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ABSTRACT
When wood is densified through semi-isostatical compression in a Quintus-press at 
pressures up to 140 MPa, the material properties change. The cells are flattened, size is 
decreased and shape is changed, as a consequence the density is increased. Most 
properties of native woods are strongly correlated to the density. This is also true for 
densified wood. 

To understand the compression mechanisms plastic and elastic strains were studied at 
different pressures. Strength, density, anatomy and swelling were studied. Some of the 
methods used were: image analysis, computer tomography scanning (CT), scanning 
electron microscopy (SEM) and mechanical testing. Data was statistically analysed by 
linear regression and multivariate statistical methods. 

A big advantage of using semi-isostatic pressure is that wood of all dimensions, with 
knots and anomalous wood can be compressed without major cracking. As the 
pressure is mediated through a flexible diaphragm the density becomes homogenous. 
Plain-sawn wood with inside-face to press-table gets the most homogenous density 
and the most rectangular shape.

Strength is improved by the densification, especially the hardness, the bending and the 
axial compression strength.

At water-soaking densified wood, the cell-shape recovers almost completely. This 
indicates the non-destructive character of the process. The swelling pressure, that 
develops when densified wood is restrained from dimensional change and then water-
soaked, is more than twice as high as for native wood. The swelling can be reduced by 
deep impregnation with oil in combination with a surface lacquer.

Key words: densified wood • semi-isostatical compression • Quintus press • strain • density • 
multivariate statistics • image analysis • CT-scanning • SEM • swelling pressure • anatomy • cell-
shape recovery 
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SUMMARY
Since most strength properties increase with increased wood density, densifying wood 
through compression will increase strength and resistance to wear. After densification, 
wood with originally low density can substitute denser wood and originally dense 
wood can be used for purposes where wood is considered too soft, e.g. in flooring and 
staircases in public environments. 

In this thesis densification was done semi-isostatically in a Quintus press at pressures 
up to 140 MPa on wood with moisture contents ranging between 5% and 15% and at 
20-25 C. The wood is placed on a rigid steel plate and the pressure is mediated 
through a flexible rubber diaphragm filled with oil. This causes denser parts of the 
wood to deform less than wood with lower density. The shape of the densified wood 
will then be irregular. 

The objective of this work was to evaluate wood properties prior, during and after 
compression. Properties of particular interest were shape, density, strength, anatomy 
and swelling. Microscopic studies were done on very small samples; macroscopic 
properties were studied on small clear pieces and also on boards with all kind of 
defects and anomalous wood. 

Anatomical changes of the wood tissue caused by densification and by water-soaking 
of densified wood were studied on images captured by a scanning electron microscope 
(SEM). The softwoods pine and spruce are predominately compressed in radial 
direction because of relatively low amount of rays to restrain deformation radially and 
large differences in density between earlywood and latewood. The latewood prevent 
tangential deformation. The diffuse-porous hardwoods alder and aspen with 
homogenous density over the annual ring and higher amount of rays than the 
softwoods are mostly tangentially compressed. Birch, also diffuse-porous, was nearly 
compressed the same amount radially and tangentially due to cells with thicker cell 
walls at the ring boarder, preventing tangential deformation. Ring-porous hardwoods 
(oak and beech) are also compressed relatively equal in radial and tangential direction. 
These woods have large amount of rays preventing radial compression but also large 
vessels oriented in bands where the rays were prone to tilt which enable radial 
deformation. At water-soaking densified wood the cell-shape recovery is almost 
complete while the shearing deformations are more permanent due to cracks at the 
area of shearing. Shearing is more frequent in woods with heterogeneous density, e.g. 
softwoods and ring-porous hardwoods. 

Small quarter-sawn and flat-sawn clear specimens of Scots pine were compressed at 
different pressures up to 140 MPa. The specimens were compressed with different 
orientations of the annual rings relative to the press table. Plastic, elastic and delayed 
elastic strains were measured. The influence of native wood properties on plastic 
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strains in different parts of the crosscut area was evaluated using multivariate statistical 
analysis. The results showed that wood is compressed without major visible cracks in a 
Quintus press. The sawing pattern and orientation of the specimens in the press has 
great influence on the shape. Most regular shape with least buckled annual rings are 
obtained when plain-sawn wood is placed with the inside face (pith side) on 
the press table (rings parallel to the table). At 140 MPa the density almost reaches 1500 
kg/m3, i.e. compact density, but at release of the pressure the density decreases to 
about 1000 kg/m3 due to elastic springback. The delayed elastic strain was very small 
during five years of indoor storage and will not be a problem in long-term indoor use 
of densified wood unless the densified wood is subjected to water or moist air. At 
water-soaking densified wood, shape-recovery is almost complete and a swelling 
pressure twice that for native wood develops when the swelling is restrained. The 
swelling coefficients are closely related to the degree of compression.

X-ray computerised tomography scanning (CT) before and after compression was 
used to analyse the density increment over the crosscut area and the influence of 
resinous wood and knots in boards. An algorithm was developed for transforming 
CT-images of the crosscuts to the same sizes to enable comparison of density prior 
and after compression, pixel by pixel. Knot-wood and heartwood in resinous boards 
resisted densification. These types of wood should thus be avoided when high and 
homogenous density is requested. 

Strength to density relationships were compared between native and densified wood 
from eight species. Strength generally increased with increased density, but some 
strength properties became lower than expected from the density. Most compression 
at densification is perpendicular to the grain and nearly no in axial direction. The ratio 
between axial compression strength and density is similar for native and densified 
wood, whereas densified wood became rubbery in radial direction with very low 
modulus of elasticity and no limit of proportionality. Densified aspen strips become 
very flexible at bending due to the decreased modulus of elasticity.
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1 INTRODUCTION
Wood is popular to expose indoors but on surfaces exposed to wear it is often 
considered to be insufficiently resistant. This is particularly true for wood with low 
density since there is a positive relationship between density, strength and wear 
resistance (Kollmann and Côté 1984, Wangaard 1950). With improved strength and 
wear resistance wood could frequently be used by architects in public areas; in 
flooring, doorsteps, staircases and joineries. Densified wood could be achieved 
through densification, e.g. through compression. By compression, low-density wood 
can be made competitive to natively dens wood and high-density wood can be 
competitive to other materials. Thereby, wood can be converted to high-value 
products.

This thesis focuses on densification of wood by means of semi-isostatical 
compression, a promising method that facilitates rapid production of large volumes of 
densified wood. Wood compressed with a semi-isostatic pressure is mostly densified in 
the weakest directions without major dislocation of harder structures and cracking. As 
effect, the densified wood will have an uneven shape and more homogenous density. 

1.1 HISTORICAL BACKGROUND
Increasing density in solid wood by compression has been practiced for over at least a 
century. The driving forces for improving wood have been different in different parts 
of the world and at different times (Kollmann et al. 1975, Rowell 1999). In Russia 
compressed wood became a substitute for metals that was hard to get when the war 
industry had higher priority. Also in other parts of the world metals and plastics were 
scarce during World War II, which lead to development of densified wood as a 
substitute material. Densification was primarily made to increase the abrasion 
resistance and the mechanical properties. In most methods used for densification of 
wood, heat and steam were involved. There has also often been pressure in only one 
direction at a time. The products have not been very competitive, owing to high costs, 
capacity and technical problems with the products. 

Wingate-Hill (1983) describes some processes that involves compression of wood 
perpendicular to grain: compressing wood chips, sawn timber, veneers and small 
diameter branches. The main purpose of compressing have been to increase drying 
rate and reduce warp, increase permeability and reduce degrade, increase uptake of 
preservatives and produce densified wood with improved mechanical properties. 
Historically typical products made by improved wood have been rail seats, bushes of 
shafts, sawmill feeds, leaf springs, tooling jigs, dies, propellers and fan blades. In 
Australia they needed electric insulators that was less brittle than porcelain and 
Bakelite; compressed wood was an alternative (Gunn 1940). 
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Table 1.1 Historically methods used to produce densified wood. 

Name Land 
MC
[%]

P
[MPa]

Temp.
[C]

Description

Lignostone (1940) Netherlands 10  Raised Biaxial compression of heated wood 

Staypak (1948) USA 6-12 13.8 160-180 Compression of thin veneers, then glued 

Compreg (1951) USA 8 8.5 140-150 Compression of veneers, in-situ polymerised 
phenol-formaldehyde by heat and pressure 

Impreg (1943) USA    As Compreg but without compression 

Lignofol (1940) Germany 3-8 34 Raised As Compreg 

Kunstharzschichtholz (KHS, 1940) Germany 12 60 Raised As Compreg but with synthetic resin 

Australian improved wood (1942) Australia   High As Compreg 

MC, moisture content; P, pressure used; Temp., temperature at compression  

Densified wood, a part of ‘Improved wood’ or ‘modified wood’, has been done 
according to two main principles: (a) either by filling the lumens and the cell walls with 
some suitable substance, often a resin; or (b) lowering the porosity by filling the voids 
with wood substance by compressing it. Sometimes the two methods are combined (c) 
resulting in products that are sometimes called ‘compregnated wood’. In accordance to 
the first principle (a) a product called ‘Impreg’ was developed in USA. Stamm and 
Seborg (1943) described production and properties of ‘Impreg’. Another product in 
this category is ‘Kunstharzschichtholz (KHS)’ developed in Germany (Gunn 1940). 
Also in Australia improved wood according to this principle was developed (Tamblyn 
1942). In the above examples thin plies were pre-impregnated with synthetic resin or 
with water-soluble unpolymerised phenol-formaldehyde that was polymerised in situ. 
Two other early products that belong to the second principle (b) are described by 
Gunn (1940) and Seborg (1948), Lignostone and Staypak. Both products are made by 
compressing solid wood, often aspen, poplar, beech or birch, at temperatures ranging 
from 160 to 180 C and pressures between 7 and 15 MPa. Lignostone was produced by 
first applying pressure in one direction (radial). After this pre-compression pressure 
was applied in two directions (radial/tangential). In this state the wood was heat 
treated before releasing the pressure. The described process resulted in an increase in 
density from 650 kg/m3 to 1450 kg/m3 for beech. When producing Staypak, wood 
was compressed with side restraints because there was a tendency for the wood to 
spread perpendicular to grain when the thickness was 12.5 mm or more. Often these 
problems with spreading were solved by compressing thin plies and then glue them 
together. An example of products from the third principle (c) is Compreg described by 
Stamm (1951) and Lignofol described by Gunn (1940). These products consist of pre-
impregnated thin veneers that are compressed and then glued together. Table 1.1 
summarises the methods and Table 1.2 the properties of the products. 
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Table 1.2 Properties of historically produced densified wood.  
Compression

Name
[kg/m3]

 Tension Bending Modulus of 
elasticity

Lignostone (Bok) 1450 245 245 137 88 27450 

Staypak 1370  295 157  32700 

Compreg 1320 293 299 161  30300 

Impreg       

Lignofol 1370 186 280   26700 

Kunstharzschichtholz (KHS) 1350  212 348  30500 

Australian improved wood 1400 97-138  83-124  24000-41000 

, parallel to grain; , perpendicular to grain; all strength properties given in MPa 

Many of the more recent studies on densified wood has been on compressed wood-
polymer composites (CWPC) (Elvy et al. 1995, Startsev et al. 1999, Wolcott 2003, 
Yalinkilic 1999). 

1.2 THE QUINTUS PRESS FOR COMPRESSION OF WOOD
This thesis focuses on densification of wood using a Quintus press to get semi-
isostatical compression according to the CaLignum process. The technique of 
densification and some treatments of the densified wood are patented (Castwall and 
Lindhe 1999, Lindhe and Castwall 1997, Lindhe and Castwall 1999). The process is 
named after the two inventors Lennart Castwall and Curt Lindhe in combination with 
the Latin word for wood - lignum.

The Quintus press (Savage 1979, Skötte 1976) was developed by Avure Technologies, 
Sweden former ABB Pressure Systems and Flow Pressure Systems (Fig. 1.1). Quintus 
presses are most frequently used for flex-forming of sheet metal in aerospace and 
automotive manufacturing companies for both short- and medium-size series 
production as well as for making prototypes (Johannisson 1988, 1994). In flex-forming 
a single rigid tool-half is combined with a flexible rubber diaphragm as the other tool 
half. The diaphragm causes a hydrostatic pressure on the rigid tool as it is filled with 
oil. Maximum pressure that can be achieved with the Quintus press is 140 MPa. 

In the CaLignum process wood is placed on the press table, instead of the rigid tool, 
and as the pressure is raised in the diaphragm the rubber is closing around all sides of 
the wood specimen, except the side against the press table (Fig. 1.1). 
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Castor oil 

Rubber
diaphragm 

Press table 

Wood

Figure 1.1 Compression of wood in a Quintus press (above). At compression the wood is 
surrounded by an oil filled rubber diaphragm except the side in contact with the press table (below).

In the CaLignum process pressures above 80 MPa is used, which is much higher than 
in earlier processes for producing densified wood through compression. No heating is 
then needed to achieve large plastic strains and high density, compression is made on 
wood at room temperature. In earlier processes there has been a problem compressing 
larger dimensions of sawn wood without getting cracks due to the spreading in 
unrestrained directions. This problem is diminished in the CaLignum process as the 
diaphragm works as a flexible restraint. The rubber allows knots to protrude above the 
wood surface and forces the weakest structures to collapse without crushing and major 
dislocation of harder structures. As effect, the densified wood will have an uneven 
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shape (Fig. 1.2). At densification, the void volume is decreased, why density is 
increased. The process facilitates rapid production of large volumes of densified wood. 

Figure 1.2 Semi-isostatic compression of Scots pine (Pinus sylvestris) results in doubled density as 
effect of halved void volume and also in change of shape. Here the specimen is pressed against rigid 
steel, why the lower face is even. The same transect is shown before and after densification. 

1.3 WOOD IN COMPRESSION PERPENDICULAR TO GRAIN
Wood is a complex polymeric cellular material with complex structure due to its 
growth. Wood is anisotropic, often modelled as orthotropic with different properties 
in three orthogonal axes: radial, tangential and axial (longitudinal). Sometimes radial 
and tangential direction are not separated and then called perpendicular to grain, 
transversal or across the grain. Axial direction is often called longitudinal, grain 
direction or parallel to grain. 

Tracheid arrangement is different in radial and tangential direction and the presence of 
rays also contributes to the anisotropy. Kennedy (1968) found that rays increase the 
strength in radial direction, but have negative effect in tangential direction, as they 
easily collapse when loaded tangentially. In wood with high amount of latewood, the 
tangential strength is often higher than the radial strength while the opposite is true for 
wood with large or numerous rays. The strength in grain direction is much higher than 
perpendicular to grain (Koponen et al. 1991). The structure and arrangement of the 
cell wall and its components are also important. Tang and Hsu (1973) and Bergander 
and Salmén (2002) stated that modulus of elasticity is affected by differences between 
latewood and earlywood and also between radial and tangential cell walls, microfibrillar 
angle and distance between microfibrils. It is also very important to consider the 
variation in density within growth rings with earlywood, transition wood and latewood. 
Properties also vary from pith to bark and from root to top in a stem (Groom et al. 
2002). In sawn wood both grain and annual ring angles are important. Goodman and 
Bodig (1971) derived a function for predicting stress at proportional limit where both 
angles were considered. In softwoods, modulus of elasticity and proportional limit 
differs with the amount of rays and latewood. Both properties have a minimum at an 
annual ring angle between 30  and 45  (Bodig 1965, Gillis 1972, Hofstrand 1974, 
Kunesh 1961, 1968). Kennedy (1968) found that in softwoods with high amount of 
latewood and few rays, modulus of elasticity and proportional limit is higher in 
tangential direction. He also found that, both for the proportional limit and for the 
modulus of elasticity, the ratio between tangential and radial direction (T/R) is small 
when the volume of rays is large and the amount of latewood low. Generally for 
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softwoods, modulus of elasticity is higher and proportional limit lower in radial 
compared to tangential direction. The radial strength exceeds the tangential strength in 
hardwoods, especially in diffuse-porous species in which the density is relatively 
uniform throughout the annual ring (Ellis and Steiner 2002, Kunesh 1961, Tabarsa and 
Chui 2001). 

Relationships between compressive forces applied to wood and deformations are well 
known (Dinwoodie 1989, Kollmann and Côté 1984, Wangaard 1950). Gibson and 
Ashby (1997) subdivided deformation of wood in compression perpendicular to grain 
into three stages. At radial and tangential compression, for small strains (<0.02), 
deformation is linear-elastic. Further loading, causes bending and collapse of cell walls 
and a rapid densification. At strains above 0.4 densification of the cell walls begins, as 
the cell-wall structure consolidates, and the stress rapidly increases (Fig. 1.3).

5

0.02 0.4
Strain

8

20
Tangential 
compression

Radial 
compression 

S
tre

ss
 [M

P
a]

A
B

C

Proportional limit 

Figure 1.3 Schematic stress – strain curve for softwood (after Tabarsa and Chui (2001)). 

The stress-strain curves at radial and tangential compression (Fig. 1.3) are similarly 
shaped but the deformation mechanisms differ. Bodig (1965) introduced the concepts 
of the weak layer theory at radial compression and the spaced column behavior at 
tangential compression. 

At radial compression the cell walls bends elastically towards the lumen in the first 
linear elastic stage of the deformation (A in Fig. 1.3) followed by collapse of earlywood 
cells (B in Fig. 1.3), the first collapse occurs in the weakest earlywood cells, row five to 
ten (Ando and Onda 1999, Tabarsa and Chui 1999, 2000, 2001). Kunesh (1968) and 
Bodig (1965, 1966) stated that the collapse arises when the weakest part of the rays 
buckles and that the main function of earlywood is to support the rays while Tabarsa 
and Chui (2001) stated that the strength of earlywood is the controlling factor for 
strength at radial compression. The collapse proceeds until 30% of the earlywood has 
collapsed during which latewood remains almost unaffected. Once the earlywood has 
collapsed further stress causes predominately elastic deformation of the latewood, 
resulting in a steep rise in the stress-strain curve as the structure approach a compact 
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state (C in Fig. 1.3). After unloading at 10 MPa no plastic deformation could be found 
in the latewood. Reiterer and Stanzl-Tschegg (2001), on the other hand stated that 
latewood collapse before C.

At tangential compression cell walls become strongly elastically deformed in the linear 
elastic stage (A in Fig. 1.3) due to the more irregular arrangement of the walls in this 
direction. In the plateau region (B in Fig. 1.3) latewood bands buckles and stress 
decreases. After rearrangement of buckled latewood bands, the compression becomes 
more radial, the earlywood starts to collapse and densification begins (C in Fig. 1.3). 
At tangential compression latewood is more affected than at radial compression 
(Koponen et al. 1991, Tabarsa and Chui 2001). At tangential compression earlywood 
and latewood cooperates to take load but the main function for the earlywood is to 
support the latewood (Bodig 1965).

If compression in tangential direction is done with restraint in radial direction the 
latewood bands are hindered from buckling, resulting in that a rapid raise of the stress-
strain curve in Figure 1.3 will begin at lower strain.

When compressing hydrostatically at 19 MPa, Bucur et al. (2000) found that densified 
Norway spruce (Picea abies) was predominantly strained in radial direction, and that no 
plastic deformation was done to the latewood. In Paper I, II and III deformation 
mechanisms of semi-isostatically densified wood is studied. 

Wolcott et al. (1994) described wood as a viscoelastic and rheologic (time-dependent) 
material, which means that continuously the strain will increase with time (creep) if a 
certain stress level is held. If the strain is kept constant over a long period of time, the 
stress level will decrease. After unloading there will be an immediate elastic springback 
(C-D) and a delayed springback (D-E). If the stress exceeds the proportional limit, 
plastic strain will be left (E-F) (Fig. 1.4). 

t3t1t0

F

E

D

C

B

A

Creep  
(delayed deformation) 

Relaxation  
(delayed spring back)

Immediate elastic deformation 

Immediate elastic spring back 

Strain, 

Time (t)

Plastic deformation

Figure 1.4 Schematic description of the rheological behaviour of wood. Load is applied at time t0
and removed at t1 (after Dinwoodie (2000)). 
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Mechanical properties of wood are strongly influenced by the moisture content, why it 
has to be controlled. Temperature also has effect on mechanical properties, especially 
in combination with moisture. Ellis and Steiner (2002) compressed five species in 
axial, tangential and radial direction at moisture contents: 5%, 10%, 20% and 30%. 
They found that the modulus of elasticity and the proportional limit decreased as the 
moisture content increased and as effect the densification (C in Figure 1.3) started at 
lower strain. For poplar densification started at about 55% strain and 20 MPa at 5% 
moisture content. At 20% moisture content the corresponding values was 70% strain 
and 10 MPa. Tabarsa and Chui (1997) compressed white spruce (Picea glauca) in radial 
direction at 20, 100, 150 and 200 C and found that the plastic strain increased with 
increasing temperature. Mechano-sorptive experiments under compressive loads have 
been done by e.g. Toratti and Svensson (2002, 2000). They showed that the mechano-
sorptive strain (strain that develops during cyclic climate under a constant load) was 
five times the normal strain and that the creep strain could be neglected in the context. 
As the CaLignum process is rapid, the moisture content of the wood is constant. 
Moisture content of the wood has to be controlled and can be used to modify the 
degree of compression. No heat is added in the CaLignum process but might be used 
as pre-treatment of the wood. Neither temperature nor moisture content are varied in 
this thesis work but were recorded. 

1.4 MEASURING STRAINS DURING COMPRESSION
The problem with measuring strains inside a Quintus press is the high pressure and 
large strains that make it hard to place any measuring equipment inside the press. 
ABB, the developers of the press, tried different types of strain gauges for continuous 
recording of strains during the deformation and concluded that none of them worked 
out well (Hellgren personal communication). Another drawback with using strain 
gauges or extensometers is that each device measures strains in one direction only. To 
overcome this, Kifetew et al. (1996, 1997) used a grid of laser-made dots to generate 
strain fields. Choi et al. (1996, 1991) and Zink et al. (1995) used the greyscale in 
pictures to locate same points before and after deformation. The advantage of this 
method is that the mechanical properties are not affected by making dots but the 
drawback is that the method works best with small strains and that the illumination 
has to be stable between the two capturing occasions. Another similar method is 
digital speckle photography (DSP) where either the natural variation in the image or a 
randomised speckle pattern is used (Danvind and Synnergren 2001). Other authors 
have measured strains continuously using microscope or by video extensometer 
(Farruggia and Perré 2000, Sinn et al. 2001). Such equipment could not be used in a 
Quintus press without affecting the compression. Instead a simple mechanical device 
was used in this thesis (Paper I and II) in combination with studying the dislocation of 
laser-burnt dot grids. 
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1.5 MULTIAXIAL COMPRESSION OF WOOD
Multiaxial compression means that pressure is applied in more than one direction at a 
time. In the simplest case pressure is biaxial and mediated through plates. Isostatic or 
hydrostatic compression means that the pressure and the resultant forces is the same 
in all directions.

Schrepfer and Schweingruber (1998) studied the anatomy of reshaped press-dried 
wood. Small diameter round-wood of spruce were dried in a pressurised mould, i.e. 
biaxial state of stress. They found the largest deformations in earlywood where also 
large shearing deformations occurred. In latewood, radial cracking was frequent. A 
problem with biaxial compression between plates is that the friction forces influence 
the results even when Teflon or other lubricants are placed between plates and wood 
(Yoshihara et al. 1996). A common way to understand biaxial compression is to 
perform uniaxial tests and use theory to make models of the biaxial stress state. 
Adalian and Morlier (1999, 2002) used this technique to model wood in multiaxial 
compression and implemented the models in finite element codes. They modelled the 
compression with four different modulus of elasticity in the stages of linear elasticity, 
hardening, consolidation and unloading. As the densification at semi-isostatical 
compression according to the CaLignum process is more complex the same procedure 
could not be used to understand the densification mechanisms. 

There are only a few studies of isostatic compression of wood. Arakawa et al. (1998) 
densified sugi (Cryptomeria japonica) heartwood at moisture content between 13% and 
15% in pressurised water. The wood surfaces were sealed with silicone to prevent 
water uptake. Since the pressure was only 2 MPa, heating to 90 C was needed. This 
resulted in 60% decreased volume. Arakawa et al. found that most densification was in 
earlywood and in radial direction. Trenard (1977) studied small pieces of several 
woods that were sealed by a thin rubber membrane and then densified in a hydraulic 
water-filled cylinder with up to 200 MPa pressure. The wood was conditioned to 3% 
moisture content before compression. Heartwood of Scots pine with original density 
of 644 kg/m3 was compressed to final density of 930 kg/m3 (decrease in volume of 
44%). Sapwood of the same density was compressed to 995 kg/m3 (decrease in 
volume of 54.5%). Trenard found delamination in the middle lamella in earlywood and 
also between rays and neighbouring tracheids. Bucur et al. (2000) compressed Norway 
spruce (Picea abies) of 12% moisture content at a pressure of 5 MPa hydrostatically. 
The wood was examined with microscope, X-ray microdensitometry and ultrasonic 
methods. Bucur et al. found that wood becomes less heterogeneous due to crushing 
and buckling of the thin walled cells in the earlywood. No plastic compression of 
latewood was found. They also found that the rays assume a zigzag path through the 
structure. The anisotropy decreased with 56% in the RT plane as effect of tracheids 
folding up in this plane. No strength properties for isostatically densified wood were 
found in the literature. Paper IV focuses on the strength properties of semi-
isostatically densified wood. 
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1.6 STRENGTH PROPERTIES OF DENSIFIED WOOD
The effect of Thermo-Mechanical (TM) densification on properties of white spruce 
(Picea glauca) was studied by Tabarsa and Chui (1997). Compression was made to 
nominal strains in radial direction between 12% and 32% and press temperatures 
between 20  and 200 C. Bending strength and modulus of elasticity generally 
increased with the level of compression and the temperature. An exception was wood 
compressed at 100 C, where strength was lower than at other temperatures. This was 
thought to be related to that the glass transition temperature of wood is close to that 
test temperature. From micrographs, cell-wall fractures which were thought to reduce 
certain strength properties were evident at high compression levels and low 
temperature. The micrographs also showed that deformation occurs primarily in the 
earlywood; even in boards compressed to 32% at 200 C deformation of latewood is 
negligible.

Another TM method for densification of wood is described by Haygreen and Daniels 
(1969). Green sapwood, of relatively low-density species, red pine (Pinus resinosa) and 
loblolly pine (Pinus taeda), was heated in a platen press to a temperature of 100 C in the 
centre of the samples and then compressed to desired thickness. The wood was dried 
inside the press until the moisture content was below 1%. As effect of compression, 
density increased to 150-200% of the original density. Bending strength and modulus 
of elasticity appeared to be linearly dependent, and hardness exponentially dependent, 
to density. The correlation coefficient between density and bending strength was 
higher than between density and modulus of elasticity, which is in contrast to the 
results reported by Tabarsa and Chui (1997). 

Thermo-Hydro-Mechanical (THM) densification is a method where hot-steamed solid 
wood is densified in radial direction (Navi and Girardet 2000). The steam had a 
temperature of 150 C and the pressure applied was 13 MPa, the total process time was 
three hours. Beech (Fagus silvatica), Norway spruce (Picea abies) and maritime pine (Pinus
pinaster) with original density of 670, 420 and 500 kg/m3 respectively were compressed 
to 1270, 1300 and 1320 kg/m3. The moisture content of the wood was limited to 13% 
to avoid explosion during pressing. Mechanical tests showed that THM treated wood 
had significantly higher Brinell hardness, shear strength and modulus of elasticity 
compared to untreated wood and samples densified in TM processes. At THM 
densification, the Brinell hardness for spruce and maritime pine increased with 700% 
and 500% respectively, and the shear strength by about 1000%.

Perkitny and Jablonski (1984) densified sapwood of Scots pine without heating. The 
compression was made on wood with moisture content of 10%. Compression was 
made in radial direction in a steel mould. The mould prevented any dimensional 
change in tangential direction. The specimens were compressed by 10%, 30% and 
50%. References were planed to same dimensions as the compressed specimen. 
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Bending strength and axial compression strength were measured and quality indices 
(stress at failure/density) were compared between densified and native specimens.  
When the density was doubled, axial compression strength increased by 49% and 
bending strength by 51%.  

For native woods many researchers (e.g. Bodig and Jayne 1982, Dinwoodie 2000, 
Gibson and Ashby 1997, Kollmann and Côté 1984, Wangaard 1950) have shown that 
most strength properties (f ) vary with density ( ). Mostly the relationship takes the 
form baf , where the constants a and b differ between different strength properties. 
As stated by Ashby and Jones (1998) wood acts as a fibrous composite in axial 
direction and as a foam composite in transverse direction, why the coefficient b should 
be equal to 1 and 2, respectively. In Paper IV strength to density relations are studied 
by use of the equation baf .

1.7 SWELLING AND SWELLING PRESSURE OF DENSIFIED WOOD
Wood below the fibre-saturation point that is subjected to water in any form swells. 
The swelling or the swelling coefficient is the increase in dimension with increased 
moisture content of the wood, often measured as percentage of the dimension of dry 
wood. The swelling is anisotropic and dependent of the wood anatomy (Yamamoto 
1999, Yamamoto et al. 2001). Swelling of native wood is caused by cell-wall bulking, 
while for densified wood the swelling is also due to cell-shape recovery. When swelling 
is restrained a pressure develops on the restraint, denoted swelling pressure. Swelling 
pressure of restrained wood has long been of interest because of associated problems 
and possibilities (Rowell 1995). The swelling pressure of native wood was studied by  
e.g. Ivanov (1956), Kingston and Perkitny (1972), Simpson and Skaar (1968), 
Raczkowski (1962, 1970), Keylwerth (1962, 1964) and Narayanamurti and Gupta 
(1962a, 1962b). Also uniaxially densified wood has been studied by e.g Scharfetter 
(1980) and Tarkow and Turner (1958). Scharfetter concluded that densified wood 
swells irreversibly and that the stress caused by cell-shape recovery is substantially 
lower than the stress caused by cell-wall bulking. Tarkow and Turner (1958), on the 
other hand, found an exponential increase in swelling pressure with the degree of 
densification. The importance of cell-shape recovery on the swelling pressure is 
focused in Paper VII, trying to straighten out the deviating results reported by 
Scharfetter (1980) and Tarkow and Turner (1958).  

In theory, the swelling pressure can be calculated by use of the ideal gas law as 
modified to hold for gels (Barkas 1949, Barkas et al. 1953, Bello 1968, Kollmann and 
Côté 1984, Siau 1995, Tarkow and Turner 1958). But as the used equations do not 
contain any directional data, any wood properties and no clear statements about the 
conditions of sorption the attempts to calculate the swelling pressure has attended 
little success. Rybarczyk and Ganowicz (1974) presented a mathematical model for the 
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swelling pressure perpendicular grain as a function of moisture content. The model 
uses the modulus of elasticity but do not consider that this property changes with 
moisture content. For the model two parameters needs to be estimated from 
experiments, which lower the use of the equation. The theoretical swelling pressure of 
totally restrained cell wall has reported to be 145 MPa at swelling from 3% to 10% and 
207 MPa at swelling from 3% to 18% (Bello 1968). Tarkow and Turner (1958) found a 
swelling pressure of 172 MPa at swelling from 3% to the fibre-saturation point and for 
uniaxially compressed wood with a density of 1440 kg/m3 (4% void volume) a value 
of 76 MPa. The measured swelling pressures are always less than the theoretical. 

Ivanov (1956) investigated the effect of several factors on the swelling pressure. He 
found that the swelling pressure decreases with higher applied pre-stress and also with 
increased clearance. The swelling pressure in tangential direction also decreases with 
increased dimension in this direction, which was explained by more curved annual 
rings with increased dimension. Both Perkitny and Kingston (1972) and Perkitny and 
Helinska (1963) found that the swelling pressure became higher when swelled by 
humid air than when rapidly wetted in water. The explanation was that a greater 
amount of wood contributes to the swelling pressure when the sorption rate is low. As 
the moisture content increases, strength decreases. At rapid wetting by water-soaking, 
the swelled and weakened wood near the surface will not contribute much to the 
swelling pressure when the inner wood starts to swell and contribute to the pressure. 
Bolton et al. (1974) found that the swelling pressure decreased with increased 
temperature due to softening of the wood, above 75 C the swelling pressure became 
negligible.  

Reaching maximum swelling pressure takes time, values between 30 min and 140 min 
have been reported. Measured direction, swelling media, temperature, and specimen 
dimension are some important factors influencing the time. After the maximum 
pressure is reached it slowly decreases due to softening. Mechanisms and kinetics in 
development of swelling pressure are discussed by e.g. Stamm (1935), Perkitny and 
Raczkowski (1970), Bolton et al. (1974) and Mantanis et al. (1994). 

1.8 MEASURING SWELLING AND SWELLING PRESSURE
Many authors reported about the importance of a proper method to measure the 
swelling pressure. The apparent swelling pressure is always less than the theoretical 
and highly dependent on the experimental procedure and species (Tarkow and Turner 
1958). Even a very small deviation from the condition of zero strain (swelling) when 
measuring the swelling pressure under complete restraint will decrease the measured 
stress substantially (Ivanov 1956). Perkitny and Kingston (1972), Suchsland and Xu 
(1992) and Suchsland (1976) found that the strain in the load cell can be enough to 
affect the swelling pressure and suggest that a high precision strain gauge is used to 
ensure that the dimension is held constant during test.  



1  Introduction 

- 13 - 

Raczkowski (1962, 1970) has studied the swelling pressure exerted by sample parts and 
found that the pressure increases as the part of the wood surface that is covered by the 
loading plate decreases. 

Paper VII is devoted to analysing the swelling pressure that develops when differently 
restrained wood is water-soaked. 

1.9 USING SCANNING ELECTRON MICROSCOPY (SEM) TO STUDY 

ANATOMY
To obtain plane surfaces without any artefacts is crucial to get SEM images that can be 
used for measuring anatomical features. An often used method is microtome planning 
of wet wood. Densified wood soaked in water always recovers cell-shape. Therefore, it 
has to be planed in dry condition. Laser ablation is another possibility for sample 
preparation without wetting, Stehr et al. (1998) used this on densified wood and 
concluded that the method is fast, easy to use and causes a minimum of artefacts. 
Kopp et al. (2005) reported that the surfaces are severely disturbed by too much 
ablation of edges. Also Panzner et al. (1998) found that the edge-ablation is important 
and mainly due to thermal effects such as coaling and melting.

SEM in combination with image analysis has been used to measure cell dimensions 
(e.g. Reme and Helle 2002). Other microscopy methods used to study wood anatomy 
are field emission SEM (FE-SEM) (Fromm et al. 2003, Gu et al. 2001), light optical 
microscope (LOM) (Furuno et al. 2004), transmission electron microscope (TEM) 
(Fromm et al. 2003, Wallström and Lindberg 1999) and confocal laser scanning 
microscopy (Dill-Langer et al. 2002). The anatomy of semi-isostatically densified wood 
is studied by SEM in Paper V and VI.  

