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Highlights 

• Maximum swelling pressure varied significantly among species (1.17–8.85 MPa), 

with the highest values in sapele and the lowest in paulownia. 

• Swelling pressure anisotropy and development rates were species-dependent, 

whereas density and stiffness alone did not fully account for the observed 

differences. 

• Species-specific swelling pressure and the anatomical direction of swelling should be 

considered when selecting wood for applications involving restrained moisture-

induced expansion. 

• The findings provide a basis for improving the design and durability of wood 

products and connections exposed to moisture variations. 

Abstract 

Wood is a hygroscopic material, and water uptake causes dimensional changes associated 

with swelling. When swelling is restrained, internal stresses and swelling pressure 

develop, which may contribute to cracking, deformation and damage to wood elements. 

Knowledge of swelling pressure is therefore important for assessing the dimensional 

stability and appropriate application of exotic wood, particularly under variable humidity 

conditions. Unfortunately, comparative data for swelling pressure of tropical hardwoods 

and plantation-grown paulownia remain limited. Therefore, this study examined the 

magnitude, anisotropy, and time-dependent development of swelling pressure in sapele, 

khaya, framiré, tauari, abura, mansonia, and paulownia wood submerged in water while 

the wood was restrained from swelling. Six replicates of each wood species in each 

direction were examined. Maximum tangential and radial pressures were measured and 

related to wood density and compressive modulus of elasticity (MOE). Swelling pressure 

was measured from oven-dry starting conditions until the maximum swelling pressure 

was reached, as indicated by stabilisation or a decrease in the measured force. Maximum 

swelling pressure ranged from 1.81 to 7.00 MPa tangentially and from 1.17 to 8.85 MPa 

radially. Sapele exhibited the highest pressures in both directions (7.00 and 8.85 MPa), 

whereas paulownia showed the lowest (1.81 and 1.17 MPa). Pressure development 

differed among species: paulownia, abura, and mansonia reached comparatively low 

maxima rapidly, while sapele and khaya developed higher pressures more slowly. Tauari 

combined rapid initial development with a high maximum pressure. Following their 

maxima, pressures declined slightly. Swelling pressure increased significantly with wood 

density in both tangential (R2 = 0.68) and radial (R2 = 0.62) directions. Its relationship with 

MOE was significant tangentially (R2 = 0.61), but not radially. Substantial differences 
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among species of similar density demonstrate that density and stiffness alone cannot 

reliably predict swelling pressure. The results indicate that swelling pressure is governed 

by a combination of species-specific characteristics, anatomical direction, and time-

dependent behaviour, with wood density and compressive stiffness providing only 

partial explanations for the observed variability. These wood features need to be 

considered while designing moisture-exposed, dimensionally constrained wood 

products. Further research focusing on the detailed characterisation of wood anatomy and 

moisture transport properties is necessary to clarify the mechanisms responsible for 

differences in swelling pressure between species and anatomical directions, and to 

improve prediction under restrained moisture-induced swelling conditions. 

Keywords: tropical wood; abura; sapele; khaya; mahogany; wood swelling 

 

1. Introduction 

Wood is a hygroscopic material that absorbs and releases moisture in response to 

changes in the surrounding environment. Moisture uptake causes changes in wood 

dimensions (swelling), particularly in the radial and tangential directions. These changes 

depend on the anatomical structure of wood, its chemical composition, and the conditions 

of moisture exposure [1]. 

Wood swelling is defined as an increase in its dimensions resulting from the 

absorption of bound water into the cell walls [1,2]. When this moisture-induced 

dimensional expansion is completely restrained, internal stresses develop. The stress 

required to prevent such deformation is referred to as swelling pressure and represents 

the maximum stress generated under restrained swelling conditions [3–5]. The pressure 

developed when a material absorbs moisture from the oven-dry state up to the fibre 

saturation point is defined as total swelling pressure [6]. Particularly high swelling 

pressures may occur when initially dry wood is fully restrained before exposure to water 

[4,7]. It is important to distinguish between swelling pressure and free swelling. Free 

swelling describes the dimensional changes in wood without external restraint, whereas 

swelling pressure represents the stress generated when expansion is restricted. Therefore, 

measurements of shrinkage or swelling coefficients alone are insufficient to determine the 

mechanical forces that wood may exert on surrounding elements under humid conditions 

[5,8]. 

The ability of wood to generate considerable forces during moisture absorption has 

been exploited in practical applications. It is believed that ancient Egyptians used this 

phenomenon to extract stone blocks from rock formations. Dry wooden pegs were 

inserted into holes drilled in the rock and then wetted, causing the wood to expand and 

generate sufficient pressure to separate the stone blocks from the rock surface [9,10]. A 

similar principle is applied in woodworking and joinery, where wooden components may 

be oven-dried before assembly. Subsequent moisture absorption from the surrounding air 

causes the wood to swell, increasing the tightness and strength of the resulting joints [11]. 

The potential use of moisture-induced swelling to improve the performance of wooden 

connections has also been investigated experimentally on densified beech wood for 

application as a swelling dowel in timber joints [11]. 

Despite these beneficial applications, swelling and the associated pressure are 

generally considered undesirable in the industrial use of wood, where wood elements are 

often connected to other components, bonded with adhesives, or installed with limited 

space for expansion. Under these conditions, moisture-induced swelling can generate 

mechanical stresses that can damage both wood-based products and adjacent materials or 
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structural elements [5,12]. Therefore, both dimensional stability and swelling pressure are 

important properties for evaluating the performance of wood products exposed to 

elevated relative humidity. Understanding moisture-induced swelling, stress 

development, and subsequent stress relaxation is essential for predicting and limiting 

deformation and cracking, thereby improving the durability and extending the service life 

of wood and wood-based products [12]. 

Investigation of swelling pressure is particularly important in industrial applications 

where wood expansion is partially or fully restricted. Therefore, for this study, several 

tropical wood species and plantation-grown paulownia used for flooring, joinery, garden 

furniture, decking, door and window frames, plywood and other products, where 

dimensional stability is important, were selected, including sapele (Entadrophragma 

cylindricum Sprague), African mahogany (Khaya ivorensis A. Chev.), framiré (Terminalia 

ivorensis A, Chev.), tauari (Couratari tauari), abura (Hallea ciliata P.), mansonia (Mansonia 

altissima A. Chev.), and paulownia (Paulownia tomentonsa (Thunb.) Steud.). 

