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 A B S T R A C T

For an efficient material utilization of hardwood in engineering applications, mechanical properties and 
their relationships to the structure of the material are required. Herein, rolling shear (RS) and compression 
perpendicular to grain (CPG) stiffness and strength of southern Swedish beech, birch, and spruce were 
experimentally investigated. The experimental testing champaign consisted of (i) tests in three different 
ambient climates to quantify the moisture content (MC) influence and (ii) tests on two different characteristic 
scales to quantify the difference between the testing methods, and thus the influence of the annual ring 
structure. Since the analysis of variance for the investigated groups of different ambient climates yielded low 
statistical significance, a board-wise quantification method was applied. The effects of variations in density 
and annual ring structure were minimized by comparing samples from the same board. RS properties were 
equally influenced by moisture content in hardwood and spruce, while CPG properties of hardwood were 
stronger influenced by moisture content than spruce properties. Comparing results from the two different 
specimen sizes showed that the cylindrical orthotropic structure in the cross-section of boards substantially 
increased the effective RS strength as compared to smaller scale tests, whereas a weaker opposite trend was 
observed for CPG strength. RS and CPG stiffness were quite similar on both scales. The influence of the annual 
ring inclination on the material scale was further compared to multiscale material models for hardwood and 
softwood. The models showed that hardwood properties are stronger influenced by the density and much less 
by the annual ring inclination than properties of spruce, in agreement with the experimental analysis.
1. Introduction

European forests are undergoing significant changes, with a notable 
increase in the share of hardwood from deciduous trees. This trend 
is observed not only in Central Europe but also in Northern Europe, 
including Sweden. The shift towards hardwood, such as birch and 
beech, is driven by various ecological, economic, and social factors [1]. 
Especially in Sweden, not only climate adaptation but also increased 
biodiversity is a driving factor in the restoration and sustainable man-
agement of forests [2]. Increasing species admixture greatly reduces 
the risks of forest damages under unfavorable climate conditions [3]. 
Increasing temperatures and precipitation during the growth periods 
affect the growth rates of hardwood positively and the growth rate of 
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softwood negatively [4]. Thus, the wood supply from the Scandinavian 
forests is changing [5]. In Sweden, hardwoods constitute about 20% 
of the forest composition. Birch accounts for approximately 13% of 
the standing volume, while other broadleaf trees, including beech, 
make up around 7% [6]. Softwood such as spruce and pine consti-
tute about 80% of the forest composition [7]. Despite their superior 
mechanical properties compared to softwoods, most hardwoods are 
currently utilized for energy and paper production, rather than for 
high-valued engineered wood products for timber structures [8]. Sawn 
products constitute less than one percent of the yearly, industrially 
used hardwood in Sweden. Engineered wood products for construction 
are almost exclusively produced of softwoods, mainly of spruce and 
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pine. The potential for using hardwood in products, such as Glued-
Laminated Timber (GLT) and Cross-Laminated Timber (CLT), remains 
largely unexploited.

For the use of hardwood in engineered wood products, a thor-
ough understanding of the material behavior and influences of climate 
conditions and long-term effects are indispensable. For the effective 
use of hardwoods in engineered wood products, particularly CLT, un-
derstanding the rolling shear stiffness and strength, as well as the 
compression perpendicular to the grain stiffness and strength, is cru-
cial [9–14]. Mainly due to their higher densities, hardwood species 
show higher stiffness and strength, clearly exceeding those of softwood. 
These properties could be exploited in the design of efficient truss 
structures or in the strengthening and reinforcement of engineered 
wood products with increased strength perpendicular to the grain, as 
well as the shear strength. The use of hardwood in center layers in 
hybrid CLT was shown to considerably improve the effective out-of-
plane bending stiffness due to the higher rolling shear properties of 
hardwood [15]. Incorporating hardwood lamellas into glued laminated 
timber (GLT) beams significantly enhances their strength and stiffness 
compared to traditional softwood-only configurations [16]. However, 
hardwood species also have disadvantages that still hamper their use 
in the building sector, as for example increased shrinkage and swelling 
compared to softwood species [17,18] or different production chain 
requirements compared to softwood.

Al-musawi et al. [19] investigated the compressive strength in longi-
tudinal, radial, and tangential direction of birch and beech at different 
moisture contents amongst other influence factors. Their experimental 
results at 20 ◦C confirmed the generally expected increase in strength 
with decreasing moisture content. Boruvka et al. [20] investigated 
the static and dynamic bending properties perpendicular to the grain 
of softwood and hardwood. They identified the elastic stiffness of 
birch and beech amongst other species. Milch et al. [21] and Niemz 
et al. [22] investigated stiffness and strength properties of European 
beech in longitudinal, radial and tangential directions at 65% relative 
humidity (RH) at 20 ◦C. Ehrhart and Brandner [13] investigated rolling 
shear properties of European soft- and hardwood with different test 
configurations, as these properties have gained importance in the use of 
cross laminated timber. Among other wood species, they investigated 
rolling shear strength and stiffness of birch and beech.

