
 

 

 

 

Structure and Properties of Vasa Oak 

 

 

 

Jonas Ljungdahl 

 
Department of Aeronautical and Vehicle Engineering 

Royal Institute of Technology 
SE-100 44, Stockholm, Sweden 

 

 
Licentiate thesis 

TRITA-AVE 2006:31 
ISSN 1651-7660 

ISBN 91-7178-386-5 



Preface 
The work presented in this licentiate thesis was carried out at the 
Department of Aeronautical and Vehicle Engineering at the Royal 
Institute of Technology (KTH), Stockholm during the period of April 
2004 to May 2006. The work was funded by the Maritime Museums of 
Sweden. 

First, I take this opportunity to thank my supervisors, Prof. Lars 
Berglund and Ph.D. Magnus Burman, for valuable discussions and 
encouraging support during this time. 

My colleagues at the Department of Aeronautical and Vehicle 
Engineering are sincerely appreciated. 

A special thanks to the Wood and Biocomposites group. We have had 
interesting discussions and I look forward to even better ones. 

I would like to thank the staff at the Vasa Museum, especially at the 
Vasa Unit. Without you my knowledge about the ship would have been 
far less. 

Finally, I would like to thank my family. Gun and Svante, my beloved 
parents, thank you for believing in me. My sister, Christina, who has 
been there when I needed it the most. Thank you for everything! 

 

 

Stockholm, May 2006 

 

Jonas Ljungdahl 



Abstract 
The Vasa ship is not adequately supported. Measurements of the hull 
show that the ship deforms and rotate towards the port side. In 
addition, damages on the hull at support areas have been observed. The 
damages are due to high compressive loads. At damaged zones the 
support has been removed and the loads are thus transferred to adjacent 
support stanchions. In order to design an improved support, knowledge 
of the mechanical behaviour of the material is needed. In particular, 
radial modulus, strength and deformation mechanisms are of interest. In 
the present study, the mechanical behaviour of recent oak and oak from 
Vasa is studied. Furthermore, effects of PEG content, degradation and 
moisture on the properties of Vasa oak are investigated. 

Oak is characterized by a very abrupt change from earlywood to 
latewood, where the latewood is much denser than earlywood. Also 
present in oak are large rays in the radial direction of the wood. 

Small specimens were tested in compression using Digital Speckle 
Photography (DSP) in order to obtain strain fields of the whole 
specimen surface. This technique also provided data on failure 
mechanisms. Dynamic mechanical thermal analysis (DMTA) was 
performed to establish differences in moisture softening. 

In radial compression, modulus and strength of Vasa oak are reduced by 
50% compared with recent oak. A significant change of failure 
mechanism is observed for Vasa oak. In recent oak, failure in radial 
compression is by continuous folds of rays in the earlywood followed by 
continued plastic collapse of the earlywood layer. In Vasa oak rays show 
a more brittle fracture in each earlywood region. DMTA results indicate 
no effect on moisture softening of Vasa oak from presence of PEG 
although more work is needed to confirm this. Moisture adsorption for 
PEG-extracted Vasa oak is not significantly higher than for recent oak 
below 60% RH, suggesting that the extent of degradation of Vasa oak is 
limited. Vasa oak containing PEG is much more hygroscopic than 
PEG-extracted Vasa oak already at 50%. This difference is increasing 
with increasing relative humidity. 
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Introduction 

1 Brief history of the Vasa ship 

The Vasa ship is undoubtedly the biggest archaeological tourist 
attraction in Sweden. In 2005, more than 890000 people visited the Vasa 
museum. 

In the early 17th century Sweden was at war on the European 
continent and in the Baltic sea. At sea the battles were hard and 
reinforcements were needed. The Swedish king, Gustavus Adolphus II, 
ordered a large battle ship and in the shipyard in Stockholm the keel was 
laid for what was to become the Vasa. When the ship was ready, it was 
one of the most spectacular ships in Europe. Her sculptures and 
ornamentation were designed to impress and scare the enemy. However, 
the Vasa never encountered enemy forces because of a tragic accident in 
the Stockholm harbour. On the 10th of August 1628 she sank to the 
bottom where she would stay for 333 years (Franzén 1966). 