Sapele (Entandrophragma cylindricum) is a medium-heavy tropical hardwood 

originating from the tropical forests of West and Central Africa, valued for its suitability 

in structural and carpentry applications, as well as for its common use in the production 

of artistic and decorative objects. It is also used in the manufacture of furniture and 

flooring products, and as decorative face layers of multilayer flooring materials [13–15]. It 

has a diffuse-porous structure, often with distinct growth-ring boundaries, banded axial 

parenchyma, multiseriate rays, and vessels containing tyloses [16–18]. Its dry density 

ranges from 560 to 780 kg/m3, with typical values of 640–690 kg/m3. The modulus of 

elasticity (MOE) is approximately 10–14 GPa, while the modulus of rupture (MOR) ranges 

from 99 to 121 MPa [16,18–20]. Sapele is relatively sensitive to moisture changes, showing 

higher hygroscopicity, shrinkage, and swelling than other related Entandrophragma 

species, particularly at higher temperatures. Radial and tangential shrinkage are 

approximately 4.8% and 7.2%, respectively, with volumetric shrinkage of 12.8% and a 

tangential-to-radial (T/R) shrinkage ratio of 1.5. Its anatomical organisation strongly 

influences both structural integrity and lateral mechanical response [19,21–23]. 

African mahogany (Khaya ivorensis), referred to for short as khaya throughout the 

manuscript, is a low- to medium-density tropical hardwood native to the lowland tropical 

rainforests and moist forests of West and Central Africa. Its wood is primarily valued for 

its warm reddish-brown colour, good dimensional stability, and excellent workability. It 

is suitable for making furniture, interior finishing, flooring, boat components, and 

decorative veneers for plywood, and is frequently used as an accessible substitute for true 

mahogany [24–27]. It has a diffuse-porous structure with weakly defined growth rings, 

mostly solitary vessels or short radial multiples, multiseriate rays, vessels occasionally 

filled with brownish deposits (gum or resin), and frequently septate fibres [27–30]. Its 

density typically ranges from 500 to 570 kg/m3, with an average of approximately 530 

kg/m3. The MOE ranges from 6.7 to 10.0 GPa, while the MOR is approximately 54–79 MPa 

[28,31–33]. The wood shows relatively good dimensional stability, with radial shrinkage 

of approximately 4.2%, tangential shrinkage of 5.7%, and volumetric shrinkage of about 

10%, resulting in a T/R ratio of 1.4. It is generally less prone to twisting, cupping, and 

checking during drying than many other commercial hardwoods. However, end splitting 

may occur, and its physical and mechanical properties vary with anatomical structure and 

radial position within the stem [23,25,31,34,35]. 

Framiré (Terminalia ivorensis) is a moderately lightweight tropical hardwood 

originating from moist tropical rainforests and seasonal forests of West Africa. Its wood 

is used as solid timber in building and construction applications, in joinery, door and 

window frames, furniture and plywood [26,36,37]. It has a diffuse-porous structure with 

predominantly solitary vessels, occasional short groups of vessels, tyloses, and non-
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storied rays. Its anatomical properties vary between juvenile and mature wood and 

between different parts of the tree [38–40]. The density of stemwood and branchwood 

typically ranges from 490 to 540 kg/m3. Its mechanical properties are moderate, with an 

MOR of approximately 71 MPa and an MOE of 7.0–9.3 GPa [41–44]. However, across the 

tree, anatomical proportions directly drive engineering performance: stemwood exhibits 

greater fibre and vessel volume fractions and longer fibres than branchwood, conferring 

superior longitudinal load-bearing capacity, while branchwood shows higher 

compression and shear parallel to the grain, as well as a slightly elevated MOR of 73 MPa 

[39,41,45]. Framiré shows relatively low shrinkage, with radial and tangential values of 

approximately 3.5% and 5.2%, respectively, and volumetric shrinkage of about 9.0–9.3%. 

The T/R shrinkage ratio is approximately 1.5. The wood dries rapidly, with limited 

splitting, twisting, and distortion [41]. In service, despite its moderate density, framiré 

demonstrates exceptional natural termite resistance [43]. However, it exhibits time-

dependent creep and mechano-sorptive effects that necessitate reliability-based 

consideration under changing environmental conditions [44,46]. 

Tauari (Couratari tauari) is a moderately heavy tropical hardwood native to the 

Amazon Basin with a specific, quite unpleasant, linen-like smell. It is used in flooring, 

construction components (including frames, ceilings, wall panelling), furniture, and 

interior finishing [47,48]. It has a diffuse-porous structure with predominantly solitary 

vessels, short radial vessel multiples, narrow bands of axial parenchyma, and non-storied 

rays. Silica bodies and prismatic crystals are common and may cause tool wear during 

processing [49,50]. Its basic density ranges from approximately 500 to 680 kg/m3, while 

the apparent density is about 740–820 kg/m3. Mechanically, clear timber exhibits moderate 

stiffness and load-bearing performance compatible with light structural framing, 

carpentry, and joinery. The MOE ranges from 10.1 to 14.0 GPa, and the MOR from 90 to 

118 MPa [47,50–54]. Tauari displays good dimensional stability in service. Radial and 

tangential shrinkage are approximately 4.5% and 7.0%, respectively, with a volumetric 

shrinkage of 11–13%. The T/R shrinkage ratio is approximately 1.6, indicating relatively 

pronounced shrinkage anisotropy. It is classified as a low-natural-durability timber, 

susceptible to wood-decaying fungi and subterranean termites unless thermally modified 

or vacuum-impregnated with preservatives [47,54,55]. The species is generally very little 

known compared to the rest of the study. 

