Finite Element Analysis of the
Vasa’s Bottom Structure

Master Degree Project in Applied Mechanics
One year Level 30 ECTS
Autumn term 2011
Armanj Dabbagh
Carlos Garza
Supervisors: M.Sc. Tomas Walander
Dr. Anders Biel
Examiner: Prof. Ulf Stigh

Finite Element Analysis of the Vasa’s Bottom Structure 2011

Preface
This thesis work is submitted by both authors in partial fulfillment of the requirements for
the Master's Degree in Applied Mechanics at the University of Skövde. The project has
been conducted solely by the authors. Some of the text, however, is based on previous
investigations and we have done our best to provide references to these sources. We dealt
with several subjects in an attempt to give this thesis a broad perspective combining
aspects of history and engineering analyses.
We would like to express our sincere gratitude to our project supervisors M.Sc. Tomas
Walander, Dr. Anders Biel and also to our project coordinator M.Sc. Anders Ahlgren of
the Vasa Museum. Moreover, we would also like to thank Dr. Kent Salomonsson and
M.Sc. Alexander Eklind for their great help and valuable comments.

I

Finite Element Analysis of the Vasa’s Bottom Structure 2011

Abstract
The royal warship Vasa sank on its maiden voyage outside Stockholm and was salvaged
more than 300 years later in 1961. Nowadays the vessel lies in its eponymous museum in
Stockholm on a dry dock. However, it was determined that the ship cannot handle its own
weight in a satisfactory manner with the current support system. Measurements during
the past ten years have ascertained that the upper structure components of the hull are
slowly deforming, mostly due to creep behavior.
A new support system for the ship needs to be designed in the near future and therefore,
the mechanical behavior of its structural members and the stresses they are subjected to
have to be determined. Factors that complicate a stress analysis include both
inhomogeneity of the oak’s mechanical properties and limited opportunities for
experimental

testing.

Furthermore,

contamination,

microbial

degradation

and

preservation agents have significantly changed the integrity of the oak.
In this project a section of the Vasa’s bottom structure is studied through Finite Element
Analysis in order to determine the stresses and deformations originated by the support
system and to have a better understanding of these effects on the ship’s structure. Due to
the considerable deterioration of the oak, especially on the external structural members,
several assumptions are considered in order to perform analytical calculations to
determine appropriate material properties for the FE-Models.
After performing the computational simulations, the obtained results indicate that the
bottom structure exhibits sufficient mechanical integrity to endure the stresses generated
by the support system. Even by assuming the possibility of several damaged structural
connections, only a minor difference of the effects of the reaction forces on the structure
members was determined.
The thesis work ends with further conclusions from the performed analysis and suggested
future work.
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Objective
The main objective of this project is to create and analyze a finite element simulation of a
section of the Vasa’s bottom structure, which is exposed to reaction forces from the
support system.
This analysis will be useful to estimate how this section of the ship responds to the effects
generated by the current support system and to find out where the significant
deformations and stresses can be detected. Additionally, this study will also help to
determine if the produced stresses are widely transmitted to the upper structural
members.
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1

Background

The Vasa, which is illustrated in figure 1.1, is a Swedish warship built by the order of
King Gustav Adolf II of Sweden between 1626 and 1628. The ship’s dimensions are
about 69 meters in length, 11.7 meters in width and 52.5 meters in height. It was armed
with 64 cannons and had an approximate crew capacity of one hundred sailors and three
hundred soldiers [1].

Figure 1.1 Illustration of the Vasa ship

The ship's construction was plagued by frequent interference from the king.
Shortly after the keel was laid, he became aware of similar constructions in competing
nations and put pressure on the builders to make the ship significantly longer. The master
carpenter, who until then had supervised the construction, fell ill and died leaving his
inexperienced trainees, widow and brother the responsibility of continuing without
having technical knowledge of the construction.
After the elongation of the ship the king then obtained the notion of adding a
supplementary deck of guns. It was the best equipped and most heavily armed of that
time, but it was too long and too high, especially compared to the width of the ship. The
heavy weight at high elevation and the position of the mass center made it dangerously
unstable. An improvement in stability was obtained by increasing the weight, but at the
cost of greater immersion of the hull.
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1.1

The Test

As usual at that time, the decorative superstructure on warships played an important role
and the Vasa’s was no exception. The ship had all sides covered with wooden statues and
flags. Moreover, tons of paintings, furniture, pottery and glassware were taken on board,
precisely as desired by the king and because of that the level of immersion of the hull
became dangerously close to the doors of the cannons [1].
The standard test of stability of that time was performed by having thirty sailors run
simultaneously from one side of the ship to the other in order to swing it. When this was
carried out, the vessel swung dramatically and the test had to be stopped. Since no one
had the courage to inform the king, the ship was declared ready to proceed to sea, even
though it was not stable enough.

