RP-C201 cannot be used to design the structure. Eurocode, however, does not provide such a
practical approach to checking stiffened steel panels subjected to both in- and out of plane loads as
DNV-RP-C201 does. EN-1993-1-5 describes plated structural elements subject to in-plane loading.
Especially steel bridges and their stiffened decks have a prominent role in EN-1993-1-5. EN-1993-1-7
describes steel-plated structures subjected to out-of-plane loading and only very briefly touches upon
the combination of in- and out-of-plane loading.

This leads to the following research question:

How can Eurocode be used to verify the buckling strength of a stiffened steel panel subjected to biaxial
in-plane normal stress, shear stress, and out-of-plane loading?

And the following sub-questions:

• Which eurocode checks and failure modes are relevant?

• How to validate the acquired results?

• To what extent do the ground truth results and the acquired results compare?

1.4. Methodology
In order to find answers to the research question, one of the panels in the Borwin6 HVDC converter
station is zoomed in on. For this panel including its loads and boundary conditions an extensive veri-
fication is carried out according to EN-1993-1-5 and EN-1993-1-7 and additional information given in
relevant literature. Finally, this verification approach of the panel based on Eurocodes is compared to
DNV-RP-C201 for multiple loadcases in order to validate the obtained results.

1.5. Reading guide
An overview of general plate buckling theory and the relevant design rules are given in chapter 2.
Chapter 3 further specifies the structural details and load situation for the analysed panel. An extensive
verification analysis according to Eurocode is performed in chapter 5. Chapter 6 thereafter performs
a validation method of a crucial parameter used in the verification. A validation of the obtained unity
checks is performed in chapter 6, after which a conclusion is drawn and a recommendation is made to
McDermott International.





2
Plate buckling theory

Buckling is a failure mode of structures that have a high stiffness in one direction compared to an-
other direction. In the event that a load is applied in the stiff direction, the structure may show sudden
failure behaviour in the other direction. This failure mode is often observed in slender columns or plates.

Plate buckling is a failure mode of plates under compressive load in which the plate shows an out-
of-plane deformation. A plate is defined as a three-dimensional structure with a certain width, length,
and thickness, but with a thickness significantly smaller than both the width and length, which are
of comparable size. Some fundamental principles of plate buckling theory are discussed, as well as
column-like and plate-like buckling behaviour. Two verification methods are described, and their po-
tential for verification of the analysed case.

2.1. Cross-section classification
In EN-1993-1-5 different cross-section classes are considered in order to subdivide these sections
according to their slenderness. Four classes are distinguished:

• ”Class 1: cross-sections are those which can form a plastic hinge with the rotation capacity re-
quired from plastic analysis without reduction of the resistance.”

• ”Class 2: cross-sections are those which can develop their plastic moment resistance, but have
limited rotation capacity because of local buckling.”

• ”Class 3 cross-sections are those in which the stress in the extreme compression fibre of the
steel member assuming an elastic distribution of stresses can reach the yield strength, but local
buckling is liable to prevent development of the plastic moment resistance.”

• ”Class 4 cross-sections are those in which local buckling will occur before the attainment of yield
stress in one or more parts of the cross-section.”

(Eurocode 3: Design of steel structures — Part 1-1: General rules and rules for buildings, 2005, p.
40).

The classification can be understood as an increased risk for local buckling with higher classes and
less bending capacity (Ahlstrand, 2021, p. 7). Class 4 cross sections are assumed to be thin-walled.
Local buckling in these sections occurs before the most compressed fibre starts yielding; therefore,
local buckling will occur even before the elastic bending moment is reached (Ahlstrand, 2021, p. 7).
Members in class 4 are reduced to account for local and global buckling. Thesemethods can be divided
into two main groups: the reduced stress methods and the effective width methods.

5



6 2. Plate buckling theory

2.2. Effective width method versus reduced stress method
The effective width method and the reduced stress method differ fundamentally in their approaches to
approximating the real stress distribution in a member. In the reduced stress method, the part of the
cross section with the lowest critical buckling stress is governing. It is assumed that if one element
buckles, the entire cross section buckles. In case the stress in the normative element does not exceed
the critical stress of the normative element, cross-section class 3 properties are assumed, and the
verification can be performed as a class 3 section, multiplying the yield stress with a reduction factor
(van der Burg, 2011, p. 14).

The effective width method reduces the cross-sectional area of the parts of the plate that are sub-
ject to compression (van der Burg, 2011, p. 14). In contrast to the reduced stress method, the method
assumes that load shedding between cross-section elements is possible (Beg et al., 2011, p. 161).
Load shedding can be understood as a buckled plate part that retains its capacity. Because of this,
other parts of the plate can also reach their buckled state (van der Burg, 2011, p. 14). Because of load
shedding, the plate buckling capacity found is usually slightly larger when the effective width method
is used in comparison to the reduced stress method (van der Burg, 2011, p. 14).

2.3. plates loaded in compression
Plated structures can show plate-like buckling behaviour and column-like buckling behaviour. The dif-
ference between these is that a plate must be supported on at least three edges in order for plate-like
behaviour to be considered (Ahlstrand, 2021, p. 10). In plate-like buckling behaviour, there is also a
so-called post-buckling reserve.

This buckling reservemeans that plates can still carry load of axial compressive force, bendingmoment,
and shear force after initial buckling. A large part of this behaviour is governed by the boundary condi-
tions of the plate. When, for instance, subjected to compressive stress, the plate will start to buckle in
the center. However, the out-of-plane motion is restricted to a certain degree by the boundaries of both
sides perpendicular to the compressive stresses, acting as ties. This phenomenon is shown in figure
2.1. Apart from the boundary conditions, the aspect ratio a/b also plays a role in whether a plate will
show column-like or plate-like buckling behaviour. Plates with a small aspect ratio will will show more
column-like behaviour.

Figure 2.1: Influence of boundary conditions on the buckling behaviour (Indriðason & Sigmundsson, 2015, p. 5)

2.3.1. Euler plate buckling
Plate-like buckling behaviour is first considered. The most basic case is the so-called Euler plate
buckling. The critical stress for Euler plate buckling is given by 2.1, for the case in 2.2. The factor 𝑘𝜎
is called the buckling factor, and depends on the support condition, load case (or stress ratio 𝜓), and
the aspect ratio a/b (van der Burg, 2011, p. 20).
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𝜎𝑐𝑟 = 𝑘𝜎 ∗ 𝜎𝐸 =
𝑘𝜎 ∗ 𝜋2 ∗ 𝐸
12 ∗ (1 − 𝜈2) ∗ (

𝑡
𝑏 )

2 (2.1)

In which:

• 𝜎𝑐𝑟𝑖𝑡 the critical plate buckling stress [𝑁/𝑚𝑚2]

• 𝑘𝜎 the buckling factor [-]

• E the Young’s modulus [𝑁/𝑚𝑚2]

• 𝜈 the poisson’s ratio (=0.3), [-]

• t the thickness of the plate [mm]

• b the width of the compressed edge of the plate [mm]

Figure 2.2: Definition of a single plate loaded in compression (Tankova, 2023, sl. 11)

The influence of the aspect ratio on the buckling factor is given by equation 2.2.

𝑘𝜎 = (
𝑚
𝛼 +

𝛼
𝑚)

2 (2.2)

(van der Burg, 2011, p. 20)

In which:

• m the amount of half sine waves in the element

• 𝛼 the aspect ratio a/b, a=plate length, b=plate width

In most design codes, including Eurocode, the aspect ratio of plated elements is not taken into account
and taken as its minimum value of 4. This is a conservative assumption, as for rather low or high aspect
ratios, the buckling factor can be significantly higher, as visualised by figure 2.3.

The influence of the combination of the aspect ratio 𝛼 and the support conditions on the buckling factor
𝑘𝜎 is visualised in figure 2.4. The red values of 𝑘𝜎 = 4.0 and 𝑘𝜎 = 0.43 are the minimum values (i.e. for
large aspect ratios) obtained for support conditions referred to as ”internal compression element” and
”outstand compression element”.

The stress ratio𝜓 is defined according to equation 2.3. In Eurocode the stress ratio is taken into account
in combination with the support conditions by table 4.1 and 4.2.
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Figure 2.3: Buckling factor as function of aspect ratio. (van der Burg, 2011, p. 21)

Figure 2.4: Buckling factor as function of combination of aspect ratio and support conditions. (Tankova, 2023, sl. 15)

𝜓 = 𝑚𝑎𝑥(𝜎1, 𝜎2)
𝑚𝑖𝑛(𝜎1, 𝜎2)

(2.3)

Formula 2.1 can directly be used in a reduced stress verification. The formula can be expressed in a

reduction factor, as a function of the relative plate slenderness 𝜆𝑟𝑒𝑙 = √
𝑓𝑦
𝜎𝑐𝑟

:

𝑁𝑐𝑟 = 𝜎𝑐𝑟 ∗ 𝑏 ∗ 𝑡 = 𝜌 ∗ 𝑓𝑦 ∗ 𝑏 ∗ 𝑡
𝜎𝑐𝑟 = 𝜌 ∗ 𝑓𝑦
𝜌 = 𝜎𝑐𝑟

𝑓𝑦
= 1

𝜆2𝑟𝑒𝑙

2.3.2. Von Kármán plate buckling
The elastic critical buckling stress is an approximation that assumes that the stress distribution stays
linear when the stress increases. In reality, the stress at the edges of the plate becomes higher and
thus moves away from the part(s) that first start to show local buckling behaviour. This real stress
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distribution is a complex combined action in which the bending stresses as a result of buckling, the
membrane stresses as a result of the load, and the shear stresses as a result of the rotation of the
corners of the plate play a role (van der Burg, 2011, p. 22).

To account for this phenomenon of redistribution of stresses, the effective width concept was intro-
duced by Theodore von Kármán in 1932 (van der Burg, 2011, p. 22). The effective width method
assumes that a fictitious plate with an effective width and given thickness has a critical stress equal to
the yield strength of the steel. In this method, the real stress distribution in the plate under compression
is approximated by two strips of yield stress. The width of these two strips added is equal to the effec-
tive width of the plate, as shown in figure 2.5. The reduction factor 𝜌 that is obtained by this method
can be derived by:

𝑓𝑦 =
𝑘𝜎∗𝜋2∗𝐸
12∗(1−𝜈2) ∗ (

𝑡
𝑏𝑒𝑓𝑓

)2

𝜎𝑐𝑟 =
𝑘𝜎∗𝜋2∗𝐸
12∗(1−𝜈2) ∗ (

𝑡
𝑏 )
2

𝑓𝑦 ∗ (
𝑏𝑒𝑓𝑓
𝑡 )2 = 𝑘𝜎∗𝜋2∗𝐸

12∗(1−𝜈2) = 𝜎𝑐𝑟 ∗ (
𝑏
𝑡 )
2

𝑓𝑦 ∗ 𝑏2𝑒𝑓𝑓 = 𝜎𝑐𝑟 ∗ 𝑏2
𝑏𝑒𝑓𝑓
𝑏 = √ 𝜎𝑐𝑟

𝜆𝑟𝑒𝑙

𝜌 = 1
𝜆𝑟𝑒𝑙

Figure 2.5: Effective width concept. (Tankova, 2023, sl. 23)

2.3.3. Winter plate buckling
The effective width method proposed by von Kármán did not yet take into account the effect of initial
imperfections of plates, such as residual stresses (van der Burg, 2011, p. 23). When the method was
compared to tests, it proved only valid for plates with large b/t ratios, in which initial imperfections have
only a marginal impact on the buckling behaviour (van der Burg, 2011, p. 22).

For this reason, George Winter introduced a formula to calculate the effective width, taking into ac-
count initial imperfections, in 1947 (van der Burg, 2011, p. 23). The reduction factor proposed by
Winter is given in equation 2.4. The Winter reduction factor is the reduction used in Eurocode to verify
(un)stiffened panels.

𝜌 =
𝑏𝑒𝑓𝑓
𝑏 = 𝜆𝑟𝑒𝑙 − 0.22

𝜆2𝑟𝑒𝑙
(2.4)
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2.4. Reduced width method in Eurocode
Eurocode describes the reduced width method in great detail. Since the choice is made to verify the
final plated element using the reduced stress method, this explanation of the Eurocode approach is
limited to normal force and bending moment. First the unstiffened case is described, and subsequently
the stiffened case.