Wood has a hierarchically organized microstructure from the wood 
polymers cellulose, lignin and hemicelluloses to the cellular clear wood 
structure [23]. On a macroscopic scale of structural timber boards, the 
cylindrical annular ring structure of trees has a significant influence 
on the effective rolling shear and compression perpendicular to the 
grain behavior [24]. The influence of the annual ring orientation on the 
effective tensile and compressive stiffness of common ash clear wood in 
the transverse plane was shown in [25]. The influence of annual ring 
number and specimen size on the stiffness of poplar clear wood was 
shown in [26]. An increased size of wood specimens was shown to re-
sult in a decreased tension strength perpendicular to the grain due to a 
more inhomogeneous stress field caused by the cylindrically orthotropic 
material behavior [27]. At the clear wood scale, however, a rectangular 
orthotropic material behavior is commonly assumed [18,28]. There 
are different test configurations for the mechanical behavior of clear 
wood [18–22,29,30] and structural timber boards or products [11–14] 
but hardly any systematic analysis of the relationship between the 
determined properties. Such relationships can be described by means of 
(micro)mechanical models [31,32] but require thorough experimental 
datasets for model validation.

To expand the knowledge base on the material properties of hard-
wood and their relationships with the structure of the material, this 
paper aims to experimentally investigate the effective stiffness and 
strength of birch and beech from southern Sweden under compression 
perpendicular to the grain (CPG) and rolling shear (RS), including 
spruce as a reference material. In addition, the objective of this paper is 
to quantify the moisture content dependence of these effective material 
2 
properties by testing samples under different climatic conditions. To 
assess the influence of test methods and specimen size, as well as the 
influence of the annual ring structure on effective material properties, 
smaller specimens at the material scale and larger specimens at the 
structural timber board scale are investigated. By addressing these 
objectives, this research contributes to the sustainable and efficient use 
of hardwoods in engineered wood products for timber structures.

2. Material

2.1. Investigated wood material

Beech (Fagus sylvatica L.), birch (Betula pendula and Betula pubescens),
and spruce (Picea abies) boards were delivered from different sawmills 
in southern Sweden. The material represents a broad variation from 
different origins rather than a narrow selection from specific sites. 
Thus, boards were sawn from different radial and longitudinal positions 
across multiple logs, resulting in material comprising both sapwood 
and heartwood and exhibiting substantial variability in annual ring 
characteristics. The boards were first conditioned to the indoor lab hall 
climate at Linnaeus University before being sorted, labeled, and pre-
pared for distribution between the two involved laboratories, namely 
the Research Center for Steel, Timber, and Masonry at Karlsruhe 
Institute of Technology in Germany and the Department of Building 
Technology at Linnaeus University in Sweden. The tests related to the 
board scale were performed in Germany and thus approximately two 
thirds of each board were sent for that purpose, while one third of each 
board stayed in Sweden to perform the experiments on the material 
scale, see Fig.  1. In order to generally characterize the investigated 
material, density and dynamic modulus of elasticity (MOEdyn) were 
determined for every board destined for tests on the board scale. For the 
material-scale part of the same board, it was assumed that the density 
and MOEdyn are not substantially deviating from the other part of the 
board.

The densities of the 37 boards (11 beech + 13 birch + 13 spruce) 
were determined by measuring weight and geometry of each board. The 
width varied between 186 and 363mm, the thickness varied between 
40 and 72mm, and length varied between 1500 and 2020mm. The 
mean wet densities were 711 kg/m3 with a coefficient of variation (CV) 
of 5.11% of the beech boards, 644 kg/m3 with a CV of 7.93% of the 
birch boards, and 463 kg/m3 with a CV of 2.80% of the spruce boards. 
As expected from the broad origin of the material, the hardwood species 
showed a higher CV than the reference species spruce, and the range 
between maximum and minimum density of the boards was quite large 
and overlapping between the two hardwood species between 660 and 
720 kg/m3, see Table  1.

To identify the longitudinal vibration frequency f, the device
GrindoSonic® MK7 was used. With the known density 𝜌 and the length 
of the board l, the dynamic modulus of elasticity MOEdyn was then 
determined as [33] 
MOEdyn = 4 ⋅ 𝑓 2 ⋅ 𝑙2 ⋅ 𝜌 . (1)

Mean dynamic moduli of elasticity (MOEdyn) parallel to the grain of 
13.3GPa, 15.7GPa, and 11.9GPa were measured for beech, birch, and 
spruce, respectively, see Table  1. Considering the mean board densities 
of 711 kg/m3, 644 kg/m3, 463 kg/m3 for beech, birch, and spruce, 
shows that the mean values of MOEdyn are not only influenced by the 
mean board densities but also by the different microstructure of the 
wood species, and especially the amount of ray cells in the hardwood 
species [32,34].