1.10 ANALYSING WOOD BY USING MULTIVARIATE STATISTICS
There are a multitude of multivariate statistical methods developed for analysing the 
relationship between a response variable and several regressor variables that are 
expected to influence the response. A widely used multivariate regression method has 
been Multiple Linear Regression (MLR). This method assumes independent regressor 
variables and no noise in the data. When the numbers of regressor variables are high 
and more or less correlated Partial Least Squares Projection to Latent Structures (PLS) 
is one of the methods that can be used. Investigating wood by using PLS regression 
methods has proven to be a fast and reliable method to entangle lots of correlated and 
uncorrelated variables and responses. Danvind (2002) used PLS prediction as a tool 
for modelling shrinkage and his work is an example of how to use the software 
SIMCA-P 8.0 by Umetrics AB (2000). Oja (2001) analysed data from X-ray 
computerised tomography by using PLS regression to predict strength in sawn wood. 
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PLS-regression was developed in the field of chemometrics and around 1970 more 
sophisticated statistical instruments were coming. Wold and co-workers was one of 
the developers of the PCA (Principal Component Analysis) and PLS-regression 
technique (Wold et al. 1987). A tutorial in PLS regression was done by Geladi and 
Kowalski (1986). Further theory behind PLS regression is given by Martens and Næs 
(1991) who explains the techniques in detail. It can be mentioned that SIMCA uses 
cross validation (Wold 1978) to calculate the number of significant principal 
components (PCs). In this thesis PLS-regression (SIMCA) is frequently used (Paper I, 
II, VII). 
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2 OBJECTIVES AND LIMITATIONS
The objectives of this thesis were to determine how compression develops during the 
CaLignum process, how densification varies within and between specimens, what 
controls the shape of the densified specimens and how densification influences 
strength properties, swelling and anatomy by: 

finding a method to measure plastic, elastic and delayed elastic strains at semi-
isostatical densification in the Quintus-press (Paper I and II). 
develop an algorithm to compare images of cross-sections taken before and after 
densification. Evaluate the possibility to use X-ray computerised tomography 
(CT) scanning in combination with the algorithm to analyse the density increment 
in optional crosscuts non-destructively (Paper III). 
determine what controls the plastic strains in clear wood of Scots pine (Paper I) 
and also at densification of boards with knots and defects (Paper III). The 
hypothesis was that the development of pressure in the process, wood properties, 
sawing pattern and the orientation of the specimens in the press will influence the 
plastic strains and the shape of the compressed specimens. To clarify this, plastic 
strains at different pressures and in different parts of the specimens must be 
determined in radial and tangential direction, as well as perpendicular and parallel 
to the press table. 
determine the elastic and delayed elastic strain of Scots pine compressed at 
different pressures and to evaluate how elastic springback affects density. The 
hypothesis was that the elastic strains in quarter-sawn specimens were larger than 
in plain-sawn and that the time-dependent springback of densified wood can 
cause problems when used practically (Paper II). 
determine how mechanical properties of semi-isostatically densified wood of 
various species vary with density and to state if this relationship differs from 
native wood. The CaLignum method were to be compared to other densification 
methods by distinguishing the effect of increasing density from possible effects of 
mechanical weakening of cell walls and wood structure as effect of compression 
(Paper IV). 
state which anatomical features that have affect on the degree of compression 
and the shape-recovery at water-soaking (Paper V). 
find the reasons for the change in density, strength, elasticity and swelling by 
studying the anatomy of native-, densified- and DSD-wood (densified, soaked and 
dried). The hypothesis was that the degree of compression was higher in 
earlywood (EW) than in latewood (LW) and that the LW has a restraining effect 
on tangential deformation and the rays on radial deformation (Paper IV, V and 
VI).
explain the high elasticity of densified aspen and determine the bending strain and 
maximum bending radii (Paper VI).  
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determine the amount of swelling and cell-shape recovery at soaking of species 
with different anatomy. The hypothesis was that the shape recovery is nearly 
complete (Paper V and VII). 
finding a method to distinguish between the contributions to the swelling from 
cell-shape recovery and from cell-wall bulking (Paper VII). 
determine the magnitude of the swelling pressure in densified wood and separate 
the total swelling pressure in two components; cell-wall bulking and cell-shape 
recovery. The hypothesis was that the stress caused by cell-shape recovery was the 
minor contribution to the total swelling pressure (Paper VII). 
state if the swelling pressure can be predicted from any other more easily 
measured properties, e.g. modulus of elasticity, strength at proportional limit, 
stress needed to compress swelled wood to original dimension and swelling 
coefficient (Paper VII). 

To keep the experiments on a reasonable level some variables that may have an effect 
on the compression mechanisms were held constant, such as the temperature and 
moisture content of the wood, the processing times and how the specimens were 
placed on the press table. The specimens were always placed directly on the rigid press 
table and with enough space in between to allow the diaphragm to protrude between 
the specimens. 

Plastic, elastic and delayed strain was only studied for Scots pine (Paper I-III) while 
anatomy, swelling and strength was studied for both softwoods and hardwoods (Paper 
IV-VII)

The dimensional stability of compressed wood subjected to changes in moisture 
content was studied by immersing the wood into water, not by humid air. 
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3 MATERIALS AND METHODS
Table 3.1 summarises the studied material and Table 3.2 the methods used. 

3.1 MATERIALS

In Paper I and II small (100 100 50 mm3) clear specimens of Scots pine (Pinus
sylvestris) were compressed at moisture content between 8% and 10%. The specimens 
were either plain-sawn or quarter-sawn from old grown butt logs with few defects. 
The specimens were very homogenous with high basic density (mean and standard 
deviation, 534 60 kg/m3) and mean annual ring width of 1.8 0.7 mm. Plastic strain 
was studied on 44 specimens and elastic strain on 12 specimens.

In Paper III plain-sawn boards of Scots pine (45 150 mm2) with knots and other 
defects were compressed at a moisture content of 7.7 1% (mean and standard 
deviation). 25 cross sections from ten boards with different amount of defects and 
resin content were analysed.

Mechanical tests of small clear specimens (Paper IV) were beside Scots pine 
performed on Norway spruce (Picea abies), birch (Betula pendula), alder (Alnus glutinosa),
aspen (Populus tremula), beech (Fagus sylvatica), oak (Quercus robur) and ash (Fraxinus 
excelsior). The moisture content (MC) of the wood at densification and testing ranged 
between 6.0% and 7.1% except for Scots pine that was tested at two levels of MC, 
13.3% and 6.6%. Tests were performed on densified and native specimens from the 
same boards. Before compression the boards were split into one half that was 
compressed and the other left as a reference. The densified specimens were sawn from 
plain-sawn boards compressed with their inside face to the press table at 130 MPa. 
Axial compression strength was tested on totally 269 densified specimens from eight 
species, compression strength in radial direction on 63 densified specimens and in 
tangential direction on 74 densified specimens from three species, bending strength on 
125 densified specimens from eight species and Brinell hardness on 255 densified 
specimens from six species. The number of native specimens was the same as of 
densified.

Anatomy was studied in Paper V on the same species as for the strength tests above 
except for ash. SEM-images of native as well as densified wood prior and past water-
soaking were studied. The wood was clear from defects. Specimens of dimension 
10 10 10 mm3 were used to determine macroscopic swelling coefficients and then 
used for preparation of SEM-samples. 

In Paper VI the high elasticity of aspen (Populus tremula) in bending found in paper IV, 
was studied through an anatomical approach by use of SEM. Nine specimens were 
used to determine the maximum bending radius and bending strength. The relation 
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between bending, tension and compression was clarified by testing six specimen in 
tension and 14 and 16 specimens in radial and tangential compression respectively. 

In paper VII the swelling and the swelling pressure was measured on clear pine and 
birch samples of dimension 20 20 20 mm3. The swelling pressure that developed at 
different kinds of mechanical restraints was measured at swelling from 9.2% to above 
the fibre-saturation point. Totally 42 specimens of densified pine with corresponding 
reference were studied. The swelling pressure of birch was studied on 30 specimens of 
each densified and native wood. 

Table 3.1 The material studied in this thesis. 

Paper Species Specimen 

Dimension 
(L W H) 

[mm3]

Average
MC
[%]

Number
of

specimen

I Pine clear wood,  
no visual defects 100 100 50 9 44 

II Pine clear wood,  
no visual defects 100 100 50 9 12 

III Pine boards with knots and 
anomalous wood 150 45 8 25 

IV Pine, spruce, birch, alder, 
aspen, beech, oak, ash 

clear wood,  
no visual defects (20-300) 20 20 6 or 14 1572 

V Pine, spruce, birch, alder, 
aspen, beech, oak 

clear wood,  
no visual defects 10 10 10 5 - >FSP 21 

VI Aspen clear wood, laminated 
sticks, no visual defects (23-140) 28 10 7 46 

VII Pine, birch clear wood,  
no visual defects 20 20 20 5 - >FSP 144 

3.2 METHODS

3.2.1 MEASUREMENT OF PLASTIC STRAINS (PAPER I)
Specimens were compressed at different pressures in the range 3-140 MPa (3, 5, 7.5, 
10, 15, 20, 30, 50, 90 and 140 MPa). Plain-sawn and quarter-sawn specimens were 
compressed with either theirs inside (pith side) or outside face (bark side) against the 
press table. The method used for measuring plastic strains was based on image analysis 
of dot gridded crosscuts (Fig. 4.1). The ratio of the distances between neighbouring 
dots before and after compression together with the annual ring angle was used to 
calculate plastic strains in radial and tangential direction. A finite area of the crosscut 
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restricted by four dots, one in each corner, is named segment. Each segment was 
characterized by its location in the crosscut and wood properties such as latewood 
content, annual ring angle and width and whether it was located in heartwood or 
sapwood. The specimens were characterized by at which pressure they were 
compressed and their original density. These characteristics of segments and specimen 
were used for making PLS regression models of the plastic strain in different 
directions. To understand the compression mechanisms models were made in 
different pressure ranges and separately for plain-sawn and quarter-sawn specimens as 
well as for the two types together. Separate models were made for prediction of the 
degree of compression, the ratios between radial and tangential strain and between 
strain parallel and perpendicular to the press table. 

Table 3.2 The methods and tools used in this thesis. 

Paper Methods Tools Aim 

I Image analysis, PLS-regression, 
nonlinear regression  

Scion Image1, SIMCA2,
SAS3

Determine plastic strains, model 
the densification 

II Mechanical strain gauge  Determine elastic strains and 
delayed springback 

III X-ray computerised tomography, image 
processing and analysis, PLS-regression 

CT-scanner4, SIMCA2,
SAS3

Study the variation in 
densification within boards 

IV Strength test, nonlinear regression  Universal testing 
machine5, SAS3

Study the variation in strength 
with density 

V Microscopy, image analysis SEM6, ImagePro7, Scion1,
microtome8, sputter9

Study anatomy of densified 
wood, dry and swelled 

VI Microscopy, image analysis, mechanical 
testing 

Universal testing 
machine5, SEM6

Determine the reason for 
changed elastic properties 

VII Mechanical testing, PLS-regression Universal testing 
machine5, SIMCA2

Study amount of swelling and 
swelling pressure, modelling 

1Scion Image, Release 3B, Scion Corp., USA, 1998    2SIMCA-P version 10, Umetrics AB, Sweden, 2002 
3SAS statistical package, release 8.02, SAS institute, Cary, NC, USA   4Siemens SOMATOM, AR.T, Germany 
5Shimadzu Autograph AG-100kNG with Trapezio    6JEOL 820, Japan 
7ImagePro Plus, version 4.0 for Windows, Media Cybernetics, 1999  8Microm HM 440E, Germany 
9Polaron E5400 High resolution sputter coater, England

3.2.2 MEASUREMENT OF ELASTIC STRAINS (PAPER II)
Elastic and delayed elastic strains were measured by comparing heights of the 
specimen when they were under pressure, immediately after releasing the pressure and 
then intermittent during five years. A telescope device that was placed in a drilled hole 
in the specimens measured the minimum height of the specimen when they were 
inside the press (Fig. 3.1). The device was compressed perpendicular to the press table 
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as much as the wood but when the wood sprung back elastically at release of pressure 
the device remained in the most compressed position. 

(A) Quarter-sawn, native (B) Quarter-sawn, densified 

Springback 

(C) Plain-sawn, native (D) Plain-sawn, densified
Figure 3.1 Quarter-sawn (A) and plain-sawn (C) specimen used for elastic strain measurements. The 
telescope device is placed inside the drilled hole before compression and is used to measure the 
smallest vertical dimension of the wood prior to release of pressure and elastic springback (B, D).   

Different specimens were compressed to 5, 15, 50 and 140 MPa. After compression 
the cross-section area was measured and used for calculating the density. The relation 
between strain perpendicular to press table and decrease of area was assumed constant 
during and after compression. This assumption was used to calculate the minimum 
volume inside the press, i.e. the maximum density.

The density that corresponds to each radial strain (perpendicular to press table when 
plain sawn wood is densified) (Fig. 4.3) is calculated as: d= 0/(1- v) where v is the 
volume strain and d is the density of the densified wood and 0 the original density 
(in Fig. 4.3 0 is set to 500 kg/m3 for the calculation). The relation between volume 
strain and density is shown in Figure 5.2. The ratio between the cross section area after 
compression (AP) and the plastic strain in radial direction ( p) was measured at each 
pressure. This relation was assumed to be the same inside the press when wood is 
under pressure, i.e AP/ p= AP+E/ P+E. The total strain ( P+E) is known from the 
telescope device, AP+E can then be calculated, which leads to the total volume strain: 

v=(A0-AP+E)/A0, where A0 is the cross section area before densification. Calculation 
of the volume strain assumes that dimensional change in axial direction is negligible. 
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3.2.3 CT-SCANNING TO DETERMINE DENSITY-INCREMENT (PAPER III)
With an X-ray computerised tomography scanner (CT-scanner) density is measured in 
a voxel; a volume element where the area are equal to the pixel shown in the CT 
image. The thickness of the voxel or the scan can be 2, 5 or 10 mm in the Siemens 
Somatom AR.T medical X-ray CT-scanner used in paper II. The measured density 
represents a greyscale value in each pixel of the CT-image. The more radiation that is 
absorbed by the material the higher is the density. In the images shown in Figure 3.2, a 
darker colour means a higher density. Danvind (2002) used the CT-scanner in 
combination with Digital Speckle Photography for measuring deformations in wood 
during drying. Lindgren (1992) showed that the accuracy in density generated by a 
similar CT-scanner was about 2 kg/m3. The difference in density and the size of each 
object determines what can be identified in the images. In Figure 3.2 knots are easily 
seen, when the annual rings are relatively wide also earlywood and latewood are 
distinguished. Heartwood and sapwood can also be separated especially in compressed 
boards with high resin content.

Native 

Densified 

(A) Whorl           Transformed (B) Inter-node

Figure 3.2 CT-images of one cross-section within a whorl (A) and one in an internode from a board 
with high resin content (B). The first row shows non-compressed cross-sections, the middle row 
cross-sections of compressed cross-sections and the bottom row images after transformation of the 
compressed cross-sections to the same size as the non-compressed. The darker the colour the higher 
the density.

With a CT-scanner an image of optional cross-section in a board can be studied non-
destructively. Before compression of plain-sawn boards of Scots pine, images of cross-
sections in whorls and internodes were captured. After compression at 140 MPa 
images were captured of the same cross-sections. To analyse density increment as 
effect of compression, same area (pixel) in the cross-section before and after 
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compression must be compared. An algorithm for transformation of the image 
showing the compressed cross-section to the same size as the non-compressed was 
developed. The iterative algorithm used accumulated density in two directions to 
locate same pixel in both images. Figure 3.2 shows CT images of non-compressed 
cross-sections (top), compressed cross-section before (middle) and after 
transformation (bottom). The algorithm is described by an example in Appendix. 
Verification of the algorithm was done by comparing coordinates of characteristic 
points found in the images of non-compressed cross-sections and in the transformed 
images of the compressed cross-sections. Comparing the change of coordinates during 
six iterations checked the convergence of the algorithm. 

Totally 25 cross-sections in ten boards were analysed. PLS models, predicting the 
density increment and the density in densified wood, were made separately for whorls 
and internodes. The internodes were further separated on resinous and non-resinous 
boards. Modelling was made on pixel level and each pixel was characterised by its 
original density, its location in the cross section and in which type of wood it was 
located. Respect was also given to the surrounding wood by defining each pixels 
distance to e.g. knots, heartwood, sapwood and resinous wood. Each type of wood 
was defined by a density range on which the images were thresholded (Fig. 3.3). 

Original image Knots and resinous wood Heartwood and sapwood 

Distance from resinous wood Distance from knots Distance from sapwood 
Figure 3.3 Top: Resulting images showing knots, resinous wood and heartwood and sapwood after 
thresholding the original image. Bottom: Images of the distance from different kind of wood used to 
characterise each pixel. The distance was limited to 30 pixels (  12 mm). 

3.2.4 MEASUREMENT OF STRENGTH PROPERTIES (PAPER IV)
Small clear test pieces without visible defects were sawn from wood compressed at 
130 MPa and compared with native wood from the same board. Bending strength, 
compression strength in axial, radial and tangential direction and Brinell hardness was 
done in accordance to ISO and EN standards. Tests were done in a Shimadzu AG-
100kNG universal testing machine. The strengths were correlated to density and 
compared with strength of naturally grown wood with densities in the same interval; 
comparison was also made to functions describing the general relationships between 
strength and density as proposed in literature. Semi-isostatic densification of wood was 
compared to other methods by calculating a strength potential index: ad/a0, where the 
index d is densified and 0 native wood. a is calculated as f/ b, where f is the strength, 
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the density and b the power in the equation, b differs between strength properties. For 
axial compression strength b=1, for compression strength in tangential and radial 
direction b=2 (Gibson and Ashby 1997), for bending strength b=1.25 (Bodig and 
Jayne 1982) and for Brinell hardness b=2.14 (Kollmann and Côté 1984). A strength 
potential index below 1 indicates that the strength of densified wood do not increase 
as much with density as expected for native wood. A value of 1 means that the relation 
between density and strength is the same for native and densified wood, a value above 
1 that some modifications of the wood substance or structure have occurred that 
improves the strength more than only increased density would do. 

3.2.5 STUDY ANATOMY BY SCANNING ELECTRON MICROSCOPY (PAPER V)
Cell-dimensions and shapes were measured on SEM images representing native wood, 
densified wood and densified wood after water-soaking and drying (DSD). 
Microtome-planing was used for surface preparation. Freezing the wood in liquid 
nitrogen prior to preparation proved to yield best surfaces. Native- and DSD-wood 
was frozen in wet condition while densified wood was dry at freezing because of the 
shape recovery that occurs upon wetting. A high vacuum SEM (Jeol 820, acceleration 
voltage 10 kV, WD 25-30 mm) was used why the specimen were vacuum dried and 
coated with gold (Polaron high-resolution sputter coater, time 180 s, voltage 1 kV and 
current 25 mA). Image analysis (ImagePro v.4.0) was used to determine the degree of 
densification and recovery of different anatomical features at wetting.  

3.2.6 ANALYSING ASPEN AT BENDING (PAPER VI) 
In paper IV it was found that the modulus of elasticity perpendicular to grain 
decreased substantially at densification. This phenomenon was further studied on 
aspen by performing mechanical tests in tension, compression and bending. Bending 
radius, strength at proportional limit and at failure was determined. Mechanical tests 
were performed on samples with a cross-section of 10 28 mm2. The impact of elastic 
bending on the cell structure was studied on SEM images of one aspen sample with a 
thickness of 2.9 mm (Fig. 3.4). The tests of tension and compression strength were 
used to calculate the stress and strain profile at bending. 

Figure 3.4 Aspen sample used to study the increased elasticity perpendicular to grain by means of 
anatomy.
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3.2.7 MEASUREMENT OF SWELLING AND SWELLING PRESSURE (PAPER VII)
Pine and birch at an average moisture content of 9.2% was immersed in water. The 
swelling coefficients were measured after 24h as percent increase in dimension. To 
ensure zero strain during test, an extensometer was attached to the upper and lower 
holding plates (Fig. 3.5). The area of the plate where the stress was measured was ¼ of 
the upper wood surface to avoid effects of friction when horizontal swelling was 
restrained (Fig. 3.6d). 

50
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38

1328
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a
f

e

g
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Figure 3.5 Test equipment for measuring the swelling pressure. The specimen (b) of dimension 
20 20 mm2 is placed in a vessel (c) that can be filled with water. The top loading plate (f) has a 
contact area of 10 10 mm2 and is attached to the load cell (e) through a flexible holder (a) to 
guarantee that the entire loading plate is in contact with the wood. An extensometer (g) is attached to 
the top (f) and bottom (d) loading plate to secure no movement during test and also to measure the 
clearance at test of incomplete restraint swelling pressure (Pi), it was also used to measure the strain 
at release of holding force or when compression test was done on swelled samples. The 
extensometer was also used to measure the strain when initial load was applied during test of 
mechanically influenced swelling pressure (Pm).

Beside the swelling pressures, the stress needed to compress the freely swelled samples 
back to original dimension was measured as well as the proportional limit and 
modulus of elasticity in compression of both dry and wet wood. These strength 
properties together with the density, annual ring angle and swelling coefficients were 
used to find a predictive model of the normal swelling pressure in radial direction (Pn;
Fig. 3.6c).  

The swelling pressures and properties were measured for native as well as for densified 
pine and birch, in radial and tangential directions. Four different test setups were 
applied to obtain the following measures of the swelling pressure (Fig. 3.6 b-e): normal 
swelling pressure (Pn) - wood is totally restraint in the direction of measured swelling 
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pressure and free to swell in others; swelling pressure of incompletely restrained wood 
(Pi) - the wood is free to swell a prescribed initial clearance (ic; see last section) 
followed by restrained swelling; Swelling pressure of completely restrained wood (Pc) - 
wood restraint in perpendicular directions; mechanically influenced swelling pressure 
(Pm) – an initial compressive stress ( i) of 1 MPa is applied in the direction of the 
measured pressure, the dimension caused by the initial stress is held constant during 
the swelling. 

e

i Pm,t

lt=0

c

Pn,t
lt ic

b

Pi,t

d

lt

a

lr
Pc,t

lt=0 lr=0 lt<0 

Figure 3.6 Test of: a Free swelling, no restraints. b Swelling pressure of incompletely restrained 
wood (Pi). c Normal swelling pressure (Pn). d Swelling pressure of completely restrained wood (Pc). e
Mechanically influenced swelling pressure (Pm).

Assuming that densified wood swells irreversibly an amount equal to the degree of 
compression due to cell-shape recovery (Scharfetter 1980) would give an opportunity 
to separate the swelling pressure arising from cell-wall bulking from that arising from 
shape-recovery of the wood tissue. To do this there would be an initial clearance 
between the wood and the load cell prior to swelling that is equal to the cell-wall 
bulking (Pi; Fig 3.6b). The initial clearance (ic) is measured from the amount of 
shrinkage upon drying soaked densified wood (Fig 3.7). Thereby, the measured 
swelling pressure would be caused by the cell-shape recovery only. By swelling the 
wood when totally restrained, the swelling pressure would be the sum of both pressure 
components (Pn; Fig 3.6c).

Densified Densified 
Soaked 

Total 
swelling 

Reversible swelling
(cell-wall bulking) 

Irreversible swelling
(cell-shape recovery)

Pi

Initial clearance 

Densified 
Soaked 
Dried

Figure 3.7 Schematic description of how the initial clearance is applied in order to measure the 
swelling pressure caused by cell-shape recovery. The total swelling of densified wood consists of two 
contributions: the contribution from cell-shape recovery that is irreversible, the contribution from 
cell-wall bulking that is reversible upon drying. The later contribution was applied as initial clearance 
prior to measuring the swelling pressure that then is caused by cell-shape recovery.
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4 RESULTS

4.1 STRAINS AND COMPRESSION MECHANISMS (PAPER I, II AND III)
The shape of compressed specimen is highly dependent on the sawing pattern and 
how the specimens are oriented on the press table, i.e. the annual ring angle relative 
press table. Where the angles are steep (>50 ) the annual rings buckle and the 
specimen becomes less compressed in vertical direction. Quarter-sawn specimen 
compressed with their outside face down, has one area with steep ring angles and one 
with more horizontally oriented rings, becomes very irregularly shaped (Fig. 4.1D). 
Plain-sawn specimens with annual rings almost in line with the press table are the most 
evenly shaped (Fig. 4.1A). 

(A) Plain-sawn, inside face down (B) Plain-sawn, outside face down

(C) Quarter-sawn, inside face down (D) Quarter-sawn, outside face down

Figure 4.1 Different shapes of Scots pine compressed at 140 MPa and 8% moisture content. Figure 
A and C shows plain-sawn and quarter-sawn specimens respectively, compressed with their inside 
face to the press table. Figure B and D shows same types of specimens compressed with their 
outside face to press table. 

The degree of compression (volume strain) is about the same for the both types of 
specimen independently of orientation, there is no significant difference neither in the 
asymptote (b0) nor in the slope (b1). The regression fitted to the measured values of 
plastic strain ( P) and pressure ( ) by the equation: )1( 10P

beb  is shown in 
Figure 4.2. At a pressure of 140 MPa the volume was almost halved and density was 
doubled. It should be noted that the curves in Figure 4.2 only shows the densification 
stage (C in Fig.1.3), the first collapse that occurs at pressures below 8 MPa can not be 
seen due to the scale of the stress and strain axes.

There are great differences in development of radial and tangential plastic strain 
between plain-sawn and quarter-sawn specimens (Fig. 4.2). In radial direction plain-
sawn specimen collapses at lower pressure compared to in quarter-sawn specimens. 
Radial plastic strain is about three times larger than the tangential. Tangential strain is 
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particularly low in plain-sawn specimen. R2 is very low for the equation describing 
tangential strain in quarter-sawn specimen (R2=0.32, Fig. 4.2B); here the ring angle 
varies over the cross-section (Fig. 4.1 D).

0

20

40

60

80

100

120

140

0 10 20 30 40 50

Plastic volume strain [%] 

S
tre

ss
 [M

P
a] — — —  Plain-sawn

———— Quarter-sawn

(A)

Press0.0381-
p e15.47

R2=0.93 

Press-0.0342
p e12.49

R2=0.94 

0

20

40

60

80

100

120

140

0 10 20 30 40 50
Radial and tangential plastic strain [%] 

S
tre

ss
 [M

P
a]

Plain-sawn, radial
Plain-sawn, tangential
Quarter-sawn, radial
Quarter-sawn, tangential
Plain-sawn
Quarter-sawn

RadialTangential

(B)

Press0.0135-
p e14.13

R2=0.90 

Press-0.0706
p e18.13

R2=0.32 Press-0.0187
p e16.32

R2=0.92 

Press-0.0399
p e11.38

R2=0.93 

Figure 4.2 Development of volume strain (A) with increased stress (pressure) in the press. The 
strain is separated for radial- and tangential direction (B) and also for plain-sawn and quarter-sawn 
wood. The strains shown are the remaining plastic part after springback at unloading the wood. Each 
dot represents the average of one specimen. The functions were based on data for each segment. 



4  Results 

- 29 - 

PLS regression showed that the pressure alone explained 85% of the variation in 
degree of compression at low pressures (0-50 MPa). At higher pressures 50-140 MPa 
the original density was the most important variable explaining the degree of 
compression. Degree of compression increased with distance from pith and closer to 
the press table degree of compression is low. The predictive models also showed that 
the wood becomes more flattened against the press table as the pressure increases up 
to 50 MPa, and that this effect is increasing towards the press table. The steeper the 
annual ring angle is the higher is the strain in tangential compared to radial direction 
and wood with low density was more prone to be compressed in tangential direction. 
Sapwood was found to be more compressed than heartwood. 

Figure 4.3 summarises results from Paper I and II. The pressure develops to 140 MPa 
during two minutes at decreasing rate (different pumps are used) and is then 
immediately lowered to atmospheric pressure. Radial strain in plain-sawn specimens 
increases at high rate up to 50 MPa where the strain is 56%, and then strain develops 
slower to a maximum of 63.3% at 140 MPa. At this strain density is 1449 kg/m3,
which is close to the compact density of wood, i.e. 1500 kg/m3 (Kellogg and 
Wangaard 1969). Strain and density decreased to 50.2% and 1040 kg/m3 when 
pressure was removed.
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Figure 4.3 Development of radial strain in plain-sawn specimen (black line) as the pressure increases 
in the process (grey line). The left axes and the dotted line show the density. After two minutes the 
pressure is released and strain is measured during five years of indoor storage in a climate that varies 
with season between 5% and 9% equilibrium moisture content for the wood. 

During five years of indoor storage strain and density were stable around 50% and 
1000 kg/m3. During the storage the equilibrium moisture content of wood varied over 
the year between 5% and 9%. The original hypotheses, which was that delayed elastic 
springback could be a problem in practical applications, is rejected.  
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Both the elastic and delayed elastic strain was lower in plain-sawn than in quarter-sawn 
specimens. The plastic strain and the density increment were higher in the plain-sawn 
specimen.

The algorithm used to compare density of pixels prior and after compression was 
evaluated. From the analysis of how characteristic points deviated in position between 
images of non-compressed cross-sections and transformed images of compressed 
cross-sections it was proven that the algorithm was good enough to permit analysis on 
the pixel level, the mean deviation was 1.5 pixels (0.57 mm) and maximum deviation 
found was 4.2 pixels (1.60 mm). Deviation in knot area was low; the area was in 
average 6% larger in transformed images of compressed cross-sections. It was also 
shown that the iteration made by the algorithm to find same pixel in both images 
converged after three iterations. 

Heartwood in resinous boards had higher density than the sapwood before 
compression but lower after (Fig. 3.2B). In non-resinous boards, the degree of 
denification was similar for heartwood and sapwood. Density increment of knots was 
almost zero. Wood classified as resinous was less compressed than both sapwood and 
heartwood.

Prediction of density increment and density of compressed wood by PLS regression 
models showed that the original density generally was the most important variable. 
The degree of densification of wood with high native density was lower compared to 
wood with low density. However, after densification the density is higher for natively 
dens wood than for wood with lower native density. The amount of earlywood was 
also generally an important variable. The more earlywood the lower become the 
density after densification.

In internodes of non-resinous boards variables describing the pixels location were 
important. Density was low close to the press table, high near the surfaces attached by 
the rubber diaphragm but relatively low at the upper corners, this is in accordance with 
the strains measured on clear wood. In the resinous boards much of the density 
variation in internodes was attributed to the heartwood.

In whorls the knots and the pixels location influenced the density and density 
increment. The degrees of determination were low in internodes and high in whorls, 
variation in density after densification was higher in whorls than in internodes. 

4.2 STRENGTH PROPERTIES (PAPER IV)
Generally the strength (f ) increases with density ( ) for both native and densified 
wood (Fig. 4.4-4.7). An exception is the compression strength in radial direction where 
the mechanical properties become completely changed at densification (Fig. 4.5).
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The axial compression strength (Fig 4.4) increased most for ash, fd/f0=1,7 but the 
increase in density was even higher d/ 0 =1,77, the strength potential index is then 
ad/a0=0.96 which means that the axial compression strength of densified wood is 
nearly the same as could be expected for native wood at the same density. For the 
other species the strength potential indices are lower, between 0.74 and 0.93. The two 
samples of Scots pine differed in moisture content and original density. One sample 
was compressed and tested at 13.3% ( 0=458 kg/m3) and the other at 6.6% moisture 
content ( 0=521 kg/m3). Density increment of Scots pine with high moisture content 
(MC=13.3%) was lower than for Scots pine at low MC (6.6%). The same was true for 
strength but the strength potential was higher for the Scots pine with high moisture 
content, 0.90 compared to 0.84. These samples of Scots pine were also tested at 
compression in tangential direction and here the strength potential was higher for pine 
at 6.6% MC, 0.66 compared to 0.59 for the pine densified at 13.3% MC (Fig. 4.5). 
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Figure 4.4 The bars show the axial compression strength for different densified and native 
(reference) species. The dots show the density. Number in brackets show the moisture content of the 
wood at the time of compression and testing. 

At radial compression densified wood behaves like rubber, with no proportional limit 
and very low modulus of elasticity (Fig. 4.5). Considering that the compression 
strength in radial and tangential direction are related to density with the power b=2
results in very low strength potential indices for radial compression strength, between 
0.04 and 0.12. The tangential compression strength increased at densification and the 
strength potential index varied between 0.38 and 0.66. 
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Figure 4.5 The bars show the compression strength in radial and tangential direction for different 
densified and native (reference) species. The dots show the density. Number in brackets show the 
moisture content of the wood at the time of compression and testing. 

The strength potential index at bending varied between 0.65 and 1.03, highest for oak 
and lowest for alder.
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Figure 4.6 The bars show the bending strength for different densified and native (reference) species. 
The dots show the density. Number in brackets show the moisture content of the wood at the time 
of compression and testing. 
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Brinell hardness (Fig. 4.7) was the property that increased most of the tested strength 
properties in absolute values (fd/f0), but considering that hardness is related to density 
with the power b=2.14 yield strength potential indices (ad/a0) between 0.51 and 0.77. 
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Figure 4.7 The bars show the Brinell hardness for different densified and native (reference) species. 
The dots show the density. Number in brackets show the moisture content of the wood at the time 
of compression and testing. 

Comparison between the strength properties shows that semi-isostatically densified 
wood uses most of its strength potential in axial compression and bending. It was also 
found that generally the strength potential index is higher for woods with high original 
density that often have low degree of densification, d/ 0.
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Figure 4.8 Comparison between different methods used for producing densified wood by use of the 
strength potential index. 

The strength potential index can be used to compare different materials. In Figure 4.8 
strength potential indices at bending of pine that was densified according to different 
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methods are shown. The values of the cold statically densified wood are given by 
Perkitny and Jablonski (1984), of the thermo-mechanically treated (TM) by Tabarsa 
and Chui (1997) and of the thermo-hydro-mechanically (THM) densified wood by 
Haygreen and Daniels (1969). The wood semi-isostatically compressed in accordance 
to the CaLignum process has higher value of the strength potential index compared to 
the wood compressed in a platen press at normal indoor climate (cold static). Adding 
heat to the wood prior and during densification (TM) increases the strength potential 
index which is further increased when also moisture is added during the process 
(THM).

Figure 4.9 shows the failure at axial compression for native and densified woods. 
Densified ring-porous hardwoods (ash) and densified softwoods (Scots pine) failed 
under formation of large checks at the boundaries between annual rings. The checks 
come up in the earlywood at the ring boarder where original density changes abruptly. 
Failure of densified diffuse-porous hardwoods (alder), having a more homogenous 
structure before densification, showed no cracking, only the typical shearing zones as 
native woods do. When the cracking arose, the failure was very sudden, but there was 
no tendency to lower compressive strength than for the diffuse-porous hardwoods. 
Also under tangential compression cracking arose at the ring boarders (Fig. 4.10). 
Where latewood bands were wide as in the middle of the ash specimen in Fig. 4.10, 
there were fewer tendencies to buckling and cracking than else was the case. 

Native Densified Native    Densified Native Densified 
Alder Ash Scots pine 

Figure 4.9 Failure at axial compression of native and densified alder, ash and pine. 

Figure 4.10 Failure in densified ash after testing compression strength in tangential direction. 
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4.3 ANATOMY OF DENSIFIED WOOD (PAPER V)
The SEM-images in Figure 4.11 shows native wood, densified wood and densified 
wood after water soaking and drying.