1.2

The Inauguration and the Disaster

Upon departure, many guests came on board at the last minute. On August the 10th, 1628
the vessel hoisted the sails on its maiden voyage off the port of Stockholm where it was
built.
Just outside the harbor, after a few kilometers at sea, a gust of wind made the ship tilt to
one side, but the pilot managed to straighten due to his expertise. However, after a second
gust of wind, it tilted back and water began to enter rapidly through the doors of the guns.
Thereafter, the ship sank quite quickly into the Baltic Sea reclining on a muddy shallow
(the marine region around Stockholm is basically a lagoon). The victims of the disaster
were about fifty, including wives and children of crew members [2].

1.3

The Recovery

Over time even the exact location of the wreck was forgotten until 1956. Anders Franzén,
a Swedish marine technician, thought about the possibility of bringing the ship up from
sea bottom.
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The water of the Baltic Sea has specially optimal conditions for the preservation of a
wreck made of wood, because its quite low salinity does not allow the presence of the
"ship worms" that eat wood. Additionally, the constant low temperature a few meters
below the surface, the anoxic environment and the good solid oak used to construct the
hull helped preserve the ship.

Figure 1.2 The Vasa ship being salvaged in 1961

Franzén found the Vasa in an upright position to a depth of almost 30 meters. The vessel
was raised by digging six tunnels under the hull through which steel cables were passed
and connected to a lift [2]. The ship was elevated from the bottom, laid down on a
platform and slowly moved to the coast near the place where a laboratory-yard (later
Museum) had been built for the repair and reconstruction of it. This was conducted on the
24th of April, 1961 (see figure 1.2).

1.4

The Restoration

The wreckage was taken as soon as possible to the laboratory building, in which the
structure was placed. The doors of the guns were closed and nails used to fasten several
structural components were restored because the original iron nails were severely
corroded.
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For preservation purposes the ship was sprayed over seventeen years with polyethylene
glycol (PEG) with the addition of borax and boric acid as a fungicide. Recent studies,
however, have shown that this method of storage makes wood brittle over time [3].

Figure 1.3 The Vasa Museum

The magnificent warship is now on display at the Vasa Museum in Stockholm, which
was opened in June 1990 by King Carl XVI Gustaf of Sweden (see figure 1.3). The
museum is one of Sweden's most popular tourist attractions and has been visited by more
than 30 million visitors since 1961.
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2

Introduction

The bottom structure of the ship consists of three essential parts: planking, frame and
ceiling, which are connected by dowels, as illustrated in figure 2.1. The structure can be
seen as a sandwich structure which consists of three oak plies with different fiber
directions and thicknesses. This section is supported by stanchions with wooden wedges
which unfortunately create an uneven stress distribution on the ship. The support system
should be equally distributed over the several structural members in order to reduce the
local stresses to avoid further deformations on the hull.

Figure 2.1 Bottom structure of the Vasa ship.

The bottom section is a significant part to be analyzed since the loads generated by the
support system are transmitted directly to this area. At some distances, additional
structural members called riders are placed to distribute the loads. However, the supports
are not placed at the same positions as the riders and accordingly, the ship’s bottom is
exposed to shear forces and bending moments, which might have caused the upper area
of the ship to be slowly deforming during the last years.
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The dowels play a significant role in keeping the bottom structure fastened, therefore,
their mechanical integrity and the conditions controlling their function must be well
known. These structural elements are made of oak and their dimensions are about 0.5 m
in length and 3 cm in diameter (see figure 2.2).

10 cm

20 cm

30 cm

40 cm

50 cm

Ø 3 cm

Figure 2.2 Picture showing the approximate dimensions of a dowel

In order to provide the bottom structure with a strong firmness and endurance, wedges
were used on both ends of each dowel to seal them to the ceiling and the planking (see
figure 2.3).

Wedge at the
end of the dowel

Figure 2.3 Picture showing the wedges used on the ends of the dowels

However, due to the oak’s shrinking caused by drying and the chemical preservation
process, large areas of the bottom section have nowadays lost direct contact between its
structural components, so the dowels partially carry the generated stresses.
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3

Mechanical Integrity of the Vasa’s Oak

Due to the long period the ship remained under water as well as the preservation process
by chemical agents after being salvaged, the Vasa’s oak is noticeably deteriorated,
especially on external structural members, as illustrated in figure 3.1. This was
corroborated through several experiments including longitudinal tensile and radial
compression testing [3].

E1 = 0 G P a

Ceiling
Frame

E 1 = 9 .5 G P a

Planking
E1 = 0 G P a

Figure 3.1 Illustration of the bottom structure components depicting
the deterioration on the external surfaces.