2.4.1. Global buckling and local buckling
In case a panel is stiffened, a distinction is made between two buckling phenomena, local buckling and
global buckling. Local buckling is defined as the buckling of the panel between two stiffeners. Global
buckling is defined as the buckling of the stiffener.

2.4.2. Unstiffened case
If a cross section is classified as a class 4 member, a reduction has to be made in order to account for
local buckling, as described in section 2.1.

As mentioned, plated structures can show either plate-like buckling behaviour, column-like buckling
behaviour, or something in between. In Eurocode, the verification of stiffened and unstiffened plated
structures depends on this interaction. Plate-like buckling behaviour is described above. Eurocode
uses the Winter reduced width method to determine the critical plate-like buckling stress.

Plate-like behaviour
The column-like critical buckling stress is given in equation 2.5, where a distinction is made between
stiffened and unstiffened plates. The reduction is done making use of the Winter reduction, which is
done making use of tables 4.1 and 4.2 and formula 2.5.

𝜌 = {
1, if 𝜆𝑝 ≤ 0673
𝜆𝑝−0.055∗(3+𝜓

𝜆2𝑝
, if 𝜆𝑝 > 0673.

(2.5)

𝜆𝑝 = √
𝑓𝑦
𝜎𝑐𝑟,𝑝

=
𝑏
𝑡

28.4 ∗ 𝜖 ∗ √𝑘𝜎
(2.6)

Using this reduction factor, the effective area of the plate can be calculated as the area in compression
𝐴𝑐 multiplied with 𝜌. With this effective area, the critical plate buckling stress can be directly calculated
using formula 2.1.

𝐴𝑐,𝑒𝑓𝑓 = 𝜌 ∗ 𝐴𝑐 (2.7)

column-like behaviour
In case the aspect ratio is smaller than 1, column-like buckling does not need to be taken into account,
and thus also the interaction between column-like and plate-like behaviour is not needed. In case the
aspect ratio does not fulfill the above requirement, the critical column-like buckling stress is calculated
according to 2.8. For the interaction between column-like and plate-like buckling, the column buckling
reduction factor 𝜒𝑐 must be calculated.

𝜎𝑐𝑟,𝑐 =
𝜋2 ∗ 𝐸 ∗ 𝑡2

12 ∗ (1 − 𝜈2) ∗ 𝑎2 (2.8)

𝜒𝑐 =
1

𝜙 + √𝜙2 − 𝜆
2
𝑐

(2.9)
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Figure 2.6: Table 4.1 as given in EN-1993-1-5 (p. 17). (Eurocode 3 — Design of steel structures — Part 1-5: Plated structural
elements, 2006)

𝜙 = 0.5[1 + 0.21 ∗ (𝜆𝑐 − 0.2) + 𝜆
2
𝑐] (2.10)

𝜆𝑐 = √
𝛽𝐴,𝑐 ∗ 𝑓𝑦
𝜎𝑐𝑟,𝑐

(2.11)

2.4.3. Stiffened case
For stiffened plates, both column-like and plate-like behaviour have to be taken into account. Also, local
buckling of plates between stiffeners must be taken into account. The approach depends on whether
a plate is stiffened with one, two, or multiple stiffeners in longitudinal direction.

Local Buckling
The first step is to calculate the reduction factors 𝜌 for all the individual plate elements in between
stiffeners. These panels are assumed to be unstiffened panels, and their reduction factors are therefore
calculated in the same way as in the unstiffened case, as described in 2.4.2. This also holds for
the individual plated elements of the stiffeners, taking into account the distinction between internal
compression elements for webs and outstand compression elements for flanges. Using these reduction
factors, 𝐴𝑐,𝑒𝑓𝑓,𝑙𝑜𝑐 is calculated. This is the effective area of the stiffeners in compression added to the
effective area of the adjacent plating of these stiffeners.

𝐴𝑐,𝑒𝑓𝑓,𝑙𝑜𝑐 = 𝐴𝑠𝑙,𝑒𝑓𝑓 +∑
𝑐
𝜌𝑙𝑜𝑐 ∗ 𝑏𝑐,𝑙𝑜𝑐 ∗ 𝑡 (2.12)

In which:

• 𝐴𝑠𝑙,𝑒𝑓𝑓 the effective area of only the stiffeners

• 𝜌𝑙𝑜𝑐 the reduction factors for local buckling of the panels adjacent to the stiffeners

• 𝑏𝑐,𝑙𝑜𝑐 the width of the panels adjacent to the stiffeners

• t the thickness of the stiffened plate
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Plate-like behaviour
Now the reduction factor for plate buckling 𝜌𝑝 can be calculated using 2.5. The difference with the
unstiffened case is that now the relative plate slenderness is calculated in a different way, given by
2.13.

𝜆𝑝 = √
𝛽𝐴,𝑐 ∗ 𝑓𝑦
𝜎𝑐𝑟,𝑝

(2.13)

𝛽𝐴,𝑐 =
𝐴𝑐,𝑒𝑓𝑓,𝑙𝑜𝑐
𝐴𝑐

(2.14)

In which:

• 𝜎𝑐𝑟,𝑝 ciritical plate-like buckling stress, calculation depends on number of longitudinal stiffeners

• 𝐴𝑐 The gross area of the compression zone of the stiffened plate, except the parts of subpanels
that are supported by an adjacent plate, see figure 2.7

Figure 2.7: Definition of 𝐴𝑐,𝑒𝑓𝑓,𝑙𝑜𝑐 and 𝐴𝑐 for a stiffened plate stiffened with two longitudinal stiffeners (Ahlstrand, 2021, p. 17)

The critical plate-like buckling stress 𝜎𝑝 depends on the amount of stiffeners in longitudinal direction.
In cases where this amount is greater than two, the equivalent orthotropic assumption is used, in which
the critical plate-like buckling stress is calculated with 2.1. The buckling coefficient 𝑘𝜎,𝑝 is in this case
determined according to 2.15.

𝑘𝜎,𝑝 = {
2∗((1+𝛼2)2+𝛾−1)
𝛼2∗(𝜓+1)∗(1+𝛿) , if 𝛼 ≤ 4√𝛾
4∗(1+√𝛾

(𝜓+1)∗(1+𝛿 , if 𝛼 > 4√𝛾.
(2.15)

In which:

• 𝜓 = 𝜎2
𝜎1
≥ 0.5

• 𝛾 = 𝐼𝑠𝑙
𝐼𝑝

• 𝛿 = ∑𝐴𝑠𝑙
𝐴𝑝
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• 𝛼 = 𝑎
𝑏 ≤ 0.5

With:

• 𝐼𝑠𝑙 the second moment of area of the whole stiffened plate

• 𝐼𝑝 the second moment of area for bending of the plate =
𝑏𝑡3

12(1−𝜈2)

• ∑𝐴𝑠𝑙 the sum of gross areas of the individual longitudinal stiffeners

• 𝐴𝑝 the gross area of the plate = 𝑏𝑡
• 𝜎1 the larger edge stress
• 𝜎2 the smaller edge stress

width Gross width Effective width Condition for 𝜓𝑖
𝑏1,𝑖𝑛𝑓

3−𝜓1
5−𝜓1

𝑏1
3−𝜓1
5−𝜓1

𝑏1,𝑒𝑓𝑓 𝜓1 =
𝜎𝑐𝑟,𝑠𝑙,1
𝜎𝑐𝑟,𝑝

≥ 0
𝑏2,𝑠𝑢𝑝

2
5−𝜓2

𝑏2
2

5−𝜓2
𝑏2,𝑒𝑓𝑓 𝜓2 =

𝜎2
𝜎𝑐𝑟,𝑠𝑙,1

≥ 0
𝑏2,𝑖𝑛𝑓

3−𝜓2
5−𝜓2

𝑏2
3−𝜓2
5−𝜓2

𝑏2,𝑒𝑓𝑓 𝜓 ≤ 0
𝑏3,𝑠𝑢𝑝 0.4𝑏3𝑐 0.4𝑏3𝑐,𝑒𝑓𝑓 𝜓3 =

𝜎3
𝜎2
≤ 0

Table 2.1: Contributing parts of the subpanels adjacent to stiffeners for linearly distributed stresses, see figure 2.7

In case the panel is stiffened with one or two longitudinal stiffeners, a simplification may be made.
Eurocode simplifies this case to a fictitious isolated strut supported on an elastic foundation, as shown
in figure 2.8. The critical plate-buckling stress can in this case directly be determined as the elastic
critical buckling stress of the most compressed stiffener extrapolated to the most compressed edge of
the plate (see equation 2.19).

Figure 2.8: Strut on elastic foundation model for plate with single longitudinal stiffener (Pavlovic, 2019, p. 14)

𝜎𝑐𝑟,𝑠𝑙 =
1.05𝐸
𝐴𝑠𝑙,1

√𝐼𝑠𝑙,1𝑡3𝑏
𝑏1𝑏2

, if 𝑎 ≥ 𝑎𝑐 (2.16)
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𝜎𝑐𝑟,𝑠𝑙 =
𝜋2𝐸𝐼𝑠𝑙,1
𝐴𝑠𝑙,1𝑎2

+ 𝐸𝑡3𝑏𝑎2
4𝜋2(1 − 𝜈2)𝐴𝑠𝑙,1𝑏21𝑏22

, if 𝑎 ≤ 𝑎𝑐 (2.17)

with

𝑎𝑐 = 4.33
4√𝐼𝑠𝑙,1𝑏

2
1𝑏22

𝑡3𝑏 (2.18)

and

𝜎𝑐𝑟,𝑝 =
𝜎1

𝜎𝑐𝑟,𝑠𝑙,1
(2.19)

In which

• 𝐴𝑠𝑙,1 the gross area of the column obtained from 2.7 and 2.1

• 𝐼𝑠𝑙,1 the second moment of area of the gross cross-section of the column obtained from figure 2.7
and table 2.1 about an axis through the centroid of this column parallel to the plate

• 𝑏1 and 𝑏1 the distances from the longitudinal edges of the web to the stiffener ( 𝑏1 + 𝑏1 = 𝑏 )

For plates with two stiffeners, formulas 2.17 and 2.18 may be used, however in this case multiple
combinations of stiffeners that buckle have to be taken into account. Both stiffeners may individually
buckle, or both stiffeners may buckle at the same instance. In the last case Eurocode considers a single
lumped stiffener that is substituted for both individual stiffeners, such that the position of the lumped
stiffener is at the location of the respective forces in the individual stiffeners and that its second moment
of area and cross-sectional area are the sum of the two individual stiffeners.

Figure 2.9: The three distinct cases for stiffener buckling for a stiffened plate with two stiffeners (Ahlstrand, 2021, p. 19)

Column-like buckling behaviour
For the column-like behaviour of stiffened plates, the critical column buckling stress can be calculated
making use of equation 2.20.

𝜎𝑐𝑟,𝑠𝑙,𝑐 =
𝜋2𝐸𝐼𝑠𝑙,1
𝐴𝑠𝑙,1𝑎2

(2.20)
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𝜎𝑐𝑟,𝑐 = 𝜎𝑐𝑟,𝑠𝑙,𝑐 ∗
𝜎1
𝜎𝑠𝑙,1

(2.21)

In equation 2.20 the same areas of the stiffener and the adjacent plating are used as in the plate-like
buckling, for the determination of 𝐼𝑠𝑙,1 and 𝐴𝑠𝑙,1. Instead of the calculation of a plate buckling reduction
factor 𝜌, a column-like reduction factor 𝜒𝑐 is calculated, as given in equation 2.22.

𝜒𝑐 =
1

𝜙 + √𝜙2 − 𝜆
2
𝑐

(2.22)

𝜙 = 0.5[1 + 𝛼𝑒 ∗ (𝜆𝑐 − 0.2) + 𝜆
2
𝑐] (2.23)

𝜆𝑐 = √
𝛽𝐴,𝑐 ∗ 𝑓𝑦
𝜎𝑐𝑟,𝑐

(2.24)

𝛽𝐴,𝑐 =
𝐴𝑠𝑙,𝑒𝑓𝑓,𝑙𝑜𝑐
𝐴𝑠𝑙, 1

(2.25)

𝛼𝑒 = 𝛼 +
0.09
𝑖/𝑒 (2.26)

with:

• 𝛼 = 0.34 (buckling curve b) for closed section stiffeners
• 𝛼 = 0.49 (buckling curve c) for open section stiffeners

and radius of gyration 𝑖

𝑖 = √ 𝐼𝑠𝑙,1
𝐴𝑠𝑙, 1

(2.27)

and coefficient 𝑒:

𝑒 = 𝑚𝑎𝑥(𝑒1, 𝑒2) (2.28)
Coefficient 𝑒 is defined as the largest distance from the centroid of the entire column (consisting of the
stiffener itself and its adjacent plating) to either:

• the centroid of only the stiffener (𝑒1)
• the centroid of only the adjacent plating (𝑒2)

Interaction plate-like and column-like buckling
As described, plates can show plate-like behaviour, column-like behaviour, and everything in between.
In Eurocode this is taken into account making use of an interaction formula 2.29.