1.1 Dimensions of the ship 
When the Vasa was built she was the most impressive Swedish 

warship at the time. The Vasa has a length of about 61 m, a width of 
about 11 m and a maximum height of about 20 m (not including masts). 
The hull consists of three layers, and is approximately 40 cm thick 
(Landström 1988). Figure 1 represents a cross-section of the Vasa at the 
maximum width and gives an image of the proportions of structural 
elements in the ship. 
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Figure 1 Cross-section of the Vasa at widest part of the hull. Bar = 1 m. 

1.2 The raising of the ship 
Through his many years of studies in archives, Anders Franzén could 

determine the most likely area in Stockholm harbour for the location of 
the Vasa. On August 25th, 1956 he found a piece of black oak in a core 
sampler. He persuaded the Swedish navy to dive at the site, where the 
divers found a large wooden construction with quadratic holes. This was 
the hull side with its gun ports. This was the start of the salvage of the 
Vasa (Håfors 2001). 

During the next three years six tunnels were dug out under the ship 
and iron cables were drawn through them. On April 24th, 1961 the hull 
first broke the water surface and eleven days later she was towed on her 
own keel into a dry dock nearby, where she was placed on a floating 
pontoon (Clason 1959; Håfors 2001). 

1.3 Support system 
It was evident that a more permanent support system than the 

pontoon had to be developed. This system consisted of nine stanchions 
evenly distributed along each side of the ship. Large I-beams connected 
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the stanchions together on each side and provided horizontal stability 
and extra support. The stanchions were intended to have the 
approximate shape of the hull and placed at a constant distance from 
the ship. Adjustable wooden wedges were installed in the gap between 
the ship and the stanchion. The purpose of these wedges was to ensure 
constant pressure on the hull (Håfors 2001). However, these stanchions 
did not have the shape of the hull and thus the control of the wedge 
pressure became difficult. The wedges also tended to slip due to the 
non-parallel alignment with respect to the hull (Malmberg 2005). 

In the mid 1990’s it was observed that the hull had deformed 
severely. The parts of the hull between the support stanchions bulged 
out and the side obtained a wavy shape. It was then decided to increase 
the number of stanchions to twice as many. There were now 18 
stanchions on each side of the ship (Malmberg 2005). 

1.4 Conservation process 
When the Vasa was raised it was evident that drying of the wood 

began immediately and the conservators were concerned about surface 
cracks. In order to prevent the oak from cracking, the hull was treated 
with polyethylene glycole (PEG). Initially a molecular weight of 400 was 
manually sprayed on the hull while the superstructure of the pontoon 
was built. However, the treatment did not solve the problem with 
surface cracks sufficiently and PEG of higher molar mass was 
introduced. During the next three years, the hull was sprayed with a 
PEG/water/fungicide mixture of varying composition. 

In order to lower costs and spraying times, an automatic spraying 
system was developed and built during 1964. This system consisted of a 
large tank situated in the pontoon under the ship, a pipeline system to 
distribute the liquid and about 300 nozzles. The system was designed to 
recirculate the  excess PEG solution not consumed by the wood. In this 
way, the liquid accumulated all the dirt still present in the ship. This 
system was taken in use in March 1965 and was used until January 1979. 
During this automatic spraying period, PEG 1500 was used because of 
its lower viscosity compared to PEG 4000. However, in March 1971 
PEG 600 started to be used. PEG 600 had a better effect from the 
dimensional stabilisation point of view. 
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In December 1979, the outside of the hull was sprayed with a 45% 
PEG 4000 solution. In March 1981 the upper part of the starboard side 
was sprayed with PEG 4000, and one month later it was melted into the 
wood with a hot-air blower. The same procedure was performed on the 
port side in the spring of 1982 (Håfors 2001). 