Mechanical properties of wood are highly dependent on several variables of which
density, fiber angle and especially moisture content are the most significant. Even a slight
variation of this last factor can alter the strength and the stiffness considerably. After
performing an oven-drying test to analyze and compare the moisture content of several
wood specimens, it was determined that fresh European oak had a higher level of
moisture than pieces taken from the Vasa [4].
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It is known that wood swelling
welling induced by moisture contributes to the reduction of
mechanical properties. However,
owever, this process is often des
desired
ired in order to preserve the
material in this condition because wood drying causes material shrinkage, which
commonly results in cracks formation
formation. The procedure is quite common in archaeological
wood, where drying causes the deterioration of cells resulting
ng in considerable
deformations and reduction of physical strength.. Under these circumstances, water is not
an optimal substance for wood swelling and several chemical agents with the capability
to maintain the cellular walls in a swollen state are applied instead. Polyethylene glycol
(PEG) is an impregnation agent commonly used for preservation (surface and
dimensional stabilization) of both fresh and old wood, which was sprayed on the Vasa’s
oak. Nevertheless, investigations into the effects of polyethylene
olyethylene glycol on the
mechanical integrity of wood are not common in published material.

Figure 3.2
.2 Oak pieces soaked in polyethylene glycol

In figure
igure 3.2 several oak pieces entirely soaked in PEG are shown. This resulted in a
declination of around 42 % in their stiffness and approximately 56 % in strength. In the
case of an oak specimen from the Vasa
Vasa,, which was sprayed with polyethylene glycol for
several years, testing results indicate a very slight reduction of 2 % in compressive
compre
stiffness in the longitudinal direction although the compressive strength declined about
30 % [4].
8 of 36

Finite Element Analysis of the Vasa’s Bottom Structure 2011
Since the structure of wood is heterogeneous, the mechanical behavior is considered to be
different depending on the loading mode (tension, compression, shear, etc.) and the
loading direction (longitudinal, tangential or radial), see figure 3.3.

Figure 3.3 The three principal axes of wood with respect to fiber
direction and growth rings [5].

Table 3.1 presents the results of a series of previous compressive tests performed on the
Vasa’s oak from the bottom structure in order to determine its mechanical integrity [4].
E1

E2

E3

(GPa)

(GPa)

(GPa)

9.5

2.2

1.1

v1 2

v13

v23

0.35

0.45

0.56

G12

(GPa)

G13

G 23

(GPa)

(GPa)

4.39

4.51

0.86

Table 3.1 Mechanical properties obtained from material testing.

The material properties listed above are the Young’s modulus E, the Poisson’s ratio ν and
the shear modulus G in longitudinal (1), tangential (2) and radial (3) directions.
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3.1

Material Properties: Frame

Since the frame is covered by ceiling and planking, it is presumed that this structural
member was scarcely affected by deterioration. Therefore, the material properties
mentioned in table 3.1 have been used in order to simulate its mechanical behavior on the
FE-Models.

3.2

Material Properties: Ceiling and Planking

However, an optical inspection of the ceiling and planking, which have an individual
thickness of 100 millimeters each, clearly indicates that their external surfaces have
reduced mechanical properties compared to a well-conserved central area due to the oak
deterioration.

100
90
80

Depth (mm)
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60
50

40
30
20
10
0

0

10

20
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40

50

60

70

80

90

100

Mechanical Integrity Percentage (%)

Figure 3.4 Assumed damage distribution on the ceiling and planking.

Previous investigations determined that the outer 8 millimeters of the surfaces on the
ceiling and planking are totally damaged by deterioration [4]. It is assumed that beyond
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this affected area, the deterioration of these structural members linearly declines until
reaching after a depth of 18 millimeters an almost undamaged zone, which resembles the
mechanical integrity of the frame (see figure 3.4).
When working with computational analyses it is essential to use precise material
properties of the modeled elements in order to obtain accurate results from the
reproduced simulations. Therefore, a procedure consisting in analytical calculations is
performed in order to obtain appropriate material properties for ceiling and planking
taking their deterioration into account.

Ⓐ

Fully damaged zone

Ⓑ

Variably damaged zone

Ⓒ

Barely damaged zone

1
2
3
4
5
6
7
8
9
10
11
12
13
14
.
.
.
.
.
.
.
.
.
.
46
47
48
49
50

Ⓐ
Ⓑ

Ⓒ

Figure 3.5 Representation of a ceiling as laminate divided into fifty layers of
two millimeters each.

For analytical purposes, the bottom structure is assumed as a composite material, in
which the ceiling and planking (since they have the same dimensions) are divided into 50
layers of 2 millimeters (figure 3.5), with the consideration that their external layers have
less mechanical integrity in order to simulate the deterioration of the oak and thus, to
obtain accurate material properties for these structural components.
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Some of the most important mechanical properties of a composite material with irregular
physical integrity on its different layers are the effective engineering constants, which are
the effective extensional modulus in the x direction E x , the effective extensional modulus
in the y direction E y , the effective Poisson’s ratio v xy , and the effective shear modulus in
the x-y plane G xy .
For this case, it is necessary to calculate these effective engineering constants for the
assumed ceiling and planking laminate to simulate their mechanical integrity during the
computational analyses of the FE-Models.
The materials properties required to start the calculations in this case are the elastic
constants of each unidirectional layer, which are the longitudinal Young’s modulus E1 ,
the transverse Young’s modulus E2 , the in-plane shear modulus G12 , the major Poisson’s
ratio v12 and the minor Poisson’s ratio v21 .
The procedure initiates with the calculation of the stiffness matrix [Qij] for plane stress,
also called reduced stiffness matrix, referred to the principal material axes [7].
 Q11