𝜌𝑐 = 𝜉(2 − 𝜉)(𝜌 − 𝜒𝑐) + 𝜒𝑐 (2.29)

𝜉 =
𝜎𝑐𝑟,𝑝
𝜎𝑐𝑟,𝑐

but 0 ≤ 𝜉 ≤ 1 (2.30)

The value 𝜌𝑐 can be interpreted as a reduction of the cross section 𝐴𝑐,𝑒𝑓𝑓,𝑙𝑜𝑐. Then the effective com-
pressed area 𝐴𝑐,𝑒𝑓𝑓 can be found as 2.31.

𝐴𝑐,𝑒𝑓𝑓 = 𝜌𝑐𝐴𝑐,𝑒𝑓𝑓,𝑙𝑜𝑐 +∑𝑏𝑒𝑑𝑔𝑒,𝑒𝑓𝑓𝑡 (2.31)

Using the effective compressed area 𝐴𝑐,𝑒𝑓𝑓,𝑙𝑜𝑐 effective properties of the cross section can be found,
among which 𝐴𝑒𝑓𝑓,𝑊𝑒𝑓𝑓 and 𝐼𝑒𝑓𝑓.
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Figure 2.10: The definition of distance 𝑒1 and 𝑒2. Source: own figure

Verification
Finally the cross section can be verified according to 2.32.

𝜂1 =
𝑁𝐸𝑑
𝑓𝑦𝐴𝑒𝑓𝑓
𝛾𝑀0

+ 𝑀𝑦,𝐸𝑑 + 𝑁𝐸𝑑𝑒𝑦,𝑁𝑓𝑦𝑊𝑦,𝑒𝑓𝑓
𝛾𝑀0

+ 𝑀𝑧,𝐸𝑑 + 𝑁𝐸𝑑𝑒𝑧,𝑁𝑓𝑦𝑊𝑧,𝑒𝑓𝑓
𝛾𝑀0

≤ 1 (2.32)

In which:

• 𝐴𝑒𝑓𝑓 the effective cross-sectional area calculated making use of 𝜌𝑐
• 𝑊𝑒𝑓𝑓 the effective cross-sectional area calculated making use of 𝜌𝑐
• 𝑒𝑦,𝑁, 𝑒𝑧,𝑁 the eccentricities with respect to the neutral axis

• 𝑀𝑦,𝐸𝑑, 𝑀𝑧,𝐸𝑑 the design bending moments with respect to the y-y and z-z axes, respectively

• 𝑁𝐸𝑑 the design axial force

• 𝛾𝑀0 the partial factor

2.5. Reduced stress method in Eurocode
As described in section 2.3.1, equation 2.1 can be directly used in a reduced stress method. The
reduced stress method in Eurocode is given by

√(
𝜎𝑥,𝐸𝑑

𝜌𝑥𝑓𝑦/𝛾𝑀1
)2 + ( 𝜎𝑧,𝐸𝑑

𝜌𝑧𝑓𝑦/𝛾𝑀1
)2 − ( 𝜎𝑥,𝐸𝑑

𝜌𝑥𝑓𝑦/𝛾𝑀1
)( 𝜎𝑧,𝐸𝑑
𝜌𝑧𝑓𝑦/𝛾𝑀1

) + 3( 𝜏𝐸𝑑
𝜒𝑤𝑓𝑦/𝛾𝑀1

)2 ≤ 1 (2.33)
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Figure 2.11: The interaction formula for 𝜌𝑐 plotted (Ahlstrand, 2021, p. 22)

In which:

• 𝜌𝑥 ,𝜌𝑧 the reduction factor for longitudinal and transverse stresses respectively

• 𝜎𝑥,𝐸𝑑 𝜎𝑧,𝐸𝑑 the design longitudinal and transverse stresses respectively

• 𝜏𝐸𝑑 the design shear stress

• 𝜒𝑤 the reduction factor for shear stress

• 𝛾1 the partial factor

• 𝑓𝑦 the yield stress

The reduction factors 𝜌𝑥 and 𝜌𝑧 are determined, taking column-like buckling into account where rele-
vant. This can be done in exactly the same manner as in the reduced width method, with one crucial
difference in the way 𝜆𝑝 is found. The formula for 𝜆𝑝 in the reduced stress method is given in equation
2.34.

𝜆𝑝 = √
𝛼𝑢𝑙𝑡,𝑘
𝛼𝑐𝑟

(2.34)

with:

• 𝛼𝑐𝑟 the minimum load amplifier for the design loads to to reach the elastic critical load of the plate,
under the complete stress field

• 𝛼𝑢𝑙𝑡,𝑘 the minimum load amplifier for the design loads to reach the characteristic value of resis-
tance of the most critical point of the plate

The value for 𝛼𝑢𝑙𝑡,𝑘 can be obtained via the Von Mises yield criterion, as given in 2.35

1
𝛼2𝑢𝑙𝑡

= (𝜎𝑥,𝐸𝑑𝑓𝑦
)2 + (𝜎𝑧,𝐸𝑑𝑓𝑦

)2 − (𝜎𝑥,𝐸𝑑𝑓𝑦
)(𝜎𝑧,𝐸𝑑𝑓𝑦

) + 3(𝜏𝐸𝑑𝑓𝑦
)2 (2.35)

The value for 𝛼𝑐𝑟 is given by equation 2.36.

1
𝛼𝑐𝑟

= 1 + 𝜓𝑥
4𝛼𝑐𝑟,𝑥

+ 1 + 𝜓𝑧4𝛼𝑐𝑟,𝑧
+√(1 + 𝜓𝑥4𝛼𝑐𝑟,𝑥

+ 1 + 𝜓𝑧4𝛼𝑐𝑟,𝑧
)2 + 1 − 𝜓𝑥2𝛼2𝑐𝑟,𝑥

+ 1 − 𝜓𝑧2𝛼2𝑐𝑟,𝑧
+ 1
𝛼2𝑐𝑟,𝜏

(2.36)

with:

• 𝛼𝑐𝑟,𝑥 =
𝜎𝑐𝑟,𝑥
𝜎𝑥,𝐸𝑑

• 𝛼𝑐𝑟,𝑧 =
𝜎𝑐𝑟,𝑧
𝜎𝑧,𝐸𝑑
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• 𝛼𝑐𝑟,𝜏 =
𝜏𝑐𝑟,𝜏
𝜏𝜏,𝐸𝑑

The values for 𝜎𝑐𝑟,𝑥 and 𝜎𝑐𝑟,𝑧 can be obtained via equation 2.1. The values for 𝜓𝑥 and 𝜓𝑧 are obtained
in the same way as for the reduced width method, as given in equation 2.3. The critical shear stress
may be obtained from equation 2.37.

𝜏𝑐𝑟 = 𝑘𝜏𝜎𝐸 (2.37)

With:

• 𝜎𝐸 the Euler’s stress as given in 2.1

• 𝑘𝜏 the shear buckling coefficient

Eurocode gives the shear buckling coefficient for plates as 2.38.

𝑘𝜏 = {
5.34 + 4.00(ℎ𝑤/𝑎)2 + 𝑘𝜏,𝑠𝑙 , if 𝑎/ℎ𝑤 ≥ 1
4.00 + 5.34(ℎ𝑤/𝑎)2 + 𝑘𝜏,𝑠𝑙 , if 𝑎/ℎ𝑤 < 1

(2.38)

𝑘𝜏,𝑠𝑙 = 9(
ℎ𝑤
𝑎 )

2 4√( 𝐼𝑠𝑙𝑡3ℎ𝑤
)3 ≥ 2.1

𝑡
3√ 𝐼𝑠𝑙ℎ𝑤

(2.39)

with

• a the distance between transverse stiffeners

• 𝐼𝑠𝑙 the second moment of area of the longitudinal stiffener about the z-z axis. For plates with
more than one longitudinal stiffener, 𝐼𝑠𝑙 is the sum of the second moment of area of all longitudinal
stiffeners.

• The second moment of area stated above is calculated of the stiffener itself plus a width of the
surrounding plated area equal to 15𝜖𝑡, as shown in figure 2.12

Figure 2.12: The effective cross section that may be used for the shear force (Eurocode 3 — Design of steel structures — Part
1-5: Plated structural elements, 2006, p. 30)

Equation 2.38 only holds for plates with rigid transverse stiffeners and without longitudinal stiffeners,
or for plates with more than two longitudinal stiffeners. It may also be used for plates with one or two
longitudinal stiffeners, as long as 𝛼 = 𝑎

ℎ𝑤
≥ 3. For plates with one or two longitudinal stiffeners and

𝛼 < 3, the shear buckling coefficient is given by 2.40.

𝑘𝜏 = 4.1 +
6.3 + 0.18 ∗ 𝐼𝑠𝑙

𝑡3ℎ𝑤
𝛼2 + 2.23√ 𝐼𝑠𝑙

𝑡3ℎ𝑤
(2.40)
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When the value for 𝜆𝑝 is found making use of equation 2.34, the calculations performed to obtain 𝑟ℎ𝑜𝑐
are the same as for the reduced width method. Separate values for 𝜌𝑐 for the longitudinal direction and
the transverse direction are obtained. The only missing value to perform a unity check is now 𝜒𝑤. With
the value of 𝜆𝑝, the reduction factor for the shear stress 𝜒𝑤 can be obtained by using 𝜆𝑝 for 𝜆𝑤 in table
2.2.

Rigid end post Non-rigid end post
𝜆𝑤 < 0.83/𝜂 𝜂 𝜂
0.83/𝜂 ≤ 𝜆𝑤 < 1.08 0.83/𝜆𝑤 0.83/𝜆𝑤
𝜆𝑤 ≥ 1.08 1.37/(0.7 + 𝜆𝑤) 0.83/𝜆𝑤

Table 2.2: reduction factor for shear stress 𝜒𝑤

2.6. Out-of-plane loading
In EN-1993-1-5 only plated structural elements subjected to in-plane loading are considered. Plated
structural elements subjected to out-of-plane loading are discussed in EN-1993-1-7, in which com-
ments are included on structures subjected to a combination of in- and out-of-plane loading. For this
combined loading, Eurocode gives a simplified design approach that gives conservative estimates.

This simplified approach consists of 9 points, which are:

1. A stiffened plate or a stiffened plate segment may bemodeled as a grillage if it is regularly stiffened
in the transverse and longitudinal direction.

2. In determining the cross-sectional area 𝐴𝑖 of the cooperating plate of an individual member i of the
grillage the effects of shear lag should be taken into account by the reduction factor 𝛽 according
to EN 1993-1-5.

3. For a member i of the grillage which is arranged in parallel to the direction of in-plane compression
forces, the cross-sectional area 𝐴𝑖 should also be determined taking account of the effective width
of the adjacent subpanels due to plate buckling according to EN 1993-1-5.

4. The interaction between shear lag effects and plate buckling effects, see Figure 5.2, should be
considered by the effective area 𝐴𝑖 from the following equation:

𝐴𝑖 = [𝜌𝑐(𝐴𝐿,𝑒𝑓𝑓 +∑𝜌𝑝𝑎𝑛,𝑖𝑏𝑝𝑎𝑛,𝑖𝑡𝑝𝑎𝑛,𝑖)]𝛽𝜅 (2.41)

• 𝐴𝐿,𝑒𝑓𝑓 the effective area of the stiffener considering the local plate buckling of the stiffener
• 𝜌𝑐 the reduction factor due to global plate buckling of the stiffened plate segment
• 𝜌𝑝𝑎𝑛,𝑖 the reduction factor due to local plate buckling of subpanel 𝑖
• 𝑏𝑝𝑎𝑛,𝑖 the width of the subpanel 𝑖
• 𝑡𝑝𝑎𝑛,𝑖 the thickness of the subpanel 𝑖
• 𝛽 the effective width factor for the effect of shear lag
• 𝜅 ratio for effect of shear lag

5. The verification of a member i of the grillage may be performed using the interaction formula in
EN 1993-1-1, section 6.3.3 taking into account the following loading conditions:

• effects of out of plane loadings
• equivalent axial force in the cross section Ai due to normal stresses in the plate
• eccentricity 𝑒 of the equivalent axial force 𝑁𝐸𝑑 with respect to the centre of gravity of the
cross-sectional area 𝐴𝑖
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Figure 2.13: The definition of the grillage with surface area 𝐴𝑖 (Eurocode 3 — Design of steel structures — Part 1-7: Plated
structures subject to out of plane loading, 2007)

6. If the stiffeners of a plate or a plate segment are only arranged in parallel to the direction of in-
plane compression forces, the stiffened plate may be modeled as an equivalent beam on elastic
springs, see EN 1993-1-5.