Native pine Densified pine Densified, soaked and dried pine

Native aspen Densified aspen Dens., soaked and dried aspen 

Native oak Densified oak Densified, soaked and dried oak
Figure 4.11 Images of pine and aspen are representing an area of 120 90 m2, and images of oak an 
area of 400 300 m2.

Softwoods and ring-porous hardwoods, as pine and oak in Fig 4.11, both have large 
difference in density between earlywood (EW) and latewood (LW). EW is prone to 
have large tangential shearing deformation and at the ring boarder cell-walls tend to be 
broken. This weakening of the wood tissue at the ring boarder explains the mode of 
failure shown for ash (another ring-porous hardwood) and pine in Figure 4.9 and 4.10. 
Broken cell-walls are very local which means that the strength is little affected (Paper 
IV). In LW the shearing is more radial as can be seen from the s-shaped tracheids. The 
cell-shape recovery is almost complete at water soaking while the shearing 
deformations are more permanent. The deformations are also more permanent in 
tissue with higher density (thicker cell walls). The higher degree of plastic 
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deformations can be attributed to the formation of larger and more numerous cracks. 
Softwoods are mainly compressed in radial direction while wood with homogenous 
density over the annual ring, in Fig 4.11 represented by the diffuse-porous hardwood 
aspen, have higher degree of compression tangentially. The rays restrain densification 
in radial direction. The ring-porous hardwood oak is relatively equally compressed in 
radial and tangential direction and analogous to the softwoods shearing is pronounced 
due to large differences in density over the annual ring. In ring-porous hardwoods the 
large vessels and rays determine the deformation to a high extent. 

The shape recovery is almost complete and the anisotropy in degree of compression 
and swelling approximately the same. 

4.4 BENDING OF DENSIFIED ASPEN (PAPER VI)
The vessels in aspen become flattened towards the rays at densification. As the rays 
become undulated, the orientation of the flattened vessels varies substantially. When 
aspen is bent perpendicular to grain the vessels at the tensed (convex) face opens and 
at the compressed (concave) face the vessels are further closed (Fig. 4.12). The 
porosity and density on the tensed side was 54% and 700 kg/m2 respectively, and on 
the compressed side 26% and 1100 kg/m2. The porosity of unloaded densified aspen 
was 33%, which corresponds to a density of about 1000 kg/m2.

Figure 4.12 SEM-images of aspen in bending. Image size 6000 4500 m2. Inflated images 60 45
m2.
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The stress distribution as calculated for a bent beam of densified aspen (Figure 4.13) 
was very different from the stress distribution for bent native wood (Bodig and Jayne 
1982, p.304, Kollmann and Côté 1984, p.361), no compressive failure occurs. 

=1.80 MPa

=-2.53 MPa 
=-0.056

=0.061

Midline 
Neutral line 

Figure 4.13 The stress (black) and strain (grey) profile in bent aspen.  

The minimum bending radius at the tensed side was 59.5 mm for a 10 mm thick 
specimen of densified aspen. 

4.5 SWELLING AND SWELLING PRESSURE (PAPER VII)
In general the measured pressures can be arranged in following increasing order: Pi
(initial clearance), Pn (totally restrained in direction of measurement), Pc (transversal 
directions completely restrained), Pm (pre-stressed in measured direction) and  (the 
compressive stress needed to restore original dimension of swelled wood).
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Figure 4.14 The proportion of the radial and tangential contributions to the total degree of 
compression (DoC), swelling coefficient and normal swelling pressure (completely restrained in 
direction of measurement, free to swell in the other directions) of densified pine and birch. Axial 
contributions are small and ignored. The numbers in the bars are the absolute value of the property.  
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The swelling coefficient of densified wood was positively correlated to the degree of 
compression. The degree of compression for pine and birch (Paper I and V) is higher 
in radial direction due to the orthotropic properties of wood discussed in Paper V. 
The tangential swelling coefficients of native and densified pine and birch were almost 
equal, while the radial swelling coefficient of densified wood very much exceeded that 
of native wood which is explained by the cell-shape recovery (Fig. 4.14). 

The swelling pressure in radial direction was 2 - 3 times higher for densified than for 
native wood. In tangential direction the pressure was about the same for densified and 
native woods (Fig. 4.14). The reason for the higher swelling pressure in radial direction 
is as above; the recovery of cell-shape that is nearly complete (Paper V).

The cell-shape recovery contributes to the swelling coefficient and to the swelling 
pressure. In radial direction the cell-shape recovery was more important than the cell-
wall bulking for both the swelling coefficient and the swelling pressure (Fig. 4.15). In 
tangential direction the pressure caused by cell-shape recovery was of minor 
importance.

For native wood the proportional limit of wet wood was higher than the swelling 
pressures, it is the upper limit for the swelling pressure. For densified wood the 
proportional limit was lower than for native wood and does not have the function as 
upper limit for the swelling pressure. This can explain the minor contribution from 
cell-wall bulking to the swelling pressure in radial direction for densified wood than 
for native wood (Fig. 4.15).  
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Figure 4.15 Swelling coefficients (left) and swelling pressures (right) for native and densified pine 
and birch in radial direction, separated on cell-wall bulking and cell-shape recovery.

At water-soaking densified wood the pressure developed fast and was then constant 
near the maximum pressure for a long time. At release of the constraint the densified 
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wood recovered its cell-structure and shape. To restore the original dimension a 
compressive stress higher than the swelling pressure was needed (Fig. 4.16). 

The normal swelling pressure in radial direction could be modelled by variables much 
easier and faster measured than the pressure itself. The PLS model described 91.3% 
(R2) of the variation and the predictive ability was 76.8% (Q2). Native and densified 
wood of pine and birch was all included in the model. Important variables were the 
modulus of elasticity, the proportional limit, the swelling coefficient, the density and 
the degree of compression. 
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Figure 4.16 Typical curve showing the development of swelling pressure and compressive stress 
applied to swelled densified pine wood to restore the original dimension (black). The strain and 
swelling during the test is also given (grey). 
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5 EXPERIENCE FROM INDUSTRIAL WORK
In this section some brief results from industrial studies on densified wood are 
presented. These results are not yet published scientifically because of their practical 
alignment. My colleagues during these studies were Anna Blomberg, Erik Temnerud, 
Karin Norén and Eric Sjöberg. 

5.1 RESIN EXHAUSTION
After the densification process resin bleeds out on the wood surface for long time, 
resin exhaustion has been noticed over a whole year in the worst cases. The problem is 
particularly severe for woods with high amount of extractives, e.g. heartwood of pine. 
Resin causes problems in surfacing and wood working operations, especially when the 
resin becomes concentrated. The problem can be reduced by using pine wood with 
low resin content, i.e. sapwood or wood graded on low resin-content. The total resin 
content is halved at high-temperature-vacuum drying (95 C) which lowers the resin-
bleed after densification. Cech et al. (1973) studied other seasoning methods an found 
that e.g. drying with solvents could almost eliminate the problem. If low-resin wood 
would not be available the resin can be post-treated with heat or oil-vacuum drying. 
Heating pine in an oven at 100 C for 2 hours makes the resin dry and possible to be 
mechanically removed. Densification of wood at moisture content of 12% followed by 
drying in hot oil (95 C) reduced the amount of rejected wood due to resin-problems 
with 97%. Lowering the pressure used at densification from 140 to 110 MPa only 
causes a loss of volumetric degree of compression of 2% but also in 21% less area 
with resin exhaustion. All these possible methods to handle the resin-problem gives at 
hand that pine wood can be suited for semi-isostatic densification. The problem with 
resin exhaustion and the low degree of densification for heartwood (Paper III) means 
that the inner part of the timber should be avoided for densification, at least for pine.

5.2 EFFECT OF DIFFERENT PRE-TREATMENTS ON DENSIFICATION
Plato treated (www.platowood.nl) and native wood was semi-isostatically densified and 
compared with respect to degree of compression, dimensional stability and Brinell 
hardness. The Plato-process aims at producing durable and dimensional stable wood 
by pre-drying (conventional drying kiln), hydro-thermolysis (heated to 150-180 C in an 
aqueous environment at superatmospheric pressure), drying (conventional drying kiln), 
curing (heated to 150-190 C under dry and atmospheric conditions) and conditioning 
(conventional drying kiln). Volume strain (degree of compression) was higher for 
thermolysed wood compared to non-treated wood, probably because of more plastic 
deformation as non-polar compounds are cross linked into the wood tissue during the 
curing stage (Dwianto 1999). The volumetric swelling coefficient was 32% lower for 
thermolysed Plato wood but still the absolute value was high, v  80%. The Brinell 

http://www.platowood.nl
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hardness was somewhat lower for densified heat-treated wood than for non-treated 
densified wood, 6.8 and 7.3 HB respectively.

At acetylation wood is treated with acetic anhydride. The hydroxyl groups, that attract 
water, are replaced with acetyl functional groups. The cell-walls become permanently 
bulked. Acetylated wood has increased dimensional stability, improved decay 
resistance, reduced hygroscopicity and do not become discoloured. However, the 
attempts failed to use acetylated wood as a pre-treatment method to get higher 
dimensional stability of densified wood. Only a small raise of the moisture content 
(1%) causes the densified acetylated wood to recover its shape. The swelling 
coefficient became 10% tangentially and 56% radially. It was also found that only 
applying heat (100 C, drying from 4% to 0% MC) swelled the wood by 8.1% in radial 
direction.

It was thought that hot-steaming the wood prior to the isostatic-compression should 
yield a higher degree of compression and also higher dimensional stability (Dwianto 
1999). A quick test of steaming at 200 C showed no significant differences compared 
to densification of wood conditioned in indoor climate. Probably the result had been 
different if steam and heat also had been added during the process.

The above findings indicates that using thermally or chemically modified wood, that 
obviously are more dimensional stable than native wood, do not improve the stability 
of densified wood. Densified wood most probably has to be treated after or during the 
compression process to gain increased dimensional stability. Different modifications 
of wood are also discussed in Paper II.  

5.3 EFFECT OF DIFFERENT PARAMETERS ON DENSIFICATION
The wood collapses at much lower pressures than is used in the CaLignum-process 
but the remaining (plastic) deformation increases when the pressure is further risen 
after this (Fig. 1.3). 

The degree of compression or plastic volume strain increases much up to about 80 
MPa and then at lower rate (Figure 5.1A, Paper I). Thus, it is possible to use a lower 
maximum pressure at densification. However, one has to remember that even a small 
increase in the degree of compression could be important since the density increases 
more than the degree of compression that this effect becomes more pronounced at 
higher degrees of compression. The density increases exponentially with the degree of 
compression (Fig 5.2). Using a higher pressure can also make the cell walls more 
detrimentally affected and the deformation therefore more permanent (see also Paper 
V). As effect the strength could be negatively affected.
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Figure 5.1 Pine densified at 130 MPa. The variation of degree of compression with pressure (A), 
moisture content (B), mean annual ring with (E) and proportion of latewood (F). Variation in density 
(C) and Brinell hardness (D) with moisture content. When moisture content was varied the values 
were measured after conditioning to 8% MC. 
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The degree of compression is affected by the moisture content (MC) of the wood, the 
higher the MC the lower the degree of compression. The degree of compression falls 
remarkably between 14% and 18% MC (Fig 5.1B). After conditioning to 8% MC the 
density become relatively equal for wood densified at 14 and 18% MC (Fig. 5.1C). 
This is explained by a higher shrinkage of the wood compressed at 18%. The wood 
compressed at 18% MC gets higher Brinell hardness compared to wood compressed 
at 14% (Fig 5.1D). This indicates a less detrimental densification of wood at higher 
moisture content. Degree of compression increases with increasing mean annual ring 
width and decreases as the proportion of latewood increases (Fig 5.1E and F). This is 
an effect of wood density. Denser wood is less compressed. By using different values 
of the parameters pressure and wood moisture content it is possible to design the 
material for different purposes. Most certainly the optimal values of these parameters 
are different for different species and also of wood with different density of same 
species.

5.4 PERMEABILITY
Permeability is higher for densified compared to native wood (Cech and Goulet 1968, 
Cech and Huffman 1970). When the cell-shape recovers at water soaking, the internal 
pressure decreases, which help liquids to penetrate into the wood. Probably also new 
paths has been opened into the wood structure, but here it is only concluded that 
impregnation with different liquids is easier in densified wood. This has been used for 
deep colouring of wood by swelling densified wood in pigmented water. The 
penetration was visually examined for different wood species by planing and cutting 
coloured boards. It has also been shown that densified Norway spruce can be 
impregnated from bark to pith. Deep impregnation with oil is also possible. This is 
used in production of top-layers for floors, to increase dimensional stability. The oil 
impregnated wearing surface is then coated with a surface lacquer.

5.5 DIMENSIONAL STABILITY OF PRODUCTS IN DENSIFIED WOOD
Accelerated climate tests has been done on e.g. folding floor boards made of solid 
wood, layered floors with wearing surface made of densified wood and on table tops 
made of plain edge-grain jointed lamellas. The temperature in the climate chamber was 
constant at 35 C and the relative humidity was held constant for one week at each of 
85, 60, 25, 75 and 50% RH. This means that the equilibrium moisture content in the 
wood changed between 18, 10, 5, 14 and 8% MC. The changes of dimension and 
shape proved to be unsatisfactory large even when the tested products was four-sided 
lacquered and end-grained sealed. Three layered floors were the most dimensional and 
shape stable product but also here cup and bows occurs. Balancing these products was 
more complicated when the surface layer is made of densified wood and the other 
layers of native wood. This balancing problem is most probably caused by the 
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increased swelling pressure of densified wood (Paper VII). Most recently floors with 
deep-oil impregnated wearing surfaces in combination with a surface lacquer have 
shown very good results in humid air and also in contact with water.

5.6 THERMAL  CONDUCTIVITY

It was thought that a floor material with high thermal conductivity ( ) would be an 
advantage when under-floor heating is used as the surface of the floor is heated in 
shorter time. Thermal conductivity was measured on densified and native Scots pine 
according to the standard SS024211. The measured value of the thermal conductivity 
was =0.121 W/(m K) for densified pine and =0.119 W/(m K) for native pine, i.e. 
almost the same value. Using pine densified at 8% MC is no advantage for under-floor 
heating but this can be different for other species or with other processing parameters.

According to e.g. Siau (1995) and Kollmann and Côté (1984), the thermal conductivity 
is almost linearly increasing with the density. Siau (1995) proposed the equation 

=0.50-0.46 (1- / cw)0.5 for thermal conductivity in transverse direction, where  is 
the wood density and cw the cell-wall density (1500 kg/m3). According to the 
equation, with the density 552 kg/m3 for native pine and 950 kg/m3 for densified pine, 
the thermal conductivity becomes 0.134 W/(m K) and 0.22 W/(m K) respectively, i.e. 
considerably higher for densified pine.

The thermal conductivity of cellular materials is depends on the material density; the 
size, shape and number of voids. The thermal conductivity has four contributions: 
conduction through the solid ( s); conduction through the gas ( g); convection within 
the cells ( c); and radiation through the voids and the cell walls ( r). Multiplying each 
conductivity contribution with its volume fraction gives the total conductivity (Gibson 
and Ashby 1997, p.284-292). For wood the radiation and convection often are 
neglected.

More research is needed to understand the conductivity in densified wood. Probably 
the anatomical changes at densification have to be considered and maybe also the 
contribution from convection and radiation which was neglected in the equation given 
by Siau (1995). A hypothesis, based on the work by Gibson and Ashby (1997), is that 
the thermal conductivity decreases with decreased cell-size (increased number of 
deformed cells) up to a limit where the conductivity increases as the cells becomes 
smaller and loses their isolating ability. The cell-size of native pine is to the right of 
this limit and of densified pine to the left which means that the thermal conductivity 
can have the same value despite different density and cell-size. 
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6 DISCUSSION
The development of strain and the differences in density and shape of the densified 
wood, show that compression is not perfectly isostatic, especially not in the beginning 
of the process when the rubber diaphragm not yet has surrounded the wood pieces. At 
higher pressure the pressure become more isostatic. The side attached to the press 
table had minor horizontal deformation. Wood close to the rubber diaphragm was 
more compressed compared to wood attached to the press table. Filling the gaps 
between the wood pieces and/or lining the press table with rubber or some other 
elastic material gives possibilities to reach a more isostatic pressure earlier in the 
process. This also gives possibilities to affect the final shape of the wood. Further a 
more isostatic process would also give less variation in density. Minimising the friction 
between wood and press table would probably also affect the shape.  

The semi-isostatic pressure results in low degree of cracking and high strength but also 
in irregular shape. The deformations at semi-isostatical compression are much 
determined by the anisotropic strength properties. At static compression the 
deformations are forced in one or two directions by rigid plates.

Comparison of the different Papers of this thesis shows some variation in the results. 
This is mostly due to the natural variation among wood but also to the specimen 
orientation on the press table. The annual ring angle relative to press table will affect 
the degree of compression and subsequently also the anisotropy of densified wood. In 
Paper I it was found for pine that the degree of densification in tangential and radial 
direction was different at compression of plain-sawn (rings parallel to table) and 
quarter-sawn (rings perpendicular to table) wood. In both cases the radial strain was 
subsequently higher than the tangential. The measured degree of densification in radial 
and tangential direction differed more between studies for the diffuse-porous 
hardwood birch. For species with low native anisotropy, e.g. birch, the degree of 
compression and the resulting anisotropy of densified wood are more affected by the 
orientation in the press than the annual ring angle relative to the press table. This 
explains the somewhat deviating results of Paper V and VII. 

The final shape of the specimen will affect the yield, as rectangular as possible is an 
advantage. The angle of annual rings relative press table had strong effect on the shape 
(Paper I). When softwood is compressed tangentially with static pressure annual rings 
buckles (Tabarsa and Chui 2001). When pressure is applied semi-isostatically, buckling 
was minor due to restraint from the side pressure. At static compression of softwoods 
radial and tangential stress-strain curves are relatively equal while at semi-isostatic 
compression the strain was substantially lower in tangential than in radial direction 
(Fig. 1.3 and Fig. 4.2). 
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Reinforcement of the wood structure (e.g. with rays) has an important influence on 
the variation in compression strength between the radial and tangential directions. 
Ellis and Steiner (2002) stated that rays acts as reinforcement in radial direction, the 
same role has latewood bands with high density in tangential direction (Bodig 1965, 
Kollmann 1959). Accordingly, the type and degree of deformation is highly dependent 
of these reinforcement elements. 

In softwood, latewood bands play a more important role than rays. Accordingly, 
compression in radial direction is more dominant. In contrast to softwoods, the 
diffuse-porous hardwoods were predominately compressed in tangential direction. 
This effect was especially pronounced for woods with low density such as aspen and 
alder. Latewood cannot prevent tangential strain, while the rays, with larger cell area 
compared to in softwoods, have a restraining effect on the radial strain (Paper V). 

Density increment and plastic strains are closely related properties why the results 
from Paper I and III can be compared. In general the compression mechanisms are 
described similarly in the two studies. The method used for calculating plastic strains 
by measuring the displacements in a dot grid has a resolution of the strain field that is 
limited to the distance between the dots of 5 mm (Paper I). Using CT scanning and 
the developed algorithm, density could be studied on pixel level, i.e. a resolution of 
about 0.4 mm (Paper III). 

Heartwood of semi-isostatically compressed Scots pine was less compressed and got 
lower density compared to sapwood (Paper I and III), same conclusion as Trenard 
(1977). This is probably an effect of incompressible resin located inside the cell wall. 
Resin in the cell wall can not move inside the wood tissue and therefore acts as a 
bulking agent that increases the elastic springback (Kuo and Arganbright 1980). The 
effect of heartwood was more pronounced in boards with high resin content (Paper 
III). In these boards the amount of resin inside the lumen probably was enough to 
prevent some compression of the cells.

Much of the densification is made below 50 MPa (Fig. 4.2 and Paper I). Further 
increased pressure has small effect on the strain but as density increases curvilinear 
with strain the positive effect on the density by using higher pressure is important (Fig. 
5.2). The elastic springback after compression becomes smaller when the pressure is 
raised above 50 MPa, which increases the density of the densified wood (Paper II). 
The decreasing springback is an effect of micro-cracks in the cell walls (Paper V). 
Elastic strain was higher for quarter-sawn than plain-sawn specimens. Since the 
pressure is mainly directed perpendicular to press table below 50 MPa, quarter-sawn 
specimen will collapse tangentially (Paper II). The latewood bands are elastic and will 
act like springs, the cells will not remain buckled after unloading (Tabarsa and Chui 
2001). 
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The immediate elastic springback at unloading decreased density by about 400 kg/m3

(Fig. 4.3 and Paper II). This raises the question of how to increase the plastic 
deformation and how that would affect the wood properties.  

Mechanically the wood could be permanently crushed with a more destructive process 
and make it less elastic. Kollmann and Côté (1984) showed that wood became more 
plastic after repeated loading and unloading, probably due to fatigue. Changing the 
moisture content of the wood at the time of compression could also easily change 
elastic parameters. Lowering of moisture content will increase modulus of elasticity 
(Dinwoodie 2000). 

Densification by heat and steam may modify the wood chemically by changing the 
crystallinity, break or give rise to new bonding. Softening the wood prior and during 
densification may also make the deformation less prone to cause damage to the wood 
structure and release some stresses in the densified wood that makes it more stable, i.e. 
increase the plastic strain (Dwianto et al. 1996, Higashihara et al. 2000, Inoue et al. 
1993). 

If both high temperature and moisturised conditions are applied, the densification 
seems to be less destructive to the wood structure and in some cases also made the 
wood stronger, values of the strength potential index above one was reported 
(Haygreen and Daniels 1969, Navi and Girardet 2000). There is an effect of only 
raising the temperature but this is of minor importance compared to if also moisture is 
present (Tabarsa and Chui 1997). Densification processes that involve high 
temperature and moisture often are very time consuming and have limited capacity. 
Softening of the wood prior to semi-isostatical compression can be applied in the 
CaLignum process but then the advantage of a rapid and a relatively uncomplicated 
process would be lost. Furthermore, the wood would need to cool and dry in the 
press, unless the effect would be eliminated. 

A big advantage of using semi-isostatic pressure is that wood of all dimensions and 
with knots can be compressed without major cracking and other macroscopic defects 
(Paper I, II and V). If no side restraints are used, unidirectional compression of wood 
thicker then 12 mm have problems with splitting and spreading across the grain 
(Seborg and Stamm 1941). If strength would be tested on specimens of board size 
instead of on small clear specimens probably the semi-isostatically densified wood is 
superior to unidirectional densified wood, concerning strength potential indices.

The strength potential index was high in axial direction and low in radial direction. 
Semi-isostatical densification seems to be most destructive to the structure and 
strength in the directions that is most strained at compression. Plain-sawn specimens 
are mostly strained in radial direction and in axial direction strain is negligible when 
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densified. Wood with high original density, e.g. beech, ash and oak, have relatively low 
degrees of densification and also high strength potential indices.  

The cracking at the ring boarders at failure under axial or tangential compression (Fig. 
4.9 and 4.10) indicates that shear strength would be severely negatively affected. 
Bending strength is related to the shear strength, and also to axial compression 
strength and tensile strength. In the bending tests the specimens were loaded 
tangentially, why the shear plane was perpendicular to the ring boarder. As indicated 
by Perkitny and Jablonski (1984), bending strength of statically densified Scots pine is 
lesser when loaded radially than tangentially.  

At densification, cell walls, rays and latewood bands are buckled or crushed (Kunesh 
1968, Tabarsa and Chui 2001). The process starts and is most severe where density is 
lowest and cell walls thinnest, for softwoods and ring-porous hardwoods the 
earlywood closest to the boarder between two annual rings. As effect of the large 
deformation at the ring boarder, cracking is likely to occur (Fig. 4.11 and Paper V). At 
failure the typical shearing zones at different angles to the grain direction (Bodig and 
Jayne 1982, Dinwoodie 2000) do not develop in densified wood (Fig 4.9 and 4.10). It 
seams that this weakness is compensated for by increased stiffness of latewood bands 
at axial or tangential compression. The compression strength in these directions is not 
severely affected (Fig. 4.4, 4.5 and Paper IV). The very low compressive strength in 
radial direction corresponds to the fact that it is much determined by the rays (Kunesh 
1968) that have been crushed at densification. 

The rays were severely bent and were also prone to change direction at the annual ring 
border as the wood sheared tangentially (Paper V). Ellis and Steiner (2002) found that 
deformation of rays at compression restrain springback at water-soaking. Paper V 
gives a more differentiated picture. Much of the change concerning the alignment of 
the cell axes in rays, tracheids, and vessels were kept after water soaking, while the 
porosity, size, and shape of the cells recovered almost completely. Buckling and tilting 
of rays seems not to impede the recovery of the structure; the springback anisotropy 
fully reflected the compression anisotropy.  

The large swelling of densified wood most often is considered as a problem. Several 
methods to increase the dimension stability have been applied on native wood. Heat-
treatments decrease the hygroskopicity and increase the dimensional stability of native 
wood as effect of increased crystallinity, cross-linking and new bondings (Dwianto 
1999, Dwianto et al. 1998, 1996, Inoue et al. 1998, Inoue et al. 1993, Kärenlampi et al. 
2003, Uhmeier et al. 1998). Chemical treatments has also been applied, these 
treatments either aims at decrease the hygroskopicity or permanently bulk the cell wall 
(Deka and Saikia 2000, Devi et al. 2003, 2004, Guizhen et al. 1998, Kumar 1994, Peyer 
et al. 2000, Rowell 1999, Yalinkilic et al. 1999, Yasuda and Minato 1994). The most 
common method to handle the swelling problem is by coating the surfaces with e.g. a 
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lacquer that prevents water to come in contact with the wood. Treatments with heat or 
chemicals do not have same positive effects on densified wood as on native wood. 
Deep-impregnation with oil in combination with coating has been proven to be a 
successful method to get dimension stability in products made of densified wood.

Cracks in the cell walls were never observed to protrude through the middle lamellas, 
except for the earlywood at the ring border in the softwoods. In such cases, the cracks 
will be less detrimental to the strength than in the case of complete from lumen-to-
lumen cracks. This worst case was not observed in hardwoods (Paper V). One 
indicator of the non-destructive character of the process was the high degree of 
springback (shape recovery) after soaking the densified wood in water (Paper V and 
VII). Structures with high remaining deformation most likely have suffered some 
injury and were therefore more plastically deformed at compression, which 
consequently affects the springback (Ellis and Steiner 2002). 

Scharfetter (1980) concludes that the cell-shape recovery do not contribute to the 
swelling pressure while Tarkow and Turner (1958) found that the swelling pressure 
increased exponentially with the degree of compression. In Paper VII it was shown 
that the swelling pressure is highly correlated to the amount of swelling (the swelling 
coefficient) that is increased for densified wood due to cell-shape recovery, i.e. the cell-
shape recovery contributes to the total swelling pressure. At swelling of wood with an 
initial clearance, equal to the cell-wall bulking, between the wood and the loading plate 
a non-zero value occurs. If the cell-shape recovery would not contribute to the 
swelling pressure, the value should have been zero (Paper VII). 

The discrepancies in the effect densification has on the swelling pressure is huge 
between different previously published studies. Also reported values of the swelling 
pressure for native woods are deviating. A reliable value of the swelling pressure 
demands that the method is accurate and that the equipment is well calibrated, e.g. 
only a small deviation from the condition of zero strain or zero initial clearance will 
seriously affect the measured swelling pressure (Ivanov 1956, Perkitny and Kingston 
1972, Suchsland 1976, Suchsland and Xu 1992) The sensitivity to deviations from 
prescribed conditions can explain some of the discrepancies between earlier studies. In 
Paper VII a high precision extensometer was used to control the strains. To ensure no 
clearance between the wood and the loading plate a small pre-stress was applied.   

Besides the difficulties with the method, measuring the swelling pressure is also very 
time-consuming. It was found that the swelling pressure can be modelled by use of 
multivariate analysis as the correlations to more easily measured strength and physical 
properties were strong (Paper VII). Earlier it was found that there is strong positive 
correlation between the swelling pressure and the compressive strength of wet wood 
(Ivanov 1956, Koponen and Virta 2004, Raczkowski 1970). The multivariate analysis 
confirms this in radial direction but not in tangential. The correlation to the tangential 
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compression strength of dry wood is stronger and probably this is specific for 
densified wood. Ivanov (1956) concludes that the proportional limit at compression of 
wet wood is the maximum limit for the swelling pressure. This was confirmed for 
native wood but definitely does not hold true for densified wood where the swelling 
pressure is strongly increased by the cell-shape recovery. This is also reflected by the 
strong positive correlations with the swelling coefficients in respective direction. The 
compressive stress which must be applied to reduce the amount of swelling that has 
already occurred is greater than the swelling pressure developed when the sample is 
kept within prescribed dimensions, this was also found by Kowal et al. (1992). This 
compressive stress is important in the predictive model. The modulus of elasticity is 
also important when predicting the swelling pressure. A high value in radial direction 
means a low radial swelling pressure.
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7 CONCLUSIONS AND PRACTICAL IMPLICATIONS
With semi-isostatic compression wood of all sizes, with knots and defects can be 
densified without macroscopic cracks. The wood will be irregularly shaped, with 
buckled annual rings but these disadvantages will be minimised if plain-sawn wood is 
compressed with inside face to the press table. 

The plastic strains and density varied over the cross-section. Wood close to the press 
table was less densified than wood attached by the rubber diaphragm where the degree 
of compression and density was highest.  

At the beginning of the densification the pressure is mostly static in direction 
perpendicular to the press table. By filling the gaps between the wood pieces and 
lowering the friction between the wood and the press table the pressure will become 
more isostatic earlier in the process. Wood will then be more regularly shaped and the 
density will be more homogenous. 

When high and homogenous density of the compressed wood is requested, resin- and 
knot-rich wood should be avoided. Heartwood in boards with high resin content was 
less densified and got lower density than in non-resinous boards. Generally density will 
be more homogenous if heartwood is avoided in softwoods. Knots acted like 
reinforcements preventing surrounding wood from being fully compressed. However, 
the density become more homogenous also in boards with knots and resin rich 
heartwood compared to in native boards. 

Using CT scanning to study the density increment at large deformations demand 
comparison of images before and after compression. The algorithm developed for this 
purpose proved to be a useful tool. CT images of wood provides information about 
the density with high resolution and latewood, earlywood, knots and resinous wood 
can be distinguished.

Delayed elastic springback proved to be very small during five years of indoor storage, 
thus using compressed wood indoors would not give any problem with loss of density 
or dimensional change. The elastic strain was higher in quarter-sawn than in plain-
sawn specimen. The hypothesis that the delayed strain was larger in quarter-sawn 
specimen was accepted but the magnitude is too small to cause any problems in 
practice.

All strength properties increased at densification. In radial direction there is no 
proportional limit or breaking strength since the structure has already collapsed. 
Densified wood used much of its strength potential in axial compression and bending, 
i.e. the strength increased with density at about the same rate as expected for native 
wood.
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The shape recovery at water soaking was almost complete. This phenomenon is 
specific to densified wood and must be considered as a major problem that has to be 
controlled when densified wood are going to be used in joinery applications. Effective 
remedies could be to mechanically holding back the recovery, chemical modification 
or preventing water absorption. Semi-isostatically densified wood also changes shape 
when soaked in water. Reasons for this are the anisotropy in degree of compression as 
well as shearing and tilting at densification. If the compression would have given more 
damage to the cell walls the densification would be more permanent, but it also would 
have negative effects on strength and wearing resistance.  

Species with heterogeneous density are prone to shearing at densification. Such species 
are often severely deformed at the ring borders, which makes them prone to 
delaminate.

Cell-wall bulking and cell-shape recovery are two important contributions to the 
swelling coefficient and to the swelling pressure of densified wood. The pressure 
component arising from the cell-shape recovery increases with increasing swelling 
coefficient. The hypotheses, that the cell-shape recovery is of minor importance for 
the swelling pressure, is rejected. The swelling pressure can be estimated from basic 
material properties using multivariate modelling. The swelling pressure is an important 
property to consider in balancing laminated wood constructions, e.g. layered floors.

The research and development presented in this thesis has contributed to that semi-
isostatically densified wood according to the CaLignum process now is ready for 
industrial production and commercialisation. 
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8 FUTURE WORK
The problem with large changes in dimension and shape of densified wood that is 
subjected to water has found its solution in using deep-impregnation with oil in 
combination with a surface lacquer. Still there is work to do in finding the reason for 
uneven penetration of oil or pigmented water that occurs in some samples. Diffusion 
mechanisms and permeability processes in densified wood needs to be further studied. 
There is also a need to know where different impregnating agents become located in 
the wood tissue. Answers to these questions can help finding a stable process that 
produces densified wood with high dimensional stability and even quality. Finding the 
answers probably demands sophisticated microscopy studies. 

Thermal conductivity and diffusivity becomes peculiarly low for densified wood. 
These and other physical properties can be subject for further studies.  

A mathematical model for balancing layered constructions, e.g. a layered floor, where 
the thickness of each layer can be calculated, would be of great help in production of 
these kinds of products. The swelling pressures presented in this thesis can then be 
used.

Wood moisture content at compression influences the degree of compression, the 
density and the strength properties of the densified wood. Moisture content is most 
certainly of great importance in optimising the process in order to gain maximum 
strength and density and minimum mechanical defects. In the same way the pressure 
and the temperature of the wood can be subject for variation in the process. 

The effect of swelling wood in different climates, on the swelling coefficients and on 
the swelling pressures, was not fully covered in this thesis. Densified wood subjected 
to air with different temperature and relative humidity needs to be further studied to 
fully understand the moisture related reactions. 

The technique with comparing relative densities in images taken before and after 
compression can be developed and used for measuring radial and tangential strains as 
well as in other applications were large deformations are going to be studied. 

A model, based on wood properties and process parameters, for prediction of the final 
shape and properties of densified wood should be a powerful tool in optimising yield 
and designing the material for different applications. Such a model could be done 
using e.g. finite element modelling. The knowledge of the mechanical and physical 
properties of densified wood and of the compression mechanisms reported in this 
thesis could then be a starting point.  
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ALGORITHM FOR COMPARISON OF IMAGES 

REPRESENTING NATIVE AND DENSIFIED 

TRANSECTS
The basic idea of the algorithm is to make transformed images of specimen cross-
sections before and after densification to the same size, which makes comparison pixel 
by pixel possible, i.e. comparison of densities from the same area in native and 
densified wood. Each original image representing transects of native (Ou) and 
compressed (Oc) specimen was transformed using an iterative algorithm to make the 
cross-sections fully cover images of 300×90 pixels (Tu and Tc, respectively). One of the 
transformed images contains density values from the image of uncompressed, native, 
wood ( u ; Tu) and the other densities from the image of densified wood ( c ; Tc).
Densities in same pixel-coordinates can then be compared to study the density 
increment. Pixel (x,y) in Tu is compared with the corresponding pixel (x,y) in Tc. The 
algorithm is described by four equations: 
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NOTATIONS
n = iteration step 
Ou, Oc, Tu, Tc = Original (O) and transformed (T) image reproducing cross-sections of 
native (u) and densified (c) wood. 
x, y = x- and y-coordinate of a pixel in the transformed images (Tu, Tc), of which 
density values are searched (x = 1…300; y = 1…90). 
xun, xcn, yun, ycn = x- and y-coordinate in Ou or Oc that corresponds to x in Tu and Tc at 
iteration step n.
xuminyun, xumaxyun, xcminyun, xcmaxyun, yuminxun, yumaxxun, ycminxun, ycmaxxun =
x-coordinate of the first (min) or last (max) pixel in row yun or column xun in Ou or Oc

u, c = density in one pixel in original image of native or densified wood (Ou or Oc)

EXAMPLE
In this example the size of the transformed images (Tu, Tc) are 30 10 pixels (in paper 
III the size 300 90 are used for the transformed images). Therefore 300 in Equation 1 
should be changed to 30 and 90 in Equation 3 to 10. 