Comparing MOEdyn with literature showed that for beech, MOEdyn
is a bit lower than the 14.9GPa for a density of 701 kg/m3 identified 
by Ehrhart et al. [35], a bit higher than the 10.8GPa for a density 
of 590 kg/m3 identified by Guntekin et al. [36], and within the range 
of 12.8GPa to 14.9GPa for densities from 667 kg/m3 to 681 kg/m3
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Fig. 1. Overview of specimen cut from one board with dimensions of the different types of specimens and targeted number of specimens.
Table 1
General characterization of the investigated boards by wet density and dy-
namic modulus of elasticity (MOEdyn) in grain direction: mean values with 
coefficient of variation (CV), maximum and minimum values.
 beech birch spruce  
 density:
 mean value [kg/m3] 711 644 463  
  CV [%] 5.1 7.9 2.8  
  min. [kg/m3] 661 541 426  
  max. [kg/m3] 821 718 480  
 MOE𝐝𝐲𝐧 in grain direction:
 mean value [MPa] 13 270 15 710 11 920 
  CV [%] 13.6 12.9 14.9  
  min. [MPa] 9 849 12 523 8 658  
  max. [MPa] 16 556 19 507 14 962 

identified by Rais et al. [37]. For birch, MOEdyn also seems low com-
pared to Johansson et al. [38], who measured 16.2GPa for 617 kg/m3, 
but still within a reasonable range looking at the data provided by 
Kollmann et al. [39] with a MOEdyn of 10GPa to 15GPa at densities 
from 550 kg/m3 to 650 kg/m3. MOEdyn of spruce is within the range of 
10.9GPa to 13.9GPa for densities between 435 kg/m3 and 474 kg/m3, 
determined by Olsson et al. [9]. 

2.2. Test specimens and characteristic material scales

To follow standardized test protocols from EN408 [40] for struc-
tural applications, a cross-section perpendicular to the grain of 150mm 
by 18mm was considered for rolling shear (RS) tests and a cross-
section of 90mm by 40mm was chosen for compression perpendicular 
to the grain (CPG) tests, see Fig.  1. These are typical dimensions at the 
timber board scale, which however were used with a modification of 
the experimental setup according to EN408 [40], as explained later.

In order to investigate the effect of the cylindrical orthotropy on 
the stiffness and strength of the boards, in addition, smaller specimens 
were tested on the material scale. For those specimens, it was assumed 
that the cylindrical orthotropy had a negligible influence, and the 
annual ring structure was approximated by a mean inclination of a 
rectangular orthotropic material behavior in the investigated part of the 
specimens. On this material scale, a cross-section of 30mm by 10mm 
(neck area of compact dog-bone specimens with overall dimensions 
of 50mm by 60mm) was investigated for RS as well as for CPG, see 
Fig.  1. In order to compare wood properties of the same board at two 
3 
different characteristic scales and at three different ambient climates, 
12 specimens were cut from each board, see Fig.  1. All specimens 
were prepared from defect-free clear wood. Before producing the final 
specimens, the material was cut into smaller pieces and stored in rooms 
or chambers with controlled climate to pre-condition the specimens 
at the intended ambient climate (more details see Section 2.3), until 
an equilibrium moisture content was reached, and to avoid cracks 
during the drying process. In total, 341 specimens were investigated 
in 36 different test groups (3 wood species × 2 loading conditions × 3 
climates × 2 specimen sizes) in this study. The density was determined 
for each specimen and the mean densities of each group with CV are 
listed in Table  2. In the following, the preparation of the three different 
specimen types are described.

Shear-board specimens
The specimens for RS tests on the board scale were made of three 

timber layers, which were glued together crosswise by trained staff 
according to the recommendations of the adhesive manufacturer. After 
applying a primer a polyurethan adhesive was used for bonding  and 
a visual inspection showed an adhesive layer thickness of less than 
0.3mm. The steel side members in the test setup for shear in grain 
direction according to EN408 [40] were replaced by timber. Thus, 
specimens for an inclined compression test with an angle of 14◦ to 
the vertical axis were produced for RS testing of the middle layer. The 
thickness of the middle layer was 18mm due to available board cross-
sections. The height of the middle layer was 150mm and the width of 
the specimens was 100mm.

Preliminary tests on beech, using side layers made of timber and 
steel, were conducted with middle layers cut from the same board in 
order to ensure comparability. The results showed that the material 
of the side layers had no substantial influence on the rolling shear 
strength, but had an influence on the rolling shear stiffness, see Table 
3. Similar conclusions were drawn by Mestek [41] and Nero et al. 
[42]. This is due to the higher stiffness of steel layers and a more 
even load transfer than with timber side layers. Based on the available 
materials and feasibility, the test setup with side layers in timber was 
selected, since it corresponds to a CLT setup. Due to their ease of 
fabrication, timber side layers are advantageous compared to steel 
layers and, as shown by findings of Collins and Fink [43], are suitable 
for rollings shear testing. By measuring the deformations in the central 
area of the board subjected to rolling shear, local effects in the load 
application area are minimized, but the determined stiffness can be 
considered a lower limit, as the actual timber board stiffness tends to 
be underestimated with this test setup.
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Table 2
Tested specimens in the 36 groups (only those considered for board-wise evaluation): number of specimens (n), mean wet density 
[kg/m3] with CV in brackets, and mean MC [%] with CV [%] in brackets for each group (standard (std.) ambient climate).
 board scale material scale
 amb. climate (RH) dry (40%) std. (65%) wet (85%a) dry (40%) std. (65%) wet (85%)
 