[Qij ] = Q21
 0


Q12 0 

Q22 0 
0 Q66 

(3.1)

where the individual terms are

E1
1 − v12 v21
E2
Q22 =
1 − v12 v21
v E
v E
Q12 = Q21 = 21 1 = 12 2
1 − v12 v21 1 − v12 v21
Q66 = G12
Q11 =

(3.1a)
(3.1b)
(3.1c)
(3.1d)
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The fiber orientation θ of every layer of the bottom structure components must be

indicated through the transformation matrix [T] since the layers direction considerably
affects the magnitudes of the material properties of the analyzed structural members.
 m2

T  =  n 2

 − mn

n2
2 mn 

m 2 − 2 mn 

mn m 2 − n 2 

(3.2)

m = cos θ
n = sin θ

The transformation matrix is used to convert the stiffness matrix from material to
coordinate system directions. Since the ceiling and planking are separately analyzed, the
fibers have the same direction and therefore, an orientation of 0° is assigned to each layer
of these structural members.
The layer’s stiffness matrix and the transformation matrix are necessary to obtain the
transformed stiffness [Qxy] of every layer referred to the laminate coordinate system (x,y),
as indicated in equation 3.3.

Qxx Qxy

Qyx Qyy

 Qsx Qsy

2Qxs 
 Q11 Q12
0 



1
−
2Qys  = T  Q21 Q22
0  T 

 0
0 2Q66 
2Qss 


(3.3)

By using equations 3.4 the calculation of the laminate stiffness matrices [A], [B], and [D]
is performed, which are the average elastic parameters of the laminate [7]:

•

Aij are extensional stiffnesses, or in-plane laminate moduli, relating in-plane loads
to in-plane strains.

•

Bij are coupling stiffnesses, or in-plane/flexure coupling laminate moduli, relating
in-plane loads to curvatures and moments to in-plane strains.

•

Dij are bending or flexural laminate stiffnesses relating moments to curvatures.
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n

Aij = ∑ Qijk ( zk − zk −1 )
k =1

1 n k 2
Bij = ∑ Qij ( zk − zk −12 )
2 k =1
1 n k 3
Dij = ∑ Qij ( zk − zk −13 )
3 k =1

where i, j = x, y , s

(3.4)

The mere presence of Bij implies coupling bending and an extension of a laminate
because forces and curvatures as well as moments and strains exist simultaneously.
Therefore, it is impossible to pull on a laminate that has Bij terms without at the same
time bending and/or twisting of a laminate. Also, such a laminate cannot be subjected to
moment without at the same time suffering extension of the middle surface.
In this case, a constant thickness of 2 millimeters is assigned for each layer k. The
resulted laminate is then formed by 50 layers with the same dimensions and orientations.
However, since oak deterioration is taken into account only on one side of the laminate,
the material properties differ, therefore, the laminate cannot be considered as symmetric
and Bij ≠ 0.

Thereafter, the calculation of the laminate compliance matrix [a] can be performed
applying equation 3.5.

{

[a] = [ A−1 ] − [ B*][ D *−1 ]}[C*]

(3.5)

where,
[ B*] = −[ A−1 ][ B]
[C*] = [ B][ A−1 ]

{

[ D*] = [ D] − [ B][ A−1 ]}[ B]

By using equations 3.6 the laminate engineering properties referred to the x- and y-axes
can be determined. The total laminate thickness h is necessary to perform this calculation,
which is the ceiling and planking thickness (0.1 m) in this case.
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Ex =

1

(3.6a)

a11h
1
Ey =
a22 h
1
G xy =
a66 h
a h
v xy = − 21
a11h

(3.6b)
(3.6c)
(3.6d)

where E x is the average laminate Young’s modulus in the x direction, E y is the average
laminate Young’s modulus in the y direction, G xy is the average laminate shear modulus
and v xy is the average laminate Poisson’s ratio.
The FEM-Software used in this project to create the simulations is ABAQUS/CAE, which
requires the mechanical properties of the ceiling, frame and planking in the material
directions (1,2,3).