2 Supporting the ship structure 

2.1 Movements of the ship 
Since October 2000, the Vasa has been monitored using optical 

geodetic methods. This method enables accurate deformation 
measurements of the hull. Up until now, fourteen measurements have 
been performed. 

Measuring markers have been positioned on the hull, rig and 
pontoon as well as in the surrounding building. The markers in the 
building are used as reference. In total, around 400 points are 
monitored, all of which are plotted in Figure 2. 
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Figure 2 Measuring points of the geodetic system. 
These measurements register the deformation of the Vasa. The 

results may be presented in lists of numbers or through visualizations of 
the points at important locations. For example, the deformation of 
sections of the ship can be visualized in a simple 2-D graph shown in 
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Figure 3. Obviously, the deformations are exaggerated in the figure and 
are not on the same scale as the dimensions of the hull. From October 
2000 to April 2005 the top point on the starboard side moved 8.5 mm. 
Also evident in this figure is rotation of the hull section towards the port 
side. Although the deformation is limited, the phenomenon raises 
questions regarding the function of the support structure. 

October 2000
March 2003
April 2005

8.5 mm

PortStarboard

 

Figure 3 Visualisation of deformations of the Vasa stern. 

2.2 Signs of damage on the hull 
In recent years, during controls of the support system, damage has 

been observed at several locations on the hull. Damage is mostly in the 
form of local indentations of the wood and are most likely caused by 
high reaction forces, from the support structure. In Figure 4, one of 
these indentations is presented. There are also areas of the hull which 
show damage in the form of bending of planks. To counteract this type 
of deformation, the wooden wedges are removed from the stanchion 
and the hull is left without support at the specific area. Up until now, at 
8 of the total 35 stanchions, the wedges are fully or partly removed. This 
reduction in support area will undoubtedly give rise to increased load on 
the remaining support locations. Any modification of the design of the 
support structure must ensure that new indentations are avoided. It is 
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therefore of interest to learn more about the mechanical properties of 
Vasa oak, in particular for the case of radial compression. 

 

Figure 4 Local indentation in hull. Indentation depth approximately 4 mm. 

3 Characteristics of oak 

3.1 Microstructure of oak 
In Figure 5 the transverse anatomy of European oak (Quercus robur 

L.) is demonstrated. The change from earlywood (EW) to latewood 
(LW) is very abrupt and differences between the layers are evident. 
Earlywood is a highly porous region, mostly consisting of large vessels. 
The latewood is a denser layer with a high fraction of thick-walled cells 
termed fibres. Also present in the latewood are regions of vessels of 
smaller dimensions than the earlywood vessels. Furthermore, an 
important anatomic feature of oak is the high volume fraction of rays 
going in the radial direction of the tree. The average ray volume in oaks 
is well over 20% (Panshin 1964). In Figure 5 one large ray (Ray) can be 
observed as the dark band going from top to bottom. 
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Ray 

 

EW 

LW 

Figure 5 Anatomy of oak. Bar: 0.5 mm. (Stamm 1964) 

3.2 Mechanical properties related to anatomy 
For mechanical properties of oak in the radial direction, the rays have 

a reinforcing effect. 
Badel and Perré (1999) performed mechanical tests on small samples 

of tissue from oak and found that, in radial direction (axial direction of 
rays), the Young’s modulus of rays is 3.6 GPa. The corresponding 
number for earlywood tissue and latewood tissue which are radial 
Young’s moduli without rays of 450 MPa and 1.9 GPa, respectively. 

Kawamura (1984) measured Young’s modulus of rays, on three 
different oak species (Quercus crispula, Q. acuta and Q. variabilis) and the 
results were 2.4, 3.7 and 4.0 GPa in the axial ray direction. He also 
tested the wood material from which the rays were taken, but without 
the large rays. The corresponding Young’s moduli were 1.0, 1.7 and 1.9 
GPa respectively. 
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3.3 Waterlogged archaeological wood 
Waterlogged wood can be described as wet wood tissue, where all 

capillary systems are filled with water, and from which air is excluded. 
The environments, in which waterlogged wood is found, is not 
necessarily anaerobic but rather close to anaerobic. Hence, fungal attack 
is weak and the degradation is primarily caused by bacteria (Björdal 
1999). 