Abura (Hallea ciliata) is a moderately lightweight tropical hardwood native to 

freshwater swamp forests of West and Central Africa. The wood is used in furniture 

manufacturing, interior joinery, particleboard, veneer and plywood production. Its 

potential as a raw material for binderless wood-based panels has also been demonstrated 

experimentally [37,56,57]. It has a diffuse-porous structure, predominantly solitary 

vessels, and a relatively uniform texture. The sapwood and heartwood are not clearly 

differentiated [58,59]. Its average density is approximately 540 kg/m3, with values around 

560 kg/m3 reported for dried wood. The MOR is approximately 81.1 MPa, while the MOE 

ranges from 8.8 to 12.6 GPa. The wood dries rapidly and is relatively easy to process. 

However, it has low natural resistance to fungal decay and wood-destroying insects, 

particularly subterranean termites [43,58]. 

Mansonia (Mansonia altissima) is a moderately heavy tropical hardwood native to 

West Africa. It is a high-value tropical hardwood whose technological profile combines a 

fine, smooth, and lustrous texture with excellent natural durability and solid structural 

performance. It is widely used as a primary decorative substitute for American black 

walnut in cabinetmaking and is also applied for frames, parquet flooring, panelling, 

joinery, and building construction. It was also investigated as a raw material for 

producing three-layer plywood from veneers [60–63]. Mansonia has a diffuse-porous 

structure, weakly defined growth rings, and a distinctly coloured heartwood ranging 
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from yellowish-brown to dark greyish-brown. Its anatomical features include medium-

length fibres, lack of tyloses in metaxylem vessels, calcium oxalate crystals in the rays, and 

parenchyma surrounding the vessels [61,62,64]. Its density typically ranges from 566 to 

593 kg/m3, with an MOE of approximately 9.3–14.7 GPa and an MOR of 114–177 MPa 

[46,62,65]. Mansonia shows relatively low shrinkage, with radial and tangential values of 

approximately 3.96% and 5.20%, respectively, and volumetric shrinkage of about 9.16%. 

The fibre saturation point is approximately 28%. The wood generally dries without major 

defects and has good dimensional stability. It also shows high natural resistance to fungal 

decay due to its heartwood extractives, although its low permeability makes 

impregnation difficult [62,66]. The species is suitable for veneer production, while the 

attractive wood grain pattern favours its use in furniture and other interior elements, such 

as floors and parquet. It also works well as elements of musical instruments [67]. 

Paulownia (Paulownia spp.) is a genus of fast-growing hardwood trees native to East 

Asia and widely cultivated in plantations, with potential applications in furniture, 

plywood, packaging, and engineered wood products. It is also considered for lightweight 

wood-based hybrid structures and for single-layer and three-layer paulownia solid wood 

panels, which can be used as lightweight core materials for furniture, packaging, and non-

load-bearing applications [5,68–70]. Its wood has a ring-porous or semi-ring-porous 

structure, with large earlywood vessels, smaller latewood vessels, and multiseriate rays 

[67,71–73]. Paulownia is exceptionally lightweight, with oven-dry density typically 

ranging from 210 to 297 kg/m3, categorising it as a low-density hardwood similar to balsa 

[67,71,74]. Its mechanical strength is relatively low, with an MOR of approximately 40–57 

MPa and an MOE of 2.4–5.0 GPa [67,71,74–77]. The wood is characterised by low 

shrinkage and good dimensional stability, with volumetric shrinkage of approximately 

8%. It dries rapidly and easily, with a low risk of cracking, warping, or other drying 

defects. Its low density and dimensional stability make it suitable for lightweight panels, 

furniture, packaging, and other non-load-bearing applications [74,78]. 

The industrial applications of the investigated wood species, which are commonly 

used in the production of flooring, furniture, joinery, veneers, and wood-based 

composites, highlight the importance of dimensional stability under varying 

environmental conditions [14,27,48,63]. Changes in relative humidity may induce 

moisture-related swelling of wood, affecting dimensional accuracy, surface flatness, 

component fit, and joint integrity. When swelling is restrained by adjacent elements, 

mechanical connections, or adhesive bonds, the resulting swelling pressure may generate 

internal stresses that can potentially lead to deformation or damage. Importantly, free 

swelling alone is insufficient to predict swelling pressure, as the latter also depends on the 

wood mechanical properties, anatomical direction, moisture conditions, and time-

dependent stress relaxation [1,5,79]. Therefore, direct measurements of swelling pressure 

in the investigated wood species are essential for a more comprehensive assessment of 

their moisture-related behaviour and suitability for dimensionally constrained 

applications. Such measurements may also provide valuable information for improving 

joint and assembly design, determining appropriate dimensional allowances, and 

developing more reliable models of moisture-induced stresses in wood products. 

Although information about the dimensional stability of tropical hardwoods is 

available in scientific literature, most investigations focus on free swelling, shrinkage, 

moisture sorption or the effects of wood modification on wood physical properties 

[13,21,24,35,37,47,48,63]. Swelling pressure has so far been studied mainly in temperate 

species and in a few, usually isolated, comparisons. Al-Musawi et al. [5] compared 

paulownia with Norway spruce, i.e., a plantation hardwood with a softwood, while Zauer 

et al. [8] examined the effect of anatomical direction in beech and spruce. These studies 

show that swelling pressure depends on species and direction, but they do not show 
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whether the differences hold among commercially important tropical hardwoods that are 

similar in density, nor whether density and stiffness can then serve as predictors. To our 

knowledge, no study has measured the magnitude, radial/tangential anisotropy, and time 

course of swelling pressure in several tropical hardwoods under a single protocol 

(identical specimen geometry, oven-dry start, immersion in water, full restraint), along 

with density and compressive MOE measured on the same material. 

Therefore, this study compares six tropical hardwoods widely used for flooring, 

decking and joinery (sapele, khaya, framiré, tauari, abura, mansonia) with plantation 

paulownia as a low-density reference. We specifically test (i) whether density and 

direction-specific MOE explain differences in maximum swelling pressure, (ii) whether 

species of nearly identical density (568–578 kg/m3) nevertheless differ in swelling 

pressure, and (iii) whether the R/T anisotropy and the rate of pressure development are 

species-specific. 