In the example densities for pixel (x,y)=(10,5) in the transformed images (Tc and Tu ;
Fig. A1) are going to be found from the original images of native (Ou) and densified 
wood (Oc) ( u and c respectively), Fig. A3. Two iterations are done in this example to 
find the corresponding pixels. 

Column 10

Row 5 

(10,5)

Figure A1. Transformed image with densities of densified (Tc) or native wood (Tu). Tu and Tc have 
the same size but each pixel has densities that correspond to either the original image of native wood 
or of densified wood (Ou or Oc). In the example densities for pixel (10,5) are found by the iterative 
algorithm.

Before the algorithm starts the raw original images Ou and Oc (Fig. A3)are rotated so 
that the baseline becomes horizontal and straight. This procedure is not presented in 
the four equations (Eq. 1-4) that describe the iterative process. The baseline in the 
image representing native wood is the row at the y-coordinate, yu0=1, and in the image 
representing densified wood, yc0=1.
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N=1
The iteration always begins at the baseline regardless of which pixel is to be found. 
The initial condition (n=0) is: 

yu0=yc0=1; n=0 

The x-coordinate in Ou (xu1) that corresponds to x=10 in Tc is found by using 
Equation 1 (Figure A1). 

0u0u yuyu1u minmax1
30
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here x=10 and parenthesis is the number of pixels in row yu0=1. So xu1 becomes:

933.91281
30
10

1ux

The quotients between the x-distance in pixels to the searched pixel (x=10) and the 
total number of pixels in the baseline (row yu0=1) have to be the same in both Ou (Fig. 
A2) and Tu (Fig. A1). 

(xumaxyu0,yu0)
1 9 28Row yu0

(xuminyu0,yu0) (xu1,yu0)

Figure A2. Distances in number of pixels used in Equation 1 to calculate the x-coordinate (xu1)  in 
the image of native wood (Ou) that corresponds to x=10 in the transformed image, Tu.

The x-coordinate in Oc (xc1) is found by comparing the relation between relative 
accumulated densities in Ou and Oc, Equation 2 (Fig. A3). The first quotient has the 
accumulated density to xu1 in the baseline (row yu0) of Ou as numerator and the 
accumulated density in row yu0 in Ou as the denominator. xu1 is known from Equation 
1. Second quotient show the same relation but in Oc. The unknown x-coordinate xc1 in 
the numerator (right quotient) that fulfils Equation 2 is searched.  
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1842
,...56

1235
397 0c1c yx  (xc1, yc0) = (10, 1) 

41 49 48 41 42 45 46 4738 49 43 45 4445 43 42 49 4540 43 39 42 50 43 44 42 45 45Row yu0
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(xc1,yc0)(xc minyc0,yc0) (xcmaxyc0,yc0)
Figure A3. Densities in Ou and Oc used for finding the x-coordinate in Oc (xc1) that corresponds to 
pixel (10,5) in the transformed image Tc.

Now the first x-coordinate in Ou and Oc that corresponds to the x-coordinate (x) in 
the transformed images have been found: 

x = 10, xu1 = 9 and xc1 =10 

and the algorithm goes on with finding the y-coordinates. The difference between 
Equation 1 and 2 where x-coordinates in Ou and Oc were found and Equation 3 and 4 
where y-coordinates are going to be found is that instead of comparing relative 
distances and densities for rows, this is done for columns. 

The y-coordinate in Ou (yu1) is calculated in Equation 3 (Fig. A4). The parenthesis in 
Equation 3 is the total number of pixels in column xu1.
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1
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(xu1,yu1)

1

5

10
(x,y) = (10,5)

Figure A4. Distances in Oc and Tc used to calculate the y-coordinate in Ou (yu1) that corresponds to 
pixel (10,5) in the transformed image. 

In the same way as was done for the x-coordinate the y-coordinate yc1 in Oc is 
calculated from the densities in Ou and Oc according to Equation 4 (Fig. A5). 
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Figure A5. Densities in Ou and Oc used for finding the y-coordinate in Oc (yc1) that corresponds to 
pixel (10,5) in the transformed image Tc.

After the first iteration step (n=1) following coordinates in the original non-
compressed cross-section (Ou) and original compressed cross-section (Oc) that 
corresponds to (10,5) in the transformed images were found: 

Ou Oc

xu1=9 xc1=10
yu1=5 yc1=3

At the second iteration step (n=2) same calculations as in previous section is done 
using the newly found coordinates (xu1,yu1) and (xc1,yc1) as starting points. 
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N=2
The x-coordinate in Ou (xu2) that corresponds to x=10 in Tu is found by using 
Equation 1 (Fig. A6). Instead of comparing relative distances in the baseline this is 
now done for row yu1=5

1u1u yuyu2u minmax1
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xxxx ........................................................................... (1; n=2) 

x=10 and the parenthesis is the number of pixels in row yu1=5. So xu2 become: 

933.91281
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2ux .

Row yu1 has the same number of pixels as row yu0, xu2 is then equal to xu1 and still 9. 

1 9 28 Row yu1 

(xumaxyu1,yu1)

(xuminyu1,yu1)

(xu2,yu1)

Figure A6. Distances in Ou used in Equation 1 to calculate the x-coordinate in Ou (xu2) that 
corresponds to x=10 in Tu.

The x-coordinate in Oc (xc2) is found by comparing the relation between relative 
accumulated densities in Ou and Oc, Equation 2 (Fig. A7). The relations are calculated 
for row yu1 and yc1 that was found at iteration step 1.  
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Figure A7. Densities in the original images Ou and Oc used for finding the x-coordinate in Oc (xc2)
that corresponds to pixel (10,5) in the transformed image Tc.

Column xu2 have not been changed from xu1 and because of this yu2 remains the same 
as yu1, as can be seen in Equation 3 (Fig. A8). 
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Figure A8. Distances in Oc and Tc used to calculate the y-coordinate in Ou (yu2) that corresponds to 
pixel (10,5) in the transformed image. 

In the same way as was done for the x-coordinates the y-coordinates are calculated for 
Oc (yc2) in Equation 4 (Fig. A9). The left quotient is the same as previous as column 
xu2 is the same as xu1 in Ou. The right quotient is changed because the column in Oc

has changed, xc1 xc2.



Appendix

- A9 - 

)max(

)min(
c

),(

)min,(
c

)max,(

)min(
u

),(

)min(
u

2cxc,2c

2cxc,2c

2c2c

2cxc2c

2uxu2u

2uxu,2u

2u2u

2uxu,2u

yx

yx

yx

yx

yx

yx

yx

yx

.................................................................................... (4; n=2) 

352
,...4054

400
200 2c2c yx  (xc2,yc2) = (9,4)

41 49 48 41 42 45 46 4738 49 43 45 4445 43 42 49 4540 43 39 42 50 43 44 42 45 45

38
42

35
40

43

40
46

34
37

Column xu2
(xu2,yumaxxu2)

(xu2,yuminxu2)

(xu2,yu2)=(9,5) 

56 62 53 58 56 57 61 6362 65 64 62 6054 61 57 56 6152 55 60 58 52 65 64 62 60 57

44
57

38
40

59
60

Column xc2

(xc2,yc2)

(xc2,ycminxc2)

(xc2,ycmaxxc2)

Figure A9. Densities in Ou and Oc used for finding the y-coordinate in Oc (yc2) that corresponds to 
pixel (10,5) in the transformed image Tc.

After the second iteration step (n=2) following coordinates in the original non-
compressed cross-section (Ou) and original compressed cross-section (Oc) that 
corresponds to (10,5) in the transformed images were found: 

Ou Oc

xu2=9 xc2= 9 
yu2=5 yc2=4

After two iterations the density in pixel (9,5) in the original image representing native 
wood (Ou) is compared with pixel (9,4) from the original image showing densified 
wood (Oc), both these pixels correspond to pixel (10,5) in the transformed images (Tu

and Tc), i.e. pixel (10,5) in Tu contains the uncompressed density, u, from pixel (9,5) in 
Ou, and pixel (10,5) in Tc the compressed density, c, from pixel (9,4) in Oc.
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Abstract Specimens made of clear wood from Scots pine
(Pinus sylvestris L.) were compressed semi-isostatically at
25°C in a Quintus press. Pressure ranged from 0 to 140MPa
and the maximum decrease in the crosscut area was
about 60%. Quarter-sawn and plain-sawn specimens were
densified with the inside face (pith side) up or down. A
laser-made dot grid on the crosscut area of the uncom-
pressed specimen was used to calculate plastic strains by
image analysis of the displacement of dots after compres-
sion. Multivariate models were developed to determine the
causes of deformation. The lower face was restrained by
the press table and remained flat whereas sides attached to
the rubber diaphragm became more irregularly shaped
when compressed. Most of the total compression occurred
below 50MPa and was determined exclusively by pressure.
Above 50MPa, wood density was more important and com-
pression was lower in the interior of specimens and in heart-
wood. Plastic compressive strain occurred predominately in
the radial direction and toward the rigid press table. Strains
were dependent on the sawing pattern and orientation. The
growth rings of quarter-sawn specimens oriented with the
outer face (bark side) down tended to buckle.

Key words Compressed wood · Plastic strain · Quintus
press · Multivariate models

Introduction

In order to improve the hardness and other mechanical
properties of wood there has long been a drive to develop

processes for the densification of wood.1 To date, the prod-
ucts have not been widely used, owing to high costs, capac-
ity, and technical problems with the products.

CaLignum is the novel and patented process for wood
densification through semi-isostatic compression in a
Quintus press (Flow Pressure Systems, Sweden). CaLignum
is also the name of the product. The Quintus press can yield
pressures of up to 140MPa, mediated through a flexible oil-
filled rubber diaphragm that is pressed against a rigid press
table or tool half. The press was originally developed for
flexforming2,3 of sheet metal for prototype and short series
production. The CaLignum process makes it possible to
densify wood of board size on an industrial scale.

In the process, the rubber diaphragm surrounds the
wood pieces tightly, except against the steel table. As pres-
sure increases, the weakest structures collapse in their
weakest direction. Harder structures are not crushed or
dislocated, and can protrude. Consequently, the densified
wood may have an uneven shape.

The relationships between forces applied to wood and
deformations are well known.4–6 Gibson and Ashby7 divided
the deformation of wood in compression into three stages.
In radial and tangential compression at small strains
(�0.02), the deformation is linear–elastic, associated with
cell wall bending.7 Further loading causes bending and col-
lapse of the cell walls by plastic hinges8 and rapid defor-
mation. Once the weak parts of the wood structure have
collapsed, further stress causes minor, predominately elastic
strain that will spring back immediately. Because wood is a
viscoelastic and rheological material, the degree of defor-
mation depends on the duration of load and part of the
spring back is delayed.9

The stress–strain curves are similar in the radial and
tangential directions, whereas collapse in axial deformation
demands up to ten times higher stress. Tabarsa and Chui10

state that in radial compression the last consolidation stage
is dominated by elastic deformation of latewood, and in the
tangential direction the last stage begins after readjustment
of latewood layers by buckling. Radial compression causes
nonuniform deformation starting in the weakest structures,
the first-formed earlywood, and then propagating across the

mailto:jbl@du.se
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growth ring.7,11,12 Rays buckle or collapse, which makes the
deformation more plastic in the radial direction than in the
tangential direction.13,14 The tendency of ray buckling in-
creases when the surrounding wood is weak. Thus, early-
wood density is the most important factor controlling
strength in the radial direction.10 However, in softwoods
with low wood density, like western red cedar (Thuja plicata
D. Don.), stress at the proportional limit is found to be
slightly higher in the radial direction than in the tangential
direction11,15 and much higher than when loaded statically
with a ring angle of 45°.15–17 Thus, rays work as reinforce-
ments.18 For softwoods with high wood density like Douglas
fir (Pseudotsuga menziesii (Mirb.) Franco), stress at the
proportional limit is found to be much higher in the tangen-
tial direction than in the radial direction. For both species,
the modulus of elasticity is lowest in the tangential direc-
tion.11,15 Tangential stress causes uniform cell collapse. In
softwood, latewood bands form stiff reinforcement and the
amount of latewood is the controlling factor for compres-
sive strength in the tangential direction.16 The plastic defor-
mation of the cell walls corresponds to the buckling of the
growth rings.

There are only a few studies of the isostatic compression
of wood. Under isostatic conditions, wood will collapse
in its weakest direction and when collapsed it will be fur-
ther densified homogenously. Because axial compressive
strength is substantially higher than the transverse compres-
sive strength, axial compression will be negligible. Arakawa
et al.19 compressed sugi (Cryptomeria japonica D. Don)
heartwood with water, after having sealed the surface with
silicone to prevent water uptake. The wood was compressed
to 60% of its original volume. They found that most defor-
mation was in the earlywood and in the radial direction.
Because the pressure was only 2MPa, heating was needed
for densification. Trenard20 tested small pieces of several
woods that were sealed with a thin rubber membrane and
pressed in a hydraulic water-filled cylinder with up to
200MPa pressure. Sapwood of Scots pine (Pinus sylvestris
L.) was less densified than heartwood. The stress–strain
curve found by Trenard can be divided into three parts: (1)
only small strains (5%) occurs up to 5MPa, (2) strain devel-
ops from 5% at 5MPa to about 45% at 50MPa, and (3)
between 50 and 200MPa, only 5% additional strain occurs.
There was delamination in the middle lamella in earlywood
and between rays and neighboring tracheids. It is likely that
the deformation is different in the CaLignum process be-
cause the pressure is not hydrostatic. The result is probably
influenced by how the piece is oriented relative to the steel
table.

The objectives of this study were to determine how com-
pression develops during the CaLignum process, how densi-
fication varies within a specimen, and what controls the
shape of the densified specimen. In order to optimize the
process, models are developed to describe what determines
the compression and deformation.

Materials and methods

Clear specimens without defects, of length 100mm, width
100mm, and thickness 50mm, were sawn from butt logs of
Scots pine (Pinus sylvestris L.) with top diameter above
280mm. The specimens were very homogenous with high
basic density and low and even annual ring width. The
specimens were plain-sawn or quarter-sawn and com-
pressed with the outside (bark side) or inside (pith side)
face against the press table (Fig. 1). The wood was at room
temperature and no additional heat was added in the pro-
cess. The moisture content ranged between 8% and 10%.

A 5 � 5-mm grid was burnt on the crosscut surface with
a CO2 laser (power: 100W, opening-time: 0.15s, focal dis-
tance: 15mm) positioned by a robot.

The air-dry density (rorigin) of specimens (u � 8%–10%)
was determined with an accuracy of 1.8kg/m3 by callipering
(accuracy of calliper � 0.03mm, repeatability � 0.01mm)
and weighing with a balance (Mettler Toledo BA4100S,
readability � 0.01g, repeatability � 0.008g). The position
of the pith and the distance from the pith to the heartwood
border were determined using a transparent plastic film
with concentric semicircles that was superimposed on the
crosscut of the specimens to fit the curvature of the growth
rings.

Specimens oriented as A and B in Fig. 1 were com-
pressed at 10 pressure levels: 3, 5, 7.5, 10, 15, 20, 30, 50, 90,
and 140MPa were used for statistical analysis. There were

(A) (B)

(C) (D)

Segment

Fig. 1. Plain-sawn (A, C) and quarter-sawn (B, D) specimens prior to
and after densification at 140 MPa. Dot grids (5 � 5 mm) burned with
a laser divide the specimens into 180 segments in the plain-sawn speci-
mens and 144 segments in the quarter-sawn specimens. Specimen A
and D are compressed with the inside face against the press table, B
and C are compressed in the opposite orientation
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one or two plain-sawn and quarter-sawn specimens per
pressure level in the interval 3–90MPa and three and four
specimens, respectively, compressed to 140MPa. Four of
each type of specimen oriented as C and D in Fig. 1 were
also compressed at 140MPa. Characteristics of plain-sawn
and quarter-sawn specimens are given in Table 1.

Images of the laser-gridded surfaces were captured with
a Sony XC003P CCD colour camera (570 � 756 pixels)
before and after compression. Using image analysis with
Scion Image (Release Beta 3B, 1998, Scion Corporation,
Frederick, MD, USA) the grid dots were eroded to one
pixel each, the coordinates of which were used for measure-
ments of deformations and strains. The tetragon between
four dots defined a segment. Plain-sawn specimens had 180
such segments and quarter-sawn specimens had 144.

A greyscale value for the transition between earlywood
and latewood, according to Mork,21 were determined visu-
ally and used for thresholding images taken before com-
pression. Ring width and latewood content were then
measured along radial-oriented lines.

The analysis focused on three response variables: (1)
degree of compression (εarea), (2) remaining maximum ex-
tent after compression in radial relative to tangential direc-
tion (R/T), and (3) remaining maximum extent parallel to
the press table relative to the perpendicular direction (Xmax/
Ymax). The variables were calculated for each segment and
in all cases the plastic strains were assessed after relaxation
of pressure. εarea was defined as 1 � (Ac/A0), where A0 and Ac

are the area of a crosscut surface before and after compres-
sion, respectively. εarea is close to the volume strain because
strain in the axial direction is negligible. R/T was defined
as (1 � εrad)/(1 � εtang), where the radial and tangential
compressive strains (εrad and εtang) were estimated for each
segment with regression analysis using the model:

L r ti
2

rad
2

i
2

tang i i �  �  � ε ε◊ ◊ Œ2 2

where L represents the six distances between the dots in
a segment after compression (see Fig. 2), and the coeffi-
cients ri and ti are the distances in the radial and tangential
directions between the dots before compression which are
estimated trigonometrically from the distances between
dots and the angle of the annual rings at the midpoint
between dots. Œi is the random error. A high R/T means that
the compressive strain is high in the tangential direction
relative to the radial direction. A high value of Xmax/Ymax

occurs when the segment is elongated horizontally.
In the analyses, the specimens were characterized by

pressure (σPress) and wood density (rorigin). The positions of

the segments were characterized by the distance to the mid-
point from the pith (DPith), their components parallel and
perpendicular to the press table (X-pith and Y-pith), as well
as the shortest distance to the press table (DUnder), the
upper side (DUpper), the nearest edge side (DEdge), near-
est upper or edge side (DSurface), and the nearest upper
corner (DCorner) (Fig. 2). From X-pith and Y-pith, the
angle of growth rings (RAngle) was calculated. Ring width
(RWidth) and latewood contents (LateW) were determined
from DPith and the measurements of the growth ring and
latewood widths. Latewood contents are the latewood pro-
portion of the growth ring width. Finally, a dummy variable
was used to characterize whether the segment predomi-
nately consisted of heartwood (HeartW � 1) or sapwood
(HeartW � 0).

The variation in R/T, Xmax/Ymax, and εarea was analyzed
using partial least squares (PLS) regression22,23 in the soft-
ware package SIMCA-P version 8.0 (Umetrics AB, Umeå,
Sweden). Models were made for the whole material as well
as for separate pressure levels (0–50MPa and 50–140MPa)
and type of specimen (quarter-sawn and plain-sawn). Re-
gressor variables that did not contribute substantially to the
degrees of determination (R2X, a measure of how well the
variance in regressor variables is explained by the model,
and Q2, the predictive ability for new observations) were
discarded in order to simplify the functions as much as
possible. Residual analysis was performed by locating devi-
ating observations (outliers) in the specimens.24

The development of the plastic compressive strains (εP)
in segments with increased pressure (σPress) in the interval 0–
140MPa was analyzed using nonlinear regression analysis
(PROC NLIN, method DUD in SAS statistical package,
release 8.02, SAS Institute, Cary, NC, USA). Separate
analyses were made for εarea, εrad and εtang. The following
model was used:

Table 1. Characteristics of plain-sawn and quarter-sawn specimens

Variable Plain-sawn Quarter-sawn

Wood density, rorigin (kg/m3) 535 (71) 533 (50)
Least distance from specimen to pith (mm) 7.75 (2.20) 3.74 (1.54)
Heartwood percentage 50.3 (25.2) 33.8 (14.6)
Mean annual ring width (mm) 2.1 (1.0) 1.5 (0.4)
Latewood content (%) 26.7 (5.6) 26.9 (18.4)

Values given are means with standard deviations in parentheses

a b c

Fig. 2a–c. Description of the variables for characterizing specimens
and segments. a Specimen before compression; b distance between two
dots before compression; and c segment in compressed specimen
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Results

The relationships between pressure and plastic compressive
strain is shown in Fig. 3. Separate stress–strain curves ac-
cording to Eq. 1 are shown for plain-sawn specimens ori-
ented with the inside face down and for quarter-sawn
specimens with the outside face down (see types A and B
Fig. 1). There was no significant difference in the develop-
ment of plastic area strain of the crosscut area (εarea) be-
tween the plain-sawn and quarter-sawn specimens. Strain
increased steadily with increased pressure to about 50MPa,
after which further plastic compression was limited. Strain
asymptotically approached a level of almost 50% (b0 ac-
cording to Eq. 1).

Development of radial compressive strain (εrad) differed
between plain-sawn and quarter-sawn specimens. Plain-
sawn specimens tended to collapse in the radial direction at
lower pressure compared with the quarter-sawn ones, but
the difference decreased at higher pressure. The segments
of plain-sawn specimens with the inside face down were
very evenly shaped after compression (A in Fig. 1) and the
segments of quarter-sawn specimens with the outside face
down were the most irregularly shaped (B in Fig. 1). The
slope coefficient b1 in Eq. 1 differed significantly but not the
asymptote b0. Tangential compressive strain (εtang) develop-
ment was consequently, but not significantly, slower for
quarter-sawn specimen than for plain-sawn ones. The as-
ymptote was almost three times higher for radial strain than
for tangential strain.

The coefficients and the degrees of determination from
the PLS-regression functions of responses in individual seg-
ments are given in Tables 2, 3, and 4. There was no clear
difference between plain-sawn and quarter-sawn specimens
in the interval 0–50MPa. The degrees of determination, Q2,
and R2X were generally highest for the functions predicting
the variation in εarea; and pressure alone explained 85% of
the variation whereas no other regressor variables contrib-
uted substantially (Table 2). Pressure was also the most
important factor controlling Xmax/Ymax (Table 4), whereas R/

T was predominantly determined by original density (rorigin,
Table 3) between 0 and 50MPa.

In the consolidation phase in the interval 50–140MPa,
the functions were less determined by pressure, they had
lower Q2 and R2X, and were more complicated. rorigin was
the most important factor explaining εarea (Table 2). The
functions were quite similar for plain-sawn and quarter-
sawn specimens as well as for the two types together. How-
ever, Q2 and R2X were lower when quarter-sawn specimens
were involved.

In the pressure interval 50–140MPa, it was difficult to
find functions that could predict the variation in R/T and
Xmax/Ymax for plain-sawn and quarter-sawn specimens to-

Fig. 3. Stress–strain curves for plastic compression in cross-cut area
(A) and radial and tangential directions (B). Strains for plain-sawn and
quarter-sawn specimen are separated. Each dot represents the average
of one specimen. The functions were based on data for each segment

Table 2. Coefficients and degrees of determination of partial least squares (PLS) regression functions for the response variable εarea

Type of specimen Degrees of Coefficients
Pressure determination

Q2 R2X
Const log10 [σPress] rorigin DPith HeartW DUnder

All
0–50 0.85 – 1.166 0.919
50–140 0.59 0.57 7.720 0.276 �0.586 0.144 �0.185 0.059

Plain-sawn
50–140 0.64 0.68 7.427 0.290 �0.548 0.100 �0.238 0.045

Quarter-sawn
50–140 0.50 0.51 8.360 0.325 �0.598 0.200 �0.115 0.130

The independent variables contributing most to the degree of determination are written in bold numbers
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gether; Q2 became very low (Tables 3 and 4). For R/T, Q2

was also low for the function for quarter-sawn specimens
alone. Pressure and density influenced R/T differently for
the two types of specimens, whereas ring angle (RAngle)
and increasing distance from the rubber diaphragm
(DSurface) influenced Xmax/Ymax differently in plain-sawn
and quarter-sawn specimens.

Ring angle (RAngle) was the most important regressor
variable for predicting the variation in R/T of all specimens
pressed to 50–140MPa and of plain-sawn specimens alone
(Table 3). This variation is visualized in Fig. 4. With higher
ring angle, R/T increased, i.e., there was more tangential
and less radial plastic compressive strain. At a given ring
angle, R/T was higher for plain-sawn specimens than for
quarter-sawn specimens. For annual ring angles of 55°–70°,
there was a peak in R/T in quarter-sawn specimens as an
effect of buckling of the annual rings (see B Fig. 1). In
specimens with high ring angles, the peak R/T appears at
higher angles. In the quarter-sawn specimen with rorigin

below 450kg/m3 (solid line in Fig. 4), R/T was exceptionally
high.

Discussion

The compression process

In terms of εarea, the compression with the CaLignum pro-
cess was reasonably homogenous and resulted in no dra-
matic checking or other disturbances. In part, this was an

effect of testing only specimens without knots and other
defects. The results may also be specific for the dimension
tested. There have been earlier reports that the strength
properties in transverse compression varies with the thick-
ness and crosscut area of the specimen.4,11,14

Up to about 50MPa, the plastic compressive strain of
specimens increased with pressure, after which the stress–
strain curve raised sharply and further plastic strain was
small (Fig. 3). This resembles the common stress–strain
curve for static compression,7,10 but differs in that it ex-
presses semi-isostatic compression and the plastic compo-
nent only. The main differences were that the pressure level
increased progressively with increased strain during the col-

Table 4. Coefficients and degrees of determination of PLS regression functions for the response variable Xmax/Ymax

Type of specimen Degrees of Coefficients
Pressure determination

Q2 R2X
Const log10 [σPress] rorigin RAngle D Pith D Under D Corner D Surface

All
0–50 0.56 0.69 3.605 0.792 �0.319 �0.309
50–140 0.23 0.44 3.992 �0.142 �0.130 �0.208 0.139 0.132

Plain-sawn
50–140 0.46 0.66 6.914 �0.339 0.323 �0.146 �0.279 0.088 �0.014

Quarter-sawn
50–140 0.52 0.60 2.971 �0.310 �0.388 �0.235 �0.144 0.109 0.147

The independent variables contributing most to the degree of determination are written in bold numbers

Fig. 4. The extent of segments in radial relative to tangential direction
(R/T) as effect of the angle of annual rings. Each line represents one
specimen pressed to 50–140 MPa. The lines are smoothed between the
mean values at an interval of 3°. Specimens with air-dry density below
450 kg/m3 are shown as solid lines

Table 3. Coefficients and degrees of determination of PLS regression functions for the response variable R/T

Type of specimen Degrees of Coefficients
Pressure determination

Q2 R2X
Const log10 [σPress] (1) rorigin LateW RAngle (4) DPith DEdge 1 � 4

All
0–50 0.43 0.33 �0.390 �0.171 �0.287 �0.248 0.256 0.167
50–140 0.29 0.32 3.182 �0.181 �0.110 �0.185 0.397

Plain-sawn
50–140 0.51 0.56 4.570 0.022 0.228 �0.108 1.050 0.201 0.435

Quarter-sawn
50–140 0.37 0.37 2.930 �0.220 �0.227 �0.154 0.136 0.236

The independent variables contributing most to the degree of determination are written in bold numbers
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lapse phase and that the steep rise of pressure occurred at a
very high pressure of 50MPa. This can be compared with
the common stress–strain curve in which case the rise starts
at or below the static compression strength of Scots pine
wood perpendicular to grain, about 7.5MPa.25 Our findings
coincide well with the compression curve of isostatic com-
pression of Scots pine reported by Trenard.20 Isostatic com-
pression mediated with a rubber diaphragm or water is very
flexible and the collapse will thus be less dramatic than at
static compression between rigid loading plates, which can
explain the slope of the stress–strain curve. After the pres-
sure level started to rise steeply, most deformation is elastic,
but latewood still collapses plastically to some extent.

The two parameters of greatest importance for the com-
pression of wood are pressure and original wood density.
Up to 50MPa, εarea was strongly determined by pressure
(Table 2). Increased pressure also had a dominant impor-
tance for increasing Xmax/Ymax (Table 4), which shows that
the pressure was predominately static in the direction per-
pendicular to the press table. The compression was also
predominately in the radial direction (R/T below 1; Figs.
3B, 4), as stated by e.g., Kennedy.16 This tendency was more
pronounced at higher pressure (Table 3). However, wood
density was more important for R/T; wood with low density
was prone to be compressed tangentially (Fig. 4), in accor-
dance with Bodig.15 Wood with low density was also prone
to static strain perpendicular to the press table (Xmax/Ymax

decreased with rorigin; Table 4). It collapsed at low pressure,
when pressure was almost completely static.

Above 50MPa, in the phase when the cell wall densifies,
compression was more complicated. Most compression had
occurred at lower pressure, which made pressure of minor
importance (Fig. 3). εarea varied predominately with wood
density (Table 2). The negative relationship between den-
sity and the degree of compression is well documented.4–6,25

Heartwood also had a negative influence on εarea, probably
as an effect of high degree of elastic springback.20 For Xmax/
Ymax and R/T, plain-sawn and quarter-sawn specimens re-
sponded quite differently. Generally, the specimens were
flattened against the press table (increased Xmax/Ymax) and
they were predominately deformed in the radial direction
(decreased R/T).

Radial strain was not observed to cause the collapse of
rays in their axial direction; they were buckled and the angle
between rays and growth rings was displaced. This displace-
ment within the annual ring may be linked to the sometimes
rhombic shape of the segments (Fig. 1).

Effects of sawing pattern and orientation of specimens

Plain-sawn and quarter-sawn specimens had similar degrees
of compression (εarea; Fig. 3A; Table 2) and both types were
predominately compressed in the radial direction (Figs. 3B,
4). In other respects, plain-sawn and quarter-sawn speci-
mens performed very differently. The deformation also de-
pended on the orientation of the specimens (inside or
outside face down; Fig. 1). Most deformation was directed
perpendicular to the press table and the specimens tended

to become trapezoidally shaped with the largest side toward
the press table (Fig. 1). In quarter-sawn specimens where
growth rings had very steep angles, they tended to buckle
(see B in Fig. 1). This variation between different types of
specimens would not have occurred if the compression had
been perfectly isostatic.

There are probably three factors behind the deviations
from isostatic compression. First, the specimens were con-
strained on one side by the rigid press table, which makes
one side remain flat, whereas the other sides can be formed
more flexibly depending on the density and structure of the
wood. Second, there is also a high coefficient of friction
between wood and steel (μ � 0.2–0.5), which prevented
compression of the lower face parallel to the press table.
Finally, the pressure was static before the rubber diaphragm
had fully embedded the specimens. Because the com-
pression strength of Scots pine wood perpendicular to
grain is only ca 7.5MPa,25 it is likely that the pressure
was more static than isostatic when the structure started to
collapse.

The trapezoid shape, which occurs in all kinds of speci-
mens (Fig. 1), indicates that the rubber diaphragm started
to fill the gaps between specimens before they collapsed.
The width of the upper face decreased substantially, a clear
indication that it was compressed perpendicular to the
edges (Fig. 1). Where the midline between the edge and
upper face was predominately in the radial direction the
upper corners became rounded or obtusely angled, whereas
when this midline was more tangentially directed the angle
of the corner became acute (Fig. 1). The lower face did
not decrease substantially in width. When the rubber
diaphragm had penetrated down to the press table the
specimens had probably already collapsed. In plain-sawn
specimens, the lower face often became slightly wider,
which may be an effect of straightening the annual rings as
the wood collapsed radially.

Buckling of annual rings only occurred in quarter-sawn
specimens oriented with the outside face down (see B in
Fig. 1). Tendencies of buckling could be seen in quarter-
sawn specimens pressed to 10MPa, and more clearly in the
specimen pressed to 20MPa. Ring buckling typically occurs
when softwood is compressed statically in the tangential
direction.10,15 The steepest growth rings were also those that
were subjected to buckling, but not where ring angle was
steepest (Fig. 4). The major buckles arose in the break point
between the parts of the specimens having the lowest ring
angle that collapsed radially and the parts with steep ring
angle that are strained both radially from the edge and
tangentially from above. Buckling often resulted in folds in
radially oriented lines toward the outside corner (B in Fig.
1), sometimes combined with checking. Buckling altered
the ring orientation so that further compression became
more radial.

The growth rings of quarter-sawn specimens oriented
with the inside face down never buckled (see D in Fig. 1).
When the parts with low ring angle collapsed radially, the
steeper growth rings became displaced and attained a much
lower angle. In plain-sawn specimens oriented with the out-
side face down (C in Fig. 1), the growth rings with the
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steepest angle were curved, but the ring angle was not steep
enough for buckles to appear.

Variation within specimens

εarea did not vary much within the specimens. However,
when pressed with 50–140MPa, εarea was lowest close to the
press table (low DUnder) and it tended to increase with
distance from the pith (DPith; Table 2). DPith itself was not
important, but describes the variation between plain-sawn
and quarter-sawn specimens oriented as in A and B of Fig.
1. In plain-sawn specimens the highest DPith was at the
outside face and particularly the corners, which were ori-
ented upward. In quarter-sawn specimens the DPith was
high at the edge with high ring angle and the corner where
most buckling occurred. In both cases these were also the
parts where the segments were most strained tangentially
(high R/T; Table 3). Where DPith was high and DUnder
low, Xmax/Ymax was also high (Table 4), i.e., the segments
were not flattened much toward the press table.

Analysis of the residuals from the PLS-regression func-
tions for plain-sawn specimens pressed to 50–140MPa
showed that the models underestimate εarea for segments
close to the upper and lower surfaces. In the middle of the
specimen, the models tend to overestimate εarea. In quarter-
sawn specimens, segments with underestimated εarea were
detected close to the upper corner closest to the pith. In the
other three corners, models overestimated εarea.

Xmax/Ymax varied greatly between segments within the
specimens, and also between plain-sawn and quarter-sawn
specimens (Table 4). In plain-sawn specimens, Xmax/Ymax

was particularly high at the lower corners and low at the
upper corners (A in Fig. 1). This is linked to the trapezoid
shape of the specimens. In quarter-sawn specimens, Xmax/
Ymax is thus high close to the press table, but also high in the
edge where ring angle was low. From this it is obvious that
it is difficult to find a common function that explains Xmax/
Ymax well for both plain-sawn and quarter-sawn specimens
pressed within the interval 50–140MPa. The degrees of de-
termination (R2X and Q2) for the presented function were
also low (Table 4).