be
ec
h

RS number of spec. 9 9 8 11 10 10
  density 713 (4.9) 718 (5.5) 715 (5.1) 684 (6.7) 687 (7.0) 710 (5.1)  
  MC 8.7 (1.4) 11.8 (4.3) 15.0 (1.8) 8.7 (1.7) 12.4 (4.1) 16.9 (2.3)  
 CPG number of spec. 10 10 10 10 8 9
  density 703 (6.3) 705 (5.8) 710 (5.1) 670 (7.1) 684 (6.3) 703 (8.5)  
  MC 8.6 (1.2) 12.2 (5.9) 15.1 (2.5) 8.3 (4.4) 12.4 (5.4) 17.0 (2.0)  
 

bi
rc
h

RS number of spec. 7 5 6 10 10 10
  density 650 (4.3) 644 (10.3) 648 (8.9) 597 (8.9) 613 (9.7) 618 (11.3) 
  MC 8.3 (0.8) 11.2 (1.6) 14.7 (0.7) 8.5 (1.5) 11.7 (1.7) 16.7 (1.3)  
 CPG number of spec. 13 13 13 10 10 10
  density 640 (8.3) 654 (9.2) 663 (9.2) 595 (10.1) 605 (11.2) 616 (10.0) 
  MC 8.4 (1.4) 11.6 (1.8) 14.8 (0.8) 8.1 (2.4) 11.8 (2.1) 16.7 (1.6)  
 

sp
ru
ce

RS number of spec. 3 8 8 10 8 10
  density 452 (5.1) 465 (1.9) 468 (3.5) 434 (9.3) 435 (6.5) 445 (6.5)  
  MC 9.2 (1.7) 11.7 (1.5) 15.2 (0.5) 9.3 (1.6) 12.5 (0.8) 17.1 (0.9)  
 CPG number of spec. 9 12 12 10 10 10
  density 450 (3.2) 458 (3.2) 463 (2.8) 437 (6.3) 431 (7.6) 443 (8.3)  
  MC 9.1 (1.0) 11.9 (1.8) 15.2 (1.0) 9.4 (1.5) 12.5 (1.0) 17.2 (0.9)  
a The target relative humidity was not achieved during conditioning due to a malfunction.
Table 3
Pre-test results for RS tests on the board scale: comparison of beech shear-
board specimens with timber and steel outer layers.
 timber side layers:
 RS stiffness [MPa] 228 226 220 
 RS strength [MPa] 5.8 5.6 6.7  
 steel side layers:
 RS stiffness [MPa] 339 307 327 
 RS strength [MPa] 5.9 5.2 2.4a 
a adhesive layer failed.

The test specimens were mostly single species, i.e. center layers of 
spruce glued to spruce side layers, and so on. Exceptions to this are 
the birch test specimens at the standard climate (65%RH). These were 
glued with side layers of beech laminated veneer lumber. These com-
paratively higher-strength side layers were used to prevent longitudinal 
shear failure of the side layers and to reduce indentations in the load 
application area.

Compression-block specimens
The height and width of the specimens for CPG testing on the board 

scale were 90mm and 70mm, respectively, following the EN408 [40] 
standard. The thickness was slightly reduced to 40mm instead of 
45mm prescribed in the standard, due to the smaller thickness of the 
boards.

Compact dog-bone specimens
Dog-bone specimens were used for testing RS and CPG on the 

material scale, as this shape creates an even strain distribution in the 
neck area of the specimens [29]. The dog-bones were milled out of 
conditioned slices of the different boards by a computer numerical 
controlled (CNC) machine. For investigating the properties on the 
material scale, the goal was to avoid the influence of the curvature 
of the annual rings and thus the position of the compact dog-bone 
specimen on the board slice was chosen so that the curvature of the 
annual rings in the neck area was as small as possible. The front and 
back surfaces of the dog-bones were sandpapered in preparation for 
the optical measurements, before mass and geometry of the specimens 
were measured. The speckle pattern was sprayed in two steps on one 
side of the specimen - first with a white ground coat and then producing 
black speckles. After applying the pattern, the mass was taken again to 
4 
quantify the amount of applied paint. The wet density was determined 
with the mass of the conditioned specimen before testing without paint 
and the calculated volume.

Since the specimens were cut from boards with different origins in 
the tree, the specimens had different material orientations between the 
radial and tangential directions. The average annual ring inclination 
in the neck area of each compact dog-bone specimen was identified 
by loading a picture of the surface in a CAD software (AutoCAD 
Architecture 2023) and drawing an average line fitting the tangential 
direction of the annual rings and a reference line at the base of the 
specimen. The average annual ring inclination was estimated as the 
angle between those two lines, measured in the CAD software. The 
annual ring inclination varied between 0◦ (radial direction) and 90◦
(tangential direction) in all investigated groups.