2. Materials and Methods 

2.1. Materials 

The research material was straight-grained wood of seven tropical wood species, 

including sapele (Entadrophragma cylindricum Sprague), African mahogany (Khaya 

ivorensis A. Chev.), framiré (Terminalia ivorensis A. Chev.), tauari (Couratari tauari), abura 

(Hallea ciliata P.), mansonia (Mansonia altissima A. Chev.), and paulownia (Paulownia 

tomentonsa (Thunb.) Steud.). Wood from the first six species was purchased as decking 

boards from commercial timber merchants in the Wielkopolska region of Poland. 

Paulownia was obtained from a plantation in the Wielkopolska region, Poland. 

Prior to the experiment, the wood was stored under stable temperature and humidity 

conditions (22 ± 3 °C, 60% relative air humidity). Heartwood parts of the selected species 

were cut into small specimens with dimensions 30 mm × 30 mm × 10 mm (in the tangential, 

radial, and longitudinal anatomical directions, respectively). All specimens were free from 

visual structural defects, grain deviations, knots, reaction wood, mould and soft rot, with 

annual rings oriented parallel to the tangential face of specimens. For each species, 24 

specimens were prepared, forming 12 pairs of neighbouring specimens cut from the same 

board. Six pairs (12 specimens) were used for swelling pressure measurements in the 

tangential direction and six pairs (12 specimens) in the radial direction. An additional 30 

mm × 30 mm × 30 mm specimens, twin to the pairs, were prepared for the modulus of 

elasticity mesurements (Section 2.2.3). 

2.2. Methods 

2.2.1. Density and Moisture Content Measurements 

The density of the tropical wood specimens was determined by a stereometric 

method in accordance with ISO 13061-2 [80]. Prior to the measurements, the wooden 

blocks were conditioned for two weeks at 23 ± 2 °C and 60 ± 3% relative humidity. 

Subsequently, the dimensions of the samples were measured using a digital calliper with 

an accuracy of ±0.01 mm, and their mass was determined using an analytical balance 

(Sartorius GmbH, Göttingen, Germany) with an accuracy of 0.001 g. Prior to the 

experiment, all specimens had been stored for an extended period under normal 

laboratory conditions (see Section 2.1). Immediately before the measurements, they were 

additionally conditioned for two weeks at 23 ± 2 °C and 60 ± 3% relative humidity. Because 

of the long previous storage and the two-week final conditioning, the specimens can be 

assumed to have reached moisture content close to equilibrium with the surrounding air. 

This was not assumed to be identical for all species, so the moisture content of the 

specimens was determined by the oven-drying method. The mean values ranged from 
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11.1% (sapele) to 12.5% (paulownia). Density was calculated from the mass and volume 

of the specimens at this moisture content. 

For swelling measurements, all wood samples were oven-dried at 103 ± 2 °C until a 

constant weight was reached. Their mass and dimensions were then determined. 

2.2.2. Swelling Pressure 

Wood total swelling pressure was measured on oven-dried blocks in the tangential 

and radial directions using a prototype device designed for this purpose (Figure 1) [81]. 

The apparatus consisted of a stand (1 in Figure 1) equipped with two frames (2 and 3 in 

Figure 1) that could move relative to each other. The position of the lower frame (3 in 

Figure 1) was adjusted using a screw (5 in Figure 1). The upper frame (2 in Figure 1) was 

connected to a dynamometer (bow type) (4 in Figure 1) to measure the swelling force and 

to a crossbar that supported a dial micrometre (6 in Figure 1). A container (7 in Figure 1) 

holding a specimen (8 in Figure 1) was placed on the lower shelf of the upper frame. The 

weight of the upper frame was balanced by counterweights (9 in Figure 1) to prevent 

tensile forces from acting on the unloaded dynamometer. The equipment enabled 

measurement of the total force required to counteract the specimen’s linear swelling 

during wetting. 
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Figure 1. Diagram of a prototype apparatus used for the measurement of wood swelling pressure; 

1—a stand; 2 and 3—slidable frames; 4—dynamometer; 5—adjusting screw; 6—dial micrometre; 

7—container filled with water; 8—sample; 9—weights [82]. 

Before testing, each specimen was subjected to an initial preload to eliminate contact 

deformations. The measurement procedure was initiated by filling the container with 

water, causing the specimen to swell. As swelling progressed, the piston resting on the 

specimen was displaced upward and protruded from the container, causing the upper 

frame to descend. This displacement, corresponding to the specimen’s swelling, was 

recorded using a dial micrometre. Once an initial swelling displacement of approximately 

0.002 mm was detected, the lower frame was moved downwards using the adjusting 

screw. This adjustment compensated for swelling by applying compression, returning the 

dial micrometre needle to its initial position. The force required to counteract swelling at 

each measurement stage was recorded using the dynamometer. The bow dynamometer 

readings were initially taken after 30 s, then every minute (for 10 min), then every 5 min 

(for an hour) and finally every 15 min until the maximum swelling pressure was reached, 

as indicated by stabilisation or a decrease in the measured force. Swelling pressure was 

calculated based on Equation (1): 

𝑆𝑃 =
𝐹

𝐴
 (1) 

where SP is the total swelling pressure (MPa), F is the value of swelling force measured 

(N), and A is the cross-sectional area of the sample in a completely dry state before the 

measurement. Two specimens were measured together as a pair, and each pair was 

treated as a single sample. In this way, six samples (pairs) per species were obtained in 

each of the tangential and radial directions, i.e., 12 samples per species in total. 

2.2.3. Modulus of Elasticity 

Since wood swelling pressure depends on the elastic modulus (MOE) in the direction 

of restrained swelling, increasing with an increase in MOE [4,83], the modulus of elasticity 

for the selected wood species was measured to help clarify the differences between them. 

MOE was measured during compression tests in the tangential and radial directions using 

a numerically controlled Zwick Z050TH (Zwick/Roell, Ulm, Germany) universal testing 

machine. Wood specimens with the dimensions 30 mm × 30 mm × 30 mm were used in 

the experiment. Measurements were taken with a loading speed of 1 mm/min. MOE was 

determined from the relationship between compressive stress and strain within the 

approximately linear-elastic region of the stress–strain curve [84,85]. For each species, 12 

specimens (30 mm × 30 mm × 30 mm) were prepared as twins of the specimen pairs used 

for the swelling pressure tests, i.e., cut from the same boards in their immediate 

neighbourhood. MOE was reported as the mean value of 12 specimens per species in each 

direction. 