Therefore, the principal axes (x,y,z) of the bottom structure

components on the simulations were aligned in the material directions of each structural
member and therefore, the laminate engineering properties are assigned as E 1 for E x ,

E 2 for Ey , G12 for G xy and v12 for vxy .
Wood is identified as an orthotropic material, whose mechanical properties (such as
strength and stiffness) differ along each axis, and it is hence best described by nine
independent elastic constants: E1, E2 , E3 , G12 , G13 , G23 , v12 , v13 and v23 , where E is
denoted as Young’s modulus,

v

is the Poisson’s ratio and G is the shear modulus in

longitudinal, tangential and radial direction, respectively.
During the computational analyses, these nine mechanical properties are required to
define the FE-Models as orthotropic materials. Therefore, several assumptions are
considered in order to successfully use the materials properties for the ceiling and
planking obtained from the analytical calculations.
For this case, the following assumption is taken into account: v13 = 0.448 and

v23 = 0.559 [5].
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The material was assumed to be twice stiffer in the tangential direction in comparison to
the radial direction [4].
(3.7)

E2 = 2E3

General equations for orthotropic materials were considered to determine the mechanical
properties in the required directions [6].

vij v ji
=
Ei E j
Gij =

(3.8)

Ei
2(1+ v ji )

(3.9)

where,

i =1,2,3 and j = 1, 2,3
Table 3.2 presents the results determined from performed the analytical calculations.

E1
(GPa)

E2
(GPa)

E3
(GPa)

7.93

1.83

0.91

v12

v13

v 23

0.333

0.448

0.559

G12

G13

G 23

(GPa)

(GPa)

(GPa)

3.66

3.77

0.71

Table 3.2 Mechanical properties from the numerical calculations

The material properties listed are the effective Young’s modulus E , Poisson’s ratio v
and shear modulus G in longitudinal (1), tangential (2) and radial (3) directions.
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The flowchart in figure 3.6 illustrates the analytical process that is performed in this
project to obtain the effective engineering constants [7].

E1, E2 , G12 , v12 , v21
[Q ]1,2

θk

Engineering constants of each layer.
Principal layer stiffnesses.
Fiber orientation of layer k.

[Q]k x, y

zk , zk−1

Transformed layer k stiffnesses referred to x-y system.
Location of layer surfaces.

[ A]x, y ,[ B]x, y ,[ D]x, y
[ a ]x , y
h

Laminate stiffness matrices referred to x-y system.
Laminate extensional compliance matrix.
Total laminate thickness.

E x , E y , G xy , v xy
Ei
vij v ji
= , Gij =
2(1+ v ji )
Ei E j

E1, E2 , E3 , G12 , G13, G23

Effective engineering constants (2 principal directions).

General equations for orthotropic materials.

Effective engineering constants (3 material directions).

v12 , v13, v23
Figure 3.6 Flowchart for the calculation of the effective engineering constants

In order to save calculation time and to avoid errors during the analysis of the 50 layers,
this procedure was performed through MATLAB programming.
The mechanical properties calculated are required to provide the ceiling and planking FEModels with an appropriate mechanical behavior during the simulations in chapter 4.
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4

Finite Element Modeling

This chapter consists of two main sections. In the first part, an individual connection of
the bottom structure is analyzed in order to determine the longitudinal and bending
stiffness of the dowels. In the second part, a section of the bottom structure is modeled
with the purpose of simulating the application of a reaction force generated by the
support system holding the ship and analyzing the significant stresses and deformations
detected in this zone. Both FE-Models of this thesis project are created and simulated
using ABAQUS/CAE 6.9.

4.1

Analysis of a Dowel Connection

The dowels tie together the three structural components of the bottom section by being
hammered into accordant holes through the entire structure giving a strong support by
friction (see figure 4.1).
Ø 3 cm

Dowel
0.5 m

Ceiling
Frame
Planking

Figure 4.1 Individual connection of the bottom structure

However, nowadays due to the oak shrinkage a part of the loads is transmitted by the
dowels instead of friction between the structural members. Therefore, a proper stiffness
of the dowels is required in order to model and simulate the bottom section successfully.
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4.1.1 Definition of the Model
In order to determine the stiffness of the dowels, a static simulation of an individual
connection surrounded by a section (0.1 m deep and 0.1 m wide) of the structural
members has been chosen to be analyzed. As illustrated in figure 4.2, the symmetry
between the top and bottom of the connection can be visualized, in which the ceiling at
the top resembles the planking at the bottom, since both structural components have the
same dimensions, fiber direction and similar external deterioration.
Dowel

Dowel
Ceiling

0.1 m

0.1 m

Frame
0.15 m

0.3 m

Plane of
symmetry

0.1 m

0.1 m

Figure 4.3 Simulated upper half
of the dowel connection due to
symmetry.

0.1 m

Planking

Figure 4.2 A dowel connection surrounded
by the ceiling at the top, planking at the
bottom and the frame in the middle.

Therefore, a half of the bottom structure, which consists of a 0.25 m long dowel
surrounded by half of the frame and the ceiling, has been modeled and analyzed in a
finite element simulation (see figure 4.3).
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Solid three-dimensional elements are used in order to model the components of the dowel
connection required for this analysis. The fiber direction of each structural component of
the FE-Models is assigned according to real longitudinal, tangential and radial material
orientations, as shown in figure 4.4.
X
Z

Y

Y
Z

Z
Y

X
X

Ceiling

Dowel

Frame

Figure 4.4 Fiber orientation assigned for each part, where X is the longitudinal
(1), Y is the tangential (2) and Z is the radial (3) direction, respectively.