For R/T the common function for both plain-sawn and
quarter-sawn specimens pressed within the interval 50–
140MPa also yielded poor R2X and Q2. The reason was that
pressure and wood density had quite opposite effects on
plain-sawn specimens compared with quarter-sawn speci-
mens as well as all specimens in the pressure interval 0–
50MPa (Table 3). Once the rubber diaphragm filled the
gaps between the test pieces, plain-sawn specimens tended
to be pressed more tangentially, unless the shape became
very trapezoidal. Quarter-sawn specimens were pressed ra-
dially, which resulted in more severe buckles. Within the
specimens, individual segments were still relatively more
strained tangentially where density or latewood contents
were low. Latewood contents was registered on individual
segments and acted in the function for plain-sawn speci-
mens as a suppressor variable that modified the effect of
globally assessed density.

Conclusions and practical implications

Using the CaLignum process, the specimens were com-
pressed without major checks and other disturbances ex-
cept buckling of growth rings and irregular shaping. Ring
buckling can be avoided if plain-sawn members are used
and if they are placed with the inside face against the rigid
press table. Such members are also the most regularly
shaped.

The CaLignum process means isostatic compression, al-
though the compression is not perfectly isostatic. Upon col-
lapse, the pressure is almost static. If the degree of isostatic
pressure could be controlled, the shaping would also be
better controlled. Purely isostatic pressure would make the
shape very irregular. It would be possible to get isostatic
pressure at an earlier stage if the gaps between members
were filled with rubber. Thereby it would probably be pos-
sible to avoid trapezoidal shaping of members. Lowering
the friction between the wood and the press table may also
result in less trapezoidal shaping.
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content of the wood is important and should be in the range
of 4%–18%. Wood that is too dry will be severely affected
by checking and wood that is too wet will have a low degree
of compression. At the beginning of the compression pro-
cess, the pressure is unidirectional perpendicular to the
press table. As the pressure increases by filling the rubber
diaphragm with oil, the diaphragm closes around all wood
faces except the face placed on the rigid press table and
the pressure becomes isostatic. Because of the gradual shift
from unidirectional to isostatic pressure and the differences
in friction forces between wood and rubber and between
wood and steel, the process is defined as semi-isostatic
compression.1

Because wood is a viscoelastic material, the deformation
at compression comprises three major components: elastic
strain, delayed elastic strain, and plastic strain.2 The general
mechanisms of unidirectional compression of wood and
relaxation are well documented.3,4 Although isostatically
compressed wood has been studied by others, e.g., by
Trenard5 and Bucur et al.,6 no reports have discussed the
elastic springback that occurs at the release of pressure.

The higher the plastic proportion of the strain at com-
pression, the higher the final density. Knowledge about the
elastic springback indicates the potential for further in-
crease in density by making strain more plastic. The amount
of delayed elastic springback when wood is stored in
a relatively constant indoor climate is important when
semi-isostatic wood is used indoors. Further springback oc-
curs when untreated compressed wood is exposed to water
or high air humidity, but this is not studied here. Because
quarter-sawn wood and plain-sawn wood are shaped
very differently after applying semi-isostatic compression,1

both types of specimens were analyzed. It is expected that
quarter-sawn specimens that are more compressed in
the tangential direction should have larger elastic and
delayed elastic springback compared with plain-sawn
specimens that are compressed mostly in the radial direc-
tion, because this is the case when wood is compressed
unidirectionally.7

The objective of this study was to quantify how the
plastic and elastic strain components vary when wood is

Abstract Quarter-sawn and plain-sawn specimens of Scots
pine were semi-isostatically compressed at 5, 15, 50, and
140MPa in a Quintus press. Elastic strain was measured
using a telescope device that was pushed together when
wood was compressed and remained in this position at re-
lease of pressure. Delayed elastic and plastic strains were
assessed through repeated callipering during 5 years after
densification. At 140MPa, wood reached an almost com-
pact structure (r ª 1450kg/m3) but as a result of elastic
springback the density decreased to just below 1000kg/m3.
At 140MPa, the elastic and delayed elastic strains were
14.6% and 1.8%, respectively, in quarter-sawn specimens,
and were 13.1% and 0.8%, respectively, in plain-sawn speci-
mens. The higher elastic strains in quarter-sawn specimens
can be attributed to elastic springback in the tangentially
deformed latewood bands.

Key words Elastic strain · Semi-isostatic compression ·
Quintus press · Density

Introduction

By compressing wood in a Quintus press, density is in-
creased and strength properties are improved without in-
ducing major checking. The pressure is mediated through a
flexible oil-filled rubber diaphragm, which makes harder
structures less compressed than softer structures. This gives
compressed wood irregular shape but homogenous density.
The pressure rises successively up to 140MPa and is then
immediately lowered to atmospheric pressure; the process
will take about 3min. No heating is needed. The moisture
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semi-isostatically compressed at different pressure levels
and also how the delayed elastic strain component develops
over time.

Measuring of elastic strains demands knowledge of the
dimensions at maximum pressure inside the press. Because
strain gauges or extensometers cannot be used due to
high pressure and large deformations, a new method was
developed.

Materials and methods

Plain-sawn and quarter-sawn specimens of Scots pine
(Pinus sylvestris) with a mean moisture content of
8.9% (standard deviation 0.9%) and with dimensions of
100 � 100 � 50mm (width � length � thickness) were
compressed at 5, 15, 50, and 140MPa. One specimen of each
type was compressed at the lower pressures, and three
specimens of each type were compressed at 140MPa. The
density of the plain-sawn specimens was 503 (�72) kg/m3

and that of the quarter-sawn specimens was 508 (�26) kg/
m3. Before compression a hole with diameter 30mm was
drilled in the middle of the specimens in a vertical direction
relative to the press table. A telescope device was made
with a screwed pin that was partly pressed into a short steel
tube and was placed in the drilled hole. A steel plate, cover-
ing the hole, was placed on top of the specimen to distribute
the pressure in a vertical direction and to prevent the rub-
ber diaphragm from filling the hole. At compression the pin
was pushed further into the tube as much as the surround-
ing wood was compressed perpendicular to the press table.
At release of the pressure, the telescope device remains at
this position, whereas the wood sprung back (Fig. 1).

The plain-sawn specimens were placed with their
inside faces (pith sides) against the press table which ori-
ented the telescope devices in the radial direction (Fig. 1C,
D). Quarter-sawn specimens were placed with their outside
faces (bark sides) against the press table and the telescope
measured the deformation of wood with the annual
ring angle between 45° and 90° relative to the press table
(Fig. 1A, B).

Specimen thickness (H0) was measured before compres-
sion. Immediately after the release of pressure, the height of
the telescope device (H1), as well as the specimen thickness
(H2), was measured. Specimen thickness was also measured
after 5 years (H3) of indoor storage (Fig. 1D). Moisture
content of the wood varied annually between 5% and 9%.
Plastic strain (εP), elastic strain (εE), and the delayed elastic
strain (εDE) were calculated as:
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For the measurements a digital calliper was used with an
accuracy of 0.03mm and repeatability of 0.01mm.

Because the plastic and delayed elastic strain in the axial
(longitudinal) direction was negligible, the volume strain at
each stage of deformation (n), εVn, was calculated as:

      
εVn

nA A
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 � 

 � 0

0

1 2 3, ,( ) (4)

Fig. 1. Specimens and the tele-
scope device before (A, C) and
after (B, D) compression. In the
middle of the specimen a hole
was drilled and a telescope de-
vice, which consists of a screwed
pin that is partly pressed into a
tube, was placed into the hole
before compression. The quar-
ter-sawn specimens (A, B) were
compressed with their outside
faces toward the press table.
Plain-sawn specimens (C, D)
were compressed with their in-
side faces toward the press table.
C and D show the measured
heights of the telescope device
and the wood used for calculat-
ing the strain components
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where A0, A1, A2, and A3 are the cross-sectional areas before
compression, under compression, immediately after com-
pression, and after storage, respectively. A3 was measured
through image analysis of cross sections, and A0 through
callipering. It was assumed that all deformation was propor-
tionately similar during the compression, i.e.,
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1 1
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From this relation, A1 and A2 can be calculated.
The density that corresponds to each strain measured

perpendicular to the press table (in radial direction when
plain-sawn wood is densified, Fig. 1D) is then calculated as:
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where rdn is the density of the densified wood and r0 is the
original density (rounded to 500kg/m3).

Results

Figure 2 shows the plastic, elastic, and delayed elastic strain
at different pressure levels for quarter-sawn and plain-sawn
specimens. The elastic and the delayed elastic strain were
higher in quarter-sawn specimens compared with plain-
sawn specimens at all four pressure levels. In both types of
specimens, the delayed elastic strain was lower when wood
was compressed at 140MPa compared with at 50MPa when
the elastic strain had its maximum. The amount of elastic
strain was about the same at the pressures of 15, 50, and
140MPa in quarter-sawn specimens while it was increasing
with pressure in plain-sawn specimens. At 140MPa, elastic
strain was 14.6% and 13.1%, delayed elastic strain was 1.8%
and 0.8%, and plastic strain was 47.6% and 49.4% perpen-
dicular to press table for quarter-sawn and plain-sawn speci-
mens, respectively.

At 140MPa, the wood density almost reaches 1500kg/m3,
i.e., the compact density.8 Due to the springback, the final
density decreased to about 1000kg/m3. Because the plastic
strain was higher in plain-sawn specimens, the density be-
came higher than for quarter-sawn specimens.

Discussion

The method used for measuring elastic strain was simple
and worked well. However, the accuracy of the method
must be discussed. Elastic strain could only be measured
perpendicular to the press table with the telescope device.
Elastic strain in other directions was assumed to be propor-
tional to the plastic strain. This assumption is justified by the
fact that there is a positive correlation between the modulus
of elasticity and some strength properties.2,9 Callipering the
heights of the specimens and the telescope devices at differ-
ent times may introduce errors, although because strains
were large this is of minor importance. In order to ensure
that the telescope device was pushed as much as the sur-
rounding wood, a steel plate was placed above the device.
As shown by the indentation made by the plate, this tactic
influenced the deformation. This could be adjusted for and
it is not likely that the degree of plastic or elastic strain was
influenced.

In quarter-sawn specimens, the elastic strains at 15, 50,
and 140MPa were about the same, while it increased with
pressure in plain-sawn specimens. Elastic strain was also
higher in quarter-sawn than in plain-sawn specimens. In
quarter-sawn specimens, the elastic strain is attributed to
tangentially compressed latewood bands that will act like
springs because latewood cells do not readily remain buck-
led after unloading.7 The contribution from the latewood to
the elastic springback is more pronounced in quarter-sawn
specimens than in plain-sawn specimens. In plain-sawn
specimens, the latewood bands are compressed radially
without buckling. The deformation of plain-sawn specimens
is strongly controlled by the rays, which probably are more
permanently crushed, compared with the latewood bands in
quarter-sawn specimens.

The delayed elastic strain was very small, especially in
plain-sawn specimens compressed at 140MPa, and should
not be a problem in long-term indoor use of compressed
wood when the climate is relatively stable. The delayed
elastic strain at 140MPa, which was smaller than that at
50MPa in both types of specimens, can be explained by a
more destructed structure at the higher pressure.

It was shown that wood compressed at 140MPa reached
an almost compact structure and that springback was large

Fig. 2. Components of strain per-
pendicular to the press table at
different pressures for quarter-
sawn specimens (A) and plain-
sawn specimens (B). The density
that corresponds to the strain is
shown to the right



404

at the release of pressure. This indicates that applying
higher pressure would not increase the plastic strain.
To increase the plastic strain component and the final den-
sity, the process must be more destructive so that the wood
structure collapses and the structure is less prone to spring
back elastically. Kollman and Côté9 showed that wood
became more plastic after repeated loading and unloading,
probably due to fatigue and creep. Changing the moisture
content of the wood at the time of compression could
also easily change elastic parameters. Lowering of moisture
content will increase the modulus of elasticity2 and make
the cell walls more fragile. A more destructive process
may induce large checking and the strength properties
may be negatively affected in spite of increased density.
Alternatively, chemical modification of the wood can be
made to increase density. One possibility is pretreatment of
wood with heat or steam to make the hemicelluloses de-
grade or to change the crystallinity of the wood.10 The struc-
ture can also be chemically cross-linked when it is fully
compressed.11,12
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Abstract Ten plain-sawn boards of Scots pine (Pinus
sylvestris L.) were compressed semi-isostatically
according to the CaLignum process in a Quintus press at
25�C and 140 MPa. X-ray computerised tomography
images of the same cross-sections were captured before
and after compression and compared using a transfor-
mation algorithm. In the algorithm the shape of com-
pressed cross-sections were converted to the same shape
as non-compressed using the density variation between
pixels. Density after compression and the increase in
density were analysed using PLS regression. The
regressor variables described position in the cross-sec-
tion and wood properties of each pixel. Heartwood and
other resinous wood were less compressed than sap-
wood, particularly in boards with high resin content.
Density also increased little close to the press table,
especially in whorls with large knots. Higher original
density gives lower degree of compression but still higher
density after compression.

Ein Algorithmus zum Dichtevergleich in CT-Bilder

vor und nach der Verdichtung von Pinus sylvestris

Zusammenfassung Zehn plangesägte Kiefernbretter (P.
sylvestris L.) wurden semi-isostatisch nach dem CaLig-
num-Prozess in einer Quintus-Presse bei 25�C und 140
Mpa verdichtet. Röntgen-CT-Bilder identischer Quers-
chnitte wurden vor und nach Verdichtung aufgenommen
und mit Hilfe eines Transformier-Algorithmus vergli-
chen. Die Form des verdichteten Querschnitts wird da-
bei in das ursprüngliche Format des unverdichteten
Querschnitts umgewandelt, wofür die Dichtevariation

zwischen den Pixeln herangezogen wird. Die Dichte
nach Kompression und der Dichteanstieg wurden mit-
tels PSL-Regression analysiert. Die Regressions-Vari-
ablen beschreiben Position und Eigenschaften jedes
einzelnen Pixels. Kernholz und anderes harzhaltiges
Holz wuden weniger verdichtet als Splintholz, insbe-
sondere bei Brettern mit hohem Harzgehalt. Die Dichte
stieg in der Nähe des Presstisches nur geringfügig an, vor
allem im Bereich von Astquirlen mit hohem Astanteil.
Bei höherer Ausgangsdichte ergab sich nach der Kom-
pression ein geringerer Verdichtungsgrad, wenn auch bei
höherer Enddichte.

1 Introduction

As wood is a heterogeneous and orthotropic material it
becomes very irregularly shaped when it is compressed
isostatically (Trenard 1977). When pressure increases the
weakest structures collapse in their weakest direction.
Harder structures, such as knots, are not crushed and
dislocated, but can protrude above the wood surface
(Blomberg and Persson 2004). Dry wood that is stati-
cally compressed between rigid steel plates is forced into
an even shape, regardless of the structure variation. As
effect, major dislocations, crushing and checking tend to
arise (Ando and Onda 1999).

CaLignum is the novel and patented process for
densification of dry wood through semi-isostatic com-
pression in a Quintus flexform press (Avure Technolo-
gies, Sweden) without heating. The press was originally
developed for flexforming of sheet metals for prototype
and short series production (Johannisson 1994; Skötte
1976), but it can also be used to densify wood of board
size industrially. The pressure is mediated through a
flexible oil-filled rubber diaphragm that is pressed
against the wood and the rigid press table. For com-
pression of wood a maximum pressure of 140 MPa is
used.
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In the CaLignum process the press table will con-
strain the shaping of one side, whereas the sides in
contact with the rubber diaphragm will be shaped more
freely. To avoid intolerably irregular and unpredicted
shape the boards are constrained further through filling
the gaps between the boards with rubber. Controlling
the forming without destruction of the material is a
fundamental problem.

Blomberg and Persson (2004) found that when com-
pressing Scots pine (Pinus sylvestris L.) according to the
CaLignum process, the degree of compression was pre-
dominately determined by pressure and wood density.
There was also variation between different parts of the
crosscut profile, between heartwood and sapwood and
due to the latewood content. Similar results were re-
ported by Trenard (1977), who compressed dry Scots
pine isostatically at 200 MPa without heating. The
plastic volume strain of heartwood was 44%, and of
sapwood 55%, and also lower in latewood than in ear-
lywood.

Analysis of the plastic deformation at compression
requires comparison of measurements before and after
compression. Blomberg and Persson (2004) analysed
compression of wood through displacements of a laser-
burnt grid on end surfaces. Another procedure would be
to use a non-destructive method for measuring the
density profile at the same positions before and after
compression. Deformation could then be studied at an
arbitrary position within a board, not only on end sur-
faces. Alternative methods are based on microwave
technology (Beall 2000; Johansson 2001), acoustic and
ultrasonic technology (Beall 2002; Berndt et al. 1999) or
with CT-scanning (Lindgren 1992). Danvind and Syn-
nergren (2001) used X-ray computerised tomography
(CT) scanning in combination with digital speckle pho-
tography for measuring deformations during drying.
CT-scanning generates images with greyscale values that
correspond to the attenuation coefficient of the material,
which in turn reflects the density in a direct way. CT-
scanning also offers opportunities for a very fine-grained
analysis of the variation in densification. Because of this
CT-scanning was chosen in this study.

Strains in wood can be calculated from images taken
before and after deformation using a digital image-cor-
relation technique. The images are then correlated using
the light intensity pattern. Success with this method
depends on a constant greyscale in the two images that
demand very stable illumination, which is less difficult to
obtain when the images are taken with CT-scanning
than with a camera. The method also works best with
small strains (Choi et al. 1991; Farruggia and Perré
2000; Zink et al. 1995). Compression of wood according
to the CaLignum process generates large strains, which
makes it necessary to develop a new algorithm to make
comparisons before and after compression possible.

The objective of this study was to develop a method
for analysing compression of wood by using CT-scan-
ning made at the same position before and after com-
pression. The method was then applied to study the

variation in densification within cross-sections with
special reference to the distance to wood surfaces,
occurrence of knots, heartwood and resin wood.

2 Materials and methods

Ten plain-sawn boards made of Scots pine of dimension
45·150 mm were analysed. Mean value and standard
deviation of moisture content in the material was
7.7±1%, latewood content 29±7%, wood density
506±86 kg/m3, least distance from board to pith
39±30 mm and annual ring width 1.8±0.8 mm. Wood
moisture content was held constant in the material
during the test. The boards were compressed at
140 MPa in a Quintus press according to the CaLignum
process. At compression the boards were placed with
their inside faces against press table.

In each of the boards one to five cross-section images
were taken at the same positions before and after com-
pression with a CT-scanner (Siemens SOMATOM
AR.T, Germany). The cross-sections were located either
in or between whorls. Totally 25 cross-sections were
examined. The CT-images displayed 512·512 pixels,
where each pixel shows the density in a voxel with a
cross-section of 0.38·0.38 mm and a width of 2 mm
(adjusted by the settings of the scanner). This means that
the cross-section of wood covered below 18% of the
total image.

Before transformation, the original image was ro-
tated and moved so that the first row of pixels in the
cross-section (baseline) becomes horizontal at y=1.

Each original image of non-compressed (Ou) and
compressed (Oc) cross-sections was transformed using
an iterative algorithm to make the cross-sections fully
cover images of 300·90 pixels (Tu and Tc, respectively).
This means that regardless of shape, the cross-sections
became rectangular. Distance between pixels corre-
sponds to 0.5 mm in the Tu images and to 0.38 mm in
the Tc images. The Oc image was transformed to let the
accumulated density from the edges of the cross-section
to each pixel be similar in relative terms as for the cor-
responding pixel in the Ou image. For each pixel (x, y;
x=1...300, y=1...90) in the transformed Tu and Tc
images, density (qu and qc, respectively) was similar as in
pixel (xu, yu) in Ou and pixel (xc, yc) in Oc. Before
iteration was started (n=0) y-coordinate was set to the
baseline (yu0=yc0=1), regardless of where the actual
pixel was located. The first iterative step (n=1) was to
find the x-coordinate in the Ou image (xun, in this first
iteration xu1) that corresponds to the x-coordinate (x) in
the Tu image using the following function:

xun ¼ x
300

� 1þ xumaxyu n�1ð Þ � xuminyu n�1ð Þ

� �
ð1Þ

where xumaxyu n�1ð Þ � xuminyu n�1ð Þ is the extent of the
specimen in pixel row yu(n-1), in this step yu0=1. The
x-coordinate in the compressed original image (xcn) was
determined to satisfy the following relationship:
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Pðxun;yu n�1ð ÞÞ
ðxuminyu n�1ð Þ ;yu n�1ð ÞÞ qu

Pðxumaxyu n�1ð Þ ;yu n�1ð ÞÞ
ðxuminyu n�1ð Þ;yu n�1ð ÞÞ qu

¼
Pðxcn;yc n�1ð ÞÞ

ðxcminyc n�1ð Þ ;yc n�1ð ÞÞ qc
Pðxcmaxyc n�1ð Þ ;yc n�1ð ÞÞ

ðxcminyc n�1ð Þ ;yc n�1ð ÞÞ qc
ð2Þ

i.e. the sum of pixel densities (q) in the actual row from
edge to the actual pixel relative to sums of all densities in
the row should be equal in both the Ou and the Oc
images. Basically the same procedure as for the x-
coordinates was used to find the y-coordinate in the Ou
image (yun, in this first iteration yu1) within column xu1
that corresponds to the y-coordinate (y) in the Tu image
according to:

yun ¼ y
90

� yumaxxun � yuminxunð Þ ð3Þ

and finding the y-coordinate in the Oc image (yc1) that
satisfies the relationship:

Pðxun;yunÞ
ðxun;yuminxun Þ quPðxun;yumaxxun Þ
ðxun;yuminxun Þ qu

¼
Pðxcn;ycnÞ

ðxcn;ycminxcn Þ qcPðxcn;ycmaxxcn Þ
ðxcn;ycminxcn Þ qc

ð4Þ

The procedure according to function 1, 2, 3 and 4 was
repeated twice (n=2, 3). Finally, qu of pixel (xu3, yu3)
was entered in Tu and qc of pixel (xc3, yc3) in Tc. The
algorithm was implemented in SAS statistical package,
release 8.02 (SAS institute, Cary, NC, USA).

To verify the algorithm, coordinates of 50 character-
istic points, easily found in both theTu and theTc images,
were compared. These points were found where annual
rings intersect with the image boarder, knots or other
features such as resinous areas, resin deposits or defects.
Deviations of the position of each such points in Tc from
the position in Tu were analysed in x and y direction. The
area and position of knots were also compared between
the Tu and Tc images. The extents of the knots were
determined manually and the positions were estimated as
the geometric centre of the best-fitted ellipse. To check
the convergence, change of coordinates during six itera-
tions was analysed by measuring the distance between
each pixels location at iteration i (i=1,...,6) and the
position at the last (sixth) iteration (DI).

Knots, heartwood and resinous wood were manually
marked in the images of non-compressed cross-sections
to create variables describing types of wood. The re-
sponses and regressor variables used in the models are
given in Table 1.

PLS modelling (partial least-squares projection to
latent structures) was made using SIMCA-P version 10
(Umetrics AB, Sweden). PLS modelling is proven to be a
powerful tool to untangle complex relations when there
are many variables and responses present in the dataset
(Geladi and Kowalski 1986; Wold et al. 1987). Separate
models were generated for whorls, resinous and non-
resinous boards as well as for all 25 cross-sections to-
gether. To generate simple models, irrelevant variables
were omitted by analysing loading scatter plots and

degrees of determination (R2 and Q2).

3 Results

The effect of transformation is shown in Fig. 1 for one
cross-section in a whorl and one in an internode. In spite
of the irregular shape after compression, the trans-
formed images of the non-compressed and compressed
cross-section (Tu and Tc) were very similar; knots and
annual rings have the same shape and position, even
though the annual rings became somewhat jagged.

Distance between the positions of 50 distinct points in
Tc from their positions in Tu is shown in Fig. 2. The
mean deviation was 1.5 pixels and the maximum dis-
tance was 4.2 pixels. Knot area was slightly larger in Tc
images than in Tu images (mean deviation and its
standard deviation was 6±5.8%). The central points of
knots deviated on average with 2.2±1.6 pixels between
Tc and Tu images.

The algorithm iterates the final location of each
pixel. Figure 3 shows the distance in pixels between
the last (sixth) iteration and the earlier iteration steps
when Oc are transformed to Tc. Mean values of all
675,000 pixels and the 99th percentiles of each cross-
section are shown. After the third iteration the pixel
location was stable.

Mean values and standard deviations of density be-
fore and after compression (DensO, DensC) and the
difference in density (DensDiff) are shown in Table 2 for
different types of wood. Heartwood and resin wood
densities were higher before compression in resinous
boards than in non-resinous, but similar after com-
pression. Sapwood densities were higher in resinous

Table 1 Variables used in the models. All distances are in pixels
( £ 0.5 mm). For DKnot, DHeartW, and DinHeartW distances
>30 are set to 30
Tabelle 1 Verwendete Variablen in den Modellen. Alle Abstände
( £ 0.5 mm) sind in Pixeln angegeben. Alle Abstände>30 für
DKnot, DHeartW und DinHeartW sind auf 30 gesetzt worden

Variable Explanation

Response variables
DensC Density after compression
DensDiff DensC � DensO
Regressor variables
DensO Density before compression
EW Earlywood
ResW Resinous wood=1;

Non-resinous wood=0
Knot Knot wood=1; stem wood=0
DKnot Distance from knots

(max=30; knot wood=0)
HeartW Heartwood=1; sapwood=0
DHeartW Distance from heartwood

(max=30; heartwood=0)
DinHeartW Distance from sapwood

(max=30; sapwood=0)
DUnder Distance from wood surface

faced to press table
DRubber Distance from any surface except

surface faced to press table
DCorner Distance from corners

not faced to press table
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boards than in non-resinous, both before and after
compression, and the increase in density as effect of
compression was also higher. The standard deviation of

DensC between pixel was higher for resinous than for
non-resinous boards. DensO in knots was high whereas
DensDiff was minor.

Coefficients of the PLS models are given in Table 3
for DensC and DensDiff. Variable importance in the
projection (VIP) is also given to show the importance for
the regressor variables. Models were calculated for all

Fig. 1 Image of uncompressed cross-section (Ia, IIa) can be
compared pixel by pixel with the compressed cross-section (Ib
and IIb, respectively) when both are transformed to the same
rectangular size (Ic, IIc). Ia–Ic show a cross-section within a whorl
and IIa–IIc is a cross-section in an internode (between whorls).
Darker colour means higher density
Abb. 1 Das Bild von nicht-verdichteten Querschnitten (Ia und Iia)
kann Pixel für Pixel verglichen werden mit den verdichteten
Querschnitten (Ib und IIb), wenn beide zu einem rechteckigen
Querschnitt (Ic und Iic) transformiert werden. Bei Ia-Ic handelt es
sich um einen Querschnitt mit einem Astquirl, bei Ia-IIc um den
Bereich zwischen zwei Ästen. Dunklere Farbe bedeutet höhere
Dichte

Table 2 Mean (and standard deviation) of pixel values for wood
density before compression (DensO), after compression (DensC)
and the change in density (DensDiff=DensC-DensO) in different
types of wood. Resinous wood, heartwood and sapwood are given
separately for boards with low and high resin content. N is total
number of pixels in each type of wood
Tabelle 2 Mittlere (und Standard-) Abweichung der Pixelwerte für
die Holzdichte vor der Kompression (DensO), nach der Kom-
pression (DensC) sowie Dichteänderung (DensDiff=DensC-
DensO) bei verschiedenen Holzqualitäten. Harz-haltiges Holz,
Kernholz und Splintholz sind jeweils getrennt für Bretter mot
hohem und niedrigem Harzgehalt angegeben. N ist die Gesamtzahl
an Pixeln in jeder Holzgruppe

Type of wood DensO DensC DensDiff N

Knot 880 (115) 957 (81) 77 (128) 15,320
Non-resinous boards
Resinous wood 599 (162) 890 (72) 291 (144) 29,206
Heartwood 436 (57) 864 (55) 427 (60) 281,588
Sapwood 420 (57) 863 (61) 443 (51) 159,949
Resinous boards
Resinous wood 635 (110) 885 (100) 249 (104) 29,010
Heartwood 553 (82) 867 (105) 313 (82) 113,701
Sapwood 514 (56) 995 (64) 481 (70) 46,226

Fig. 2 Deviation in positions of characteristic points in trans-
formed images of compressed cross-sections from their position in
non-compressed cross-sections. The size of the circles and the
number inside them equals the number of characteristic points that
corresponds to each deviation in x-direction and y-direction. Each
point of intersection represents a midpoint of a pixel. Distances
between pixels correspond to 0.5 and 0.38 mm, respectively in
images of non-compressed and compressed cross-sections
Abb. 2 Abweichung der Position charakteristischer Punkte in
transformierten Bildern der verdichteten Querschnitte von ihrer
Position im unverdichteten Zustand. Die Größe der Kreise und die
Zahl darin gibt die Anzahl charakteristischer Punkte wieder
entsprechend ihrer Abweichung in x- und y-Richtung. Die
Abstände zwischen den Pixeln entsprechen 0,5 mm für nicht-
verdichtete und 0,38 mm für verdichtete Querschnitte

Fig. 3 Mean deviations in distance between pixel location at
iteration i (i=1...6) and location at sixth iteration when compressed
cross-sections are transformed. Distance between pixels corre-
sponds to 0.38 mm
Abb. 3 Mittlere Abweichungen der Abstände zwischen den Pixel-
Positionen bei der Wiederholung i (i=1....6) und der Position bei
der 6. Wiederholung, wenn verdichtete Querschnitte transformiert
werden. Der Abstand zwischen den Pixeln entspricht 0,38 mm
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cross-sections (M1, M6), as well as separate models for
cross-sections in whorls (M2, M7) and internodes (M3,
M8). The cross-sections in internodes were further sub-
divided for separate analyses of resinous boards (M4,
M9) and non-resinous boards (M5, M10). As shown by
the high VIP, original density (DensO) was generally the
most important regressor variable. Wood with high
DensO had lower DensDiff but higher DensC compared
to wood with lower DensO. The content of earlywood
(EW) was also generally very important for DensC, but
less important for DensDiff. EW has negative effect on
DensC.

For cross-sections in internodes of non-resinous
boards, DensC and DensDiff were, besides DensO and
EW, mostly determined by variables describing the
pixels location (M5, M10). Most important, DensC and
DensDiff were low close to the press table (DUnder),
high close to the rubber diaphragm (DRubber), but rel-
atively low at the upper corners (DCorner).

In internodes of resinous boards much of the varia-
tion could be attributed to heartwood (M4, M9). DensC
and DensDiff were low in heartwood; they decreased
with distance from the sapwood boarder (DInHeartW)
and in sapwood it increased with distance from the
heartwood boarder (DHeartW).

In whorls knots and resin wood had strong influence
on DensC and DensDiff (M2, M7). Variables describing
the pixels location were also important.

4 Discussion

4.1 Reliability of the analysis and transformation
method

When comparing transformed images of the non-com-
pressed (To) and compressed (Tc) cross-sections there
were great resemblance even in cases where the crosscut

Table 3 Coefficients and degrees of determination of PLS regres-
sion models for the response variables DensC andDensDiff. Models
are given for all cross sections as well as for cross sections divided
with respect to type of wood they mainly consist. VIP shows the
influence of each regressor variable on the response variables,
number in brackets show the order of importance

Tabelle 3 Koeffizienten und Bestimmtheitsmaße der PLS-Regres-
sions-Modelle für die Variablen DensC and DensDiff. Die Modelle
sind angeführt für alle Querschnitte sowie getrennt für Querschnitte
je nach Holzmerkmal, das überwiegend darin enthalten ist. VIP
zeigt den Einfluss jeder Regressions-Variablen auf die Zielvariable
an; Zahlen in Klammern bezeichnen ihre relative Wichtigkeit.
((Tabelle 3 in der Form a: ‘‘untereinander’’))

Y=DensC
Variable

All Whorls Internodes Internodes,
resinous boards

Internodes,
non-resinous
boards

M1 M2 M3 M4 M5

Coeff. VIP Coeff. VIP Coeff. VIP Coeff. VIP Coeff. VIP

Constant 11.014 12.535 10.35 7.298 15.717
DensO 0.402 1.66 (1) 0.492 1.42 (1) 0.440 1.60 (1) 0.510 1.36 (2) 0.348 1.95 (1)
EW �0.235 1.34 (2) �0.197 1.28 (2) �0.136 1.20 (2) �0.057 0.70 (6) �0.207 1.70 (2)
ResW �0.123 0.42 (8) �0.143 0.40 (7) �0.159 0.46 (7) �0.144 0.50 (8) �0.060 0.17 (9)
Knot �0.091 0.75 (5) �0.107 0.85 (5) – – – – – –
DKnot – – 0.0005 0.91 (4) – – – – – –
HeartW �0.064 0.69 (7) – – �0.096 0.77 (5) �0.243 1.17 (3) 0.046 0.31 (7)
DHeartW – – – – – – 0.091 0.99 (4) �0.071 0.30 (8)
DinHeartW �0.153 0.86 (4) – – �0.202 0.97 (3) �0.419 1.42 (1) 0.096 0.35 (6)
DUnder 0.198 0.99 (3) 0.256 0.97 (3) 0.158 0.88 (4) 0.012 0.67 (7) 0.282 1.10 (3)
DRubber – – �0.041 0.83 (6) – – – – �0.121 0.77 (4)
DCorner 0.053 0.71 (6) – – 0.104 0.68 (6) 0.157 0.82 (5) 0.0002 0.39 (5)

R2: 62.9 R2: 80.5 R2: 70.9 R2: 67.8 R2: 73.4
Q2: 32.7 Q2: 36.1 Q2: 33.1 Q2: 62.3 Q2: 40.4

Y=DensDiff
Variable

M6 M7 M8 M9 M10

Coeff. VIP Coeff. VIP Coeff. VIP Coeff. VIP Coeff. VIP

Constant 3.661 3.004 4.397 2.889 8.296
DensO �0.588 1.89 (1) �0.759 1.70 (1) �0.474 1.61 (1) �0.176 0.70 (7) �0.498 1.88 (1)
ResW �0.147 0.88 (3) �0.097 0.74 (3) �0.124 0.95 (4) �0.132 0.70 (8) �0.031 0.51 (8)
Knot �0.149 1.15 (2) �0.123 1.18 (2) – – – – – –
HeartW �0.045 0.82 (4) – – �0.102 0.96 (3) �0.281 1.33 (2) 0.034 0.78 (5)
DHeartW – – – – – – 0.097 1.15 (3) �0.081 0.77 (6)
DinHeartW �0.090 0.81 (5) – – �0.173 0.97 (2) �0.419 1.35 (1) 0.088 0.84 (3)
DUnder 0.152 0.61 (6) 0.150 0.31 (4) 0.132 0.74 (6) 0.044 0.77 (6) 0.307 1.12 (2)
DRubber �0.021 0.60 (7) �0.018 1.18 (5) �0.051 0.77 (5) �0.004 0.86 (5) �0.103 0.81 (4)
DCorner 0.043 0.52 (8) – – 0.081 0.70 (7) 0.182 0.88 (4) 0.004 0.61 (7)

R2: 66.7 R2: 69.7 R2: 75.0 R2: 70.5 R2: 72.3
Q2: 62.7 Q2: 79.6 Q2: 43.0 Q2: 59.0 Q2: 33.5
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had became very irregularly shaped after compression
(Fig. 1). Characteristic points that were essentially at the
same position in the To and Tc images (Fig. 2). The area
and position of knots were very similar. Part of the
minor deviation could be attributed to errors in the
manual registration of the characteristic points and
knots or to that the cross-sections were registered at
slightly different positions before and after compression.
There were also few cases where pixel density was higher
before than after compression, and they could be
attributed to checking, resin deposits close to knots and
decayed wood inside knots. We considered that the
transformation was good enough to permit analysis on
the pixel level. The effect of a slight mismatch pixel by
pixel will be a lowering of the predictive ability for new
observations (Q2). Q2 was generally rather low consid-
ering that original density was one of the regressor
variables.