2.2.4. Statistics 

The experimental data were statistically analysed using STATISTICA 13.3 software 

(TIBCO Software Inc., Palo Alto, CA, USA). One-way analysis of variance (ANOVA) was 

performed to identify statistically significant differences between mean values. 

Differences between radial and tangential swelling pressure within each species were 

tested with Welch’s t-test, with Holm correction for seven comparisons. 

3. Results and Discussion 
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Mean density at 12% moisture content ranged from 357 kg/m3 (paulownia) to 707 

kg/m3 (sapele) (Table 1). Abura, mansonia, khaya and framiré formed a group whose 

means differed by only 10 kg/m3 (568–578 kg/m3), so density alone is unlikely to explain 

differences in swelling pressure among them. Variability was low for most species (CV ≤ 

1.64%; khaya 2.94%) but high for framiré (CV = 10.47%; range 515–648 kg/m3). 

Table 1. Wood density of the selected wood species (n = 12 pairs per species). 

Material 
ρmin ρmean ρmax (±SD) MC 

[kg∙m−3] [%] 

Abura 562 569 b 577 5.27 12.2 

Mansonia 564 572 b 583 7.35 11.4 

Paulownia 352 357 a 362 3.41 12.5 

Tauari 608 620 c 636 10.14 12.0 

Khaya 546 568 b 602 16.70 11.5 

Framiré 515 578 b,c 648 60.50 11.8 

Sapele 693 707 d 715 7.39 11.1 

Note: Means within the same column that share identical superscript letters are not significantly 

different (α = 0.05). 

The density of abura, tauari, khaya and sapele fell within the ranges given in the 

Holzatlas [86], although the means of khaya, framiré and sapele were 11.4%, 15.6% and 

8.8% higher than the Holzatlas means, and the maximum for framiré (648 kg/m3) exceeded 

the upper limit of its range (600 kg/m3). The mean for mansonia (572 kg/m3) was slightly 

below the lower limit of its range (580 kg/m3), and the density of paulownia (352–362 

kg/m3) exceeded the range reported by Kozakiewicz (190–320 kg/m3) [67]. The density of 

paulownia in this study (352–362 kg/m3) is high for this genus, but it is within the wide 

range reported in the literature, where values vary considerably between species, hybrids, 

plantations and tree age, from about 210 to 350 kg/m3 and, according to some authors, up 

to about 400 kg/m3 [87–90]. Differences in density between species were tested with 

Welch’s one-way ANOVA, because variances were heterogeneous (Bartlett’s test, p < 

0.001). Density differed significantly among species (p < 0.001). Paulownia (357 kg/m3) and 

sapele (707 kg/m3) differed significantly from all other species, and tauari (620 kg/m3) from 

abura, mansonia and khaya. Abura, mansonia, khaya and framiré (568–578 kg/m3) formed 

a homogeneous group, and the high variability of framiré (CV = 10.47%) prevented it from 

being distinguished from tauari. 

Compressive MOE was highest in the longitudinal direction (4263–12 086 N/mm2), 

lower in the radial direction (475–2251 N/mm2) and lowest in the tangential direction (362–

1545 N/mm2) in all species (Table 2), with mean ratios of 6.3 (L/R), 9.2 (L/T) and 1.6 (R/T). 

Table 2. Compressive modulus of elasticity (mean ± SD, N/mm2; n = 12; coefficient of variation in 

brackets) in the longitudinal (L), radial (R) and tangential (T) directions. 

Species L R T 

Paulownia 4263 ± 142 (3.3%) 475 ± 46 (9.8) 362 ± 5 (1.5) 

Abura 5900 ± 901 (15.3%) 1497 ± 49 (3.3) 562 ± 28 (5.0) 

Tauari 6701 ± 801 (11.9%) 961 ± 82 (8.6) 868 ± 53 (6.1) 

Framiré 6754 ± 627 (9.3%) 1120 ± 38 (3.4) 661 ± 31 (4.7) 

Mansonia 8117 ± 992 (12.2%) 1077 ± 83 (7.7) 880 ± 44 (5.0) 

Khaya 9774 ± 1601 (16.4%) 1933 ± 56 (2.9) 1309 ± 48 (3.7) 

Sapele 12,086 ± 1546 (12.8%) 2251 ± 114 (5.1) 1545 ± 178 (11.5) 

Sapele had the highest MOE in every direction, and paulownia had the lowest. 

Variability was greatest along the grain (CV 3.3–16.4%) and smaller in the radial and 
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tangential directions (CV up to 9.8% and 11.5%). ANOVA showed significant differences 

among species in each direction (all p < 0.001). MOE was also positively related to mean 

density (r = 0.75–0.77, p = 0.04–0.055, n = 7 species), but species of similar density differed 

markedly in stiffness: khaya and abura (about 569 kg/m3) had longitudinal MOE values 

of 9774 and 5900 N/mm2, so density alone does not explain stiffness. 

MOE increased with density in all three directions (Figure 2): longitudinal MOE_L = 

19.1ρ − 3178 (R2 = 0.60, p = 0.041), tangential MOE_T = 2.98ρ − 806 (R2 = 0.57, p = 0.051) and 

radial MOE_R = 4.29ρ − 1106 (R2 = 0.56, p = 0.055; n = 7 species). The three directions were 

strongly correlated with each other across species (r = 0.86–0.98), and the relationships 

were driven largely by the lightest and the densest species: after excluding sapele, R2 fell 

to 0.39, 0.35 and 0.34, and without both paulownia and sapele, to 0.11 (L), 0.00 (T) and 0.37 

(R), none of which was significant. The remaining five species had similar densities (568–

620 kg/m3), but their MOE differed markedly, from 5900 to 9774 N/mm2 in the longitudinal 

direction. Khaya was above the regression lines in all directions (by about 2100, 420 and 

600 N/mm2 in L, T and R), whereas tauari was below them (by about 1960, 170, and 600 

N/mm2). This indicates that density explains the difference between the lightest and the 

heaviest species but not the differences among species of similar density, which are likely 

related to other features of wood structure [91–94]. 