7. If the stiffeners of a stiffened plate segment are positioned in the transverse direction to the com-
pression forces, the interaction between the compression forces and bending moments in the
unstiffened plate segments between the stiffeners should be verified according to 5.2.3.4.2(4).

8. The longitudinal stiffeners should fulfill the requirements given in section 9 of EN 1993-1-5.

9. The transverse stiffeners should fulfill the requirements given in section 9 of EN 1993-1-5.

Shear lag does not play a role in this verification, as there is no bending moment around the y-axis.
Therefore formula 2.41 may be reduced to:

𝐴𝑖 = 𝜌𝑐(𝐴𝐿,𝑒𝑓𝑓 +∑𝜌𝑝𝑎𝑛,𝑖𝑏𝑝𝑎𝑛,𝑖𝑡𝑝𝑎𝑛,𝑖) (2.42)

Concerning points 8 and 9, it is assumed in this case that the stiffeners indeed fulfill the requirements
given in section 9 of EN 1993-1-5.



3
Analysed panel

This section further specifies the stiffened panel and the loads and boundary conditions relevant for
the verification analysis.

3.1. Panel location
The specific panel that is analysed is a panel stiffened in the vertical direction. As stiffener profile a
bulb flat is used, which is a customary profile in the offshore and shipbuilding industry. The specific
panel analysed is a part of the northwall of the platform, referred to as ”bay-4-1”.

(a) The bay-4-1 panel located in the northwall. (b) The bay-4-1 panel in more detail.

Figure 3.1

3.2. Boundary conditions and dimensions
It is assumed that the panel is hinged on its four edges. This is a conservative assumption, as the
panel is more prone to buckling with hinged boundary conditions than with clamped boundaries. Also,
the verification analysis in EN-1993-1-5 assumes hinged boundaries for the stiffened and unstiffened
plates. Relevant dimensions are the stiffener spacing, global width and length, plate thickness and
stiffener details. The global width and length of the panel are 4000 [mm] and 2600 [mm], respectively.
There are 4 stiffeners so that the panels intermediate panel have a width of 800 [mm]. The plate thick-
ness is 8 [mm].

21
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3.3. Loads
There are three distinct in-plane loads that the panel is subjected to, which are longitudinal in-plane
stress 𝜎𝑥, transverse in-plane stress 𝜎𝑦 and a shear stress 𝜏. Besides these there is also out-of-plane
stress which is assumed to work on the unstiffened face of the panel denoted by 𝑃𝑠𝑑. The magnitudes
of the stresses are given in table 3.1. They are also indicated in figure 3.2a.

Stress Magnitude Unit
𝜎𝑥,𝐴 34 [MPa]
𝜎𝑥,𝐵 55.1 [MPa]
𝜎𝑦,𝐴 2.2 [MPa]
𝜎𝑦,𝐶 10.6 [MPa]
𝜏 62.3 [MPa]
𝑃𝑠𝑑 0.002 [MPa]

Table 3.1: Stresses in the analysed panel

(a) Loads and dimensions of the analysed panel (b) Reduction performed on bulb flat profile

Figure 3.2

3.4. Stiffeners
For the stiffener a so-called bulb flat profile is used. Because in the verification method in EN-1993-1-7
the thicknesses of elements of the structure must be reduced by a certain amount, a bulb flat is very
impractical to verify. Therefore the bulb flat is reduced to an angle profile, as shown in figure 3.2b. For
some calculations the stiffener properties of the original bulb flat are used as given in appendix E, for
these details it is advised to study the hand calculations given in the appendices.



4
Verification according to EN-1993-1-5

and EN-1993-1-7

4.1. Comparison of Eurocode methods
The objective is to describe the buckling for the in- and out-of-plane buckling according to Eurocode.
To do this, first a calculation sheet was set up in Excel for the effective width method for a snippet of
the analysed panel. This snippet is a panel that has only one stiffener, a width of 800 [mm] a length of
2600 [mm] and a thickness of 8 [mm]. The stiffener used in this snippet is a bulb flat ”180x11.5”. Figure
4.1 shows a schematic representation of this snippet.

Figure 4.1: The snippet of the plate used for the effective width method

This snippet is not representative for the true buckling behaviour of the analysed panel, as the anal-
ysed panel has a larger width than 800 [mm], and therefore shows more column-like behaviour than
the snippet. However, due to the fact that this snippet has only one longitudinal stiffener, it is relatively
easy to perform the reduced width method on this plate structure.

Next to the Excel sheet in which the reduced width method is used, an Excel sheet was set up in
which the reduced stress method is performed. Using the simplified case of the snippet of the anal-
ysed panel, a comparison can be made between the effective width method and the reduced width
method.

23
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For this comparison, the snippet is loaded with a uniform stress in the x-direction (parallel to the lon-
gitudinal stiffener). The uniform stress is increased in steps of 20 [MPa], until the unity checks of both
methods have surpassed the value of 1.

The results obtained are plotted and given in figure 4.2.

Figure 4.2: Unity check vs applied stress for effective width method and reduced stress method for a plate thickness of 8 [mm].

As mentioned in section 2.2, the plate buckling capacity found is usually higher for the effective width
method. This is probably because the effective width method uses partial factor 𝛾𝑚0 (for which 1 is
used), and the reduced stress method uses partial factor 𝛾𝑚1 (for which 1.1 is used). The higher
unity checks for buckling capacity in the effective width method is supported by the outcomes of the
comparison of the two excel calculation sheets, in which the effective width method indeed consistently
gives a lower unity check for equal applied stress than the reduced stress method. The comparison
was performed for 4 otherwise equal plates with thicknesses of 8 [mm], 10 [mm], 12 [mm] and 14 [mm].
The difference in unity check was calculated following equation 4.1.

𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝑈𝐶𝑟𝑒𝑑𝑢𝑐𝑒𝑑𝑠𝑡𝑟𝑒𝑠𝑠
𝑈𝐶𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑤𝑖𝑑𝑡ℎ

(4.1)

The difference found between the methods was very consistent for all applied stresses per plate thick-
ness. The results are summarised in table 4.1.

Plate thickness [mm] Difference [%]
8 6.61
10 1.96
12 7.26
14 9.37

Table 4.1: difference in unity check effective width method vs. reduced stress method

It is concluded that the reduced stress method and the effective width method are both options that
may be used for the verification of plate buckling. As described in section2.5, the reduced stress
method has one unity check in which the longitudinal in-plane normal stress (x-direction), transverse
in-plane normal stress (y-direction), and in-plane shear stress are directly inserted. The effective width
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method has distinct verification approaches for longitudinal stress, transverse stress, and shear stress.
Because the reduced stress method is slightly conservative compared to the effective width method
and because the verification is suitable for biaxial stress situations (𝜎𝑥 and 𝜎𝑦), the reduced stress
method is chosen as the method to use for the verification analysis.

4.2. Reduced stress method
The first step in the verification of an element is to determine the cross-section class of the element.
According to EN-1993-1-1, an internal compression element belongs to cross section class 4 when c/t
> 124𝜖. The assumption is made that the stiffened plate to be verified is indeed a class 4 member.

4.2.1. Verification under longitudinal in-plane normal stress and shear stress
Because EN-1993-1-5 gives no way to take the stresses perpendicular to the stiffeners into account for
global buckling, this verification disregards these stresses. Proposals to add stresses in the y-direction
in the verification are given in section 4.2.2.

The general approach of the verification is to first consider the global plate buckling. Then the lo-
cal plate buckling is considered. A brief example calculation is performed here, the total calculation
can be found in appendix B.

geometry and loads
The geometry and loads on the stiffened panel are given by figure 4.3.

Figure 4.3: Structural system sketch including loads and dimensions

The stiffener in this case is a bulb flat of the type ”180x9”. The relevant parameters are given in table
4.2.
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Parameter symbol value unit
height of web ℎ𝑤 166 [mm]
thickness of web 𝑡𝑤 9 [mm]
width of flange b 34 [mm]
thickness of flange 𝑡𝑓 14 [mm]
sec. moment of area strong axis 𝐼𝑦 6610900 [𝑚𝑚4]
distance center of gravity dx 107.4 [mm]
area A 2063 [𝑚𝑚2]

Table 4.2: relevant stiffener parameters (see appendix E)

Load amplifier global buckling behaviour
The verification starts with the global buckling behaviour. The critical buckling factor is found according
to equation 2.19. This results in:

𝑘𝜎,𝑝 = 1343.1[−]

With the critical buckling factor, the critical global plate-like buckling stress can be found according to
equation 2.1:

𝜎𝑐𝑟 = 𝑘𝜎 ∗ 𝜎𝐸 =
𝑘𝜎∗𝜋2∗𝐸
12∗(1−𝜈2) ∗ (

𝑡
𝑏 )
2 = 1343.1 ∗ 190000 ∗ ( 8

4000)
2 = 1020.76 [𝑀𝑃𝑎]

The next step is to calculate the critical shear buckling stress 𝜏𝑐𝑟𝑖𝑡. Using the effective cross-section
of a stiffener as given in figure 2.12 and the equations 2.38 and 2.39, the critical global shear buckling
factor is calculated. This results in:

𝑘𝜏 = 323.365 [−]

Critical global shear buckling stress can be calculated as:

𝜏𝑐𝑟 = 𝑘𝜏 ∗ 𝜎𝐸 =
𝑘𝜏∗𝜋2∗𝐸
12∗(1−𝜈2) ∗ (

𝑡
𝑏 )
2 = 323.365 ∗ 190000 ∗ ( 8

4000)
2 = 245.76 [𝑀𝑃𝑎]

With the global critical plate buckling stress 𝜎𝑐𝑟 and the global critical shear buckling stress 𝜏𝑐𝑟 the load
amplifiers 𝛼𝑐𝑟,𝑥 and 𝛼𝑐𝑟,𝜏 can be found by:

𝛼𝑐𝑟,𝑥 =
𝜎𝑐𝑟,𝑥
𝜎𝑥,𝐸𝑑

= 1020.76
55.1 = 18.525

𝛼𝑐𝑟,𝜏 =
𝜏𝑐𝑟,𝜏
𝜏𝜏,𝐸𝑑

= 245.76
62.3 = 3.9447

With the separate critical load amplifiers for x-direction and shear stress, the global critical load amplifier
𝛼𝑐𝑟 can be calculated using equation 2.36.

1
𝛼𝑐𝑟

= 1+𝜓𝑥
4𝛼𝑐𝑟,𝑥

+√( 1+𝜓𝑥4𝛼𝑐𝑟,𝑥
)2 + 1−𝜓𝑥

2𝛼2𝑐𝑟,𝑥
+ 1
𝛼2𝑐𝑟,𝜏

1
𝛼𝑐𝑟

= 1+0.617
4∗18.525 +√(

1+0.617
4∗18.525)

2 + 1−0.617
2∗18.5252 +

1
3.94472

The value for 𝛼𝑐𝑟 is found to be 3.605.