The transformation procedure was iterative, since the
transformation in x and y directions are interdependent.
As shown by Fig. 3 the estimation converges already at
the second iteration, except for a few pixels at the
boarder of very irregular cross-sections. Three itera-
tions, as was practiced in our study is thus enough.

Water, extractives and wood substances all contrib-
ute to the density recorded. No respect was given to
different attenuation coefficients of the substances.
Hence, the method demands that moisture content is
equal and preferably low at the two occasions when the
CT images were captured which was the case in our
study. Then the contribution from water to the density is
of minor importance for the statistical analysis. Move-
ment of extractives at compression was handled by
including variables that describes pixels location with
respect to resinous areas (DKnot, DHeartW, Din-
HeartW; distance from resinous wood had no major
effect) in the modelling (Table 1).

4.2 Predictive models for wood density

In the presented models where both non-resinous and
resinous boards were included (M1, M2, M3 and M6,
M7, M8; Table 3), the predictive ability for new obser-
vations (Q2) was higher for DensDiff than for DensC.
This was probably an effect of the great variation be-
tween non-resinous and resinous boards for DensDiff
(Table 2). The great variation within resinous boards
(Table 2) is probably the reason for the high Q2 in
models for internodes alone (M4 and M9; Table 3),
compared with the corresponding models for non-res-
inous boards (M5 and M10; Table 3).

In resinous boards, heartwood density was higher than
sapwood density before compression but substantially
lower after compression (Table 2). Subsequently,
HeartW had strong negative effects on DensDiff and
DensC in models M4 and M9 (Table 3). This is in agree-
ment with Trenard (1977) and Blomberg and Persson
(2004), who stated that heartwood of Scots pine becomes

less compressed than sapwood, presumably as effect of
the high resin content. Heartwood in Scots pine has twice
or three times higher resin content than sapwood and the
resin is more evenly distributed over the wood tissue
(Back and Allen 2000). Extractives are incompressible, as
most liquids, and this will decrease the degree of com-
pression where extractives are located inside the cell wall
cavities and cannot move. Extractives also acts as bulking
agents within the cell wall (Kuo and Arganbright 1980).
Dinwoodie and Desch (1996) concludes that there are
no differences in wood density or strength properties
between sapwood and heartwood when compared at
same moisture content. Despite this, heartwood variables
were important in describing the compression of resinous
boards. Resin content seems there to be more important
than original density for determiningDensDiff.ResW and
HeartW had negative effect on DensDiff and DensC (M4
and M9, Table 3). Maybe the incompressible resin inside
the lumen and cell wall cavities makes cell walls more
elastic and prone to spring back elastically. This effect
seems to be increased toward the interior of the heart-
wood (negative effect of DinHeartW). Close to the
heartwood-sapwood boarder resin can readily move into
the sapwood. Subsequently, DensDiff and DensC
increased with increasing distance from the heartwood
(positive effect of DHeartW). In boards with lower resin
content, heartwood variables are less important and have
the opposite effect as in the resinous boards (HeartW in
M5 and M10, Table 3). Here, heartwood had about the
same original density as sapwood (Table 2) and more
earlywood contents. Resin content was probably not
large enough to promote elastic springback.

Resinous wood (ResW) was less compressed and got
lower density after compression than other wood, even
in non-resinous boards (M5, M10, Table 3). The effects
of ResW were most pronounced in whorls (M2 and M7;
Table3).

Knot and DKnot are important variables explaining
DensDiff and DensC in whorls. Wood around knots was
compressed very differently. Wood beneath knots was
much less compressed than above the knots (Fig. 1:Ib,
Ic). Knots acted as reinforcements and prevented com-
pression close to the press table. DKnot had positive
effect on DensC, which indicates that knots or their
stored resin prevented compression of the surrounding
wood.

Earlywood (EW) contributed more to the models
than latewood, why latewood was discarded. Latewood
was difficult to distinguish from reaction wood and in
some cases resinous wood, which respond quite differ-
ently to compression. EW has the same effect as low
density, positive on DensDiff and negative on DensC.
This is in accordance with many other researchers that
have found that wood with low density, and subse-
quently high earlywood content, will be more com-
pressed than wood with high density and that there often
is a correlation between high amount of earlywood and
low density for softwoods (e.g. Kollman and Côté 1984;
Wangaard 1950).
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Compression tended to be low close to the rigid press
table (positive DUnder) and high close to the rubber
diaphragm (negative DRubber). This effect could be
confounded with the effect of heartwood, since the inside
face was also placed against the press table. Blomberg
and Persson (2004) also showed that compression was
low close to the press table, in spite of placing the out-
side face of the specimens against press table. The low
compression at the upper corners of the boards can be
explained by the steeper angle of the annual rings at this
location and a larger amount of latewood further from
the pith, outside the juvenile zone. The compression was
not perfectly isostatic. Especially in the beginning of the
process pressure is mainly perpendicular to the press
table and as effect ring angle is a factor that influence the
deformation (Blomberg and Persson 2004).

5 Conclusions and practical implications

The transformation algorithm that was developed
proved to be a useful tool for analysing wood com-
pression using repeated CT-scanning. The procedure
can also be applied for analysing other examples of
large plastic deformations as long as moisture content
can be reasonably controlled. The algorithm can
be developed for measuring radial and tangential
strains.

Resinous and non-resinous boards respond very dif-
ferently at compression. In resinous boards, resin
deposits in heartwood and resinous wood prevent
compression, presumably as effect of elastic springback.
Knots can also prevent compression of surrounding
wood, something that also partly can be attributed to
resin content. Resin- and knot-rich wood would thus be
avoided when high and homogenous density of com-
pressed wood is requested.
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Abstract The variation in strength properties with density was compared be-
tween semi-isostatically densified and non-densified wood. Strength properties
were compared with published data from earlier studies using other methods for
densification. Small clear specimens of eight species were analysed for com-
pression strength in axial, radial and tangential direction, three-point bending
and Brinell hardness. After densification, all tested strength properties increased
with density, but especially strength perpendicular to grain became lower than
expected from the density of non-densified wood. Strength of densified wood
relative to what could be expected for non-densified wood of similar density was
denoted as ‘strength potential index’. For axial compression strength and
bending strength, strength potential index of individual wood species varied
between 0.7 and 1.0, i.e. densified wood is slightly weaker than what could be
expected from its density. Strength potential index was lower for properties
much determined by strength perpendicular to grain. In radial direction, den-
sified wood was rubbery with low modulus of elasticity and nearly no pro-
portional limit or modulus of rupture. Generally, wood was apparently
weakened in proportion to the degree of compression in respective direction.
Strength potential index also increased with increasing original density of the
species.

Introduction

Strength properties of wood are proportionate to wood density (Kollmann and
Côté 1984; Wangaard 1950) thus, wood with high density is particularly de-
manded where wear resistance is important, e.g. in many joineries and flooring.
The price of such wood is often high and the access is limited. By densification
of wood through compression or resin impregnation, it is possible to increase
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strength and wear resistance. After densification, low-density woods can be
used to substitute harder species. Also woods with high density could be im-
proved further in strength and hardness through densification. Thereby, they
can be competitive for purposes where wood is considered to be too soft, e.g.
for flooring in public environments. Densification has been much practiced for
producing wear-resistant particle boards, whereas densification of solid wood
has been economically less successful due to high cost and technical problems
(Wingate-Hill 1983).

Strength properties have been reported for wood densified with different
methods. Uniaxial compression of solid wood results in a general collapse of the
structure and possibly also in crushing and checking (Ando and Onda 1999).
This may be very detrimental to strength. Strength then usually increases less
than density in relative terms as shown for bending strength and axial (parallel to
grain) compression strength by Perkitny and Jablonski (1984). Softening the
wood with high temperature at densification, or more efficiently with hot satu-
rated steam, has positive effect on the strength of densified wood (Haygreen and
Daniels 1969; Tabarsa and Chui 1997). Steam treatment also increases the de-
gree of densification and prevents springback at moistening, probably as effect of
cross-linking (Navi and Girardet 2000). Generally, the less softening of wood
during compression the lower the strength at a given density after densification.
Therefore, the relationship between strength properties and density seems to be
diagnostic for how detrimental the densification has been to the cell walls.

The CaLignum process is a novel method for semi-isostatic densification of
wood using a Quintus press, a kind of press that is widely used for sheet metal
forming (Johannisson 1994). Wood is compressed under a flexible oil-filled
rubber diaphragm, whereby structures with low density are allowed to deform
more than denser wood. Crushing and checking can then be lowered and the
structure may be less disturbed than when wood is densified uniaxially between
steel plates. The process is rapid. Maximum pressure of 130 MPa is reached
after approximately 2 min and is then immediately lowered to atmospheric
pressure. Compression is made at 20�C and at wood moisture contents between
5% and 15%.

For non-densified woods, many researchers (e.g. Bodig and Jayne 1982;
Dinwoodie 2000; Gibson and Ashby 1997; Kollmann and Côté 1984;
Wangaard 1950) have reported about relations between most strength prop-
erties (f) and density (q). Mostly the relationship takes the form; f=aqb or
after logarithmic transformation; ln f=ln a+b Æln q, where the constants a
and b differ between different strength properties (Table 1). Parameter esti-
mates for the same property differ much between studies. Gibson and Ashby
(1997) presented models of the form fc = fc,s(q/qs)

b for compressive strength,
which means that the constant a in this expression would correspond to fc,s/
qs

b, where fc,s and qs are the cell wall yield strength and the cell wall density
(1,500 kg/m3, Kellogg and Wangaard 1969). fc,s varies between axial, tan-
gential and radial direction.

The aim of this study was to determine how strength properties of semi-
isostatically densified wood of various species vary with density, and to state if
this relationship differs from non-densified specimens of the same species and
boards. Deviations from theoretical and empirical models describing the rela-
tionship between strength and density were used to evaluate possible detri-
mental effects caused by densification.
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Materials and methods

Strength properties of densified and non-densified wood were tested on small,
clear test pieces free from visible defects taken from eight species: Scots pine
(Pinus sylvestris), Norway spruce (Picea abies), silver birch (Betula pendula),
black alder (Alnus glutinosa), European aspen (Populus tremula), European
beech (Fagus sylvatica), English oak (Quercus robur) and European ash
(Fraxinus excelcior) (Table 2). For some of the species, more than one sample
of test pieces were taken. Each sample was homogenous with respect to stem
size and age.

All symbols that are used are congruous with EN 1438:1998, except for the
lower cases ‘rad’ and ‘tang’ which denotes that perpendicular to grain direction

Table 2 Number of tested densified (d) and non-densified (0) specimens of each species for
bending strength (fm), compressive strength in axial (fc,ax), radial (fc,rad) and tangential (fc,tang)
direction and HB on tangential surface (HBtang)

Material Sample means Number of specimens per sample

x (%) q0,x (kg/
m3)

fc,ax fc,rad fc,tang fm HBtang

0 d 0 d 0 d 0 d 0 d 0 d 0 d

Scots pine I 12.6 13.3 458 732 28 32 23 26 30 29 8 8 58 72
Scots pine II 6.9 6.6 521 934 12 12 11 8 10 10 – – – 12
Norway spruce 7.2 6.5 456 886 18 18 – – – – 14 14 9 9
Birch 6.4 6.5 582 946 39 38 – – – – 17 30 18 18
Alder I 6.5 6.2 482 864 30 30 – – – – 15 30 – –
Alder II 6.8 6.5 513 946 16 15 – – – – – – – –
Aspen I 7.1 7.2 430 843 15 35 – – – – 8 18 30 30
Aspen II 6.8 6.4 429 832 14 18 16 14 16 16 – – – –
Aspen III 6.3 6.0 442 912 5 4 5 4 5 5 – – – 18
Beech I 6.3 6.3 720 1,056 39 39 – – – – 7 7 30 30
Beech II 6.5 6.6 704 1,040 – – – – – – – – 9 15
Oak I 6.2 6.2 688 1,060 – 10 – – – – – – 9 30
Oak II 8.7 8.6 682 1,083 – – – – – – – – 15 21
Ash I 7.7 7.6 600 1,024 – – – – – – 18 18 – –
Ash II 6.9 6.3 597 1,010 17 18 18 11 18 14 – – – –

Mean values of density (q0,x) and moisture content (x) were measured at the time of com-
pression and testing

Table 1 Coefficients given in the literature for functions according to the model: ln f = ln
a + b ln q, describing the strength (f) to density (q) relation

Strength property ln a b Density
range
[kg/m3]

Source

Axial compression (fc,ax) )2.53 1 100–1,000 Gibson and Ashby (1997)
Tangential compression (fc,tang) )10.4 2 100–1,000 Ashby and Jones (1998),

Gibson and Ashby (1997)Radial compression (fc,rad) )10.7 2
Bending (fm) )3.46 1.25 300–1,000 Bodig and Jayne (1982)
Brinell hardness (HBtang) )12.9 2.14 200–1,000 Kollmann and Côté (1984)

The equations are based on strength values of several species in the given density range
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is separated in radial and tangential direction. Axial direction is denoted by ‘ax’
instead of ‘0’ to avoid confusion with non-densified wood and dry weight that is
also denoted by ‘0’.

Moisture content (x) was determined according to ISO 3130:1975. Moisture
content was kept constant by wrapping the specimens in plastic film from the
time of densification to testing. Density (q0,x) according to ISO 3131:1975 was
determined as the ratio between the dry weight measured using a balance
(Metler Toledo BA4100S with readability 0.01 g and repeatability 0.008 g), and
the volume measured at actual x using a digital calliper with accu-
racy = 0.03 mm and repeatability = 0.01 mm. The boards to be tested were
split into two pieces, one was densified and the other was left as a reference. The
number of test pieces per wood species and property, their density and moisture
content are given in Table 2. Compression was made semi-isostatically in a
Quintus press. Plain-sawn boards were placed with their inside faces (pith sides)
down towards the press table and pressed at 130 MPa mediated by a rubber
diaphragm. Mechanical testing was performed on a Shimadzu Autograph
AG)100kNG universal testing machine.

Compression strength in axial, radial and tangential direction (fc,ax, fc,rad,
fc,tang) was tested according to ISO 3787:1976 and ISO 3132:1975, respectively.
The specimens used for testing compression strength had a cross-section of
20·20 mm2 and length 60 mm. The stress–strain curve for densified wood in
radial compression often has a diffuse proportional limit and in the cases where
proportional limit could not be clearly determined, it was set to the stress at the
same strain as at the proportional limit for the reference. Bending strength (fm)
was determined by three-point loading in accordance with ISO 3133:1975,
specimens of cross-section 20·20 mm2 and length 300 mm were used. Brinell
hardness (HB10/1000/30) was done in accordance with prEN 1534:1999 with an
indenting ball of 10 mm, an applied force of 1 kN maintained for 30 s.
Hardness was tested on tangential surfaces (HBtang) and indents were measured
in images taken by a light microscope.

Regression models were fitted using SAS statistical software, release 8.2,
PROC REG and NLIN (SAS Institute Inc., Cary, NC, USA). The general
model used to describe the relation between strength (f) and density (q) was:

ln f ¼ ln aþ dd � ln ad þ b � ln qþ bd � dd � ln qþ e ð1Þ
which is equivalent to f ¼ a � addd � qbþbd�dd þ e. ln a and b are the intercepts and
power for non-densified wood. ln ad and bd are the differences in intercepts and
power between densified and non-densified wood, the dummy variable dd takes
the value 1 for densified wood and 0 for non-densified wood. � is the random
error. For compression strength perpendicular to grain a special model was
used in order to be able to distinguish the effects of radial and tangential strain:

ln f ¼ ln aþdd � ln adþdt � ln atþdd �dt � ln adtþb � ln qþbd �dd � ln qþbd �dt � ln q
þbdt �dd �dt � ln qþ e

ð2Þ
where dt is 1 for stress in tangential direction and 0 for radial. The regression
coefficients in Eqs. 1 and 2 were only included in the model where the signifi-
cance level was greater than 5%. The functions found were compared with
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earlier published functions for the strength to density relationships (Table 1).
When several functions were available for the same property, theoretically
based functions were preferred to empirical ones, and recently published
functions were preferred to older ones.

Further analysis of the effects of densification was made by calculating the
ratio between the performance prior to and after densification for each sample.
The density index, qd/q0, shows the increase in density and the strength index,
fd/f0, shows the increase in strength. The ratio between fd/f0 and qd/q0 expresses
the increase in strength per density and is here referred to as quality index, Qd/

Q0. Given the b from the functions for f=aqb in Table 1, the ratio fd=f0
qd=q0ð Þb ¼

ad
a0
;

here called as strength potential index, then shows how much strength of
densified wood increases relative to what could be expected for non-densified
wood from the increase in density. A value of ad/a0 far below 1 indicates that
the strength of densified wood is lower than strength of non-densified wood.

Results

The coefficients of the functions describing the relationship between strength
and density according to Eq. 1 or 2 for non-densified and densified wood are
given in Table 3. The functions are visualised in Fig. 1, where also mean values
of strength for each tested species are shown. The power b did not differ be-
tween densified and non-densified woods whereas ln a was lower for densified
wood in compression perpendicular to grain and hardness. Corresponding
functions given in literature (Table 1) together with strength values from
Dinwoodie (2000) and Tsoumis (1991) are added in Fig. 1.

For axial compression strength there were no significant differences in
development of strength with density between non-densified and densified wood
(Table 3, Fig. 1a). The function has slightly lower power (b) than according to
the equation of Gibson and Ashby (1997) given in Table 1. The axial com-
pression strength of non-densified woods at a given density was generally higher
than according to earlier published data.

For compression strength perpendicular to grain (Fig. 1b), the estimated
coefficient b was not significantly different neither between radial and tangential
directions nor before and after densification (Table 3). For non-densified wood,
the coefficient ln a did not differ significantly between radial and tangential
compression strength. Tangential compressive strength was generally higher

Table 3 Coefficients of functions according to the regression model: ln f = ln a + ln
adÆdd+bÆln q + bdÆddÆln q, describing the strength (f) to density (q) relation for the tested
properties

Strength property ln a b ln ad R2

Axial compression (fc,ax) )0.728 0.765 0.83
Tangential compression (fc,tang) )18.4 3.22 )1.35 0.84
Radial compression (fc,rad) )3.36
Bending (fm) 0.459 0.810 0.78
Brinell hardness (HBtang) )12.1 2.07 )0.439 0.89

The dummy variable, dd, is 1 for densified wood and 0 for non-densified wood. Only coeffi-
cients that were significant at the 5% level were included; tangential and radial compression are
expressed with a common function in which ln ad differs but the other coefficients are similar
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after than before densification, but after densification, it became substantially
lower than what could be expected from the density, as ln a was much lower. In
radial direction, compressive strength was almost entirely lost after densifica-
tion (very low ln a) and the wood became rubbery.

In the function for bending strength (Table 3), neither ln a nor b were sig-
nificantly different between non-densified and densified woods (Fig. 1c). The
non-densified specimens had generally higher bending strength relative to
density than according to the values of the literature.

The effect of density on Brinell hardness (HB) differed much between non-
densified and densified woods (Fig. 1d). The hardness of the densified woods

Fig. 1 a–d Influence of density (q0,x) on strength properties (f) for tested woods (large
markers) as well as the equation for the variation (Test; thick lines) given in Table 3. The dotted
lines divide non-densified (left) and densified (right) woods. In comparison strength values of
non-densified woods given by Dinwoodie (2000); Tsoumis (1991) are shown (Ref; small dots) as
well as earlier published functions for the variation in strength with density among non-
densified woods (Ref; thin lines) given in Table 1. a Axial compression strength (fc,ax). b
Compressive strength in radial (fc,rad, thick dashed line, filled large markers) and tangential
direction (fc,tang, thick solid line, unfilled large markers) for densified wood. The variations for
radial and tangential compression strengths follow the same equation for tested non-densified
woods (thick dashed line) while it is distinguished for the references (radial; thin dashed line,
tangential; thin solid line). c Bending strength in three-point loading (fm). d HB tested on
tangential surface, pith side (HBtang)
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corresponds to the hardness of non-densified woods with 100–200 kg/m3 lower
density.

Increases in density and strength as effect of compression is shown in Ta-
bles 4 and 5 for different strength properties and woods. The density index, qd/
q0, was strongly negatively correlated with q0 (r=)0.86). qd still increased with
increasing q0 (r=0.84; Table 2). For HB, the strength index, fd/f0, increased
both with decreasing q0 (r=)0.70) and increasing qd/q0, (r=0.90). For the
other strength parameters, the relationships were less clear and not significant.
Qd/Q0 was close to 1, except for compression in radial direction. For the
parameters where b>1 (Table 1), Qd/Q0 was for some woods above 1, which
shows that strength increased more than density in relative terms. Qd/Q0 was
less correlated with density than the strength potential index was, ad/a0. The
correlations between ad/a0 and q0 were 0.69, 0.70NS, 0.91, 0.80 and 0.61NS for
compression axially, tangentially and radially, bending and hardness, respec-
tively. The correlations between ad/a0 and qd/q0 were )0.68, )0.85, )0.63NS,
)0.57NS and )0.68, respectively. Correlations labelled with NS were not sig-
nificant at the 5% level.

Discussion

The strength to density relationships of the non-densified woods did not deviate
clearly from the figures obtained in earlier studies reported by Dinwoodie
(2000); Tsoumis (1991). As shown by Fig. 1, there was substantial variation in
strength between species having the same density. Furthermore, the variation in
both strength and density was also considerable within species. Considering
this, the tested woods were well in accordance with previously published data.
For axial compressive strength and bending strength, the values were relatively

Table 4 Ratios between densified (d) and non-densified (0) wood for density (q), strength (f),
Q=f/q and a=f/qb. Compression strength in axial direction (b=1) and in tangential and radial
direction (b=2) for semi-isostatic densification compared with other densification methods

Material qd/q0 Compression
axial
direction

Compression
tang. direction

Compression rad.
direction

fd/f0 ad/a0
a fd/f0 Qd/Q0 ad/a0 fd/f0 Qd/Q0 ad/a0

Scots pine I 1.56 1.41 0.90 1.51 0.95 0.59 0.19 0.12 0.08
Scots pine II 1.80 1.48 0.84 2.18 1.20 0.66 0.26 0.14 0.08
Norway spruce 1.93 1.43 0.74
Birch 1.65 1.54 0.93
Alder I 1.79 1.51 0.84
Alder II 1.84 1.59 0.86
Aspen I 2.04 1.60 0.82
Aspen II 1.96 1.44 0.74 1.82 0.90 0.45 0.14 0.07 0.04
Aspen III 1.92 1.69 0.88 1.72 0.81 0.38 0.27 0.13 0.07
Ash II 1.77 1.70 0.96 1.77 1.05 0.63 0.31 0.19 0.12
Beech I 1.52 1.39 0.91
Scots pineb 2.00 1.48 0.74

aQd/Q0=ad/a0 since b=1 for compression strength in axial direction
bConstrained uniaxial compression in radial direction (Perkitny and Jablonski 1984)
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high, which partly could be due to the low moisture contents (Table 2).
Strength increases with decreasing moisture contents (e.g. Dinwoodie 2000;
Kollmann and Côté 1984; Wangaard 1950).

The presented curves for axial compression strength and bending strength
were basically linear (b�1) and the curves for compression strength perpen-
dicular to grain and hardness were curvilinear (b>2, Table 3). This corre-
sponds well with the assumptions by Ashby and Jones (1998), who stated that
wood in compression acts as a fibrous composite in axial direction and as a
foam in transverse direction. Compression strength of fibrous composites is
linearly proportionate to density in the fibre direction and foams proportionate
to the square of the density (Table 1).

For axial compression strength and bending strength, the regression analysis
according to Eq. 1 did not state any significant variation in ln a or b as effect of
densification (Table 3, Fig. 1a, c). Both properties are improved by densifica-
tion. However, the coefficient b was slightly below 1, indicates that wood with
high density (densified) had lower strength than theoretically assumed (Ashby
and Jones 1998, Table 1). As shown in Table 4, ad/a0 was also below 1, which
indicates that densification had some negative effect on axial compression
strength and bending strength, even though most strain at densification was
perpendicular to grain.

Compression strength for non-densified wood did not differ significantly
between tangential and radial directions (Table 3). This does not correspond to

Table 5 Ratios between densified (d) and non-densified (0) wood for density (q), strength (f),
Q=f/q and a=f/qb. Bending strength (b=1.25) and HB (b=2.14) for semi-isostatic densifi-
cation compared with other densification methods

Material qd/q0 Bending Brinell hardness

fd/f0 Qd/Q0 ad/a0 fd/f0 Qd/Q0 ad/a0

Pine I 1.60 1.28 0.80 0.71 1.89 1.18 0.69
Spruce 2.10 1.60 0.82 0.70 2.93 1.35 0.56
Birch 1.63 1.41 0.87 0.77 1.61 0.99 0.57
Alder I 1.79 1.34 0.75 0.65
Aspen I 1.96 1.62 0.82 0.70 2.15 1.10 0.51
Beech I 1.52 1.37 0.90 0.81 1.64 1.09 0.68
Beech II 1.48 1.70 1.15 0.74
Oak I 1.56 1.79 1.15 1.03 1.54 0.98 0.59
Oak II 1.59 2.06 1.30 0.77
Ash I 1.71 1.75 1.02 0.90
Scots pinea 2.00 1.49 0.75 0.63
White spruce, 20�Cb 1.32 1.13 0.86 0.80
White spruce, 100�Cb 1.28 1.11 0.87 0.82
White spruce, 150�Cb 1.40 1.30 0.93 0.86
White spruce, 200�Cb 1.36 1.28 0.94 0.87
Red pinec 1.73 1.87 1.08 0.94
Loblolly pinec 1.51 1.58 1.05 0.94
Beechd 1.90 5.33 2.81
Spruced 3.10 8.00 2.58
Maritime pined 2.64 4.67 1.77

aConstrained uniaxial compression radially (Perkitny and Jablonski 1984)
bTM compression (Tabarsa and Chui 1997)
cTHM compression of green wood at 100�C, drying under constraint (Haygreen and Daniels
1969)
dTHM compression in saturated steam of 150�C (Navi and Girardet 2000)
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the relationships presented by Gibson and Ashby (1997); Ashby and Jones
(1998) given in Table 1. The estimated strength of tested non-densified wood
was intermediate to the estimated compression strength in radial and tangential
direction according to their functions (Fig. 1). As stated by Kennedy (1968), the
relation between density and compression strength in radial and tangential
direction differs between woods with the amount of rays and the density
(amount latewood and earlywood). Usually, the difference is slight. The
strength data presented by Dinwoodie (2000); Tsoumis (1991) are not distin-
guished between radial and tangential direction.

For compression strength in tangential direction and especially in radial
direction, ln a differed much between non-densified and densified wood (Ta-
ble 3, Fig. 1b). ad/a0 was also very low (Table 4), which shows that the wood was
detrimentally affected by compression. In radial direction, strength is much
determined by the rays (Kunesh 1968) which fail at densification. The difference
in ad/a0 between tangential and radial compression and the strong negative
correlation between ad/a0 and qd/q0 indicate that the weaker the structure and
the more strain at densification, the more negatively affected is compression
strength, considering the density. There is also a strong negative correlation
between qd/q0 and q0, which shows that wood with low original density is rel-
atively more densified than wood with high original density. At isostatic den-
sification, failure is radial and tangential, and mainly in the weakest direction.
Especially for softwood and ring-porous hardwood, this is radial. The axial
strain is negligible (Arakawa et al. 1998; Bucur et al. 2000; Trenard 1977). At
static compression, the specimens fails in the press direction. When compressed
in tangential direction, rearrangement of annual rings caused by buckling makes
the deformation more radial (Tabarsa and Chui 2001). The same tendency was
shown for the semi-isostatic densification of quarter-sawn Scots pine (Blomberg
and Persson 2004). At failure, the compression was predominately static towards
the press table, later the compression became more isostatic and subsequently
radial. In this study, the specimens were oriented with the inside face towards the
press table and with the annual rings almost parallel to the press table, that is
why the compression was predominately radial from start.

Blomberg (2005) showed that when densifying Scots pine semi-isostatically,
the structure becomes more or less compact. When pressure is released, the
immediate elastic springback is approximately 40%, predominately in radial
direction. In effect, the material behaves completely different in radial direction
and it becomes rubbery. Modulus of elasticity of densified wood is very low,
proportional limit is diffuse and there is no distinct point of failure. Still, there is
some plastic deformation, predominately as effect of expansion perpendicularly
to press and grain direction. This was particularly valid when the specimens
were small and the expansion was not constrained. It would have been pointless
to estimate the radial compression strength if the material had been ideally
elastic. As this was not the case, the estimation was made, although accuracy
was poor. For some densified specimens, there was a rather distinct propor-
tional limit at radial compression, linked to the plastic expansion perpendicu-
larly, that corresponded to yield strain of the non-densified wood. Where
proportional limit was more diffuse, it was measured at the same yield strain as
for the non-densified wood. Yoshihara and Ohta (1997) discuss the problem of
finding the proportional limit in detail and propose several methods to measure
it. However, none of these could be applied.
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For HB, where the direction of the force was radial (indent made on tan-
gential surface), densified wood had lower values than expected from the
density (low ln a of densified wood, Table 3, Fig. 1d), although the deviation
was lower than for radial compressive strength. Dinwoodie (2000) reported
correlation of 0.91 between hardness and compression strength perpendicular
to grain. That hardness is not as negatively affected by densification as com-
pressive strength in radial direction is mostly an effect of only measuring the
remaining plastic deformation of the indent. The strain at radial compression
was predominately elastic.

As shown above, the effects of densification is twofold, increasing density and
possibly destruction of cell walls. ad/a0 is a measure of the latter effect. ad/a0 was
calculated using b from literature (Table 1). The b that was calculated was not
significantly affected by densification (Table 3). Neither did b deviate much
from the literature values, which justifies the choice of b.

For axial compression strength and bending strength, ad/a0 was slightly
below 1, which indicates that the cell walls were not much negatively affected
by compression. For woods with low original density and whose density
had increased much at densification ad/a0 was lower. For tangential and
radial compression strength and hardness, ad/a0 was very low (Tables 4
and 5). Since b was 2 and 2.14, respectively, strength increases more than
density at densification and subsequently compensates for the low ad/a0. For
some woods, tangential compression strength per weight and hardness per
weight increased as effects of compression (quality index Qd/Q0>1, Tables 4
and 5).

ad/a0 can be used for comparing semi-isostatical densification with other
densification methods. Data of strength and density published in earlier
studies was then used for calculating ad/a0. For axial compression strength
and bending strength, ad/a0 was slightly higher for semi-isostatically densified
Scots pine than for Scots pine that was radially compressed in a mould
(Perkitny and Jablonski 1984, Table 4). Static compression without con-
straints might have been more detrimental. On the other hand, ad/a0 at
thermo-mechanical (TM) and thermo-hydro-mechanical (THM) compression
tends to be higher than at semi-isostatical compression (Tables 4 and 5).
Treatment with heat and vapour softens the wood, whereby, the checking in
cell walls might be lower (Inoue et al. 1993). ad/a0 for hardness at densifi-
cation in saturated steam was much higher than 1, which indicates that the
wood had been stronger. Steam treatment induces cross-linking reactions in
the matrix substances and crystallisation of micro fibrils (Dwianto 1999). It is
clear that both temperature and moisture (steam or high-moisture content)
have positive effect on the strength properties as effect of softening the wood
prior to compression. However, such treatment prolongs process time much
and limits capacity at densification.

It should be noted that the differences in ad/a0 discussed above relates to
small clear specimens. The comparison between densification methods would
probably have been more favourable for semi-isostatic densification if boards
with all kind of possible defects were concerned. Applying pressure in all
directions prevents wood from spreading and checking. An isostatic pressure
will also give possibilities for harder structures such as knots to deform dif-
ferently from softer wood and protrude above the wood surface, which leads to
a less destructive process.
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Conclusions

Increasing density favours strength properties, but at densification, wood is
more or less negatively affected, why strength becomes lower than what could
be expected from the increased density. This is particularly true for strength
perpendicular to grain. For woods with originally high density, the effect of
densification is most positive on strength. Densified wood becomes rubbery in
radial direction with very low modulus of elasticity and nearly no proportional
limit. Still HB on tangential surface is substantially improved. ad/a0 is a useful
measure of how the wood structure is affected by densification.
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Abstract

Images obtained by scanning electron microscopy (SEM)
helped to clarify the question as to how anatomy influ-
ences the deformation on compression and the spring-
back of densified wood on water soaking. Transverse
sections of Norway spruce (Picea abies), Scots pine
(Pinus sylvestris), black alder (Alnus glutinosa), Swedish
aspen (Populus tremula), European birch (Betula pubes-
cens), European beech (Fagus sylvatica) and pedunculate
oak (Quercus robur) were studied. Wood is reinforced
with rays in the radial direction and with dense latewood
in the tangential direction. When strained radially, rays
buckle or tilt tangentially. Softwoods were mainly com-
pressed radially, owing to low number of rays and since
latewood is much denser than earlywood. The diffuse-
porous hardwoods with low density variation between
latewood and earlywood were mainly deformed tangen-
tially, except birch, which has high density at the annual
ring border and is mainly compressed radially. The ring-
porous hardwoods were relatively equally deformed in
the radial and tangential directions because of the high
number of rays and high latewood density. Moisture-
induced springback (shape recovery) was proportional to
the degree of compression. Rays remained deformed,
which also influenced the surrounding wood. Longitudi-
nal wood cells almost resumed their original shape.
Wood with low density and a low degree of compression
showed the highest structural recovery. Shearing defor-
mation was particularly pronounced and permanent in
woods with high strength anisotropy. Thin-walled and
sheared cells, such as earlywood in softwood, tended to
crack on compression. Cracks usually stopped at the
middle lamella and had a lesser influence on strength
properties than for lumen-to-lumen cracks.

Keywords: deformation; densified wood; isostatic com-
pression; shape recovery; soaking; springback.

Introduction

There is a permanent drive to develop processes to den-
sify wood through compression to improve the hardness

and other mechanical properties (Wingate-Hill 1983).
However, the products developed have not been com-
petitive, owing to low capacity, technical problems and
high cost. The industrial processes suggested usually
involve static compression between rigid steel plates.
Isostatic compression, i.e., from all directions, has only
been investigated on an experimental scale.