2.3. Investigated ambient climates

The investigation focused on the mechanical properties at three 
different constant relative humidity levels. Mechanical properties were 
investigated at:

• Standard climate with 65% relative humidity (RH) at 20 ◦C, al-
lowing to link the results to most documented experiments in lit-
erature; representing service class 1 according to Eurocode 5 [44]; 
resulting average MC of 12.2% for beech, 11.6% for birch, and 
12.2% for spruce;

• Dry climate with 40% RH at 20 ◦C, representing a common am-
bient climate inside of buildings, especially during winter time; 
resulting average MC of 8.5% for beech, 8.3% for birch, and 9.3% 
for spruce;

• Wet climate with 85% RH at 20 ◦C, representing a common 
ambient climate for structures outside, but protected from direct 
rain, or rooms inside a building with high relative humidity, 
like bathrooms or kitchens; representing service class 2 according 
to Eurocode 5 [44]; resulting average MC of 17.0% for beech, 
16.7% for birch, and 17.2% for spruce. Target relative humidity 
was not reached for board-scale specimens because of a climate 
chamber controller malfunction, which resulted in a less humid 
ambient climate for conditioning. The requirements for reaching 
equilibrium MC were fulfilled and the evaluation of the experi-
mental results was performed based on the individual MCs of the 
specimens.
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Fig. 2. Overview of experimental setups used on the board and material 
characteristic scales.

All specimens were cut at the respective laboratory and then stored 
in climate-controlled chambers to maintain the desired RH prior to 
testing. For the tests, the specimens were taken out of the climate 
chamber shortly before testing and tested promptly so that an increase 
or decrease in wood moisture content due to the laboratory conditions 
(service class 1) could be ruled out. Moisture conditioning was done in 
accordance with EN408 [40] and the moisture content was determined 
by using the oven dry method according to EN 13183-1 standard [45]. 
MCs for each group are documented in Table  2. In the following, 
additional measurements of the specimen types are described.

Shear-board specimens
The moisture content was determined by cutting and drying samples 

from the middle layer after testing.

Compact dog-bone specimens
Between the steps of preparation, the specimens were always stored 

in the respective climate. In order to confirm the climate conditioning 
of the specimens between the preparation steps and before testing, 
the mass was measured every day until the mass difference was less 
than 0.2% on at least two following days, which was more strict than 
EN408 requires. The MC was then calculated based on the oven-dry 
mass minus the weight of the paint and the mass of the conditioned 
specimen without paint.
5 
Fig. 3. RS testing on the board scale: experimental setup for RS. 

3. Methods

In order to test the three different types of specimens on two 
characteristic scales, three different test setups were used, see Fig.  2. 
The evaluation of the experiments on both scales was done similarly, 
in order to make the results comparable. The following subsections 
describe the experimental setups and testing routines, as well as the 
applied evaluation procedures, including the calculation of strength 
and stiffness and their moisture content dependence.

3.1. Rolling shear testing at the board scale

Inclined compression tests were carried out to determine the stren-
gth and stiffness under rolling shear on the board scale. The test 
setup for the inclined compression tests (14◦ inclination) for the shear 
strength in grain direction according to EN408 [40] was adapted  and 
applied to rolling shear testing. As the load line runs through the center 
of gravity of the middle layer of the shear-board specimen, a uniaxial 
testing machine (Hegewald & Peschke inspekt 150) was used to apply 
the compression load. The load was applied at a constant loading rate 
with 0.6mm/min without an unloading loop. Displacements parallel 
to the glue lines on both sides of the specimen were measured digitally 
via video extensometers (VEM). The VEM is a non-contact strain sensor 
connected to the testing software, specification RTSS (Real Time Strain 
Sensor) by the company Limess.

The measuring lines were placed 10mm away from the center of 
gravity of the inner layer on opposite sides. Thus, the gauge length 𝑙
equals 20mm, see Fig.  3. The rolling shear strain, 𝜎𝑅𝑆.𝑏, was deter-
mined based on the average displacements from VEMs on both sides of 
the specimen, 𝛥𝑙, and the gauge length as 

𝛾𝑅𝑆.𝑏 = 𝛥𝑙∕𝑙 . (2)

The measured force from the uniaxial testing machine 𝐹  was di-
vided by the cross-section area activated in rolling shear 𝐴𝑅𝑆 , i.e. 
150mm × 100mm, to define the rolling shear stress on the board scale, 
𝜎𝑅𝑆.𝑏, as 

𝜎𝑅𝑆.𝑏 =
𝐹 ⋅ cos(14◦)

𝐴
. (3)
𝑅𝑆
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Fig. 4. CPG testing on the board scale: experimental setup in the uni-axial 
testing machine.

3.2. Compression perpendicular to the grain testing at the board scale

The determination of stiffness and strength in compression perpen-
dicular to the grain on the board scale was conducted on the basis 
of EN408 [40]. The load was applied by a uniaxial testing machine 
(Hegewald & Peschke inspekt 50) at a constant load rate, which was 
adjusted for each series (wood species and moisture content) so that the 
maximum load was reached in approximately 300 s. A spherical joint 
element (spherical ball) was positioned between the load application 
and a load-distributing steel plate at the top of the specimens, allowing 
the head of the specimens to freely rotate, see Fig.  4. Thus an even 
stress distribution was assumed and the compression perpendicular to 
the grain stress, 𝜎𝐶𝑃𝐺.𝑏, was calculated as 
𝜎𝐶𝑃𝐺.𝑏 = 𝐹∕𝐴𝐶𝑃𝐺 , (4)

where 𝐹  was the applied force during the test and 𝐴𝐶𝑃𝐺 was the 
specimen’s cross-section with 70mm × 40mm. In order to measure the 
vertical displacement of the specimens during testing, two LVDTs were 
placed in the center of two opposite faces to minimize any rotational 
effects. The initial gauge length of both LVDTs, ℎ, was 54mm. All data 
were recorded at a sampling rate of 5Hz. The CPG strain, 𝜀𝐶𝑃𝐺,𝑏, was 
then determined as the mean relative displacement, 𝛥ℎ, divided by the 
gauge length as 
𝜀𝐶𝑃𝐺.𝑏 = 𝛥ℎ∕ℎ . (5)

3.3. Experimental test methods on the material scale

The experimental test setup used for CPG and for RS tests on the 
material scale is shown in Fig.  5. As there are no standards for these 
experiments, the applied experimental procedures, data acquisition, 
and evaluation are described in more detail in the following.