 

Figure 2. Relationship between density and longitudinal compressive MOE of the investigated 

wood species. 

The maximum swelling pressure, determined as the mean of the maximum values 

reached by the individual replicates, ranged from 1.81 to 7.00 MPa in the tangential 

direction and from 1.17 to 8.85 MPa in the radial direction (Table 3). In both directions, it 

was lowest in paulownia and highest in sapele. The relationship between radial and 

tangential swelling pressures differed among species, as shown in Figure 3. 

Table 3. Maximum swelling pressure in the tangential and radial directions (mean ± SD; coefficient 

of variation in brackets; n = 6 replicates per species). 

Species Tangential, MPa Radial, MPa 
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Paulownia 1.81 ± 0.06 (3.5%) 1.17 ± 0.06 (5.3%) 

Abura 3.03 ± 0.49 (16.3%) 2.27 ± 0.13 (5.5%) 

Tauari 6.55 ± 0.10 (1.6%) 7.40 ± 0.87 (11.8%) 

Framiré 4.12 ± 0.73 (17.8%) 5.89 ± 0.86 (14.7%) 

Mansonia 2.90 ± 0.19 (6.6%) 2.76 ± 0.35 (12.6%) 

Khaya 4.95 ± 0.60 (12.2%) 6.86 ± 0.70 (10.3%) 

Sapele 7.00 ± 0.37 (5.3%) 8.85 ± 0.31 (3.5%) 

 

Figure 3. Changes in swelling pressure over time in the tangential (circles, solid line) and radial 

(squares, dashed line) directions for (a) paulownia, (b) abura, (c) tauari, (d) framiré, (e) mansonia, 

(f) khaya and (g) sapele. Points are mean values with ±SD (whiskers), n = 6. R/T is the ratio of the 

maximum radial to the maximum tangential swelling pressure, and p is the result of Welch’s t-test 

for the difference between the two directions (not adjusted for multiple comparisons). Note the 

different vertical scales. 

In sapele, khaya and framiré, the maximum radial pressure was significantly higher 

than the tangential one (R/T = 1.26, 1.39 and 1.43; p < 0.0001, p = 0.0005 and p = 0.003, 

respectively; all significant after Holm correction). In tauari, the radial pressure was 

slightly higher (R/T = 1.13), but the difference was not significant (p = 0.062; 0.12 after 

correction), and in mansonia the two directions did not differ (R/T = 0.95, p = 0.42). Abura 

and paulownia were the only species in which the tangential pressure was significantly 

higher (R/T = 0.75, p = 0.011, 0.034 after correction; R/T = 0.65, p < 0.0001). Since density is 

the same for both directions within a species, it cannot explain these differences. The ratio 

of radial to tangential MOE was above 1 in all species (1.11–2.66), but it did not predict 

the ratio of swelling pressures (r = −0.23, p = 0.61, n = 7); for instance, abura had the largest 

MOE ratio (2.66) but a lower radial than tangential pressure (R/T = 0.75). A simple index 

of the pressure developed relative to stiffness (SP/MOE) was higher in the tangential than 

in the radial direction in six of seven species (for example, 5.0 vs. 2.5‰ in Paulownia and 

5.4 vs. 1.5‰ in abura), which is consistent with the greater tangential than radial swelling 

typical of wood [3,5,8,95,96]. Tauari was the exception, with practically equal values in 

the two directions (7.6 and 7.7%). The SP/MOE index should be interpreted with caution. 

Free-swelling strains were not measured in this study, and MOE was determined in the 

conditioned state, not at the moisture contents prevailing during swelling. The index 
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therefore cannot separate the contribution of swelling strain from that of stiffness. A 

possible explanation is that higher radial stiffness partly compensates for lower radial 

swelling in the denser, stiffer species (sapele, khaya, framiré), but not in the lighter ones 

(paulownia, abura). This remains a hypothesis, to be tested by measuring swelling 

coefficients and MOE at defined moisture contents on the same specimens. 

The curves also differed in time. In most species, the radial pressure reached its 

maximum earlier than the tangential one (tauari after about 180 vs. 240 min, Khaya 255 

vs. 300, Abura 135 vs. 150, Paulownia 90 vs. 105 and mansonia 105 vs. 120 min), whereas 

in Sapele and Framiré it came later in the radial direction (315 vs. 300 and 285 vs. 270 min). 

In the species with the highest radial pressures, the radial curve rose more slowly at the 

start: after 60 min, Sapele had reached 30% of its maximum radial pressure, compared 

with 45% in the tangential direction. After the maximum, the radial pressure decreased 

more strongly in paulownia, abura and mansonia (19%, 11% and 15% at 360 min) than the 

tangential pressure (8%, 2% and 11%). 

The curves of tangential swelling pressure (Figure 4) had a similar general shape in 

all species: a rapid increase during the first hour, a slower increase, a plateau and a slight 

decrease towards the end of the test. However, the species differed clearly in how quickly 

the pressure developed. Paulownia, mansonia and abura built up pressure fastest relative 

to their maxima: after 60 min, they had reached 93%, 84% and 75% of their maxima, and 

reached their maxima after about 105, 120 and 150 min, respectively. Because these species 

also reached the lowest maxima (1.8–2.9 MPa), a quick but small response characterised 

the group. Sapele and khaya were at the opposite extremes, reaching only 45% and 42% 

of their maxima after 60 min, and about 90% after 180 min, peaking at about 300 min. 

Framiré behaved similarly but somewhat faster (reaching 54% of its maximum after 60 

min, peaking at about 270 min). 

 

Figure 4. Changes in tangential swelling pressure over time for the investigated species. 

Tauari did not fit this pattern. Its pressure rose very rapidly at the beginning (3.6 

MPa, or 55% of the maximum, after 30 min, compared with 1.8 MPa for Sapele and 1.2 

MPa for Khaya), then increased only slowly until a maximum at about 240 min. As a 

result, tauari had the highest pressure among all species for the first 120 min, and sapele 

overtook it only after about 150 min, finishing with the highest maximum (7.00 vs. 6.55 
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MPa). Thus, the species with the highest final pressures were not the ones that developed 

it fastest. Differences in the rate of pressure development may be related to differences in 

moisture uptake, which depends on the permeability and anatomical structure of the 

wood [5,19,97,98], but the present data do not allow this to be confirmed. 