Load amplifier local buckling behaviour
A similar approach is followed for the local buckling. The panel subjected to the highest compressive
stresses is examined, as shown in figure 4.4

The critical buckling stress can be determined again by making use of equation 2.1. The critical buck-
ling factor 𝑘𝜎 can in this case directly be obtained from table 4.1 from EN-1993-1-5, as given in figure
2.6.
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Figure 4.4: Panel to be verified for local buckling

𝜓 = 𝜎2
𝜎1
= −50.88

−55.1 = 0.9234
𝑘𝜎 =

8.2
1.05+𝜓 =

8.2
1.05+0.9234 = 4.155

𝜎𝑐𝑟 = 𝑘𝜎 ∗
𝜋2∗𝐸

12∗(1−𝜈2) ∗ (
𝑡
𝑏 )
2 = 4.155 ∗ 190000 ∗ ( 8

800)
2 = 78.862 [𝑀𝑃𝑎]

The value for 𝜏𝑐𝑟 is also calculated making use of equations 2.1 and 2.38. This results in:

𝑎
ℎ𝑤
= 2600

800 = 3.25
𝑘𝑡𝑎𝑢 = 5.34 + 4 ∗ (

ℎ𝑤
𝑎 )

2 + 𝑘𝜏,𝑠𝑙 = 5.34 + 4 ∗ (
800
2600)

2 + 0 = 5.7187
𝜏𝑐𝑟 = 𝑘𝜏 ∗

𝜋2∗𝐸
12∗(1−𝜈2) ∗ (

𝑡
𝑏 )
2 = 5.7187 ∗ 190000 ∗ ( 8

800)
2 = 108.54 [𝑀𝑃𝑎]

Analogue to the global buckling, the factors 𝛼𝑐𝑟,𝑥 and 𝛼𝑐𝑟,𝜏 can be found by:

𝛼𝑐𝑟,𝑥 =
𝜎𝑐𝑟,𝑥
𝜎𝑥,𝐸𝑑

= 78.862
55.1 = 1.4313

𝛼𝑐𝑟,𝜏 =
𝜏𝑐𝑟,𝜏
𝜏𝜏,𝐸𝑑

= 108.54
62.3 = 1.7422

Again the critical load amplifier can be found according to:

1
𝛼𝑐𝑟

= 1+𝜓𝑥
4𝛼𝑐𝑟,𝑥

+√( 1+𝜓𝑥4𝛼𝑐𝑟,𝑥
)2 + 1−𝜓𝑥

2𝛼2𝑐𝑟,𝑥
+ 1
𝛼2𝑐𝑟,𝜏

1
𝛼𝑐𝑟

= 1+0.923
4∗1.4313 +√(

1+0.923
4∗1.4313)

2 + 1−0.923
2∗1.43132 +

1
1.7422

𝛼𝑐𝑟 = 0.9853
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Utilization
The values for the minimum load amplifiers for both global buckling and local buckling are now known.
Making use of these values, the unity check can be found. Again, first the unity check for the global
buckling is found, and then the unity check for the local buckling.

𝜎𝑣,𝐸𝑑 = √𝜎2𝑥,𝐸𝑑 + 3 ∗ 𝜏2𝐸𝑑 = √55.12 + 3 ∗ 62.32 = 121.16 [𝑀𝑃𝑎]

𝛼𝑢𝑙𝑡 =
𝑓𝑦
𝜎𝑣,𝐸𝑑

= 355
121.16 = 2.93

𝜆𝑝 = 𝜆𝑤 = √
𝛼𝑢𝑙𝑡
𝑎𝑐𝑟

= √ 2.93
3.605 = 0.901

The reduction factor for plate buckling 𝜌𝑝 can be calculated as:

𝜌𝑝 =
𝜆𝑝−0.055∗(3+𝜓

𝜆
2
𝑝

= 0.901−0.055∗(3+0.617)
0.9012 = 0.864

The reduction factor for shear stress 𝜒𝑤 is obtained making use of table 2.2:

𝜒𝑤 =
0.83
𝜆𝑤

= 0.83
0.901 = 0.921

The critical column buckling stress for global buckling is now needed in order to calculate the interaction
factor 𝜉. The critical buckling stress for column-like behaviour is found by:

𝜎𝑐𝑟,𝑐 =
𝜋2∗𝐸∗𝐼𝑠𝑙,1
𝐴𝑠𝑙,1∗𝑎2

∗ 𝜎1
𝜎𝑠𝑙,1

𝜋2∗210000∗26002293
8458.12∗26002 ∗ 55.1

50.88 = 1020.74 [𝑀𝑃𝑎]

The interaction factor is found as:

𝜉 = 𝜎𝑐𝑟𝑖𝑡,𝑝
𝜎𝑐𝑟𝑖𝑡,𝑐

− 1 = 1020.76
1020.74 − 1 = 0

To calculate the final reduction factor 𝜌𝑐, the reduction factor due to column buckling 𝜒𝑐 must be calcu-
lated according to:

𝜒𝑐 =
1

𝜙𝑝+√𝜙2𝑝−𝜆
2
𝑝

= 0.555

𝜙𝑝 = 0.5 ∗ [1 + 𝛼𝑒 ∗ (𝜆𝑐 − 0.2) + 𝜆
2
𝑐] = 1.126

𝛼𝑒 = 𝛼 +
0.09
𝑖/𝑒 = 0.49 +

0.09
55.446/84.229 = 0.6267

Finally the reduction factor 𝜌𝑐,𝑔𝑙𝑜𝑏 is calculated as:

𝜌𝑐 = (𝜌𝑝 − 𝜒𝑐) ∗ 𝜉 ∗ (2 − 𝜉) + 𝜒𝑐 = (0.864 − 0.555) ∗ 0 ∗ (2 − 0) + 0.555 = 0.555 (4.2)

For local buckling the plate slenderness 𝜆𝑝 is found as:

𝜆𝑝 = 𝜆𝑤 = √
𝛼𝑢𝑙𝑡
𝛼𝑐𝑟

= √ 2.93
0.9853 = 1.7244

And the reduction factor for plate buckling 𝜌𝑝 as:

𝜌𝑝 =
𝜆𝑝−0.055∗(3+𝜓

𝜆
2
𝑝

= 1.7244−0.055∗(3+0.923)
1.7072 = 0.5073

Again the reduction factor for shear stress is obtained making use of table 2.2:

𝜒𝑤 =
1.37

0.7+𝜆𝑤
= 1.37

0.7+1.7244 = 0.565
as 𝜆𝑤 > 1.08
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Again, in order to find the interaction factor 𝜉, the critical buckling stress for column-like behaviour must
be found. For an unstiffened plate the critical buckling stress for column-like behaviour is given by:

𝜎𝑐𝑟,𝑐 =
𝜋2∗𝐸∗𝑡2𝑝

12∗(1−𝜈2)∗𝑎2 =
𝜋2∗210000∗82

12∗(1−0.32)∗26002 = 1.796 [𝑀𝑃𝑎]

And:

𝜉 = 𝜎𝑐𝑟𝑖𝑡,𝑝
𝜎𝑐𝑟𝑖𝑡,𝑐

− 1 = 78.862
1.796 − 1 = 1

as 0 ≤ 𝜉 ≤ 1

For the final reduction factor 𝜌𝑝, only the reduction factor due to column buckling 𝜒𝑐 is needed, which
can be obtained as:

𝜒𝑐 =
1

𝜙𝑝+√𝜙2𝑝−𝜆
2
𝑝

= 0.2919

𝜙𝑝 = 0.5 ∗ [1 + 𝛼 ∗ (𝜆𝑐 − 0.2) + 𝜆
2
𝑐] = 2.1469

𝛼 = 0.21

Finally, the reduction factor 𝜌𝑐,𝑙𝑜𝑐 is obtained by:

𝜌𝑐 = (𝜌𝑝 − 𝜒𝑐) ∗ 𝜉 ∗ (2 − 𝜉) + 𝜒𝑐 = (0.5073 − 0.2919) ∗ 1 ∗ (2 − 1) + 0.2919 = 0.5073

To find the utilization of the structure, the minimum values for both the reduction 𝜌𝑐 and the reduction
factor for shear buckling 𝜒𝑐 must be used (Beg et al., 2011, p. 265)

This then results in the following reduction factors:

𝜌𝑥 = 𝑚𝑖𝑛(𝜌𝑐,𝑙𝑜𝑐 , 𝜌𝑐,𝑔𝑙𝑜𝑏) = 𝑚𝑖𝑛(0.5073; 0.555) = 0.5073
𝜒𝑥 = 𝑚𝑖𝑛(𝜒𝑙𝑜𝑐 , 𝜒𝑔𝑙𝑜𝑏) = 𝑚𝑖𝑛(0.565; 0.921) = 0.565

The utilization can finally be obtained by:

√( 𝜎𝑥,𝐸𝑑
𝜌𝑥∗𝑓𝑦/𝛾𝑚1

)2 + 3 ∗ ( 𝜏𝐸𝑑
𝜒𝑤∗𝑓𝑦/𝛾𝑚1

)2 ≤ 1

√( 55.1
0.5073∗355/1.1)

2 + 3 ∗ ( 62.3
0.565∗355/1.1)

2 = 0.681

It can be concluded that the panel fulfills the requirements given by EN-1993-1-5 for plate buckling.

4.2.2. Verification under biaxial in-plane normal stress and shear stress
Global buckling
In EN-1993-1-5, no method is given to find the global critical buckling stress for stress in the direction
perpendicular to the stiffeners (𝜎𝑦). This means that for global buckling the value for 𝛼𝑐𝑟𝑖𝑡,𝑦 can not be
found, and thus the value of the global minimum load amplifier 𝛼𝑐𝑟𝑖𝑡 can not be found if transverse load
is present, since 𝛼𝑐𝑟𝑖𝑡 is a function of 𝛼𝑐𝑟𝑖𝑡,𝑥, 𝛼𝑐𝑟𝑖𝑡,𝑦 and 𝜒𝑐𝑟𝑖𝑡,𝜏. It is therefore not possible to perform
the standard verification given by the unity check formula 2.33 making use of:

• min(𝜌𝑐𝑥,𝑔𝑙𝑜𝑏, 𝜌𝑐𝑥,𝑙𝑜𝑐)

• min(𝜌𝑐𝑦,𝑔𝑙𝑜𝑏, 𝜌𝑐𝑦,𝑙𝑜𝑐)

• min(𝜒𝑤,𝑔𝑙𝑜𝑏, 𝜒𝑤,𝑙𝑜𝑐)
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As the values for 𝜌𝑐𝑥,𝑔𝑙𝑜𝑏 and 𝜒𝑤,𝑔𝑙𝑜𝑏 are not found accurately.

A logical alternative would be to find the value for 𝛼𝑐𝑟𝑖𝑡,𝑔𝑙𝑜𝑏 from FE analysis or from EBPlate. However
this is also not possible, as EBPlate might give a local buckling mode for the given loads, and thus also
gives only 𝛼𝑐𝑟𝑖𝑡,𝑙𝑜𝑐 and not 𝛼𝑐𝑟𝑖𝑡,𝑔𝑙𝑜𝑏, as only the minimum of the two is given by EBPlate. Finally, it
is simply not justified to use only min(𝛼𝑐𝑟𝑖𝑡,𝑙𝑜𝑐, 𝛼𝑐𝑟𝑖𝑡,𝑔𝑙𝑜𝑏) to find the unity check (Zizza, 2016, p. 41).
Instead, the values min(𝜌𝑐𝑥,𝑙𝑜𝑐, 𝜌𝑐𝑥,𝑔𝑙𝑜𝑏), min(𝜌𝑐𝑦,𝑙𝑜𝑐, 𝜌𝑐𝑦,𝑔𝑙𝑜𝑏) and min(𝜒𝑤,𝑙𝑜𝑐, 𝜒𝑤,𝑔𝑙𝑜𝑏) should be used
(Beg et al., 2011, p. 265).

An option to determine a value for 𝜎𝑐𝑟𝑖𝑡,𝑦 is to assume that no stiffeners are present, and to find the
minimum value for 𝑘𝜎 by using formula 2.2 for n = 1 up to and including n = number of stiffeners.
This would give a very conservative value for 𝜎𝑐𝑟𝑖𝑡,𝑦. The stress in the direction perpendicular to the
stiffeners 𝜎𝑦 is taken as uniformly distributed for the reason described in section 4.2.2.

Figure 4.5: The number of half sine waves used to determine the minimum 𝑘𝜎

The second option is to check the stiffener for the requirements given in EN-1993-1-5 section 9, so
that local buckling is governing (which can be checked), as described by (Mensinger, 2016, p. 5).
Unfortunately due to time restraints, EN-1993-1-5 section 9 has not been taken into account in the
verification, and therefore the stress in y-direction is left out of the scope of this report.