Experimental test procedure
A bi-axial test setup was applied for RS and CPG testing of the dog-

bone shape specimens. The test setup in the bi-axial loading machine 
(MTS 322) was developed in Akter and Bader [29], where it was used 
for similar tests on Norway spruce with a digital image correlation 
system (DIC; Aramis from Gesellschaft für Optische Messtechnik mbH, 
Braunschweig, Germany) for measuring local deformations [46]. In this 
study, the dog-bone specimen were clamped between grip elements 
on the bottom and on the top side of the specimens, see Fig.  5. For 
6 
Fig. 5. RS and CPG testing on the material scale: experimental setup in the 
bi-axial testing machine, DIC measuring points.

Table 4
Estimated strength values for compression perpendicular to grain (CPG) and 
rolling shear (RS) based on existing data from literature [13,47].
 beech birch spruce 
 CPG strength [MPa] 12 7 6  
 RS strength [MPa] 6 3 2  

mounting, the specimens were positioned between the lower clamps 
while the vertical sledge of the vertical piston was adjusted to a gap 
of approximately one millimeter between the sledge and the specimen. 
This allowed for a uniform gripping at the top and controlling and min-
imizing the gripping-induced forces. For the tests presented herein, the 
use of the DIC system was modified compared to originally developed 
setup in [29]. The field of view was 80mm  ×115mm with a facet 
size of 19px  ×19px and a grid spacing of 15px, which resulted in a 
spacial resolution of approximately 36px/mm. These settings allowed 
to choose specific points on the surface for the evaluation.

The loading procedure of the CPG tests consisted of four different 
load levels with an unloading in between — (i) two loading and 
unloading cycles up to 25% of the estimated strength (Table  4), reached 
within 10 s in force control mode, representing a stress-level typical for 
a quasi-permanent load level in a building structure, (ii) one loading 
and unloading cycle up to 50% of the estimated strength, reached 
within 15 s in force control mode, which should be within the elastic 
material behavior, (iii) one loading up 1mm of machine displacement 
approached with a displacement rate of 2mm/min and a following 
unloading to zero force with the same displacement rate, that was 
aimed to result in an loading and unloading in the plastic regime of the 
material behavior, and (iv) the final loading with a rate of 2mm/min 
up to either reaching the capacity of the used load-cell of 4.8 kN or a 
machine displacement of 8mm, see Fig.  6(a). For CPG, the described 
loads were applied through the vertical actuator while the horizontal 
actuator was kept in force-control mode at zero force (𝐹𝐻= 0 kN). Due 
to the imperfect structure of wood, this resulted in a horizontal sliding 
of the specimens during loading.

The loading procedure for the RS tests included three different load 
levels with similar aims as described for the compression tests — (i) 
two loading and unloading cycles up to 25% of the estimated strength 
(Table  4), reached within 10 s in force control mode, (ii) one loading 
and unloading cycle up to 50% of the estimated strength, reached 
within 10 s in force control mode, and (iii) the final loading with a 
displacement rate of 1mm/min up to failure of the specimens, indicated 
by a sharp load drop or by reaching the limits of machine displacement 
at 10mm and capacity of the load cell at 4 kN, see Fig.  6(b). For RS, 
the described loads were applied through the horizontal actuator while 
the vertical actuator was kept in force-control mode at zero force (𝐹𝑉 = 
0 kN) and thus global lateral tension of the specimen was avoided. 
Whereat, local minor tensile effects due eccentricity of load application 
cannot be eliminated.
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Fig. 6. Schematic loading procedure for material-scale tests including the different loading sequences (i)–(iii) or (i)–(iv).
Data acquisition
For quantifying the local deformations during the loading sequence, 

ten measuring points arranged in two lines in the notched area of the 
dog-bone (T1 to T5 and B1 to B5) were defined, and their positions 
were extracted from the DIC measuring system as x-y-z coordinates, see 
Fig.  5. The DIC data acquisition was complemented by the horizontal 
and vertical force signals from the external multi-axial load cell (model 
GTM-69570, Gassmann Theiss Messtechnik, Germany) installed in the 
bi-axial loading machine. As the DIC was limited in the number of 
pictures of one continuous measuring sequence, a measuring rate of 
2Hz for the first two minutes of the test respectively the load cycles in 
the elastic testing regime, and a measuring rate of 1Hz afterwards was 
used.