After reaching their maximum, all curves decreased slightly, by about 2% (abura) to 

11% (mansonia) at 360 min. This curve, with a maximum followed by a gradual decrease, 

is typical of the development of swelling pressure in restrained wood and has been 

reported previously [3,5,12]. The decrease is commonly attributed to viscoelastic 

relaxation of the restrained wood [3,99,100]. The variability between replicates also 

differed among species: during the plateau, the coefficient of variation between the six 

replicates was about 1.6% for tauari and 3.5–6.6% for sapele, paulownia and mansonia, 

but 12.2–17.8% for khaya, framiré, and abura. The mean curves of the latter species should 

therefore be interpreted with more caution. 

Radial swelling pressure increased with time in all species and then levelled off or 

declined slightly (Figure 5). The maximum values differed significantly among species (p 

< 0.001): sapele (8.85 MPa), tauari (7.40 MPa) and khaya (6.86 MPa) reached the highest 

pressures, framiré (5.89 MPa) was intermediate, and mansonia (2.76 MPa), abura (2.27 

MPa) and paulownia (1.17 MPa) the lowest. Sapele, tauari, and khaya differed 

significantly from abura, mansonia, and paulownia (p < 0.05), whereas framiré differed 

only from paulownia, and abura also differed from paulownia. The species also differed 

in the rate of pressure development. 

 

Figure 5. Changes in radial swelling pressure over time for the investigated species. 

Paulownia, mansonia, and abura reached 96%, 85%, and 88% of their maximum after 

60 min and peaked at about 90–135 min. Tauari rose fastest among the high-pressure 

species (3.1 MPa after 30 min and 98% of its maximum after 120 min), whereas khaya, 

framiré and Sapele reached only 30–40% of their maxima after 60 min and peaked after 

about 255–315 min. Sapele overtook tauari after about 195 min and finished with the 

highest pressure. After the maximum, the pressure decreased slightly across all species, 

by about 2–4% in khaya, tauari, and sapele, but by 11–19% in abura, mansonia, and 

paulownia, which had the lowest pressures. Maximum radial swelling pressure exceeded 
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the tangential one in khaya, framiré, sapele and tauari (ratios of 1.4, 1.4, 1.3 and 1.1) but 

was lower in abura, mansonia and paulownia (0.75, 0.95 and 0.65). 

Maximum swelling pressure increased with density in both directions (Figure 6). In 

the tangential direction, the linear model was SP = 0.0151ρ − 4.25 (R2 = 0.68, p = 0.023, n = 

7 species), and in the radial direction, SP = 0.0220ρ − 7.45 (R2 = 0.62, p = 0.036). The slope 

was steeper in the radial direction, but the 95% confidence intervals of the two slopes 

overlapped widely (0.0151 ± 0.0120 and 0.0220 ± 0.0198), and the maxima in the two 

directions were strongly correlated across species (r = 0.96, p < 0.001). 

 

Figure 6. Relationship between density at 12% moisture content and maximum tangential (circles) 

and radial (squares) swelling pressure of the investigated species. Points are species means (± SD); 

lines show the linear regressions. 

The lightest species, paulownia (357 kg/m3), had the lowest pressure in both 

directions (1.81 and 1.17 MPa), and the densest, sapele (707 kg/m3), had the highest (7.00 

and 8.85 MPa). The relationship was largely determined by these two species: when sapele 

was excluded, R2 fell to 0.53 (p = 0.10) in the tangential and 0.46 (p = 0.14) in the radial 

direction, and without both species, to 0.66 (p = 0.09) and 0.33 (p = 0.31). Density did not 

distinguish species, with nearly identical density: khaya, framiré, abura, and mansonia 

(568–578 kg/m3) had maximum tangential pressures ranging from 2.90 to 4.95 MPa and 

radial pressures from 2.27 to 6.86 MPa. Tauari (620 kg/m3) developed higher pressures 

than predicted (about 1.4 MPa above the tangential and 1.2 MPa above the radial line), 

whereas abura and mansonia lay well below the lines, particularly in the radial direction 

(by about 2.4–2.8 MPa). 

Maximum swelling pressure increased with compressive MOE measured in the same 

direction (Figure 7). In the tangential direction the linear model was SP = 0.0036·MOE_T + 

1.14 (R2 = 0.61, p = 0.039, n = 7 species), whereas in the radial direction the relationship was 

weaker and not significant (SP = 0.0032·MOE_R + 0.83; R2 = 0.42, p = 0.114). The slopes in 

the two directions were similar (0.0036 ± 0.0034 and 0.0032 ± 0.0042 MPa per N/mm2, 95% 

CI), so the difference between the directions lies mainly in the scatter of the points. 
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Figure 7. Relationship between compressive modulus of elasticity (MOE) and maximum swelling 

pressure in the tangential (circles) and radial (squares) directions. Points are species means (± SD); 

lines show the linear regressions. 

The observed increase in swelling pressure with wood density is consistent with the 

findings of Zauer et al. [8], who attributed the higher swelling pressure in beech than in 

spruce to a higher proportion of cell-wall material and higher resistance to compression. 

However, the considerable differences between species of similar density suggest that 

density alone cannot adequately describe the mechanisms governing swelling pressure. 

Kanno [101] demonstrated that swelling stress is related to both the transverse MOE and 

the swelling coefficient, indicating that mechanical stiffness should be considered together 

with moisture-induced deformation. The deviations observed for tauari, abura and 

mansonia may therefore reflect species-specific anatomical characteristics, including 

differences in vessel distribution, ray structure and cell-wall organisation, which are 

known to influence the mechanical properties of hardwoods [102]. Furthermore, the 

pressure developed under restrained swelling is influenced not only by elastic stiffness 

but also by moisture-dependent material behaviour and stress relaxation, particularly 

through viscoelastic and mechano-sorptive effects [5,12]. The similar regression slopes 

and overlapping confidence intervals obtained for the tangential and radial directions 

suggest that the sensitivity of swelling pressure to MOE may be comparable in both 

directions, despite differences in the strength of the correlations. Nevertheless, the limited 

number of analysed species and the influence of extreme values indicate that these 

relationships should be interpreted with caution and that incorporating swelling 

coefficients and anatomical characteristics may improve predictions of swelling pressure 

across different wood species. 