Local buckling
In contrast to the global buckling case, the local minimum load amplifier 𝑎𝑙𝑝ℎ𝑎𝑐𝑟𝑖𝑡,𝑙𝑜𝑐 can be found for
panels subjected to bidirectional stresses, in very much the same way as for the unidirectional case.
However, in this case the buckling factor 𝑘𝑠𝑖𝑔𝑚𝑎 can not be found using table 4.1. The critical buckling
factor depends on aspect ratio, support conditions and the stress distribution. EN-1993-1-5 does not
take into account the aspect ratio as mentioned in section 2.3.1. It simply assumes a minimum plate
buckling factor of 4. For plates with very small aspect ratio’s (very wide plates), this is not accurate.
Because the verification of critical local buckling stress for the transverse direction is in this case a
very wide plate, the buckling factor 𝑘𝜎 is determined using equation 2.2 with m=1. This automatically
means that the stress distribution must be constant, as equation 2.2 is only accurate for simply sup-
ported plates with uniformly distributed stresses. In case the transverse stress acting on the plate is
linearly increasing, the maximum is taken and assumed to be uniformly distributed as a conservative
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approach.

Another difference with the longitudinal case is the determination of the reduction factor 𝜌𝑦. Accord-
ing to EN-1993-1-5 section 10.5(a), this reduction factor may be determined in the same way as 𝜌𝑥.
However, it is recommended by (Beg et al., 2011, p. 165) to use the equation given in EN-1993-1-5
B.1:

𝜌 = 1

𝜙𝑝 +√𝜙2𝑝 − 𝜆𝑝
(4.3)

𝜙𝑝 =
1
2 ∗ [1 + 𝛼𝑝 ∗ (𝜆𝑝 − 𝜆𝑝0) + 𝜆𝑝] (4.4)

In which:

• 𝜆𝑝0 = 0.8

• 𝛼𝑝 = 0.34 (assuming welded/ cold formed product)

No calculation of the column-like buckling reduction is needed, as a generalized buckling curve is used
(Derik, 2013, p. 51).

4.2.3. verification under longitudinal stress, shear stress and out-of-plane load
The verification of out-of-plane loading is done by taking the effective parts of the cross section and
reducing them with the factor 𝜌𝑐 as given in equation 2.42. The resulting grillage with the effective
area 𝐴𝑖 should be checked according to section 6.3.3 of EN-1993-1-1 (Eurocode 3 — Design of steel
structures — Part 1-7: Plated structures subject to out of plane loading, 2007, p.14).

The reduction factor due to global plate buckling of the stiffened plate segment 𝜌𝑐 only depends on
longitudinal in-plane stress, as the effective width method has to be used and there the shear stress
does not influence 𝜌𝑐. There is little information in the relevant Eurocodes (1-1,1-5,1-7) about the in-
plane shear force (Kleppe et al., 2021, p. 10). A significant reduction for out-of-plane capacity due to
the addition of in-plane shear stress is found from finite element simulations, but this reduction is not
proportional to the shear stress utilization (Kleppe et al., 2021, p. 11).

For the verification, the first step is to find the factor 𝜌𝑐, resulting from the interaction between column-
like and plate-like buckling.

Column-like buckling
The most compressed stiffener is governing for this verification:

𝜆𝑐 = √
𝛽𝐴,𝑐∗𝑓𝑦
𝜎𝑐𝑟,𝑐

= 0.41506

with:

𝛽𝐴,𝑐 =
𝐴𝑠𝑙,𝑒𝑓𝑓
𝐴𝑠𝑙,1

= 4189.7
8458.11 = 0.4953

With the slenderness 𝜆𝑐 the reduction factor due to column buckling 𝜒𝑐 can be found:

𝜙 = 0.5 ∗ [𝛼𝑒 ∗ (𝜆𝑐 − 0.2) + 𝜆
2
𝑐] = 0.6535

𝜒𝑐 =
1

𝜙−√𝜙2−𝜆
2
𝑐

= 0.8633



32 4. Verification according to EN-1993-1-5 and EN-1993-1-7

Plate-like buckling
Thewhole compressed area of the platemust be examined in order to find the relative plate slenderness
𝜆𝑝:

𝜆𝑝 = √
𝛽𝐴,𝑐∗𝑓𝑦
𝜎𝑐𝑟,𝑐

= 0.4155

with:

𝛽𝐴,𝑐 =
𝐴𝑐,𝑒𝑓𝑓,𝑙𝑜𝑐

𝐴𝑐
= 16788.73

33826.16 = 0.496

Because 𝜆𝑝 < 0.673:

𝜌𝑝 = 1

It should be noted that because in this case there are multiple stiffeners, unlike in the simplified case
used for the comparison between the effective width method and the reduced stress method in section
4.1, the values for 𝛽𝐴,𝑐 in plate like buckling and column like buckling differ.

Interaction plate-like and column-like buckling
𝜉 = 𝜎𝑐𝑟,𝑝

𝜎𝑐𝑟,𝑐
− 1 = 0

𝜌𝑐 = (𝜌𝑝 − 𝜒𝑐) ∗ 𝜉 ∗ (2 − 𝜉) + 𝜒𝑐 = 0.8633

Check according to EN-1993-1-1 6.3.3
With reduction factor 𝜌𝑐 known, the effective area can be calculated according to equation 2.42:

𝐴𝑖 = 𝜌𝑐(𝐴𝐿,𝑒𝑓𝑓 + ∑𝜌𝑝𝑎𝑛,𝑖𝑏𝑝𝑎𝑛,𝑖𝑡𝑝𝑎𝑛,𝑖) =
𝜌𝑐 ∗ (ℎ𝑤,𝑒𝑓𝑓 ∗ 𝑡𝑤 + 𝑏𝑓,𝑒𝑓𝑓 ∗ 𝑡𝑓 + [𝑏1,𝑖𝑛𝑓,𝑒𝑓𝑓 + 𝑏1,𝑠𝑢𝑝,𝑒𝑓𝑓] ∗ 𝑡𝑝) = 3617.015 [𝑚𝑚2]

And subsequently the second moment of area 𝐼𝑦 and moment of resistance 𝑊𝑦,𝑒𝑓𝑓,𝑚𝑖𝑛 can be found.
According to EN-1993-1-1 the characteristic resistance for uniform compression can be found as:

𝑁𝑅𝑘 = 𝐴𝑒𝑓𝑓 ∗ 𝑓𝑦 = 3617.015 [𝑚𝑚2] ∗ 355 [𝑁/𝑚𝑚2] = 1284040.27 [𝑁]

and design resistance for bending:

𝑀𝑦,𝑅𝑘 = 𝑊𝑦,𝑒𝑓𝑓,𝑚𝑖𝑛 ∗ 𝑓𝑦 = 43551631.7 [𝑁𝑚𝑚]
𝑀𝑧,𝑅𝑘 = 𝑊𝑧,𝑒𝑓𝑓,𝑚𝑖𝑛 ∗ 𝑓𝑦 = 46875116.9 [𝑁𝑚𝑚]

The critical buckling forces can be found as:

𝑁𝑐𝑟,𝑦 =
𝜋2∗𝐸∗𝐼𝑦
𝐿𝑐𝑟

= 5718089.835 [𝑁]

𝑁𝑐𝑟,𝑧 =
𝜋2∗𝐸∗𝐼𝑧
𝐿𝑐𝑟

= 6885173.25 [𝑁]

The value 𝜒𝑐 from column-like buckling as described in EN-1993-1-5 can be used for the value of 𝜒𝑦
(Kleppe et al., 2021, p. 6).

𝜒𝑐 = 𝜒𝑦 = 0.8634

𝜆𝑧 = √
𝑁𝑅𝑘
𝑁𝑐𝑟,𝑧

= 0.43185

𝜙𝑧 = 0.5 ∗ [1 + 0.49 ∗ (𝜆𝑧 − 0.2) + 𝜆
2
𝑧] = 0.65

𝜒𝑧 =
1

𝜙𝑧+√𝜙2𝑧−𝜆
2
𝑧

= 0.88



4.2. Reduced stress method 33

To find the interaction factors 𝑘𝑦𝑦, 𝑘𝑦𝑧, 𝑘𝑧𝑦, 𝑘𝑧𝑧 table A.1 is used from EN-1993-1-1, because table B.1
specifies only I-sections and RHS sections. First the values for 𝐶𝑚𝑦, 𝐶𝑚𝑧 (table A.2), 𝜇𝑦 and 𝜇𝑧 are
found as:

𝐶𝑚𝑦 = 1 + 0.03 ∗
𝑁𝐸𝑑
𝑁𝑐𝑟,𝑦

= 1.0022
𝐶𝑚𝑧 = 0.79 + 0.21 ∗ 𝜓 + 0.36 ∗ (𝜓 − 0.33) ∗

𝑁𝐸𝑑
𝑁𝑐𝑟,𝑧

= 1.0149
(The equivalent uniform moment factor 𝐶𝑚𝐿𝑇 is taken as 1)

𝜇𝑦 =
1− 𝑁𝐸𝑑

𝑁𝑐𝑟,𝑦
1−𝜒𝑦

= 0.989

𝜇𝑧 =
1− 𝑁𝐸𝑑

𝑁𝑐𝑟,𝑧
1−𝜒𝑧∗

𝑁𝐸𝑑
𝑁𝑐𝑟,𝑧

= 0.992

And with these the interaction factors can be found:

𝑘𝑦𝑦 = 𝐶𝑚𝑦 ∗ 𝐶𝑚𝐿𝑇 ∗
𝜇𝑦

1− 𝑁𝐸,𝑑
𝑁𝑐𝑟,𝑦

= 1.071

𝑘𝑦𝑧 = 𝐶𝑚𝑧 ∗
𝜇𝑦

1− 𝑁𝐸,𝑑
𝑁𝑐𝑟,𝑧

= 1.070

𝑘𝑦𝑦 = 𝐶𝑚𝑦 ∗ 𝐶𝑚𝐿𝑇 ∗
𝜇𝑧

1− 𝑁𝐸,𝑑
𝑁𝑐𝑟,𝑦

= 1.074

𝑘𝑧𝑧 = 𝐶𝑚𝑧 ∗
𝜇𝑧

1− 𝑁𝐸,𝑑
𝑁𝑐𝑟,𝑧

= 1.073

Figure 4.6: The equivalent beam under bending and axial compression

The equivalent beam under bending due to the out-of-plane load and normal force is given in figure
4.6. In the verification according to 6.3.3 EN-1993-1-1, an eccentricity moment Δ𝑀𝑦,𝐸𝑑 = 𝑒𝑁,𝑧 ∗ 𝑁𝐸𝑑 is
included to account for the shift in centroidal axis for a class 4 section. This moment is neglected in this
case. In case it would be taken into account, a constant bending moment opposite in sign to 𝑀𝑐𝑒𝑛𝑡𝑒𝑟 (
or𝑀𝑦,𝐸𝑑 ) is placed on the beam. Therefore, 𝑀𝑐𝑒𝑛𝑡𝑒𝑟 would be reduced, and not taking these moments
into account is therefore assumed to be a conservative assumption. (Kleppe et al., 2021, p. 6) also
suggest to neglect this eccentricity moment.

𝑀𝑦,𝐸𝑑 =
1
8 ∗ 𝑤𝑖𝑑𝑡ℎ ∗ 𝑃𝑠𝑑 ∗ 𝑙

2 = 1
8 ∗ (391.875 + 407.515) [𝑚𝑚] ∗ 0.002 [𝑁/𝑚𝑚

2] ∗ (2600 [𝑚𝑚])2 =
1350969 [𝑁𝑚𝑚]

In this case the panel is subjected to a linearly increasing longitudinal stress (-34 [MPa] to -55.1 [MPa]).
This gives a constant bending moment around the z-axis of the equivalent beam:
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𝑀𝑧,𝐸𝑑 =
1
2 ∗ (𝜎𝑠𝑡𝑖𝑓𝑓 −𝜎𝑖𝑛𝑓) ∗ 407.515 ∗ 𝑡𝑝 ∗

2
3 ∗ 407.515+

1
2 ∗ (𝜎𝑠𝑢𝑝−𝜎𝑠𝑡𝑖𝑓𝑓) ∗ 391.875 ∗ 𝑡𝑝 ∗

2
3 ∗ 391.875 =

1798476.57[𝑁𝑚𝑚]

Utilization
The reduction factor for lateral torsion buckling 𝜒𝐿𝑇 is not relevant in this verification (Kleppe et al.,
2021, p. 6). It is thus taken to be equal to 1. The equivalent beam is isolated in this verification, but in
reality it is part of the plate. The lateral torsion buckling effect of the equivalent beam is assumed to be
taken into account in the plate buckling verification, and lateral torsion buckling of only the stiffener is
assumed out of the scope of this verification.