4.1.2 Mesh
Mesh generation is one of the most important aspects of engineering simulation. The
meshing procedure divides the model into a certain number of elements to be analyzed. A
great amount of small elements can produce more accurate results, although in a longer
computational time.
Each structural component of this simulation is meshed with hexahedral element shapes,
which are distributed using a sweep technique to provide each node connection with a
regular mesh on complex solid and surface regions. A global size of one centimeter and
three-dimensional solid 8-node brick element types with linear interpolation (C3D8) are
selected, which have 3 degrees of freedom per node and 8 integration points [8].
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4.1.3 Boundary Conditions and Loads
A boundary condition, which prevents translation and rotation in all directions, is applied
to the bottom area of the model (dowel and frame) and the vertical movement at the top
of the ceiling is likewise restricted. Furthermore, a spacing of three millimeters between
these structural members is considered to simulate the oak shrinkage caused during the
last years.
X

Y

Y

Y

X

X

Y

Y

X

Y

X

Y

X

Y

X

X

Figure 4.5 Selected angles for the applied controlled displacement.

Since the aim of this simulation is the analysis between the generated reaction forces and
deformations in the structural connection to determine the lateral stiffness of the dowels,
an arbitrary controlled displacement of two centimeters is applied on the ceiling sidewalls
in different selected angles (0°, 15°, 30°, 45°, 60°, 75° and 90°) distributing its two
components in x and y direction, see figure 4.5. Under these conditions, the displacement
of a central point at the top of the dowel and the reaction forces detected on the sidewalls
of the ceiling are registered in order to calculate a bending stiffness relation.
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4.1.4 Results
Figure 4.6 shows the plotted reaction forces originated by the controlled displacement on
the dowel connection. A concentration of high reaction forces can be detected on the
lower area of the ceiling, where its surface comes in contact with the dowel. For instance,
the maximum value registered in the case of 0° is approximately 9.3 kN.

Figure 4.6 Longitudinal section showing results in reference to reaction forces (N)
after applying the controlled displacement at 0°.

Figure 4.7 Longitudinal section showing results on account of displacements (m)
after applying the controlled displacement at 0°.

In figure 4.7 the registered displacements on each structural member of the dowel
connection can be visualized. While the highest value detected on the top area of the
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frame is about 14 millimeters, the maximal displacement perceived at the upper zone of
the dowel is approximately 21 millimeters.
The resulted reaction forces on the ceiling sidewalls and displacements at the top of the
dowel are graphically shown in figure 4.8.
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Figure 4.8 Reaction forces against displacements according to the selected angles.

The plotted results are required to determine the bending or lateral stiffness (k1 ) of the
dowels, which is obtained by calculating the linear slope of each angle. For this case, the
interval between the displacements 10 and 20 millimeters on the chart is analyzed.

k1

=

F1
y 2 − y1
=
∆
x 2 − x1

 N
 m 

(4.1)

where F1 is denoted as the magnitude of the lateral reaction force and ∆ is the lateral
displacement.
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However, when the angle is changed between 0° and 90°, a considerable difference
between reaction forces and displacements can be detected, which is numerically
determined in figure 4.9 comparing the bending stiffness calculated for each case.
The chart indicates graphically the results of the lateral stiffness obtained in the different
chosen angles of the applied controlled displacement. Since a variation between the
minimal and maximal values of approximately 45 % can be visualized, the lowest value
of lateral stiffness (6.56 MN/m), the worst case scenario in this case, has been selected to
perform further analyses.

Lateral Stiffness [MN/m]

10
9.5
9
8.5
8
7.5
7
6.5
0

10

20

30
40
50
60
Angle of Controlled Displacement (θ)

70

80

90

Figure 4.9 Lateral stiffness in the different angles of the applied displacement.

It is likewise necessary to determine the longitudinal stiffness (k2 ) of the analyzed
dowel, which can be calculated with the following formula, since all required parameters
are already known:

k2 =

F2

δ

=

AE
L

 N
 m 

(4.2)

where A is the cross-sectional area of the dowel, E is the longitudinal Young’s modulus
of the presumed barely damaged Vasa’s oak (see table 3.1), L is the length, F2 is the
force acting in the longitudinal direction and δ is the longitudinal displacement (see
Figure 4.10). The calculated value of the longitudinal stiffness is 26.84 MN/m.
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Figure 4.10 illustrates the forces and displacements, whose relation determines the
magnitude of the bending and longitudinal stiffness on the analyzed dowel.

δ

F2
F1

∆

Figure 4.10 Illustration of the forces and displacements on a bar, which define
its stiffness in longitudinal and lateral directions.

