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Capillarity in hardwood:  

An important factor for hardwood market expansion 

J. Johansson1, O. Söderström2, D. Sandberg3  

Abstract 

The Swedish hardwood sawmills are today experiencing problems of finding profitable markets for products 

containing for instance knots and red or brown heartwood. By using hardwood outdoors, it would be possible to 

expand the market of hardwood with new products that may set other requirements on the wood than the present 

use. In Sweden today, hardwood is normally used in furniture, joinery, floors and kitchens where esthetical 

requirements are dominant. When considering outdoor use, technical requirements such as durability become more 

important and especially the capillary characteristics of the wood are of interest. The capillarity determines the ability 

of the material to absorb and desorb moisture, characteristics that affect the resistance of degrading.   

In this paper, the capillary characteristics were modelled and studied by exposing the cross section of wood to a free 

water surface. The study compares two Swedish hardwood species, aspen and oak with pine, a softwood species 

that is common in Sweden and often used outdoors.  

The results show that the capillary transport mechanism is affected by the microstructure of the wood and the natural 

ability of the material to close the transport paths in the structure with for instance extractives, tyloses and closed pits. 

Based on these factors, a characteristic capillary mean radius is introduced to describe the longitudinal capillary 

water absorption in the studied wood species. 
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Introduction 

Swedish forests are dominated by the softwood species pine and spruce. Only 17 % of the volume 

standing forest is constituted of hardwoods with the dominating species birch, alder, aspen, beech and 

oak (Table 1). The use of the hardwood is to a great extent restricted to paper pulp (Nylinder & 

Woxblom 2005). Only small volumes are used for sawing and the use of the sawn wood is concentrated 

to knot free wood with even colour and texture for furniture or joinery (Johansson 2005). 

To find use of products with different qualities entering new markets may be an alternative, for example 

using hardwood outdoors. This will set tougher requirements on the wood where technical requirements 

such as durability become important, in which the moisture characteristics is a critical issue. 

 

Table1. – The distribution of species in Sweden (Swedish National Forest Inventory 2003). 

Species of tree Percentage of the volume (m³) standing forest 

Spruce (Picea abies) 43.4 

Pine (Pinus sylvéstris) 38.7 

Birch (Betula pendula, Betula pubescens) 10.6 

Aspen (Populus tremula) 1.4 

Alder (Alnus glutinosa, Alnus incana) 1.2 

Oak (Quercus robur, Quercus petraea) 0.9 

Beech (Fagus silvatica) 0.6 

Other broad-leaved trees  0.9 

Dead trees 2.3 

Total: 100.0 
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Selection of wood species for outdoor use in Sweden in the past has indicated a strong preference on 

the use of heartwood from pine and spruce. In some cases, heartwood from oak has been used and in 

some rare cases aspen. For outdoor use, it is important to create constructions that avoid moisture 

traps and especially exposing the cross section of the wood to water, which may lead to capillary 

absorption of water in the wood. 

The capillarity is dependent on porosity of the material i.e. containing cellular cavities and that the 

cavities are connected to each other with permeable passages. In wood this means empty lumen and 

un-aspirated pits, factors that will be affected by the presence of for instance extractives and regarding 

hardwood presence of tyloses.  

Looking at the structure of hardwoods the main elements responsible for the longitudinal transport of 

liquid is the vessels according to Stamm (1964). Dependent on the wood species, the vessel elements 

have partially or completely dissolved ends. The vessels then form tubes with large variations in length 

dependent on wood species. The vessels are connected to other vessels with most often simple pits 

(compared to the bordered pits in softwood). The transport mechanism is thus dependent on a passage 

of the liquid from one vessel to the next. This passage is something that largely will affect the velocity of 

the water rise (see for instance Stamm 1964, Lancashire & Ennos 2002, Schulte & Gibson 1988). The 

magnitude of the resistance from the pits range from 12 % to 70 % of the total resistance to flow 

through a wood capillary (Schulte & Gibson 1988) while Lancashire and Ennos (2002) measure 33 % 

flow resistance in the pits.   

The very complex structure of wood will affect its capillary behaviour, and thereby also its durability. To 

receive a better understanding of how to utilise hardwood in outdoor application this paper develops 

some aspects of capillarity and test the longitudinal capillary rise in aspen, oak and pine. 

 

Modelling the longitudinal capillary flow in a tube 

Simplifying the wood structure to be considered to be built up from a number of longitudinal fibres or 

tubes with one end in contact to water while the other end is considered to be open for air passage, the 

capillary rise in its stationary form is stated in equation [1]. 

 
2 cos

H
g r

 



 


 
  [1] 

where:  H   – capillary rise height (m) 

  – surface tension (N/m) 

  – wetting angle () 

w – density of the fluid (kg/m³) 

g – gravity (m/s²) 

r  – capillary radius (m) 

In the contact between wood and water the water will wet the wood i.e. 0    90 (Siau 1995) 

Newton dynamics equation for a non-compressible fluid describes the dynamics of the capillary rise in a 

tube according to equation [2] (see for instance Söderström 2005). 
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where:  t  – time (s) 

z  – vertical coordinate of the capillary meniscus height (m) 

 dynamic viscosity of the fluid (Ns/m²) 
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Figure 1 – Capillary rise in tubes with different radiuses. 

 

Equation [2] may be solved numerically (using for instance Mathcad). The solution is shown in  

Figure 1, were the capillary rise height for different capillary radiuses are plotted as a function of time 

(η, σ and θ are given and assumed constant).   