In degraded wood it is often possible to distinguish zones by 
difference in colour or hardness. A “good” part in the middle of the 
piece with slight degradation has a different appearance from a surface 
layer which is severely degraded (Hoffmann & Jones 1990). 

Waterlogged archaeological wood is more hygroscopic compared to 
recent oak. The extent of increased water uptake is correlated to the 
degree of degradation. Waterlogged archaeological wood also shrinks 
significantly more than recent wood (Schniewind 1990). 

4 The Digital Speckle Photography (DSP) technique 

The detailed studies of deformation mechanisms in oak in the 
present work were possible due to the DSP technique. By this method, 
displacement and strain fields can be measured over the whole specimen 
surface. DSP is an image correlation technique which collects images of 
the test specimen at different levels of deformation. In Figure 6 the 
principle of a DSP-system is presented with the specimen, a CCD-
camera and a PC with an image correlation software. 

 

Figure 6 Simple DSP system setup. 
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The software uses an image correlation algorithm to determine the 
displacements of small subimages, typically 15x15 pixels, by comparing 
deformed and undeformed images of the specimen. A strain field of the 
specimen is obtained by differentiating these displacements. In order to 
obtain high accuracy, a high-contrast pattern has to be present on the 
surface of interest. This pattern can either be inherent in the material or 
sprayed on the specimen surface. In the case of recent oak, the natural 
structure is a sufficient pattern. 

5 Scope of thesis 

The main objective of this thesis is to compare Vasa oak and recent 
oak with respect to radial mechanical behaviour in compression. This 
was done in the framework of the more general scientific problem of 
transverse anisotropy in wood. The study is also a first attempt to 
understand effects on physical oak properties from the complex 
structure of Vasa oak. Such property effects include oak degradation, 
the presence of PEG and other unidentified substances. Moisture 
adsorption studies are therefore performed. 

5.1 Paper A 
The mechanical behaviour of European oak (Quercus robur L.) was 

studied in radial and tangential compression. Young's modulus and yield 
strength are about 1.7 and 1.6 times higher, respectively, in the radial 
direction. Strain fields were determined by Digital Speckle Photography 
(DSP). Strains and effective Poisson's ratio could be determined 
separately in earlywood and latewood during deformation and failure 
events. In radial compression, strain data showed that rays contributed 
significantly to the high modulus. In addition, multiseriate ray 
microbuckling was observed to control compressive strength. The 
microbuckling was localised in the low-density earlywood. In tangential 
loading, compressive strength was controlled by vessel collapse in the 
low-density regions of the latewood. The strain field data provide direct 
evidence that the rays are the main microstructural factor controlling 
transverse anisotropy in European oak. 
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5.2 Paper B 
Damage on the hull of the 17th century Swedish war ship Vasa has 

been observed recently. Damage, in the form of indentations in the 
wood is caused by high compressive loads from the support structure. 
In the process of developing an improved support structure, radial 
mechanical properties as well as deformation mechanisms of Vasa oak 
are particularly important. Causes for differences, for instance PEG 
content or oak degradation, are also of interest. In order to understand 
these effects moisture adsorption tests were performed. Moisture 
softening was determined using dynamic mechanical thermal analysis 
(DMTA). 

Compared to recent oak the radial modulus and compressive 
strength of Vasa oak are reduced by 50% compared with recent oak. 
Furthermore, a significant change in failure mechanism is observed. A 
more brittle separation fracture of the rays of Vasa oak is observed as 
compared to continouous folds of rays in recent oak. Moisture softening 
of Vasa oak measured by DMTA is not influenced by the presence of 
PEG although more work is needed. Comparably small differences in 
moisture adsorption between PEG-extracted Vasa oak and recent oak 
suggest that the extent of degradation of Vasa oak is limited. 
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