The CaLignum process is a novel and patented meth-
od (Lindhe and Castwall 1997) for semi-isostatic com-
pression of wood using an industrial Quintus press (Avure
Technologies, Sweden). The press was originally devel-
oped for flexforming of sheet metal for the production of
prototypes and short series (Skötte 1976; Johannisson
1994). In the Quintus press, wood is placed on a rigid
table and compressed under a flexible oil-filled rubber
diaphragm. The process is rapid. Maximum pressure of
140 MPa is reached after approximately 2 min and is then
immediately lowered to atmospheric pressure. The wood
is compressed at 208C and at moisture contents be-
tween 5% and 15%. When pressure increases around
the wood, the weakest structures collapse in their weak-
est direction. Harder structures, such as knots, are not
crushed and dislocated, but can protrude above the
wood surface (Blomberg and Persson 2004). As effect
the density becomes more uniform (Blomberg and Pers-
son 2005). The process makes it possible to rapidly den-
sify wood of board size on an industrial scale.

One of the reasons for further developing the Ca-
Lignum process was the observation on scanning elec-
tron microscopy (SEM) images of Scots pine that cell
collapse at densification was mostly involved bending of
cell walls without any major damage in or between them
(Sandberg 1998). Thus, the strength properties are sub-
stantially improved (Blomberg et al. 2005). One indicator
of the non-destructive character of the process is the
high degree of springback (shape recovery) after soaking
the densified wood in water. Structures with high remain-
ing deformation most likely have suffered some injury
and were therefore more plastically deformed on com-
pression, which consequently affects the springback
(Ellis and Steiner 2002).

The macroscopic changes on static and isostatic com-
pression are quite well known. Dry wood, which is uni-
directionally statically compressed between steel plates,
is forced into an even shape, regardless of the structure
variation. Typical effects such as major dislocations,
crushing and checking then tend to arise (Ando and
Onda 1999). As wood is a heterogeneous and orthotropic
material, it becomes very irregularly shaped when com-
pressed isostatically (Trenard 1977; Arakawa et al. 1998).

Arakawa et al. (1998) compressed sugi (Cryptomeria
japonica) heartwood isostatically in heated water at
2 MPa to 60% of its original volume, after having sealed
the surface with silicone to prevent water uptake. The
greatest deformation was in earlywood and in the radial
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direction. After isostatic compression of small wood
pieces up to a pressure of 200 MPa, Trenard (1977) ana-
lysed the wood structure by SEM. Delamination was
found between the middle lamella and the remaining cell
wall, and between rays and neighbouring tracheids of
spruce and pine. Beech was more resistant against these
kinds of defects. The vessels in beech collapsed, but not
the rays. For the three species, delamination of cell walls
was found, as well as cracks following the same angle
as the microfibrils in both tracheids and vessels. In the
softwoods, most defects were found in the earlywood.
Similar results were found by Bucur et al. (2000) for
spruce and cherry that was hydrostatically compressed.
These authors observed cracks that initiated near rays
and were caused by shearing. Rays meander through the
tissue, following the general deformation of the test piec-
es and the constriction of vessels and fibres near rays.
Cracks in the cell walls were often initiated at pores.

Kollmann (1959) considered that the characteristics of
the annual rings were critical for deformation on com-
pression. In hardwoods, the arrangement and size of the
vessels are most important, whereas in softwoods the
difference in density between earlywood and latewood is
the determining factor. Bodig (1965) introduced the con-
cepts of the weak layer theory in radial compression and
the spaced column behaviour in tangential compression.
Radially, strength is determined by the earlywood, where
the first collapse occurs, while the latewood remains rel-
atively unaffected. During tangential compression, both
earlywood and latewood support the load, but as the ear-
lywood is much weaker, its main role is in supporting the
latewood columns. Similarly, in the radial direction, ear-
lywood mainly contributes in supporting the rays (Kunesh
1968). Kennedy (1968) found that rays increase the
strength in the radial direction, but have a negative effect
in the tangential direction, as they easily collapse when
loaded tangentially. In wood with a high amount of late-
wood, the tangential compressive strength is often higher
than the radial strength, while the opposite is true for
wood with large or numerous rays. In particular, in soft-
woods with few rays, the tangential strength is high
compared to the radial strength. The radial strength is
predominant in hardwoods, especially in diffuse-porous
species in which the density is relatively uniform through-
out the annual ring (Kunesh 1961; Tabarsa and Chui
2001; Ellis and Steiner 2002). In studies where the trans-
verse angle of the annual rings was varied, it was found
that the strength was minimum at approximately 458 rel-
ative to the load direction (Kollmann 1959; Bodig 1965;
Kennedy 1968). Most likely, the orthotropic behaviour
affects the semi-isostatic compression and springback of
densified wood.

The objective of this study was to use SEM images to
identify the relation between wood anatomy and semi-
isostatic densification. Images taken after immersion of
densified wood in water were analysed to determine
the moisture-induced springback (shape recovery) of
deformed wood. Insight into this process is fundamental
for understanding the complex densification process.
Springback is a problem in the utilisation of densified
wood. It is also an indicator of the degree of cell-wall
cracking during the process. The variation in compres-

sion and springback was related to the surrounding tis-
sue, with a particular focus on ray cells. Strength in the
axial direction is much higher than transversally. There-
fore, axial deformation was neglected in this study.

Materials and methods

The wood studied were two softwoods: Norway spruce (Picea
abies) and Scots pine (Pinus sylvestris), four diffuse-porous hard-
woods: black alder (Alnus glutinosa), Swedish aspen (Populus
tremula), European birch (Betula pubescens) and European
beech (Fagus sylvatica), often regarded as semi-ring porous, and
one ring-porous hardwood: pedunculate oak (Quercus robur).
Sapwood was chosen from all species.

One board per species was split along the grain into two
pieces; one was semi-isostatically densified according to the
CaLignum process and the other was retained as a reference.
After compression, a sample was soaked in water for 24 h. From
the native, densified, and water-soaked wood pieces, samples
of 10=10=10 mm3 were taken for SEM studies. Adjacently sim-
ilar samples were taken for determination of the moisture con-
tent (MC; moisture weight as a percentage of dry weight; dried
at 103"28C for 24 h and weighed on a Metler Toledo balance
to 0.1 mg) and swelling coefficients in the radial and tangential
directions.

Density was estimated by weighing the samples and deter-
mining their volume using calliper measurements (accuracy
0.03 mm, repeatability 0.01 mm) at ten positions, four in the
radial, four in the tangential and two in the axial direction. For
native, densified and densified water-soaked wood, three spec-
imens of each species were measured. Density was adjusted to
5% MC; cell wall expansion was assumed to follow the swelling
of native wood.

The density increase as a consequence of semi-isostatic com-
pression was calculated as a percentage of the native wood
density. The density of densified wood was also measured after
water soaking and drying.

Images of transversal sections were obtained by SEM (JEOL
820, Japan; acceleration voltage 10 kV, WD 25–30 mm). Images
at a magnification of 100= (corresponding to an image width of
1200 mm) were taken of all woods for convenient comparison.
Frozen specimens were cut with a sliding microtome (Microm
HM440E). Samples were cut in the wet condition to improve
surface smoothness, whereas densified wood had to be cut
at the original MC (;5%) to avoid cell-shape recovery. Then
samples were vacuum-dried and covered with a thin layer of
gold (Polaron E5400 high-resolution sputter coater, England;
time 180 s, voltage 1 kV, current 25 mA).

The variation in porosity in the radial direction was measured
as the percentage of voids in a 300=300-mm2 transect area,
with the annual ring border aligned vertically in the middle. To
distinguish between cell walls and voids, a threshold was man-
ually set for the images, i.e., a greyscale value was chosen,
above which all pixels become white and below which all pixels
become black. The measured porosity was multiplied by the
cell-wall density (1500 kg my3, Kellogg and Wangaard 1969) to
estimate the density of earlywood (EW) and latewood (LW) for
native and densified wood (rN, rD).

The degree of compression (Q) of EW and LW was calculated
in the radial (r) and tangential (t) directions, both after densifi-
cation and after water soaking of the densified wood as:
Qrsk(1–´r) and Qtsk(1–´t), where k is a calibration factor and ´r

and ´t is the cell strain in the radial and tangential directions.
Calibration was made to adjust estimated strains to the differ-
ences in density. If it is assumed that bias in ´ is equal in the
radial and tangential directions, the following equation describes
the relation rD/rNsk2(1–´r)(1–´t):
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Table 1 Moisture content (MC), swelling coefficient in the radial and tangential direction, and density adjusted to 5% MC for native
and densified wood (mean, ns3).

MC Swelling coefficient (%) Density (kg my3)
(%)

Radial Tangential Densified DSD

Densified
Spruce 5.6 85.8 2.9 746 409
Pine 5.6 78.6 7.9 976 599
Aspen 4.9 13.9 80.4 872 459
Alder 5.1 7.7 71.1 923 527
Birch 4.9 48.7 23.6 1040 641
Beech 5.2 9.2 54.3 1077 777
Oak 5.8 36.4 16.6 999 700

Native Native Increment (%)
Spruce 5.7 4.0 6.6 433 72
Pine 5.6 5.3 8.8 576 69
Aspen 5.5 3.7 10.1 492 77
Alder 5.3 3.4 6.3 523 77
Birch 4.8 6.9 8.6 651 60
Beech 4.9 6.2 12.8 773 39
Oak 5.2 5.9 6.0 742 35

The density for densified wood after water soaking and drying (DSD) and the relative density increment caused by isostatic com-
pression are also given.
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Individual softwood tracheids and hardwood vessels within
the image were counted. Cells disturbed during preparation
were excluded. The following features were observed in the radi-
al and tangential directions: length and angle of the major axis
(g) relative to the annual ring border, area (A) and perimeter (P).
Relative vessel and ray areas were determined as a percentage
of the transect area studied before compression, consisting of
vessels (or tracheids) or rays, respectively. Roundness was cal-
culated as P2/(4pA) (Russ 1995). The angle of the rays relative
to the annual ring border was measured at the ring border in
both early- and latewood (g).

Image-Pro Plus (version 4.0 for Windows, Media Cybernetics)
and Scion Image (Release 3B, Scion Corp., USA) were used for
image analysis.

Results

Moisture content, density and expansion on moistening
are given for native and densified wood of the different
species in Table 1. The variation in moisture content was
low (4.8–5.7%). Compression resulted in a substantial
increase in density, whereas water soaking of densified
wood resulted in springback, which restored the original
pattern almost completely. The density of densified wood
after water soaking and drying was similar to the density
of native wood. In general, the higher the original density,
the lower was the increase in density on densification;
springback after soaking densified wood in water was
also lower.

The variation in porosity in the radial direction at an
annual ring border is shown in Figure 1. In particular,
spruce, aspen and birch showed minimum porosity and
thus maximum density at the annual ring border (Figure
1a,d,e). Compression levelled out the variation between
and within EW and LW.

The deformed structure of densified wood almost
recovered after water soaking. As a consequence, the

swelling (Table 1) is closely related to the prior compres-
sion (Table 2).

Deformation of softwood

Transects of native, densified and water-soaked densi-
fied wood of Norway spruce and Scots pine are pre-
sented in Figure 2. The EW tracheids are thin-walled and
elongated radially, whereas those in LW are thick-walled
and elongated tangentially (Table 3). The radial orienta-
tion of the tracheids in rows gives a very regular struc-
ture. On compression, EW density was at least doubled,
whereas LW densification was substantially less (Table 2).
Compression occurred predominantly in the radial direc-
tion, especially in EW, resulting in high compression ani-
sotropy. The tracheids became flattened and irregularly
shaped (Figure 3). Either the tangential cell walls folded,
or the cells sheared in the tangential direction, and thus
a rhomboid transversal tracheid area was observed.
Locally, the deformation of tracheids was affected by the
axially oriented resin canals; they were compressed
towards the perimeter of the resin canal. The flattening
is manifest by increased roundness values (showing
increased deviation from a circular transversal area) and
decreased angle of the main cell axis. The collapse of
tracheids was accompanied by deformation of the rays,
as shown in Figure 3, in which the localisation of the rays
and the annual ring borders are marked. In the native
wood, rays are aligned in the radial direction perfectly
perpendicular to the annual ring border (gs908). On
compression, rays in the EW were compressed into a
curly shape and became tilted (Figure 3). The thinner the
cell walls (and the lower the density), the higher was the
degree of deformation. With decreasing density, the rays
were oriented at a more acute angle relative to the annual
ring border (Table 3). In spruce, the angular change of
rays increased with a gradual transition from EW to LW.
In pine, the transition from EW to LW and the density
change was more abrupt; this was also reflected by the
ray angle (Figure 2).
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Figure 1 Porosity of native, densified and densified water-soaked spruce (a), pine (b), alder (c), aspen (d), birch (e), beech (f) and
oak (g). Each diagram represents an area of 300=300 mm2, i.e., the earlywood and latewood are 150 mm respectively on the x-axes.
The porosity was calculated from the number of black and white pixels in one-pixel columns of 1.17 mm.

In a close-up of densified pine wood (Figure 4), shear-
ing vectors are indicated. As a consequence of shearing,
LW tracheids change to an S-shaped transversal area
and their cell walls can crack. However, shearing and
cracking are more frequent in EW.

The transversal area of tracheids after springback was
also close to the original size (Table 3). However, trache-
ids remained slightly pleated and deformed, particularly
in EW (Figure 2), also shown by the high roundness. The
main axis angle of the tracheid transects (g) was not fully

restored (Table 3). Moreover, the angle between rays and
annual ring border did not recover. This was particularly
true for LW, in which much of the moderate displacement
remained after water soaking. In summary, shearing
deformation was more permanent in LW than in EW.

The performance of spruce and pine was similar, but
there were also a few differences. In spite of its higher
initial density, the density increment for pine on com-
pression was higher (Table 1). Pine became more homog-
enous than spruce, i.e., the differences in porosity and
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Table 2 Remaining radial and tangential dimension (Q) of earlywood (EW) and latewood (LW) in relation to the original dimension
after densification and after water soaking.

Species Relative remaining dimension, Q Native Densified

After densification After soaking Density Pro- Density Pro-

Radial Tang Radial Tang (kg my3) portion (kg my3) portion

Spruce EW 0.52 0.96 0.96 0.98 300 0.70 600 0.60
Spruce LW 0.82 0.94 0.99 0.97 750 0.30 975 0.40
Pine EW 0.49 0.91 0.88 0.98 405 0.64 900 0.51
Pine LW 0.85 0.98 0.98 0.99 880 0.36 1055 0.49
Alder EW 0.92 0.55 0.98 0.96 450 0.46 885 0.63
Alder LW 0.98 0.63 0.95 0.96 585 0.54 945 0.37
Aspen EW 0.91 0.56 0.95 0.97 420 0.52 825 0.37
Aspen LW 0.97 0.64 0.95 0.96 570 0.48 900 0.63
Birch EW 0.74 0.84 0.95 0.98 645 0.60 1030 0.60
Birch LW 0.73 0.86 0.97 0.99 660 0.40 1055 0.40
Beech EW 0.89 0.75 0.93 0.95 700 0.79 1050 0.73
Beech LW 0.98 0.93 0.96 0.98 1050 0.21 1150 0.27
Oak EW 0.84 0.88 0.94 0.91 555 0.31 750 0.17
Oak LW 0.96 0.81 0.96 0.94 825 0.69 1050 0.83

The density of native and densified wood is given separately for EW and LW, as well as the proportion of the total volume. Tang,
tangential.

Figure 2 SEM images of native (I), densified (II), densified water-soaked (III) spruce (a) and pine (b) (image size 1200=900 mm2).

density between EW and LW became minor in the case
of pine (Figure 1, Table 2). The recovery of densified LW
was substantially less in pine than in spruce (Table 3),
especially in the radial direction (Table 2). In pine EW that
had sprung back, the radial cell walls were bent, while
the tangential cell walls remained quite straight, just as
before compression. The radial cell walls of spruce were
less bent, but the whole tissue was more severely
sheared. The rays were still meandering in pine EW, while
they became straighter in spruce (Figure 2).

Figure 1 shows the porosity of native, densified and
water-soaked densified wood. The difference in porosity
between EW and LW was greater before than after
compression.

Deformation of hardwood

Transects of native, densified and water-soaked densi-
fied aspen and birch are shown in Figure 5. Data on ves-
sel dimensions and shape in EW and LW are given in
Table 4. As revealed in Figure 6 and Table 4, oak and
beech did not differ very much. As both alder and aspen
are low-density diffuse-porous hardwoods with similar
anatomical structures, only images of aspen are pre-
sented in Figure 5. The lower density of aspen in com-
parison to alder (Table 1) is because of the substantially
larger vessels in the former (Table 4). This is especially
true for EW. Birch has fewer but somewhat larger vessels
(Table 4) and higher density (Table 1) than the other two
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Table 3 Size, shape and angle of the major axis (or ray) relative
to the annual ring border (g) of tracheids and rays in the soft-
woods spruce and pine separated on earlywood (EW) and late-
wood (LW).

Area (mm2) Round-
ness

g (8) Relative
area of

rays (%)

Spruce EW, tracheid
Native 1153 1.23 89 3.8
Densified 228 3.76 26
DSD 954 1.32 59

Spruce LW, tracheid
Native 187 1.23 26
Densified 101 1.76 21
DSD 183 1.38 27

Spruce EW, ray
Native 90
Densified 19
DSD 68

Pine EW, tracheid
Native 840 1.19 84 3.3
Densified 207 4.74 26
DSD 787 1.37 51

Pine LW, tracheid
Native 320 1.02 12
Densified 93 1.62 29
DSD 155 1.27 27

Pine EW, ray
Native 90
Densified 26
DSD 75

The area of the rays is given relative to the total examined area.
DSD, densified wood after water soaking and drying.

Figure 3 Densified spruce (image size 1200=900 mm2, manual
threshold). Rays are visualised by black lines.

Figure 4 Densified pine (image size 300=225 mm2). The white
arrows denoted with the shearing force (t) show the shearing of
tracheids along radially oriented lines and tangential shearing at
the annual ring border. The other white arrow indicates cell wall
cracks caused by radial shearing and that start at the tips of the
s-shaped tracheids. The black arrow indicates cracks oriented
randomly where shearing is minor in the radial direction. The
magnified image (image size 17=21 mm2) shows cracks in one
latewood cell that typically stop at the middle lamella.

hardwoods. Little difference between EW and LW and
low porosity between them (Figure 1) is another feature
of birch. Beech has more abundant smaller vessels (Table
4) and very dense fibres (Figure 6). The well-known ring-
porous huge EW vessels and small LW vessels of oak
are documented in Figure 6 and Table 4.

In all diffuse-porous woods, the vessel size decreased
to 1/4 in EW and ca. 1/8 in LW after compression (Table
4). In oak, the transect areas of LW and EW vessels did
not differ significantly on compression (Table 4). In ves-
sels of diffuse-porous woods, the roundness and main
cell angle relative to the annual ring border (g) were flat-
tened tangentially. The low angle of EW vessels in den-
sified aspen is an effect of tilting and shearing of the
whole tissue (note that the angle of vessels and rays
became similar after compression). The low angle (g) of
densified LW vessels of birch is associated with a higher
ratio of radial/tangential deformation. In oak, the EW ves-
sel band was compressed radially and the ray angle was
distorted (Figure 6, Table 4). In this wood, vessels were
densified in both the radial and tangential directions.

The rays and annual ring borders of birch are marked
in the close-up in Figure 7. These features meander
through the tissue, which is why the distances between
rays became very variable. The deformation of fibres
adjacent to the rays is variable. The deformation of fibres
between two rays is dependent of their bending towards
or from each other. Similar meandering of rays can be
observed in densified aspen and alder (Figure 5). In
beech, the massive large rays were slightly buckled tan-

gentially, while the smaller rays meandered, a conse-
quence of the collapse of large vessels (Figure 6). In oak,
even the largest rays were tilted in the EW.

The vessel lumina (in terms of transect areas and
shapes) were nearly restored after water soaking (Table
4), but the vessel shape was no longer as regular as in
native wood (Figures 5 and 6). The size of the angle (g)
after water soaking was between the values for native
and densified wood (Table 4). The angle of the rays was
also partly restored.

Discussion

The anatomical characteristics of the native samples
tested are in agreement with data presented by Richter
and Dallwitz (2000) onwards, Back and Allen (2000) and
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Figure 5 SEM images of native (I), densified (II), densified water-soaked (III) aspen (a) and birch (b) (image size 1200=900 mm2).

Schoch et al. (2004). The images of native, densified and
densified water-soaked woods were taken from similar
tissues with respect to anatomical characteristics, but
they do not show exactly the same transect. Our earlier
studies demonstrated that wood deformation on com-
pression mainly depends on the test specimens, the
sawing pattern, and the pressing parameters. Heartwood
of pine is compressed to a lesser extent than sapwood
(Blomberg and Persson 2004, 2005). In the present
study, only sapwood was studied, but we suppose that
heartwood would likely perform differently owing to the
smaller radii of the annual rings, the presence of juvenile
wood, and (in some species) higher extractives content.

The various deformation patterns observed in this
study can be attributed to differences in wood structure
and density. The degree of compression is a function of
wood density. This means that the voids are com-
pressed. In the course of void reduction, the cell walls
become buckled or the cells are tilted into a rhombic
shape. It is plausible that cells with thick walls relative to
the lumen width are less prone to deformation. This is
well illustrated in LW of softwoods, in which the thick-
walled tracheids become characteristically S-shaped
(Figure 4). Reinforcement of the wood structure (e.g., with
ray cells) has an important influence on the variation in
compression between the radial and tangential directions
and the degree of deformation. Ellis and Steiner (2002)
stated that rays acts as a reinforcement in the radial
direction on compression. LW bands of high density in
the tangential direction have the same role (Kollmann
1959; Bodig 1965). Accordingly, the type and degree of
deformation is highly dependent on these reinforcement
elements.

In softwood, LW bands play a more important role than
rays. Accordingly, compression in the radial direction is
more dominant. It seems paradoxical that LW is de-
formed to a greater degree in the tangential direction than
EW, because LW has tangential reinforcement. However,
LW was less compressible in the radial direction than EW

(Table 2). The rays were severely bent and were also
prone to a direction change at the annual ring border as
the wood sheared tangentially (Figure 3). This means that
most of the cells can escape pressure in the radial direc-
tion without major destruction of the ray cells.

In contrast to softwoods, the diffuse-porous hard-
woods were predominately compressed in the tangential
direction (Table 2). This effect was especially pronounced
for woods with low density, such as aspen and alder. LW
cannot prevent tangential strain, while the rays (larger cell
area compared to softwoods, Tables 3 and 4) have a
restraining effect on radial strain.

The fact that birch was relatively more compressed in
the radial direction than beech could be explained by the
massive multi-seriate rays and higher ray area in beech.

It is not surprising that EW of oak was relatively more
compressed in the radial direction than LW (Table 2)
because of the ring-porous structure of this wood (Figure
6). Owing to large deformation of the EW vessels, the
porosity became more homogenous over the annual ring
(Figure 1). As shown in Figure 6, the rays wound around
the large vessels. The most massive rays are prone to tilt
and are then radially compressed.

Ellis and Steiner (2002) found that deformation of rays
on compression hindered springback after water soak-
ing. Our study revealed different findings: many of the
changes in the alignment of cell axes in rays, tracheids,
and vessels were retained after water soaking, while the
porosity, size, and shape of the cells recovered almost
completely (Figures 2, 5 and 6; Table 2). Buckling and
tilting of the rays did not seem to impede the recovery
of the structure; the springback anisotropy fully reflected
the compression anisotropy. The recovery of the dimen-
sion in the radial direction was thus independent of the
number and size of rays in the species. This is indicative
of higher plasticity for shearing deformation than that for
cell wall buckling. As the shape recovery was almost
complete, this phenomenon specific to densified wood
must be considered a major problem that has to be con-
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Table 4 Size, shape and angle of the major axis (or ray) relative to annual ring border (g) of vessels and rays in the diffuse-porous
hardwoods alder, aspen and birch, the semi-ring porous beech and the ring porous oak, separated into earlywood (EW) and latewood
(LW).

Area (mm2) Roundness g (8) Relative area of
rays (%)

Alder EW, vessel
Native 2426 1.26 85 30.5
Densified 528 4.77 78
DSD 2093 1.22 83

Alder LW, vessel
Native 2158 1.36 81 15.6
Densified 240 5.70 83
DSD 1533 1.40 82

Alder EW, ray
Native 90 10.5
Densified 81
DSD 88

Aspen EW, vessel
Native 3899 1.22 88 53.6
Densified 972 4.80 59
DSD 2982 1.39 72

Aspen LW, vessel
Native 3019 1.21 87 31
Densified 498 4.35 87
DSD 2842 1.27 78

Aspen EW, ray
Native 90 7.6
Densified 59
DSD 78

Birch EW, vessel
Native 4615 1.10 88 23.8
Densified 1081 3.96 79
DSD 3757 1.15 86

Birch LW, vessel
Native 3705 1.12 86 24.3
Densified 466 5.45 56
DSD 3425 1.28 70

Birch EW, ray
Native 90 9.1
Densified 77
DSD 85

Beech EW, vessel
Native 2779 1.07 87 39.4
Densified 740 4.54 49
DSD 2493 1.30 68

Beech LW, vessel
Native 2293 1.05 89 27.9
Densified 290 4.22 72
DSD 1498 1.33 82

Beech EW, ray
Native 90 14.6
Densified 65
DSD 82

Oak EW, vessel
Native 52596 1.05 89 44.8
Densified 12674 5.27 28
DSD 49943 1.24 44

Oak LW, vessel
Native 1115 1.07 78 19.6
Densified 303 2.95 46
DSD 1176 1.10 46

Oak EW, ray
Native 90 15.5
Densified 35
DSD 64

The area of vessels and rays is given relative to the total area. DSD, densified wood after water soaking and drying.
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Figure 6 SEM images of native (I), densified (II), densified water-soaked (III) beech (a) and oak (b) (image size 1200=900 mm2).

Figure 7 Rays and annual ring boarders in densified birch
(image size 1200=900 mm2, manual threshold). Rays and annual
ring boarders are visualised by black lines.

trolled in industrial applications. Mechanical restraint of
the recovery, chemical modification, or prevention of
water absorption could be effective remedies. Semi-iso-
statically densified wood pieces also changed shape
when soaked with water owing to anisotropy in the
degree of compression, shearing and tilting on densifi-
cation. More severe densification would yield more per-
manent deformation, but it also would have negative
effects on strength and wear resistance.

It should be noted that the SEM images of densified
wood mainly show plastic deformation on compression.
At maximum pressure the structure is almost compact,
without any voids, but on release of pressure the wood
springs back elastically. This was demonstrated for pine
wood by Blomberg (2005), but this behaviour also prob-
ably applies for other woods. The springback (recovery)
was highest for thin-walled porous structures. These
cells deform plastically, despite their flexibility. The high
shearing deformation of wood with low density could be
the reason for this. In thick cell walls, microscopic cracks

arise as the cells consolidate (Figure 4). At the borderline
between structures of different porosity, such as at the
annual ring borders of softwood or ring-porous hard-
woods, the stress is pronounced and thus destructive
deformation is clearly visible. The strength properties and
the mode of failure are affected. When softwoods are
compressed in the tangential direction, the wood often
fails by falling apart ‘‘like a pack of cards’’. EW and LW
are separated at the ring border. Figure 1 shows this
effect, whereby the tangential compression strength is
higher for densified wood than for native wood (Blomberg
et al. 2005). Cracks in the cell walls were never observed
to protrude through the middle lamellas, except for the
EW at the ring border in the softwoods (Figure 4). In such
cases, the cracks would be less detrimental to the
strength than in the case of complete lumen-to-lumen
cracks. This worst case scenario was not observed in
hardwoods.

Conclusions

Wood is reinforced in the radial direction by rays and in
the tangential direction by latewood bands. The number
of rays and the radial density difference control defor-
mation during pressing.

The woods investigated can be categorised as:

• Woods with pronounced latewood bands and a low
number of rays (e.g., spruce and pine). These woods
are mainly compressed in the radial direction.

• Woods with homogenous density over the annual
ring and a high number of rays (e.g., alder and
aspen). These woods are mainly compressed in the
tangential direction.

• Woods with high density and a high number of rays
(e.g., beech and oak). These woods are compressed
relatively equally in the radial and tangential direc-
tions. Birch belongs to this category, in spite of a
rather low number of rays.
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Thick-walled cells, e.g., latewood tracheids in soft-
wood, are more permanently deformed on compression
than thin-walled cells. In addition, species with higher
density are more permanently compressed. This might
correspond to microcracks that arise on shearing of the
cell wall structure. Species with heterogeneous density
are prone to shearing. Such species are often severely
deformed at the ring borders, which makes them prone
to delamination.

Springback of densified wood is almost complete and
anisotropy in the degree of compression and swelling is
approximately the same. Finding a method to prevent
springback is crucial for successful utilisation of densified
wood.
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Abstract  Aspen receives conspicuously high 
elasticity in transverse direction after semi-
isostatic densification. Thin strips reproduced 
using a scanning electron microscope were 
bent perpendicularly to the grain to 
demonstrate the impact on the cell structure. 
Bending was associated with widening, closure 
or shear of the collapsed wood cells at tension 
or compression. High amount of well scattered 
vessels is a prerequisite for the elastic nature. 
The elasticity is also determined by the angle 
of the annual rings, as vessels predominately 
collapse tangentially at densification. At 
bending, failure ultimately occurs at the tensed 
side of the specimen, whereas compressive 
strain only results in increased stress, quite 
different from native wood. The bending radius 
is limited by the failure strain at tension. The 
failure strain is much influenced by flaws and 
kerfs of the cell wall, which makes properties 
unpredictable and limits the use of the material. 
Still, the generally high elasticity proves that 
the semi-isostatic densification process causes 
very little destruction of the cell wall.
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1 Introduction 

When compressing European aspen (Populus
tremula) semi-isostatically to twice its original 
density it becomes conspicuously rubbery. It 
bounces when hit against a solid object. A solid 
wood panel is extremely elastically bendable 
perpendicularly to grain; parallel to grain it is 
stiff. 
  Compressive densification is an opportunity 
to obtain wood with higher density, strength, 
hardness, lustre etc. Semi-isostatic compression 
according to the CaLignum method facilitates 
large scale production of densified wood 
without major checking and crushing 
(Blomberg and Persson 2004, Lindhe and 
Castwall 1997). Wood is compressed under a 
flexible rubber diaphragm in a Quintus press. 
Maximum pressure 130 MPa is reached after 
approximately two minutes, after which the 
pressure is released. 
  Most mechanical properties are improved in 
longitudinal direction at densification of wood. 
Perpendicularly to the grain the proportional 
limit is often decreased, especially in the 
direction where the main compression has 
been, for aspen in tangential direction 
(Blomberg et al. 2005). All species become 
more elastic after semi-isostatic densification 
but only in aspen and some other low-density 
diffuse-porous hardwoods this effect is 
pronounced. This elastic semi-isostatically 
densified aspen is patent pended as CaLignum 
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Flexible. So far, it has been tested in prototypes 
but has not had any commercial use. 
  The aim of this study was to determine the 
reason for the elastic properties by studying 
bent densified aspen microscopically. 
Mechanical properties at bending, tension and 
compression were estimated to further evaluate 
bending mechanisms and cause of failure. The 
results should be used to evaluate the possible 
usefulness of the material. 

2 Materials and methods 
2.1 Bending in SEM 
A 2.9 mm thick strip of semi-densified aspen 
wood was bent perpendicular to grain and put 
into a scanning electron microscope (SEM; 
JEOL 820, Oxford Instruments, UK). Images 
of the microtome-planed cross-cut area were 
taken under bending of the specimen at 30x 
and 100x magnification. Successive change in 
porosity and density in the direction from the 
tensed convex side to the compressed concave 
face was studied.  
  From the distance between two points at the 
concave side of the specimen (L) and the 
maximum deflection (D) between them, 
bending radius (R) at the convex face of the 
specimen was calculated using the function: 

2
D

D8
LR

2
            as given from the equation 

2
2

2 DR
2
LR                   derived from 

Pythagoras’ theorem. To get a measure more 
independent on the thickness of the specimen 
the difference in strain between the convex and 
the concave side of the specimen was 
calculated as R/tR/tR1 , where t
is the thickness of the specimen (Fig. 1a). 
  The difference in porosity and density 
between the convex and concave side was 
studied in a 0.45 mm wide region of interest 
(ROI) located 0.4 mm to the right of the annual 
ring shown in Fig. 2. The porosity was 

measured as the percentage of black pixels 
(holes) in each pixel row (3.9 m wide) 
perpendicular to the annual ring in the SEM 
image after thresholding and binarisation. The 
density was calculated as the percentage of 
cell-wall (white pixels) multiplied by the cell-
wall density, 1500 kg/m3 (Kellogg and 
Wangaard 1969)

2.2 Mechanical testing 

Three 10 mm thick solid wood panels were 
made of glued 25 mm wide lamellae. The 
panels were cut perpendicularly to the grain 
into 28 mm wide strips (Fig. 1 b).  

            

tR

DRs

L

a)

b)

Fig. 1 Bending test of a densified aspen panel strip 
perpendicular to the grain. a. From radius of the support 
roller (RS), distance between support rollers (L) and 
deflection (D) bending radius (R) can be calculated. 
Using R and strip thickness (t) the strain between convex 
and concave side of the strip was calculated. b. Bending 
resistance and bending radius differed much between the 
lamellae of the strip. 

Three strips from each panel were analysed 
using three-point bending in a Shimadzu 
Autograph AG-100kNG (Japan) universal 
testing machine to determine modulus of 
elasticity, bending strength and bending radius 
at proportional limit and failure. The distance 
between support rollers (L) was 120 mm. As 
the deflection at bending was huge, it was 
necessary to consider the dimension of the 
support rollers (RS) when calculating bending 
radius. The function used was 
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to Pythagoras’ theorem.  
  Two strips of each panel were used for 
determining tensile strength. The gauge length 
was 120 mm. To determine compressive 
strength two strips from the three panels were 
cut into pieces of 10x23x28 mm each 
representing one lamella. The direction of the 
annual rings in the pieces was registered. At 
testing, the pieces were loaded perpendicularly 
to the grain and parallel to strip extension. 14 
and 16 pieces were tested in radial and 
tangential direction according to 
ISO3132:1975.
  To construct mean stress-strain curves, the 
tensile and bending stress and strain was 
calculated through interpolation at every 
fiftieth of the strain at failure. Compressive 
stress was calculated for each 0.0016 of strain. 

3 Results and discussion 
3.1 Bending in SEM 

An SEM image of a bent cross-cut profile is 
shown in Fig. 2a. The annual rings of the strip 
were oriented almost parallel to the deflection 
at the concave side of the strip and more 
diagonally at the convex face. In unbent 
condition (Fig. 2b or Fig 2a, between the 
concave and convex faces) the cells and then 
predominately the vessels were flattened 
tangentially, i.e. parallel to the rays and 
perpendicular to the annual-ring borders. The 
shapes of the vessels were also affected by the 
undulation of the rays. Consequently, vessel 
compression varied substantially. At 
densification the originally straight angle 
between rays and ring borders was displaced 
relative to ring direction and kinked (Blomberg 
et al. 2006). 