In order to simulate the determined stiffness of the oak dowel in both longitudinal and
lateral directions, a hollow cross-sectional bar is necessary (by using a thin-walled pipe
the stiffness can be adjusted). For simulation purposes, the bar is assumed to be made of
an imaginary isotropic material with a Young’s modulus of 30 GPa in order to perform
further required calculations to determine the thickness of the hollow profile:

k1 =

12EI
L3

(4.3)

AE
L

(4.4)

k2 =

where k 1 is denoted as the lowest lateral stiffness determined, k

2

is the calculated

longitudinal stiffness, A is the area of a thin-walled cylinder, I is the area moment of
inertia, L is the length and E is the Young’s modulus of the imaginary material.
For the determined lateral (6.56 MN/m) and longitudinal (26.84 MN/m) stiffnesses, the
calculated inner and outer diameters of the hollow bar are 79.85 and 81.27 millimeters
respectively, which are used to model the cross section of the dowels during the
simulation in subchapter 4.2.
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4.2

Analysis of the Bottom Structure

Since the bottom structure is a part of the hull, this section has been reinforced by riders
to distribute the loads, which are situated approximately one meter away from each other,
as illustrated in figure 4.11.

Stanchion

Rider

Riders
Ceiling
Frame
Planking
Ceiling
Dowel
Stanchion
(a) Isometric-view
Riders

1m

Stanchion
(b) Front-view

(c) Top-view

Figure 4.11 Different views of bottom section, its structural members and one
of the stanchions holding the ship.

However, the support system is not placed according to the position of the riders. It was
determined that the stanchions are in some cases located almost between two riders,
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which is the most critical case that might be detected and the bottom section is hence
exposed to the maximal shear stresses and bending moments. Therefore, the area between
the riders is of interest and must be analyzed. Former studies determined that each
stanchion of the support system generates an approximate reaction force of 150 kN on the
bottom structure [8], see figure 4.12.
Ceiling
Frame
Planking
Dowels

(a) Isometric-view

1m
0.5 m

Stanchion

150 kN
(b) Front-view

1m

(c) Top-view

Figure 4.12 Different views of the area between two riders exposed to the
reaction forces created by the support system.

During the simulation only one dowel is used in each connection, which might differ
from real conditions, since in some cases two or three dowels can be found in the same
connection area. Moreover, it is important to mention that the dowels in the real bottom
structure were irregularly placed unlike the simulated model in this section.

4.2.1 Definition of the Model
Since the version of ABAQUS used in this project is limited to 100,000 nodes, in this
simulation the structural members of the bottom section are modeled with threedimensional beam elements and the selection of a suitable beam theory to analyze the FEModel accurately was essential.
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Euler-Bernoulli beam theory does not account for the effects of transverse shear strain.
As a result it underpredicts deflections. For thin beams, which exhibit beam length to
thickness ratios of the order 15 or more, shear deformations are of minor importance. For
thick beams, however, these effects can be significant. A more advanced beam theory to
account for shear deformations is the Timoshenko theory [9].
During this computational analysis, Timoshenko beam elements are used to simulate the
FE-Model since all structural components exhibit a slenderness ratio equal or less than 10
after comparing their length and cross-sectional dimensions (see figure 4.13).
Y
Z

Z

X

Y
XX

0.3 m

X

0.1 m
0.32 m

0.15 m

Planking

Frame

Figure 4.13 Cross sectional dimensions of the frame and planking (the ceiling
has the same dimensions as the planking). The length of the parts is 1 m each.

4.2.2 Mesh
Beam elements can model almost all structures using quite simple meshes. Nodes have
six degrees of freedom consisting of three displacement components together with three
angles representing rotation of the cross-section about three axes.
In this simulation, 2-node linear beam element types (B31) are selected for the mesh.
These shear-flexible beams use linear interpolation of the displacement field over the
domain of the elements, which is a standard method to perform a quick and precise
computation on less integration points [10]. A global mesh size of two centimeters is
applied to all structural members.
28 of 36

Finite Element Analysis of the Vasa’s Bottom Structure 2011

4.2.3 Boundary Conditions and Loads
In this simulation, the frame was tied to the dowels through a node to node constraint,
which might differ in real conditions due to the Vasa’s oak shrinkage. Moreover,
boundary conditions are applied to both ends of the ceiling and planking to prevent
displacements and rotations in all directions, representing the way the riders restrict the
bottom structure.
Dowel
Ceiling
0.2 m

Frame
0.5 m

Planking

Stanchion
Ceiling
Dowel
0.2 m

Frame

Fixed points

Planking
Reaction forces from
support system
Figure 4.14 Representation of the bottom structure model with beam elements.

The reaction force generated by every stanchion of the support system on the bottom
structure is divided on three areas on the planking zone, as illustrated in figure 4.14. A
distribution arrangement in kN as 37.5 - 75 - 37.5 is considered in order to simulate the
worst possible case that might be detected in real conditions.
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During this simulation only the most critical case in reference to the position of the
stanchions is analyzed, which consists in placing the reaction forces from the support
system in the central area of the modeled bottom structure between two riders.
The model is simulated considering a complete section of the bottom structure and
besides, with the assumption that several connections between structural members are
damaged (broken dowels) in order to analyze the global effects generated on the entire
bottom structure by this possible condition. Figure 4.15 shows the lines of dowels
manipulated in this simulation and the analyzed area after the application of the reaction
forces from the support system.
Line 2

Line 1

Line 3

Point A
Figure 4.15 Illustration of the bottom section indicating the lines of dowels and
the analyzed zone at the center of planking (point A).