Species with the lowest MOE (paulownia, abura) developed the lowest pressures and 

those with the highest (sapele, khaya) the highest, but the relationship was determined 

largely by paulownia and sapele: without sapele, R2 fell to 0.39 in the tangential and 0.19 

in the radial direction, and without both species to 0.16 and 0.00. The scatter around the 

lines was large. Tauari developed a much higher pressure than expected from its MOE 

(about 2.3 MPa above the tangential and 3.5 MPa above the radial line), abura had a much 

lower radial pressure than expected (about 3.3 MPa below the line), and mansonia lay 
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below both lines. Compared with density (Figure 5; R2 = 0.68 tangential, 0.62 radial), MOE 

explained somewhat less of the variation in swelling pressure, especially in the radial 

direction. 

These results agree with Kollmann [103], who reported that swelling pressure 

increases with wood density and with the transverse modulus of elasticity. In the present 

study, the maximum swelling pressure increased with density in both directions (Figure 

5) and with MOE in the tangential direction (Figure 6), whereas the relationship with 

radial MOE was weaker and not significant. Because MOE generally increases with 

density [104–106], the two properties are partly interrelated, as shown by their positive 

correlation across the investigated species (r = 0.75–0.77, p = 0.04–0.055, n = 7). The 

relationship was not exact, however, because species of similar density (568–578 kg/m3) 

differed markedly in MOE and swelling pressure. 

The differences in swelling pressure observed among the investigated tropical 

hardwood species and paulownia may be partly attributed to their anatomical structure, 

which influences both moisture transport and mechanical behaviour. It has already been 

reported that vessel distribution and dimensions, pit connectivity, and ray content and 

structure affect water movement within wood tissue, while cell-wall thickness, wood 

density, and cellulose microfibril orientation in the cell wall contribute to the wood 

mechanical stiffness [102,107]. In particular, it has been shown that vessels may reduce 

wood tissue stiffness, while rays can provide some reinforcement in the radial direction, 

proving the significance of wood anatomical organisation to its mechanical behaviour 

[108]. Moreover, it is known that moisture penetration into the cell walls induces 

hygroscopic expansion, which generates internal stresses when dimensional changes are 

restrained [109]. Therefore, it can be concluded that wood swelling pressure results from 

the combined effects of moisture transport, cell-wall swelling capacity, transverse 

stiffness, and stress relaxation rather than by water uptake or unrestricted swelling alone 

[79]. All these structural and mechanical interactions may contribute to species-specific 

differences in swelling pressure; hence, further detailed studies including wood 

anatomical characterisation, moisture transport measurements, and mechanical testing 

are necessary to establish their effective contributions. 

4. Conclusions 

The results of this study clearly show that the swelling pressure of the investigated 

tropical species depends strongly on both the species and the anatomical direction. It was 

lowest in paulownia and highest in sapele in both the tangential and radial directions. In 

most of the denser, stiffer species (sapele, khaya, framiré), the radial pressure exceeded 

the tangential pressure, whereas it was significantly lower in the low-density paulownia. 

Species that developed the highest pressures were not always those that did so fastest, as 

shown by tauari, where the swelling pressure rose rapidly but reached a lower maximum 

than that of sapele. 

Maximum swelling pressure increased with wood density in both anatomical 

directions. The relationship was significant in the tangential (R2 = 0.68) and radial (R2 = 

0.62) directions. It was strongly influenced by wood density and particularly visible in the 

case of the lightest and densest species. However, wood species with similar densities, 

such as abura, mansonia, khaya, and framiré, exhibited considerably different swelling 

pressures, indicating that density alone is not sufficient to predict swelling pressure. 

Swelling pressure was also positively related to the compressive modulus of 

elasticity. This relationship was statistically significant in the tangential direction (R2 = 

0.61), but not in the radial direction (R2 = 0.42). This relationship was also driven largely 

by the lightest and the densest species, and species of similar density and stiffness differed 

markedly in swelling pressure. The results suggest that wood density and MOE are 
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therefore useful general indicators of the swelling pressure that can develop in restrained 

wood, but neither fully describes the differences between species nor allows prediction of 

the pressure values for individual species. 

The relationship between radial and tangential swelling pressure was species-

dependent. Radial pressure was significantly higher than tangential in sapele, khaya and 

framiré, and significantly lower in abura and paulownia, whereas no significant difference 

was found in tauari and mansonia (Welch’s t-test, Holm-corrected). The ratio of radial to 

tangential MOE did not predict the corresponding ratio of swelling pressures, so within 

the limits of this study, swelling pressure anisotropy was not explained by differences in 

wood stiffness alone. 

The rate of swelling pressure development also differed considerably between 

species. Paulownia, abura and mansonia reached relatively low maximum pressures 

within a short time, whereas sapele and khaya developed higher pressures more slowly. 

Tauari was an exception, showing both rapid initial pressure development and a high 

maximum pressure. These results indicate that the rate of pressure development and the 

maximum pressure are not directly related. 

After reaching the maximum, swelling pressure decreased slightly in all investigated 

species. This behaviour is consistent with the viscoelastic relaxation of wood under 

restrained-swelling conditions. The differences in swelling pressure and its temporal 

development may also be related to the wood’s anatomical structure and moisture 

transport properties. Further studies are needed to determine the contribution of these 

factors. 

Overall, the findings indicate that swelling pressure is governed by a combination of 

species-specific characteristics, anatomical direction and time-dependent behaviour, with 

wood density and compressive stiffness providing only partial explanations of the 

observed variability. Nevertheless, because the study included only seven wood species 

and six replicates per species and anatomical direction, the results should be interpreted 

as general tendencies rather than definitive relationships. Further investigations involving 

larger sample sizes and detailed characterisation of wood anatomy and moisture 

transport properties are necessary to clarify the mechanisms responsible for differences in 

swelling pressure between species and anatomical directions and to improve its 

prediction under restrained moisture-induced swelling conditions. 
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