Stress and strain evaluation
Based on the experimental data, the measurement of the geometry 

of the notched section, and the assumption of a uniform stress distribu-
tion, the compressive stress, 𝜎𝐶𝑃𝐺.𝑚, and the shear stress, 𝜏𝑅𝑆.𝑚, were 
calculated by dividing the vertical force 𝐹𝑉  and the horizontal force, 
𝐹𝐻 , by the cross-section area of the notched section of the specimens, 
𝐴𝑛, as 

𝜎𝐶𝑃𝐺.𝑚 =
𝐹𝑉
𝐴𝑛

and 𝜏𝑅𝑆.𝑚 =
𝐹𝐻
𝐴𝑛

. (6)

The x-y-z coordinates of the 10 points from the experimental data were 
used to calculate a mean compressive and shear strain in the notched 
section of the dog-bone specimens. First, the mean distance between the 
upper five (𝑇 1 to 𝑇 5) and the lower five measuring points (𝐵1 to 𝐵5), 
see Fig.  5, ℎ0, was calculated based on 𝑦-coordinates before loading, 𝑦0, 
as 

ℎ0 =
1
5

𝑇 5
∑

𝑖=𝑇 1
𝑦0,𝑖 −

1
5

𝐵5
∑

𝑖=𝐵1
𝑦0,𝑖 . (7)

The relative displacements, in 𝑥- and 𝑦-directions between the upper 
and lower measuring points, are then identified as 

𝛥𝑥 = 1
5

𝑇 5
∑

𝑖=𝑇 1
[𝑥𝑖 − 𝑥0,𝑖] −

1
5

𝐵5
∑

𝑖=𝐵1
[𝑥𝑖 − 𝑥0,𝑖] and (8)

𝛥𝑦 = 1
5

𝑇 5
∑

𝑖=𝑇 1
[𝑦𝑖 − 𝑦0,𝑖] −

1
5

𝐵5
∑

𝑖=𝐵1
[𝑦𝑖 − 𝑦0,𝑖] . (9)

Combining Eqs. (7) to (9) allows to calculate the mean normal strain 
in vertical direction, 𝜀𝐶𝑃𝐺.𝑚, and the mean shear strain, 𝛾𝑅𝑆.𝑚, as 

𝜀𝐶𝑃𝐺.𝑚 =
𝛥𝑦
ℎ

and 𝛾𝑅𝑆.𝑚 = 𝛥𝑥
ℎ

. (10)

0 0

7 
3.4. Strength and stiffness evaluation

The determination of effective strength and stiffness in RS and CPG 
followed the EN408 [40] for both characteristic scales.

As RS failure is a brittle failure mechanism, the maximum applied 
load can be identified by a sharp load drop in the force–displacement 
curve. The rolling shear strength, 𝑓𝑅𝑆 , is calculated based on the 
maximum applied load and the activated cross-section area of the 
individual specimen. The stiffness, 𝐺𝑅𝑆 , on the board scale was based 
on the average inclination of the load–displacement curves (considering 
the cross-section area and reference length afterwards) of the shear 
tests between load levels of 10 and 40% of the determined maximum 
force. The stiffness, 𝐺𝑅𝑆 , on the material scale was based on the secant 
modulus of the stress–strain curves of the shear tests between stress 
levels of 10 and 40% of the determined strength. In the context of 
rolling shear (RS), it should be emphasized that neither the material-
scale nor the board-scale tests yield pure material stiffness and strength 
values due to unavoidable normal forces perpendicular to the global 
shear loading, which is also discussed in [13]. Systematic influences 
arising from the test configurations cannot be entirely excluded. For 
material-scale tests, the evaluation procedure for the deformations 
partially compensates for the effects of eccentric load application by 
calculating a mean displacement. However, local systematic influences 
can affect the initiation and progression of failure.

The CPG stiffness, 𝐸𝐶𝑃𝐺, was determined as the secant modulus of 
the load–displacement curves (considering the cross-section area and 
reference length afterwards) for the board scale and the stress–strain 
curves for the material scale of the compressive tests between load 
levels of 10 and 40% of the determined maximum load and strength 
respectively. The strength, 𝑓𝐶𝑃𝐺, itself was determined at the 1%-
displacement and 1%-strain off-set respectively of the linear slope of 
the secant stiffness modulus, which required an iterative calculation.

3.5. Evaluation of moisture content dependence

The mechanical properties were investigated on different specimens 
with a wide variety of density, for a variety of different annual ring 
inclinations and curvatures and for three different climates. In addition 
to experiments, these three influence parameters (density, annual ring 
inclinations, and moisture content) were quantitatively investigated 
with validated multiscale models for spruce [31] and beech [32]. The 
comparison showed that the influences of density and the annual ring 
inclination variation are stronger than the influence of the investigated 
changes in moisture content, which does not allow for a straightforward 
evaluation of the experimental data. In order to minimize the influence 
of density variations and annual ring inclination, the evaluation of the 
influence of moisture content on mechanical properties was performed 
separately for each board.