4.2.4 Results
Figures 4.16 – 4.19 present the obtained maximal deformations and principal stresses
originated on the simulated section of the bottom structure due to the reaction forces
generated by the support system under the ship. Since the objective of this FE-Model is
the analysis of the effects on the main structural members particularly, all dowels have
been excluded on the visualization graphics.
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Figure 4.16 Maximal principal stresses (Pa) and displacements (m) of the
bottom section including all the lines of dowels.

Figure 4.17 Maximal principal stresses (Pa) and displacements (m) of the
bottom section excluding all dowels in line 1 from the analysis.
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Figure 4.18 Maximal principal stresses (Pa) and displacements (m) of the
bottom section excluding all dowels in lines 1 and 2 from the analysis.

Figure 4.19 Maximal principal stresses (Pa) and displacements (m) of the
bottom section excluding all dowels in lines 1, 2 and 3 from the analysis.

32 of 36

Finite Element Analysis of the Vasa’s Bottom Structure 2011
After observing the computational results, it can be determined that the lower area of the
bottom section is the most affected zone, since the planking is in direct contact with the
stanchions of the support system holding the ship. Table 4.1 presents a comparison of the
detected maximal deformations and principal stresses obtained from the simulation of the
model.

Principal Stress at
point A (MPa)
Deformation at
point A (mm)

With all the
dowels in the
structure

Without
dowels in
line 1

Without
dowels in
lines 1 & 2

Without
dowels in
lines 1, 2 & 3

11.84

13.13

15.37

16.03

1.22

1.39

1.69

1.83

Table 4.1 Determined deformations and principal stresses with the dowels’
stiffnesses k1 = 6.56 MN/m and k 2 = 26.84 MN/m.

Furthermore, it is confirmed by the determined results that the dowels are a considerable
factor for the bottom section since they partially reduced the effects of reaction forces
generated from support system on its structural members.

Principal Stress at
point A (MPa)
Deformation at
point A (mm)

With all the
dowels in the
structure

Without
dowels in
line 1

Without
dowels in
lines 1 & 2

Without
dowels in
lines 1, 2 & 3

11.76

13.06

15.30

15.99

1.21

1.38

1.68

1.82

Table 4.2 Determined deformations and principal stresses with the dowels’
stiffnesses k1 = 9.55 MN/m and k 2 = 26.84 MN/m.

.
However, after likewise performing the analysis considering this time the highest value
of lateral stiffness (9.55 MN/m) of the dowels calculated, only a quite slight reduction of
about 0.6 % in stresses and 0.8 % in deformations is detected (see table 4.2). This
indicates that the bending stiffness of the dowels is not a significant factor during the
simulation due to the fact that the reactions forces from the support system are mostly
exerted longitudinally to these structural elements in the bottom section.
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5

Conclusions and suggested future work

The insufficient material testing of the Vasa’s oak has resulted in speculations about the
real mechanical integrity of the ship’s structural members. The calculations to determine
proper material properties on this thesis project are partially based on information from
previous investigations and carried out with several assumptions made by the authors.
Furthermore, due to the uncertainties regarding the material deterioration on the structure
components of the bottom section, it can be stated that the results obtained from the
performed analysis in this thesis work are not completely accurate and should only be
interpreted as estimates.
After performing the simulations, it was determined that the maximum stress detected on
the bottom structure is almost 12 MPa, which can increase between 10 and 35 % after
assuming the loss of several dowel connections in the structural components. On the
other hand, the maximal deformation registered is approximately 1.2 mm. However, this
value could rise between 14 and 50 % after likewise considering the possibility of
damaged structural connections.
Since the modulus of rupture of European oak is about 57 MPa [5], the results obtained
from the computational analyses indicate that the bottom structure exhibits sufficient
mechanical integrity to hold the stresses generated by the support system. Even after
assuming the possibility of the lack of some dowel connections, only a minor variation of
the effects of the reaction forces on the structural members was determined. The risk of a
large transmission of stresses to the upper structure, specifically through this area of the
ship, is hence improbable.
However, it is important to mention that the effects of creep behavior on the bottom
structure are not considered, since the analysis of this phenomenon is not the purpose of
this project. Therefore, it is suggested as future work to perform creep experiments in
order to investigate if the determined amount of stresses in this study might cause this
tendency.
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Additionally, it is also recommended to model and simulate the complete bottom
structure of the ship (considering all stanchions of the support system and the real
position of the riders) in order to determine more accurate data of the generated stresses
and deformations in this area.
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