The utilizations in 6.3.3 EN-1993-1-1 are given as:

𝑁𝐸𝑑
𝜒𝑦∗𝑁𝑅𝑘
𝛾𝑚1

+ 𝑘𝑦𝑦 ∗
𝑀𝑦,𝐸𝑑+Δ𝑀𝑦,𝐸𝑑
𝜒𝐿𝑇∗

𝑀𝑦,𝑅𝑘
𝛾𝑚1

+ 𝑘𝑦𝑧 ∗
𝑀𝑧,𝐸𝑑+Δ𝑀𝑧,𝐸𝑑

𝑀𝑧,𝑅𝑘
𝛾𝑚1

≤ 1

𝑁𝐸𝑑
𝜒𝑦∗𝑁𝑅𝑘
𝛾𝑚1

+ 𝑘𝑧𝑦 ∗
𝑀𝑦,𝐸𝑑+Δ𝑀𝑦,𝐸𝑑
𝜒𝐿𝑇∗

𝑀𝑦,𝑅𝑘
𝛾𝑚1

+ 𝑀𝑧,𝐸𝑑+𝑘𝑧𝑧∗Δ𝑀𝑧,𝐸𝑑
𝑀𝑧,𝑅𝑘
𝛾𝑚1

≤ 1

This gives the utilizations of 0.504 and 0.496. It can be concluded that the panel fulfills the requirements
given by EN-1993-1-7 for the combination of in-plane stress and out-of-plane stress.



5
Validation of minimum load amplifier

This chapter validates the accuracy of the minimum load amplifier obtained in chapter 4. For this,
multiple tools are available. A finite element model of the analysed panel is used, as well as an online
elastic buckling tool called EBPlate.

5.1. FE-model
A finite element model is set up of the analysed panel. For this model the software package ANSYS is
used.

5.1.1. Geometry
The geometry of the FE model is exactly equal to the geometry of the analysed panel, except for the
stiffeners. As explained in chapter 3, the bulb flat stiffener is converted to an angle profile with an
equivalent conservative cross section. In this equivalent cross section the web thickness 𝑡𝑤 and flange
thickness 𝑡𝑓 are not necessarily equal. In the elastic buckling tool EBPlate, angle profiles can only
be inserted if these parameters are equal. In order to make an objective comparison between the
results obtained from the FE-model and EBPlate, the stiffener in ANSYS was modeled with equal web
thickness and flange thickness. The geometric properties of the FE-model are given in table 5.1. In
EBPlate, the stiffener is inserted with h=18 [cm], b=3.4 [cm] and t=0.9 [cm] as shown in figure 5.3b.

(a) stiffened side (b) Unstiffened side

Figure 5.1: Geometry of the FE-model

35



36 5. Validation of minimum load amplifier

symbol description value unit
ℎ𝑤 height of stiffener web 171 [mm]
𝑡𝑤 thickn. of stiffener web 9 [mm]
b width of stiffener flange 34 [mm]
𝑡𝑓 thickn. of stiffener flange 9 [mm]
r fillet weld radius flange-web 4 [mm]
a length of panel 2600 [mm]
b width of panel 4000 [mm]
𝑡𝑝 thickness of plate 8 [mm]
n number of stiffeners 4 [-]

Table 5.1: Geometric properties of the FE-model

5.1.2. Mesh and analysis type
For the plate a mesh size of 24.0 [mm] is used. The stiffeners are given a smaller size of 12.0 [mm].
Altough not specified to the software explicitly, the mesh consists almost completely out of rectangu-
lar elements. This is the preferred element shape for the mesh for an element that consists out of
rectangles itself as well. A static structural analysis and an eigenvalue buckling analysis are carried
out.

(a) stiffened side (b) Meshing detail of the stiffener

Figure 5.2: Geometry of the FE-model

5.1.3. Boundary conditions and loads
Figure 5.3a shows the loads and boundary conditions imposed on the FE-model. Deformation in the
z-direction is prevented along all the edges of the panel, labelled ”A” in figure 5.3a. Deformation in the
x-direction is prevented on the right edge of the panel, labelled ”C” in figure 5.3a. Finally, deformation
in the y-direction is prevented in the bottom right point labelled ”H”.

The left edge is loaded with the linearly increasing load, with 34 [MPa] at the top left point of the panel
and 55.1 [MPa] at the bottom left point of the panel. All four edges of the panel are loaded with the
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shear stress of 62.3 [MPa].

(a) Loads and boundary conditions imposed on the model (b) Stiffener details as inserted in EBPlate

Figure 5.3

5.1.4. Stress distribution and deformation in the panel
The stress distribution and the deformations are checked after the static structural analysis is carried
out. The stress distribution is given in figure 5.4. The average stress in the panel amounts to 68.6
[MPa]. A maximum of 511.1 [MPa] is found at the connection of the bottom stiffener and the plate.

The stresses after the static structural analysis seem in the right order of magnitude. To check whether
the boundary conditions imposed on the model work as expected, the components of the deformation
of the model are examined. These deformations are given in figure 5.5. The deformation in x direction
is zero along the right edge as imposed by the boundary condition there. The deformation varies along
the x-axis due to the stress in that direction, and in a smaller degree along the y-axis due to the shear
stress. The deformation in y-direction is only due to the shear stresses. At the bottom right point the
deformation in y direction is zero as imposed by the boundary condition. The deformation in z-direction
is maximum in the bottom center of the panel, and zero around the edges. An important note for
figure 5.5 is that the shape of the panel is the deformed shape under the influence of the loads. The
skewedness is a result of the shear forces acting on the panel. The deformations are according to the
expectations given the boundary conditions and loads.

5.1.5. Eigenvalue buckling analysis
An eigenvalue buckling analysis is carried out on the panel. This analysis is validated by comparing it to
the outcomes of EBPlate. EBPlate is a tool which can be used to find critical buckling stresses and the
corresponding buckling modes of (un)stiffened plates (Centre Technique Industriel de la Construction
Metallique (CTICM)., n.d.). EBPlate gives a minimum load amplifier 𝜙𝑐𝑟𝑖𝑡 of 1.14, which is almost the
same as the load multiplier given by ANSYS of 1.15 for the first buckling mode. As a lower value for
the load multiplier is more conservative, it can be concluded that EBPlate is slightly more conservative
than the FE-model in this case. The buckling modes given by ANSYS and EBPlate look the same as
shown in figures 5.6a and 5.6b.

It is clear that the panel buckles locally. Although the stiffener in the bottom right in figure 5.6a undergoes
lateral torsion buckling, the panels between the stiffeners show buckling behaviour before the stiffener
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Figure 5.4: Stress distribution in the panel after static structural analysis

shows buckling behaviour. The calculation in section 4.2 gave a minimum load amplifier 𝛼𝑐𝑟𝑖𝑡 for local
buckling of 0.9853, which is rather conservative compared to the FE-model and EBPlate. This is logical,
as in the verification analysis in chapter4.2 the subpanel subjected to the highest stresses was checked
as if being a seperate panel with all four edges being simply supported edges. If this separate case is
analysed in EBPlate with simply supported edges, the minimum load amplifier obtained is 0.9927, as
shown in figure 5.7. It can be concluded that the hand calculation gives a value for the load amplifier
that is very close while slightly conservative compeared to EBPlate.

5.2. Validation of calculated load amplifier
The FE-model and EBPlate give the same result for the minimum load amplifier for the analysed panel
under the stresses given in chapter 3. It is concluded therefore concluded that this is a reliable value for
the minimum load amplifier. The next step is to compare values obtained from the calculation sheet and
values from EBPlate. For this comparison, the minimum load amplifier 𝛼𝑐𝑟𝑖𝑡 is calculated for the panel
with geometry as described in section 5.1.1, for increasing plate thicknesses. The stiffener in EBPlate
is again inserted with h=18 [cm], b=3.4 [cm], t=0.9 [cm]. In the excel calculation, the real properties of
the 180x9 bulb flat are used. The plate thickness is increased from 𝑡𝑝 = 6 [mm] to 𝑡𝑝 = 40 [mm] with
steps of 2 [mm]. The procedure is done for three load cases:

1. Uniformly distributed longitudinal stress 𝜎𝑥 of 100 [𝑁/𝑚𝑚2]

2. Uniformly distributed longitudinal stress 𝜎𝑥 of 100 [𝑁/𝑚𝑚2] and shear stress 𝜏 of 50 [𝑁/𝑚𝑚2]

3. Uniformly distributed longitudinal stress 𝜎𝑥 of 100 [𝑁/𝑚𝑚2] and shear stress 𝜏 of 100 [𝑁/𝑚𝑚2]

The results of the calculated minimum load amplifiers and the amplifiers from EBPlate are given in
figures 5.8 to 5.10. The first plate thickness at which local buckling has turned into global buckling is
given in the description of the graphs. In the Excel calculation this is the first plate thickness for which
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(a) Deformation x component (b) Deformation y component (c) Deformation z component

Figure 5.5

(a) First buckling mode in ANSYS (b) First buckling mode in EBPlate

Figure 5.6

𝛼𝑐𝑟𝑖𝑡,𝑔𝑙𝑜𝑏 is smaller than 𝛼𝑐𝑟𝑖𝑡,𝑙𝑜𝑐. In EBPlate a visual inspection of the post processing image was done
to assess whether local buckling had changed into global buckling.

It is observed that for loadcase 1 the minimum load amplifier increases exponentially until the point
where local buckling becomes global buckling. After this point, the minimum load amplifier decreases,
and then seems to increase again. For loadcase 2 and 3 similar phenomena are observed, altough
they become less pronounced especially for loadcase 3.

It is also clear that, the EN-1993-1-5 calculation and EBPlate give very similar results for loadcase
1, as the two lines are very close to one another. For loadcase 2 and in larger extent for loadcase 3,
the difference is larger. For all loadcases, EN-1993-1-5 surpasses EBPlate at the transition from local
to global buckling. Before and after this transition, EN-1993-1-5 gives lower and thusmore conservative
values than EBPlate.
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Figure 5.7: First buckling mode of most compressed subpanel in EBPlate

Figure 5.8: Load amplifier EBPlate vs. EN-1993-1-5 for loadcase 1. EN-1993-1-5: 𝑡𝑝 = 20 [mm], EBPlate: 𝑡𝑝 = 20 [mm]
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Figure 5.9: Load amplifier EBPlate vs. EN-1993-1-5 for loadcase 2. EN-1993-1-5: 𝑡𝑝 = 20 [mm], EBPlate: 𝑡𝑝 = 16 [mm]

Figure 5.10: Load amplifier EBPlate vs. EN-1993-1-5 for loadcase 3. EN-1993-1-5: 𝑡𝑝 = 18 [mm], EBPlate: 𝑡𝑝 = 12 [mm]





6
Validation of unity checks

The calculations as described in chapter 4 have been set up in a calculation sheet. With this sheet
unity checks of the analysed panel were compared to unity checks obtained from DNV-RP-C201. The
DNV-RP-C201 code was not studied in detail during this internship, but is merely used as means of
comparison for the developed Eurocode calculation sheets. The DNV-RP-C201 unity checks are in
this case obtained from a program called STIPLA. The stiffeners are in this program imported with their
real geometric properties as given in appendix E. STIPLA gives multiple unity checks, among which
UFp and UFs. The first concerning the plate buckling, the second concerning the stiffener buckling.
The UFp can be compared to the unity check from EN-1993-1-5, and UFs to the unity check from EN-
1993-1-7.

The panel as described in chapter 3 is studied for four plate thicknesses: 𝑡𝑝 = 8 [mm], 10 [mm], 12
[mm] and 14 [mm]. The panel is subjected to an increasing universally distributed longitudinal in-plane
stress 𝜎𝑥. Starting from 𝜎𝑥 = 20 [𝑁/𝑚𝑚2], the stress is increased with steps of 20 [𝑁/𝑚𝑚2] until all
the unity checks have surpassed the value of 1. The results are given in figure 6.1a until 6.2b. The
procedure is also carried out with a shear force of 50 [𝑁/𝑚𝑚2] applied to the panel, of which the results
are given in figure 6.3a until 6.4b. Finally, the verifications are carried out with a shear force of 100
[𝑁/𝑚𝑚2] applied to the panel, of which results are given in figure 6.5a until 6.6b.