At bending, the densified wood performed like 
an accordion; at the convex side the 
compressed and flattened vessels and fibres 
expanded perpendicularly to the bending radius 
as effect of tension. At the concave side, the 
cells were further contracted and almost closed 
(Fig. 2a). The response was more pronounced 
for vessels than fibres. The widening of fibres 
is more difficult to analyse due to their 
irregular shape. The widening or closing of the 
cells was heterogeneous. There were patches 
where the cells had widened more and other 
that seemed little affected. Generally widening 
was highest in the earlywood, where the 
amount of vessels is high. Vessels that had 
been compressed perpendicularly to bending 
radius at densification also widened 
conspicuously.
  The elastic performance would not be 
possible if the cell walls had serious flaws as 
effect of compression. As shown in Fig. 2c the 
cells had collapsed without major cracks in the 
cell walls. Small cracks occur frequently, but 
they usually stop at the middle lamella. This 
verifies the results of e.g. Blomberg et al. 
(2006).
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Fig. 3 Porosity and density from the concave- (0) to the 
convex side (1) in the bent SEM-sample of aspen.  

As measured from the SEM image in Fig. 2a 
the strain difference between the tensed convex 
side and the compressed concave surface of the 
strip was =0.35. Fig. 3 shows the 
development of porosity and density between 
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the surfaces. The porosity decreased from 54% 
to 24% between the convex and concave 
surfaces and subsequently 39% at the midline. 
In unloaded densified wood (Fig. 2b), the 

porosity was 33%, which indicates that the 
neutral line was displaced towards the concave 
side.

500 m

10 m

a)

b) c)

500 m

Fig. 2 a. Transect of semi-isostatically densified aspen under bending perpendicular to the grain (magnification 30 ,
image size 4000 3000 m2). b. Densified aspen, unloaded (magnification 100 , image size 1200 900 m2). c.
Tensed fibres with cracks in the cell walls on the convex side (magnification 2000 , image size 60 45 m2).

3.2 Mechanical properties 
Mechanical properties perpendicular to the 
grain are given in Table 1 as means of the 
tested 10 mm thick strips. For compression 
there were no failure; strain asymptotically 

approached the one of a compact structure as 
stress increased logarithmically. For none of 
the properties there was any clear proportional 
limit since the cell structure was already 
collapsed. This makes it somewhat hazardous 
to estimate the modulus of elasticity in 
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compression. For bending and tension, 
modulus of elasticity was similar, but the 
breaking strain and stress were more than twice 
as high for bending than for tension and also 
substantially more variable. However in 
bending, the test strips failed at substantially 
lower strain than the strain measured on the 
SEM image in Fig. 2, on average =0.17,
which corresponds to a bending radius of 60 
mm when thickness is 10 mm. The strips that 
were tested mechanically were 3.4 times 
thicker than the SEM sample, which makes 
flaws and kerfs more likely to occur. The areas 
around the glue-line between lamellae were 
particularly fragile and stiff, especially as the 
growth rings were not oriented similarly in the 
lamellae.  
  As shown from the bent specimen in Fig. 1b, 
the bending strain differed much between 
lamellae, apparently depending on the angle of 
the growth rings. Thereby, the maximum 

deflection was sometimes lower than what was 
registered at the pressure roller.  

Table 1 Number of specimens, modulus of elasticity 
[MPa], maximum load [MPa] and strain at failure 
perpendicularly to grain for densified aspen. Means and 
(standard deviations). 

Property Bending Tension Compression
n 9 6 42 
MOE 59.4 (3.4) 64.0 (4.6) 54.3 (16.1) 

max 4.89 (1.95) 1.89 (0.10)  
failure 0.168 (0.041) 0.061 (0.004)  

The variation in modulus of elasticity at 
compression showed a clear dependence of the 
angle of the annual rings, with the lowest 
values when annual rings were diagonal (Fig. 
4a). Then the wood was most prone to be 
densified radially and shear (Blomberg and 
Persson 2005). Modulus of elasticity was also 
lowest when wood density was low, and 
subsequently the porosity and occurrence of 
vessels high (Fig. 4b). 
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Fig. 4 Modulus of elasticity in tension perpendicularly to the grain versus (a) angle of growth rings and (b) density 
of the densified wood.  

To evaluate the relationships between the 
tensile and compressive components at 
bending, it was assumed that stresses on the 
tensed and compressed side balanced each 
other and that tensile and compressive work 
was equal at the same relative distance between 

the unloaded neutral plane and the surfaces. 
Tensile and compressive stresses were 
integrated to estimate the compressive strain 
( failure=-0,056, corresponding to max=-2.53)
causing the work that corresponded to the work 
at tensile failure ( max=1.80, failure=0.061;
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Table 1). Tensile and compressive stress-strain 
curves were used to estimate the stress and 
strain profile at bending failure (Fig. 5). The 
profile was very different from the bending 
profile for native wood, e.g. Kollmann and 
Côté (1984). For densified wood there is no 
compressive failure as in native wood, rather a 
build-up of stress. The neutral plane was then 
displaced towards the compressed (concave) 
side which causes increasing tensile strain and 

finally failure. Tensile strength and porosity are 
the only factors of importance for the 
determining the bending radius. The stress 
profile of the laminated strips (Fig. 5) shows a 
neutral line almost corresponding with the 
midline. In the specimen in Fig. 1, the neutral 
line was displaced towards the concave side 
and the bending strain was high. Obviously the 
tensile strength was higher than in the 
laminated strips.

=1.80 MPa

=-2.53 MPa 
=-0.056 

=0.061

Midline 

Neutral line 

Fig. 5 Compressive and tensile stress profile at failure (black thick line) and strain profile (grey line) superimposed 
on a bent beam.  

4 Conclusions 

The elastic nature of semi-isostatically 
densified aspen is an effect of the incomplete 
flattening of the vessels at densification. The 
vessels can then widen at tension and contract 
at compression. High amount of well scattered 
vessels is a prerequisite for the very elastic 
nature. The elasticity is also determined by the 
angle of the annual rings, as vessels 
predominately collapse perpendicularly to ray 
direction at densification (tangentially) and will 
thus be most elastic in this direction. At 
bending, failure ultimately occurs at the tensed 
side of the member. The failure strain is much 
influenced by flaws and kerfs of the cell wall. 
The flaws may be present before compression 
or arises at compression. This makes properties 
unpredictable, especially as failure is very 
sudden and limits the use of the material for 
purposes where it is subjected to large repeated 
bending. However, the combination of high 
hardness and elasticity could make it useful as 
a vibration absorber, but in most cases hardly 
competitive with rubber. Boards made of 

densified aspen lamellas can be used as bent 
panels.
  The elastic nature of semi-densified aspen 
proves that the densification process is not very 
destructive, since flaws and kerfs would else 
have caused failure at low strain. 
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Abstract  Semi-isostatically densified and native wood samples of Scots pine and 
European birch were soaked in water. The swelling coefficients as well as the 
swelling pressure, that arose when the specimens were restrained in some way prior 
to the swelling, were measured using a universal testing machine equipped with a 
high resolution load-cell and an external extensometer. As densified wood swells, 
the native structure is almost restored and the swelling pressure became twice as 
high as for native wood in the most compressed directions (radial for pine and 
birch). That cell-shape recovery increases the swelling pressure can explain the 
problems with imbalance in laminated constructions where densified wood is used. 
The possibility to predict the swelling pressure from basic material properties was 
evaluated. The correlations between swelling pressure and material properties was 
strong enough to yield good predictive models. 

Keywords  Cell-shape recovery · Cell-wall bulking · Densified wood · 
Swelling coefficients · Swelling pressure 

Introduction

Wood below the fibre-saturation point (FSP  30% moisture content) swells when 
subjected to water. If the swelling is restrained, the wood will cause a pressure on 
the restraint. The swelling pressure of wood is very large, especially if the wood is 
dry and completely restrained before adding water (Rowell 1995). Some 
researchers believes that the ancient Egyptians used the large swelling pressures in 
quarrying by driving dry wooden stakes into drilled holes, then adding water which 
split the block  from the face  of the  mountain (Arnold 1991). Another  field where 
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the swelling pressure for sure is used is in joineries, e.g. in joints, where the wood 
is over-dried prior to assembling which makes the joint tighter and stronger as the 
wood swells. Usually, however, swelling and swelling pressure is considered a 
problem. The pressure from swelling wood can also cause damage to surrounding 
constructions. 
  The problem with swelling are accentuated in densified wood since it recovers 
most of its native volume (Scharfetter 1980). At densification, typically half the 
void volume is removed. As effect wood density, hardness, wear resistance and 
many other mechanical properties are improved (Blomberg et al. 2005). 
Densified wood is suitable for applications like flooring, staircases and table tops, 
i.e. products that often are multilayered or laminated. When thin wood are 
laminated in e.g. layered floors or in cross veneer, the stress in each layer must be 
balanced to avoid cup and the glue line must be strong enough to withstand 
delamination. Thus, knowing the magnitude of the swelling pressure is crucial. It is 
well known that densified wood swell more than native due to cell-shape recovery 
but the question is how the swelling pressure is affected by the cell-shape recovery.  
  Scharfetter (1980) studied the swelling forces of compressed and native solid pine, 
densities 370 and 660 kg/m3, in order to evaluate the mechanisms of irreversible 
swelling of particleboards. The wooden chips in particleboards are compressed why 
irreversible swelling occurs when the glue-bonds cannot restrain the swelling forces 
of the wood. In the experiment, specimens soaked with water recovered almost 
entirely the original thickness and the cells regained their original shape. Upon 
drying the compressed wood shrank to the same extent that native wood shrinks 
when dried. Thus, the compressed wood swelled irreversibly an amount almost 
equal to the degree of compression. The swelling forces during soaking of 
compressed wood did not deviate from native wood and was not affected by the 
degree of compression. The thickness of the specimens and the native density of the 
wood did affect the swelling forces. Contradictory results were found by Tarkow 
and Turner (1958) who reported a swelling pressure of 6.4 MPa for native birch 
with a density of 685 kg/m3 and 76 MPa for compressed birch with a density of 
1440 kg/m3. Narayanamurti and Gupta (1962) also reported higher swelling 
pressure for densified than native wood. The increase in swelling pressure and the 
free swelling was found to be correlated.
  The osmotic pressure equation (ideal gas law) or variants of it is frequently used 
to calculate the theoretical swelling pressure (Kollmann and Côté 1984, Siau 1995). 
Bello (1968), Stamm (1964) and Tarkow and Turner (1958) reported a theoretical 
swelling pressure of totally restrained cell wall in the range of 165 to 207 MPa. 
According to Barkas (1949) and Barkas et al. (1953), the attempts to calculate the 
swelling pressure of wood with any variety of the ideal gas law equations will fail 
because the equation do not contain any directional data and the swelling pressure 
can only be a hydrostatic pressure. They conclude that directional stresses and 
rigidity must be included in the equation and wood properties must be considered. 
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The actual swelling pressures (of wood-tissue) reported in literature differs much 
from the theoretical ones (of wood-substance). The reason is that much of the 
swelling pressure is released into the void volume (Rowell 1995). 
  Rybarczyk and Ganowicz (1974) presented a mathematical model to describe the 
swelling pressure of wood across the grain as a function of moisture content. The 
modulus of elasticity for wood above the FSP is the only material property 
included. There are also two coefficients that need to be estimated from 
experiments of the swelling pressure. When they applied the model to sapwood of 
Scots pine they found maximum swelling pressure of 1.35 MPa in tangential 
direction and 0.45 MPa in radial. 
  The normal swelling pressure (Pn) is registered for wood that is totally restrained 
in the direction of measurement and free to swell in the others, Pn is the most 
frequently reported swelling pressure in earlier studies. In many wood 
constructions it is common to leave some space for the swelling, e.g. rubber 
between strands in a deck, space between a floor and a wall, why the swelling 
pressure of incompletely restrained wood (Pi) was examined. The effect on the 
swelling pressure of restraining the specimen in both transversal directions (Pc) was 
tested, because this is common in many practical situations e.g. to increase the 
strength in glued joints. Mechanically influenced swelling pressure was measured 
by applying an initial stress of 1 MPa (Pm). Pre-stressed wood is common where 
openings caused by shrinkage is unwanted e.g. in the tread on a wooden bridge. 
  Ivanov (1956) showed the effect of applying different compressive stresses prior 
to swelling. A higher applied load gives a more rapid increase in swelling pressure 
but also lower maximum swelling pressure and also more decreasing swelling 
pressure after the maximum is reached. When the initial stress is higher than the 
proportional limit the maximum swelling pressure is much decreased. Similar 
results were reported by Kowal and Kowalski, Kowal et al. (1995, 1992). Perkitny 
and Heli ska (1963) found that with an initial compressive stress of 1 MPa or more 
the swelling pressure in radial direction decreased as the wetting in water begins. In 
tangential direction there was still a slight increase in the swelling pressure at an 
initial stress of 1 MPa but at 2 MPa the pressure decreased. The proportional limit 
for wet wood in compression is often considered as the upper limit for the swelling 
pressure (Ivanov 1956, Raczkowski 1962, Raczkowski 1970) 
  Ivanov (1956) reported that the presence of a clearance causes a marked fall of the 
maximum swelling pressure. The greater the clearance, the lower is the swelling 
pressure. Perkitny and Kingston (1972) found that when the wood is incompletely 
restrained, e.g. due to strains in the equipment, the swelling pressure is distinctly 
reduced.
  Swelling pressure differ considerably between whether the wood swells in water 
or in humid air. The maximum swelling pressure is generally higher when wood 
swells in humid air than when rapidly wetted by immersion in water (Perkitny and 
Kingston 1972). For pine sapwood the swelling pressure became 67% higher in 
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tangential and 53% higher in radial direction when swelled in humid air instead of 
in water (Perkitny and Helinska 1963). Perkitny and Kingston (1972) found that the 
swelling pressure at moistening of completely dry wood to the fibre saturation pint 
can be lower than at moistening in a low and narrow moisture content range. 
  Bolton et al. (1974) analysed the effect of water temperature on the swelling of 
radial restraint wood (Pinus nigra). At temperatures above 75 C where wet wood is 
fully plasticized the radial swelling pressure was negligible. If wood was not fully 
plasticized the swelling pressure remained significant. 
  Semi-isostatic compression according to te CaLignum process is a new, patented 
method (Lindhe and Castwall 1997) for producing densified wood. An industrial 
Quintus press (Avure Technologies, Sweden) is used. The press was originally 
developed for flex-forming of sheet metal for prototype and short series production 
(Johannisson 1994, Skötte 1976). In the Quintus press, wood is placed on a rigid 
table and compressed under a flexible oil-filled rubber diaphragm. The process is 
rapid. Maximum pressure of 140 MPa is reached after approximately two minutes 
and is then immediately lowered to atmospheric pressure. The wood is compressed 
at 20 C and preferable moisture content is between 5% and 15%. When pressure 
increases around the wood, it collapses in its weakest direction. Harder structures, 
such as knots, are not crushed and dislocated, but can protrude above the wood 
surface (Blomberg and Persson 2004). As effect the density becomes more uniform 
(Blomberg and Persson 2005). The process makes it possible to densify wood of 
board size industrially; 4 m2 of wood is densified in 3 minutes.  
  Since the semi-isostatical densification is made without plasticizing the wood and 
is not destructive to the wood structure it is likely that the swelling and swelling 
pressure is particularly high, which is also indicated by the almost complete 
recovery of densified woods native volume (Blomberg et al. 2006). It is clear that 
cell-wall bulking causes swelling pressure, but the opinion about how the cell-
shape recovery of densified wood contributes is contradictory. To clarify this 
circumstance is particularly important for semi-isostatically densified wood 
  The objectives of this study were to state how the swelling pressure in the 
transverse directions differs between native and densified wood and how it is 
influenced by different kind of constraints. Thereby, it can be possible to design 
laminated densified and native wood in such manner that shape-recovery of 
densified wood is held back mechanically.
  Another objective was to develop a model to predict the swelling pressure of both 
native and densified wood using multivariate analysis. The model should be based 
on material properties, more easily measured or tabulated in literature. 
  As densification and swelling varies much due to wood structure and density, two 
anatomically different woods, Scots pine and European birch, were compared. Pine 
is a softwood species with pronounced difference in density between latewood and 
earlywood while the diffuse-porous birch is very homogenous with respect to 
density.
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Materials and methods 

Boards of Scots pine (Pinus sylvestris) and European birch (Betula pendula) were 
sawn from the outer of the stem (no heartwood present) and split into halves. One 
half was semi-isostatically compressed according to the Calignum-process the other 
was left non-compressed. Adjacent native and densified specimens were then 
chosen for the same kind of test. Specimens of dimension 20 20 mm2 from visually 
defect-free sapwood were sawn to get orientation of the annual rings parallel to one 
side in the entire specimen. The actual, acute angle in the middle of the specimens 
were manually measured prior to, and after swelling.  
  Density ( ) was estimated by weighing (Metler Toledo BA4100S with readability 
0.01 g and repeatability 0.008 g) oven-dried samples and determining their volume 
through callipering (accuracy of digital calliper = 0.03 mm, repeatability = 0.01 
mm). Callipering was made at ten positions: four in radial (lr), four in tangential (lt)
and two in axial direction (la).
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Fig. 1 Test equipment for measuring swelling pressure. A specimen (b) of dimension 20 20 mm2

is placed in a vessel (c) that can be filled with water. The top loading plate (f) has a contact area 
of 10 10 mm2 and is attached to the load cell (e) through a flexible holder (a) to guarantee that 
the entire loading plate is in contact with the wood. An extensometer (g) is attached to the top (f)
and bottom (d) loading plate to secure no movement during test and also to measure the clearance 
at test of incomplete restraint swelling pressure (Pi), it was also used to measure the strain at 
release of holding force or when compression test was done on swelled samples. The 
extensometer was also used to measure the strain when initial load was applied during test of 
mechanically influenced swelling pressure (Pm).

The material properties and swelling pressures were measured with a Shimadzu 
Autograph AG-100kNG universal testing machine. To ensure no effect by the 
deflection of the load cell on the test of swelling pressure at zero strain an 
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extensometer was used. Test equipment is shown in Fig. 1. At testing, the loading 
plate only covered 10 10 mm2 of the 20 20 mm2 wood surface (Fig. 1 and Fig 2) 
and swelling pressure was thus only measured on ¼ of the wood surface, a so 
called square bearing-plate swelling pressure according to Raczkowski (1962, 
1970). This setup was chosen to avoid friction between wood and restraining steel 
when measuring the swelling pressure of completely restrained specimens (Pc; se 
below).
  The test setup at measurement of different swelling pressures is shown in Fig. 2. 
All properties were measured in both radial and tangential directions. 

lt=0

b

Pn,t
lt ic

d

Pi,t

lt

a

lr

c

Pc,t

lt=0 lr=0

e

i Pm,t

lt<0

Fig. 2 a-e Different kind of test methods and definitions of the swelling pressures (as an example 
swelling pressure in tangential direction (t) is shown). a Free swelling, no restraints. b Normal 
swelling pressure (Pn), unidirectional complete restraint in the direction of the measured swelling 
pressure ( l=0). c Complete restrained swelling pressure (Pc), wood completely restraint in both 
the direction of the measurement and the orthogonal direction ( lr= lt=0). b Incomplete 
restrained swelling pressure (Pi), free swelling in the initial clearance (ic) followed by restraint 
swelling ( l ic). e Mechanically influenced swelling pressure (Pm), initial compressive stress ( i)
was applied in the direction of the measurement prior to the wetting. The dimension caused by 
the initial stress is held constant during the swelling ( l=- l).  

To examine swelling coefficients ( = lfree/l; i.e. swelling expansion in one 
dimension relative to the dimension of dry wood) of unrestrained wood, specimens 
were water soaked for 24 h (Fig. 2a). After the free swelling, the specimens were 
used to measure the compressive stress needed to return the wet wood to original 
dimension ( ). Dry (MC = 9.2%) and wet samples were used to measure the 
proportional limit at compression, p,u and p,w respectively. At the same time 
modulus of elasticity was measured for dry and wet wood, Eu and Ew. The stroke 
rate at the compression tests was 0.1 mm/min. 
  Swelling pressure was measured uniaxially. Normal swelling pressure (Pn ; Fig. 
2b) was measured as the pressure that must be applied to restrain the swelling in 
one dimension completely ( l = 0), when the other remained unrestrained. An 
initial stress of 0.05 MPa applied prior to measuring to ensure zero initial clearance. 
Completely restrained swelling pressure (Pc ; Fig. 2c) was measured when the 
orthogonal dimension was also completely restrained (axial dimension was 
neglected). The restraining device used at measurement of completely restraint 
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wood (Pc ; Fig. 2c) was made of two steel plates attached to both of either the radial 
or the tangential surfaces. The plates were hold together with four bolts and nuts, 
one in each corner. The plates were finished with zinc paint to lower the friction 
and to avoid corrosion. Incompletely restrained swelling pressure (Pi ; Fig. 2d) 
was the pressure that must be applied to restrict the swelling in one dimension to an 
initial clearance (ic; 0 < ic l < lfree) when the other remained unrestrained. 
Mechanically influenced swelling pressure (Pm ; Fig. 2e) was observed when a 
non-zero initial stress (here 1 MPa) was applied prior to the moistening. Orthogonal 
dimensions remained unrestrained. The definitions of the different swelling 
pressures follow Perkitny and Kingston (1972). 
  For densified wood the swelling pressure (PD) was thought to be composed of two 
components: 
PD = PCW + PR   (1)
the swelling pressure caused by cell-wall bulking (PCW), occurring in both densified 
and native wood, and the swelling pressure arising from cell-shape recovery (PR).
In the same way the swelling coefficient of densified wood ( D) was separated in 
reversible components from cell-wall bulking ( 1CW ) and irreversible 
cell-shape recovery ( R).

D = CW + R   (2) 
When incompletely restrained pressure (Fig. 2d) was tested the initial clearance 
was set to ic = CW l to make Pi  PR. The initial clearance of native specimen were 
set to 50 percent of the free swelling, ic = 0.5 l, only to check for the effect of 
applying an initial clearance.  
  All measured swelling pressures are partial swelling pressures, i.e. that occurs 
when the wood is moistened from a moisture content MC1 to MC2 where 0<
MC1<MC2<FSP (fibre saturation point). 
  Multivariate analysis was made using SIMCA-P v.10 (Umetrics AB, Sweden) to 
find predictive models for the swelling pressures with variables more easily 
measured (or known) than the swelling pressures itself.

Results

Density of pine increased more at densification than birch which has higher original 
density. The angle of the annual rings changes at swelling, especially for densified 
pine the angles decreased (Table 1). As consequence, the shape of the specimen 
changed at water-soaking. 
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Table 1  Mean and (standard deviation) of density, degree of compression (density increment), 
angle of the annual ring at 9.2% MC and change of the ring angle at water-soaking (the acute 
angle to one of the specimen faces were measured in the middle of the specimens). 
 Number of: Density Degree of Ring angle, Angular  
 boards specimens [kg/m3] compression dry wood change 
Native pine 4 39 511 (18)  11 (10) 0.3 (0.2) 

Densified pine 4 41 911 (43) 0.78 (0.05) 13 (10) -16.8 (10.3) 

Native birch 3 24 564 (25)  12 (7) 0.3 (0.2) 

Densified birch 3 24 877 (29) 0.55 (0.04) 7 (4) 0.7 (4.0) 
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Fig. 3 Mean swelling pressures for native and densified pine (A) and birch (B). The compressive 
stress that needs to restore the original dimension of water-soaked wood is also given ( ). The 
pressures are compared with the proportional limit in compression of water-soaked wood ( p,w).
The standard deviation is given for each bar.
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The swelling pressures are shown in Fig. 3. The normal swelling pressure (Pn)
increased at densification, especially in radial direction. Pn was generally lower 
than the pressure when also the orthogonal dimension was restraint (Pc) or when 
applying an initial stress prior to swelling (Pm). An exception was densified pine, 
where Pn in radial direction was the highest swelling pressure. Pn was generally 
higher than Pi, where the specimens were incompletely restrained by having an 
initial clearance prior to water-soaking. The difference between Pn and Pi was least 
for densified pine and birch in radial direction where also the swelling was high due 
to cell-shape recovery (Fig. 4). In tangential direction, Pi was about the same for 
native and densified pine and for birch Pi decreased at densification (Fig. 3).
  The compressive stress needed to restore the original dimension of water-soaked 
wood ( ) was higher than the swelling pressures. This stress was particularly high 
for densified wood in radial direction (Fig. 3).  
  The proportional limit in compression for wet wood ( p,w) was much lower than 
for dry wood (9.2% MC; p,u). In general, the swelling pressures of densified wood 
were higher than the proportional limit, and for native wood lower (Fig. 3). The 
modulus of elasticity in radial direction for both dry and wet wood (Eu,r and Ew,r)
was much decreased at densification. The changes in modulus of elasticity were 
less dramatic in tangential direction, for densified wet wood it decreased but for 
densified dry wood it increased. 
  The radial swelling coefficient was much increased as effect of densification; 
tangentially the swelling coefficient was about the same for native and densified 
pine and only slightly increased for birch. For densified wood, in radial direction 
the cell-shape recovery ( R, PR) was the dominating component to the swelling 
coefficient and to the swelling pressure while the cell-wall bulking ( CW, PCW) was 
the dominating component in tangential direction (Fig. 4).  
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Fig. 4 Mean normal swelling pressure (Pn) and swelling coefficients ( ) for native and densified 
pine and birch. Pn and  for densified wood are separated into two components; cell-wall bulking 
and cell-shape recovery.  



10

The rate at which the swelling pressure increased was highest for densified wood in 
tangential direction. After the maximum pressure was reached it decreased and 
became constant at a lower level. In radial direction, the swelling pressure of 
densified wood increased at a high rate from the beginning and then successively 
levelled out. In contrast to the tangential swelling pressure there was no marked fall 
in the radial swelling pressure. Native wood in both directions increased at a slower 
rate and then remained constant near the maximum stress (Fig. 5). 
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Fig. 5 Typical development of the normal swelling pressure (Pn) when densified and native pine 
and birch were water-soaked. The specimen was restrained in either radial (A) or tangential 
direction (B). The stress was measured in the restrained direction.

As shown by the multivariate analysis (Fig. 6) the two principal components 
discriminate between native and densified wood of the two species very clearly. 
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Fig. 6 Score plot (A) and corresponding loading plot (A) when all responses (swelling pressures) 
were modelled with all variables. The score plot shows grouping of the variables and the loading 
scatter plot showing both weights for the variables (w*) and for the responses (c). The loading 
plot describes the relation between responses and variables and also the reason for the separation 
into groups. The plot shows how the variables relate to the swelling pressures (responses) and 
how they combine to each other. Variables far from origin of coordinates explain most of the 
variation.
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The first principal component (PC 1) shows the variation between native and 
densified wood and the second (PC 2) shows the variation between aspen and pine. 
PC1 was predominately composed as a projection of density ( ), the radial swelling 
coefficient ( r), the compressive stress needed to restore original dimension of fully 
swelled wood ( ,r), to the proportional limit in tangential direction of dry wood 
( p,u,t) and the modulus of elasticity of wet wood in both radial and tangential 
direction (Ew,r, Ew,t). PC 2 was predominately composed by the swelling coefficient 
in tangential direction ( t) and the change in annual ring angle during swelling 
( ). The radial swelling pressures were mostly explained by PC1 and the more 
scattered tangential swelling pressures mostly by PC2 but also by PC1. When the 
radial normal swelling pressure was modelled, 91.3% of the variation (R2) in Pn,r 
was described by two principal components and the predictive ability (Q2) was 
76.8%.

Discussion

The swelling pressure of densified wood coincided with the degree of expansion at 
swelling. This shows that the cell-shape recovery is an important contribution 
building up the swelling pressure (Fig. 4). This result is in accordance with Tarkow 
and Turner (1958) and Narayanamurti and Gupta (1962) but opposite to the 
findings of Scharfetter (1980). However, it should be noted that there is huge 
discrepancy between studies in how densification affects the swelling pressure. 
  The two components that determines the swelling of densified wood, cell-wall 
bulking ( CW) and cell-shape recovery ( R), occur simultaneously already from the 
beginning of swelling. Moisture absorption results in softening of the cell wall and 
a pressure within it. It is most probable that the recovery of consolidated structure 
starts at very low moisture uptake as the radial swelling of densified wood much 
exceed that expected for native wood from start (non published data). Thus, one 
cannot say that closing the initial clearance would be an effect of CW, but the 
pressure caused by cell-wall bulking (PCW) is thought to be the most powerful 
pressure component (Scharfetter 1980). Subsequently, once the clearance is closed, 
further cell-wall swelling will result in re-folding of the cell-wall structure. As the 
initial clearance corresponded to cell-wall swelling (ic= CW l), most of PCW would 
then be eliminated. The assumption is based on that R is irreversible at swelling, 
whereas CW is reversible and could be estimated by drying the swollen specimens. 
Scharfetter (1980) concluded that the native thickness recovered at wetting of 
densified wood. Almost complete cell-shape recovery was also found when 
studying SEM images of semi-isostatically densified wood prior and after water 
saturation (Blomberg et al. 2006). 
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The rate at which the swelling pressure increased (Fig. 5) depends on how rapidly 
the moisture can penetrate the specimen but also on the decreased modulus of 
elasticity when wood is wetted (Rybarczyk and Ganowicz 1974). The external 
layers swell more rapidly than the internal. The rate of moisture content increase 
depends on factors as density, amount of heartwood and resin, kind and 
temperature of swelling medium. Perkitny and Raczkowski (1970) found that the 
moisture content was considerably higher than the fibre saturation point at the time 
when maximum swelling pressure was reached. This was explained by that when 
the gross wood reaches 30 %, the moisture content of outer layers is substantially 
above the fibre saturation point. At that point the inner parts still are resistant to 
compressive forces as the modulus of elasticity are above the modulus for wet 
wood. Probably swelling pressure of densified wood is more sensitive to the effect 
of swelling medium than native wood as the swelling rate due to cell-shape 
recovery is great (Fig. 5). In moist air the swelling rate is lower than in water which 
means that swelling pressure from the inner wood can contribute more before the 
outer wood loses much of its strength due to high moisture content. Thus, swelling 
in moist air would probably yield higher values of the swelling pressure (Perkitny 
and Helinska 1963, Perkitny and Kingston 1972). 
  At testing mechanical properties and swelling pressure, only ¼ of the wood 
surface area was in contact with the loading plate (Fig 1). According to Raczkowski 
(1962, 1970) the measured swelling pressure will be twice as high as when the 
whole surface area is covered by the loading plate. Probably the swelling pressure 
will also be higher for densified wood. 
  The swelling pressures measured for native wood was of the same magnitude as 
previously reported by others (Ivanov 1956, Keylwerth 1962, Koponen and Virta 
2004, Raczkowski 1970). The swelling pressure for densified birch wood was 
much lower than reported by Tarkow and Turner (1958), but the values for both 
densified pine and birch were of the same magnitude as found by Narayanamurti 
and Gupta (1962) for densified wood species of the same densities. Similarly to our 
results they also showed a strongly positive correlation between swelling pressure 
and swelling coefficient.  
  Swelling pressure of pre-stressed wood was higher than the normal swelling 
pressure (Fig. 3), quite opposite to what was reported by Ivanov (1956). Perkitny 
and Helinska (1963) also showed that when the applied pre-stress exceeds the 
proportional limit of wet wood, the mechanically influenced swelling pressure 
becomes much lower. As the pre-stress of 1 MPa we applied is slightly below the 
proportional limit, this deviation is not contradictory. 
  To achive reliable measurements of the swelling pressure the method have to be 
accurate and the equipment well calibrated. Only a slight unintended strain or 
initial clearance will seriously decrease the measured swelling pressure (Ivanov 
1956, Perkitny and Kingston 1972). As discussed by Suchsland (1976) and 
Suchsland and Xu (1992) there are more  possible errors. Deflection of the load cell 
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used, allows the specimen to expand which leads to a reduction of the measured 
pressure. In our study we used an extensometer attached to the measuring 
equipment to fully eliminate strain at the swelling experiment. The sensitivity to 
deviations from prescribed conditions can explain some of the discrepancies 
between earlier studies.  
  The multivariate analysis proved that the swelling pressure can be predicted from 
basic material properties. The responses differed much between radial and 
tangential directions (Fig. 6B). The observations were also grouped on the basis of 
species (birch or pine) and of whether the wood is native or densified (Fig. 6A). 
This indicates that separate models would yield the best predictive ability. The few 
observations made such an approach impossible. Despite this the model predicting 
the radial normal swelling pressure for all observations was very good with a 
predictive ability of 76.8%. 
  The multivariate analysis verifies that there is a strongly positive correlation 
between the swelling pressure and the compressive strength of wet wood in radial 
direction (Ivanov 1956, Koponen and Virta 2004, Raczkowski 1970). For 
tangential direction the model shows a deviating pattern, as the correlation with the 
compression strength of dry wood was stronger, an effect that probably is specific 
for densified wood. Ivanov (1956) also concludes that the proportional limit at 
compression of wet wood is the maximum limit for the swelling pressure. This 
definitely does not hold true for densified wood where cell-shape recovery 
substantially increases the swelling pressure. This is also reflected by the strong 
positive correlations with the swelling coefficients in respective direction. The 
stress needed to compress the swollen specimens back to unswollen dimension was 
greater than the swelling pressure developed when the sample is kept within 
prescribed dimensions, in agreement with Kowal et al. (1992). This compressive 
stress is important in the predictive model. The modulus of elasticity is also 
important when predicting the swelling pressure, showing a negative correlation 
with the swelling pressure. The more compressed structure and the lower native 
density, the higher will the swelling coefficient and the swelling pressure be. 

At densification the wood cells often tilts, something that is restored at swelling. As 
effect, the angle of the annual rings changes and the shape of a cubic specimen 
become rhombic. As effect, the distance between the two radial sides of the 
specimens can sometimes decrease at swelling, even though the tangential swelling 
is normal. Still, the tangential normal swelling pressure will be above zero, as the 
vertical dimension increases somewhat before the tilting of the specimen occurs. 
When all sides of the specimens were restrained there was no tilting at swelling. 
This explains the positive effect of completely restraining the specimen, on the 
swelling pressure in tangential direction (Pc) for densified pine. 
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Conclusions
The swelling pressure increases at densification, mostly in the radial direction 
where the swelling coefficient is highest, i.e. the direction where the wood was 
most compressed at densification. For densified pine the swelling coefficient in 
radial direction is ten times higher for native pine and the swelling pressure is more 
than doubled. Also birch swells most in radial direction. Tangentially the 
differences in swelling is minor and subsequently also the swelling pressure. 
  Cell-wall bulking and cell-shape recovery both contributes to the swelling 
coefficient and to the swelling pressure of densified wood. The contribution from 
cell-shape recovery increases with increasing swelling coefficient which is 
increasing with the degree of compression. 
  The swelling pressure can be predicted from basic material properties. More data 
is needed to find models that can be of practical use for determining the proper 
design of wood constructions to minimize problems with moisture-induced 
deformation. 
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