      

Experimental testing of the longitudinal capillary moisture uptake in wood 

The test of longitudinal capillary moisture uptake includes 44 samples of wood, where the samples 

were divided in groups: aspen (7 samples), oak sapwood (4 samples) and oak heartwood (10 samples), 

pine sapwood (15 samples) and pine heartwood (8 samples). The dimension of the samples were 

usually 200x70x20 mm³, except for the oak sapwood samples that had the dimensions approximately 

200x25x12 mm³ because the oak is forming a very thin sapwood. The samples were sealed with paint 

on all sides except the cross section. The testing procedure followed a combined and modified EN ISO 

15148 and SS-EN 927-5. The samples were conditioned for minimum 2 weeks in relative humidity 65 % 

at temperature 20°C. The samples were then placed with one cross section in contact with distilled 

water for 72 hours. The samples where taken out of the water and weighed at the times 0, 1, 2, 4, 8, 

24, 48 and 72 hours.  

Figure 2 illustrates the water uptake of the wood samples. It may be stated that heartwood of pine and 

oak have the highest resistance against capillary water uptake and the sapwood of the same species 

have the lowest. 

Figure 2 shows that it is possible to find the time where the samples have absorbed half of the finally 

absorbed mass of water, where the time has been defined by extrapolation. This time is used in the 

solution of equation [2] to determine a characteristic mean capillary radius of the wood samples, Table 

2. The time to achieve half of the final moisture uptake gives an idea about the mean radius of the 

capillaries (active in the capillary water transport) if the main moisture transport is capillary transport of 

water with a given viscosity and surface tension in open tubes with zero wetting angle. The 

characteristic capillary radiuses are, however, not to be confused with the actual radiuses of the wood 

cells.   
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Figure 2 – Longitudinal capillary water absorption in aspen, oak and pine during 72 hours 

 

Table 2 – Characteristic capillary radiuses. 

Wood species Time for absorption of half 

the final mass of water (h) 

Characteristic capillary 

radius (mm) 

Aspen 16.4 0.0034 

Oak heartwood 12.0 0.0038 

Oak sapwood 19.5 0.0032 

Pine heartwood 20.0 0.0032 

Pine sapwood 13.4 0.0037 

 

Discussion 

Based on Figure 2 and the determination of the characteristic radiuses, it is clear that the simplified 

tube model may be used as a start for further studies to describe the capillary flow behaviour in wood.  

The introduced characteristic mean capillary radiuses are derived from the time to reach half of the final 

moisture uptake. Equal times to reach half of the final moisture uptake indicate that the mean radiuses 

are equal while the total mass of water depends on the number of tubes per area unit. A higher value of 

the characteristic capillary radius means a short time until half of the final moisture uptake is reached, 

indicating rapid initial water absorption (steep gradient of the moisture uptake curve in the beginning). 

From Table 2 it is noticeable that the characteristic capillary radiuses of the samples are fairly equal 

which means corresponding capillary behaviour of the samples.  

A prerequisite for capillary moisture movement in wood is that the material is permeable, requiring 

porosity and connected voids. In wood this will not be completely true because of aspirated pits, 

extractives and tyloses in the cells (Dinwoodie 2000, Hart and Thomas 1967, Stamm 1964). These 

factors affect different wood species differently and differ within the wood material, especially within the 

heartwood because the extractives and tyloses will block the cells.     

Aspirated pits during drying, affecting the permeability of the coniferous woods is noticed for instance 

by Usta and Hale (2006). These authors determine that 50–60 % of the pits may be aspirated after 

drying of Sitka spruce (Picea sitchensis (Bong) Carr.) and Eastern spruce (Picea orientalis L.).   
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As mentioned earlier the pits affect the capillary liquid transport. According to Pittermann et al. (2005), 

efficient water transport allows for increase of photosynthetic uptake of CO2. This means that the eco-

systems should favor an evolution of vessel-based plants from tracheid-based since the number of 

times water must pass through pits. However, conifers dominate many eco-systems. Pittermann et al. 

(2005) suggest that this is because of the torous-margo construction of the bordered pits that makes 

the water transport in conifers highly effective compared to the pits in the angiosperms. Dinwoodie 

(2000) and Zimmermann (1983) state that larger cells give a more effective moisture transport. At the 

same time Zimmermann (1983) notice that there seems to be an upper limit of the cell size that rarely 

exceed the inner diameter 0.5 mm. This might be caused by the effect of interrupted water transport 

because of damaged cells that increases with the cell size. 

Within the model there are several factors that are not considered, for instance the moisture uptake of 

the cell wall during capillary suction. According to Kollmann and Cote (1968) a term must be introduced 

to the transport equation to consider the disturbance of the flow because of bound molecules at the 

capillary walls. Moisture uptake of the cell wall will lead to swelling that according to Siau (1995) will 

affect the capillary radius differently. The capillary radius may decrease, increase or stay unaffected 

depending on wood species. The model also assumes constant surface tension, dynamic viscosity and 

a complete wetting, i.e.  = 0. These factors will probably vary with time during capillary suction and 

the wetting will not be complete. It is also possible that migration of for instance extractives during the 

water uptake will affect both the surface tension and the wetting angle.  

 

Conclusions 

The review of capillary rise of water in wood in this paper indicates that the Newton dynamics equation 

will set a base for a model of the capillary flow. The presented characteristic capillary radiuses indicate 

no large differences regarding capillary dynamic behaviour of the tested wood species. Differences in 

absorbed mass will depend on the number of cells being active in the capillary water transport. 

Comparing the wood species in relation to the longitudinal moisture uptake and outdoor use sapwood 

of oak or pine should probably be avoided while heartwood of oak and pine are most suitable. Aspen 

has higher longitudinal capillary moisture uptake than heartwood of oak and pine but may probably be 

possible to use in applications were the risk of long time capillary water exposure is low.  
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