6.1. Loadcase 1
For the cases in which the shear stress is zero, (figure 6.1a until 6.2b), it is observed that the unity
checks given by STIPLA and Eurocode are relatively similar. Especially for plate thicknesses 8 [mm]
and 10 [mm] this is the case. For all four plate thicknesses Eurocode gives slightly more conservative
results for both the stiffener and the plate unity checks compared to DNV. Notable is that DNV UFs
(grey line) is not linear, but shows a kink after a certain stress has been surpassed. As DNV-RP-C201
has not been studied in detail it is unknown why this is, but it is clear that EN-1993-1-7 (yellow line) and
DNV UFs (grey line) show less difference after the stress where this kink happens. Nevertheless, it is
evident that the difference between EN-1993-1-7 and DNV UFs becomes larger for thicker plates. The
difference between the unity checks for the plate EN-1993-1-5 (orange line) and DNV UFp (blue line)
are quite small for all plate thicknesses, and are actually largest for the thinnest plate with thickness 8
[mm].

6.2. Loadcase 2
For the plates subjected to a shear stress of 50 [MPa], the unity checks for the plates show large sim-
ilarity (UFp and EN-1993-1-5). For low values of 𝜎𝑥, EN-1993-1-5 gives more conservative values.
For increasing values of 𝜎𝑥, the difference between the unity checks becomes smaller, and for plate
thickness of 12 [mm] they even cross, so that from 120 [MPa] DNV UFp is more conservative than
EN-1993-1-5. Because the unity check given by EN-1993-1-7 is not dependent of the shear stress,
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(a) no shear stress, 𝑡𝑝 = 8[𝑚𝑚] (b) no shear stress, 𝑡𝑝 = 10[𝑚𝑚]

Figure 6.1

(a) no shear stress, 𝑡𝑝 = 12[𝑚𝑚] (b) no shear stress, 𝑡𝑝 = 14[𝑚𝑚]

Figure 6.2

the same lines are plotted as for the case without shear stress. For small plate thicknesses the result
is that DNV UFs is more conservative than EN-1993-1-7 by margin. For larger plate thicknesses this
effect becomes less pronounced, and for a plate thickness of 12 [mm] EN-1993-1-7 is already the more
conservative one of the two unity checks.

(a) Shear stress 𝜏 = 50[𝑀𝑃𝑎], 𝑡𝑝 = 8[𝑚𝑚] (b) Shear stress 𝜏 = 50[𝑀𝑃𝑎], 𝑡𝑝 = 10[𝑚𝑚]

Figure 6.3

6.3. Loadcase 3
In the final set of unity checks the panels are subjected to a shear stress of 100 [MPa]. The unity
checks for the plate UFp and EN-1993-1-5 again show quite some difference for low longitudinal stress
𝜎𝑥, similar to the case with a shear stress of 50 [MPa]. This difference again becomes smaller for
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(a) Shear stress 𝜏 = 50[𝑀𝑃𝑎], 𝑡𝑝 = 12[𝑚𝑚] (b) Shear stress 𝜏 = 50[𝑀𝑃𝑎], 𝑡𝑝 = 14[𝑚𝑚]

Figure 6.4

larger values of 𝜎𝑥. For a plate thickness of 10 [mm] the lines again cross, after which DNV UFp is
more conservative than EN-1993-1-5. As was the case for the shear stress of 50 [MPa], the stiffener
unity checks show large differences for small plate thicknesses in which DNV ismore conservative. This
difference becomes smaller for larger plate thicknesses, so that EN-1993-1-7 gives more conservative
values for the unity checks with longitudinal stresses of 120 [MPa] and 140 [MPa].

(a) Shear stress 𝜏 = 100[𝑀𝑃𝑎], 𝑡𝑝 = 8[𝑚𝑚] (b) Shear stress 𝜏 = 100[𝑀𝑃𝑎], 𝑡𝑝 = 10[𝑚𝑚]

Figure 6.5

(a) Shear stress 𝜏 = 100[𝑀𝑃𝑎], 𝑡𝑝 = 12[𝑚𝑚] (b) Shear stress 𝜏 = 100[𝑀𝑃𝑎], 𝑡𝑝 = 14[𝑚𝑚]

Figure 6.6

6.4. STIPLA calculations
The calculation details of the STIPLA software, which is based on the DNV-RP-C201, is given in ap-
pendix F. Shown are the analysed panel as described in section 3 under the loads as occurs in the
structure, one panel under loadcase 1, and one panel under loadcase 2 (the latter two are included in
the graphs above). The STIPLA software gave unity checks for the analysed panel under the stress
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state that occurs in the structure of 0.8 (UFs) and 0.69 (UFp). The STIPLA stiffener unity check is
higher than the calculated value of 0.504, probably because of the relatively high shear force of 62.3
[MPa]. The plate unity check of 0.69 is very close to the calculated value of 0.681.
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Conclusion

The results for the unity checks given by Eurocode and DNV are very similar for the case without shear
force. For larger plate thicknesses, EN-1993-1-7 becomes significantly more conservative than DNV
UFs. In all examined cases, Eurocode gives slightly more conservative results than DNV-RP-C201.

In case shear force is applied, the unity checks given by EN-1993-1-5 and DNV UFp show good sim-
ilarity. The results converge for higher values of longitudinal stress 𝜎𝑥. For the unity checks given by
EN-1993-1-7 and DNV UFs, this is not the case. For small plate thicknesses, EN-1993-1-7 gives a far
lower unity check than DNV UFs. The lines show more similarity for larger plate thicknesses, probably
because the shear stress has less influence on the plate if the thickness is larger. The above described
phenomena are true for both a shear stress 0f 50 [MPa] and 100 [MPa], although more pronounced in
the 100 [MPa] case.

The goal of this internship is to find a calculation method in Eurocodes to verify stiffened panels. More
specifically, the following research was formulated:

How can eurocode be used to verify the buckling strength of a stiffened steel panel subjected to bi-
axial in-plane normal stress, shear stress and out-of-plane loading?

Including the following sub-questions:

• Which eurocode checks and failure modes are relevant?

• How to validate the acquired results?

• To what extent do the ground truth results and acquired results compare?

The following conclusions are drawn:

• EN-1993-1-5 gives two methods to verify stiffened plated structures: reduced stress method (sec-
tion 10) and effective width (section 4, 5 and 6). Since a verification of a panel subjected to both
biaxial in-plane normal stress and shear stress is desired, the reduced stress method is selected
as the most suitable method. A calculation analysis performed taking into account uniformly
distributed longitudinal normal stress showed slightly more conservative results for the reduced
stress method as compared to the effective width method. This outcome is consistent with rele-
vant literature.

EN-1993-1-7 5.2.3.4 gives a simplified design model, giving conservative results. The model
gives a method to reduce the cross section of a stiffened plate to an equivalent column, and
refers to EN-1993-1-1 section 6.3.3 (Uniform members in bending and axial compression). As no
alternatives are given in Eurocode to verify plates subjected combinations of in- and out-of-plane
loading, this approach is concluded to be the verification strategy to be used.
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• The reduced stres method requires a value for the minimum load amplifier (𝛼𝑐𝑟𝑖𝑡. EN-1993-1-5
gives amethod to calculate this value analytically (eq. 10.6). This analytically calculatedminimum
load amplifier is checked for multiple plate thicknesses under a uniformly distributed longitudinal
normal stress and shear stress by making use of EBPlate. In all cases the analytically obtained
value for 𝛼𝑐𝑟𝑖𝑡 showed good similarity with the EBPlate value. For the panel described in chapter
3 the value for 𝛼𝑐𝑟𝑖𝑡 is checked with the analytical formula given in EN-1993-1-5 eq. 10.6, EBPlate
and ANSYS, which showed great similarity. Transverse in-plane normal stress was not included
in the validation of the minimum load amplifier, for reasons described in section 4.2.2.

The unity checks are validated by making use of another existing design verification, DNV-RP-
C201. The unity checks are calculated making use of EN-1993-1-5 and EN-1993-1-7 for the
panel with geometry as described in 3, and compared to the unity checks UFs and UFp given by
the program STIPLA, which performs the calculations given in DNV-RP-C201. Better would be
to do the validation of unity checks by making use of a finite element software package such as
ANSYS. However, due to time restraints this was omitted from the analysis.

• The analytically calculated unity checks obtained from EN-1993-1-5, EN-1993-1-7/EN-1993-1-1
are compared to the unity checks UFp and UFs given by DNV-RP-C201. Very good similarity is
found for the loadcase of only longitudinal in-plane normal stress. For larger plate thickness EN-
1993-17 is significantly more conservative than DNV-RP-C201 UFs. This is consistent with the
statement in EN-1993-1-7 that this concerns a simplified design model that gives conservative
estimates.

In case shear force is applied, the unity checks given by EN-1993-1-5 and DNV UFp show good
similarity. The results converge for higher values of longitudinal stress 𝜎𝑥. For the unity checks
given by EN-1993-1-7 and DNV UFs, this is not the case. For small plate thicknesses, EN-1993-
1-7 gives a far lower unity check than DNV UFs. The lines show more similarity for larger plate
thicknesses, probably because the shear stress has less influence on the plate if the thickness
is larger. The above described phenomena are true for both a shear stress 0f 50 [MPa] and 100
[MPa], altough more pronounced in the 100 [MPa] case.

A direct answer to the main research question is not easily given, as a way to verify stiffened panels
subjected to the combination of biaxial in-plane normal stress, shear stress and out-of-plane loading
is not found in Eurocode. In case only longitudinal in-plane normal stress and out-of-plane loading are
concerned, the reduced stress method can be used to find unity checks close to the ones given by
the DNV-RP-C201 design code. In case shear stress is added, the unity checks obtained show larger
differences compared to DNV-RP-C201, especially the out-of-plane check given by EN-1993-1-7 gives
results for plate thicknesses of 8 [mm] and 10 [mm] that do not match up well with the values given by
DNV-RP-C201.



8
Recommendation

The verification analysis described in this internship report is used to set up an Excel calculation tool,
that calculates unity checks for panels subjected to both in-plane stress and out-of-plane loads. After
the execution of the internship, engineers have slightly modified it in layout, in order to make it more
presentable to the client. The following recommendations are made for the practical use of this sheet:

• In case a verification analysis is performed on a panel that is subjected to a stress state in which
transverse in-plane normal stress (𝜎𝑦) is not present, the standard calculation approach based on
the approach as described in sections 4.2.1 and 4.2.3 can be followed. This analysis completely
follows the rules as given in the relevant Eurocodes.

• In case a verification analysis is performed on a panel that is subjected to a stress state in which
transverse in-plane normal stress (𝜎𝑦) is present, a slightly different verification analysis must be
followed. In this case, an analytically obtained value for the unity check for global buckling can not
be found for reasons described in section 4.2.2. Therefore it is recommended in these cases to do
a verification based on local buckling of the normative subpanel (in case of equal dimensions this
is the most compressed one, in case of varying dimensions and stresses all subpanels must be
checked). In order to guarantee the stiffeners will not buckle, they must be checked to comply with
the rules as given in section 9 of EN-1993-1-5. For this local buckling verification the reduction
factor 𝜌𝑦 should be found according to the formulas 4.3 and 4.4 as given in EN-1993-1-5 B.1 and
recommended by (Beg et al., 2011, p. 165).

• The verification for the out-of-plane loading in the performed calculations only depends on reduc-
tion factor 𝜌𝑐 and thus only on the amount of longitudinal in-plane normal stress 𝜎𝑥 as described
in section 4.2.2. It could be checked whether the results for the unity checks for out-of-plane load-
ing are more similar to the DNV checks in case 𝜌𝑐,𝑔𝑙𝑜𝑏 as given by equation 4.2 is used instead
of the reduction factor 𝜌𝑐 that is based on the effective width method and thus only depends on
longitudinal stress. Especially for panels subjected to high values of shear force this could be a
better option. This option however is not possible in case also transverse in-plane normal stress
is present for reasons described in section 4.2.2.

• As described in section 2.6 points 8 and 9, the longitudinal stiffeners must fulfill the requirements
given in section 9 of EN-1993-1-5 in order for the verification for out-of-plane loading to be valid.
Among these are requirements concerning lateral torsion buckling. As observed in the ANSYS
first buckling mode (figure 5.6a), some of the stiffeners show some degree of lateral torsion buck-
ling. As already mentioned in this recommendation chapter, a verification of the stiffeners accord-
ing to EN-1993-1-5 is recommended in order to make sure local buckling is governing the design
in case of transverse in-plane normal stress. It is recommended to also subject the stiffeners
to this verification in case no transverse stress is present in order to prevent the lateral torsion
buckling of the stiffeners.
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