Only boards with experimental results in at least two different cli-
mate classes were considered, as it was not possible to run all different 
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Table 5
Number of considered boards and resulting number of specimen (number in 
brackets) for the evaluation of moisture content dependence.
 beech birch spruce  
 

RS

board scale 9 (26) 7 (18) 8 (19)  
 material scale 11 (31) 10 (30) 10 (28) 
 

CP
G board scale 10 (30) 13 (39) 12 (33) 

 material scale 10 (27) 10 (30) 10 (30) 

mechanical tests in all three ambient climates for all 37 boards. The 
number of boards and specimens considered in the evaluation of the 
moisture content dependence are documented in Table  5. The moisture 
content dependence for the four investigated mechanical properties 
(stiffness and strength in CPG and RS) on the two investigated char-
acteristic scales (board scale and material scale) for each investigated 
species (beech, birch, and spruce) were evaluated, which resulted in 
moisture content dependencies in 12 categories of the material and 
board scale. These were quantified by a linear regression fitting the 
experimental results at the different moisture contents. The function 
‘polyfit’, for a first order polynomial (𝑦 = 𝑘𝑥 + 𝑑), in the software 
Matlab [48] was used and the result for each board in each category 
was the inclination of the linear fit (𝑘-value) and a shift of the linear 
fit at the theoretical moisture content of zero (𝑑-value).

Based on the linear regression results for the individual boards, an 
average linear fit for each category was determined, as mean value of 
𝑘- and 𝑑-values. To link these average fits with values from literature, 
the fit was evaluated at 12% moisture content (referred to as reference 
value, RV= 𝑘𝐦𝐞𝐚𝐧12% + 𝑑𝐦𝐞𝐚𝐧) and the inclination was expressed as 
change of the investigated mechanical property per one percent change 
of moisture content.

3.6. Micromechanical modeling for assessment of experiments

Multiscale material models for wood allow to separate the influence 
of annual ring orientation, density, and moisture content on mechanical 
properties. A validated multiscale micromechanical model (MM-model) 
for the stiffness of softwood was presented by Bader et al. [31] and 
further extended to hardwood by de Borst and Bader [32]. The stiffness 
models were applied for the three investigated species to obtain the 
nine independent components of the stiffness tensor linked to longitudi-
nal grain direction (L), radial direction (R), and tangential direction (T) 
of clear wood. The input parameters for the models were either dry or 
wet density and moisture content of the wood. In order to compare the 
models with the experimental results, the mean densities and MCs from 
RS and CPG from the material-scale specimens in the standard climate, 
see ‘Mean values of tested specimens’ in Table  6 were considered as 
input. The dry density, 𝜌𝑑𝑟𝑦, was calculated according to [49] as 

𝜌𝑑𝑟𝑦 = 𝜌𝑤𝑒𝑡

(

1 + 𝑢
100

− 0.84 𝑢
100

𝜌𝑤𝑒𝑡

1g/cm3

)−1

, (11)

where 𝜌𝑤𝑒𝑡 and 𝑢 were the wet density and the MC (expressed as a 
number between zero and one). As the conditioning of the specimens 
resulted in different MCs, the main comparison with the model was 
done at a MC of 12%. Therefore, Eq. (11) was rearranged to calculate 
the reference wet density at 12% MC, which is the input parameter 
for the multiscale model for hardwood. These sets of input values are 
referred to as ‘reference material’ in Table  6.

To predict also the influence of the different experimentally inves-
tigated MCs and densities, MCs of 8% (representing the dry climate of 
conditioning) and 17% (representing the wet climate of conditioning) 
and upper and lower densities were evaluated in addition to the refer-
ence configuration. The upper and lower densities were defined based 
on the variation of density of the tested specimen of each species, see 
Table  6, by increasing and decreasing the reference density by a factor 
8 
twice the CV respectively. The input values for the micromechanical 
models are listed in Table  6.

The influence of the inclination of the annual ring structure in the 
RT-plane, from 0◦ (R-direction) to 90◦(T-direction), was predicted by 
rotating the RT-stiffness tensor components derived by the microme-
chanical model. The effective RS and CPG stiffnesses are plotted in Fig. 
7 for beech and spruce only, as the MM-models were not validated for 
birch. The micromechanical calculations for birch were only used for a 
qualitative comparison with the experiments.

For comparing the MM-model predictions with the experimental 
results,  an adaption to 12% MC and a normalization were done. The in-
fluence of the different MCs of the individual tests was compensated by 
calculating the value at 12% MC based on the determined linear mois-
ture content dependence (k-values) according to Section 3.5, labeled as 
𝐺∗
𝑅𝑆 , 𝑓 ∗

𝑅𝑆 , 𝐸∗
𝐶𝑃𝐺, and 𝑓 ∗

𝐶𝑃𝐺 in the following. The normalization of the 
experimental values was done by RV at 12% from the material scale 
defined according to Section 3.5 and the MM-model was scaled with 
the stiffness at the mean annual ring inclination of the material-scale 
experiments.

3.7. Statistics for assessment of experiments

The statistically significant difference between the three climates in 
each test series was determined with a one-way analysis of variance 
(ANOVA). Based on the ANOVA of each test series, the statistical 
probability (𝑃 -value) the difference between the investigated climate 
classes occurred by chance was calculated with the function ‘anova1’ 
in the software Matlab [48]. The common limit of a 𝑃 -value less than 
0.05 to assume significance of the experimental results regarding the 
investigated climates was considered in the study.

4. Results and discussion

4.1. RS stiffness and strength

The mean values of the effective RS stiffness and strength were cal-
culated for the investigated 18 groups (3 wood species, 2 characteristic 
scales, 3 ambient climates) and are documented in Table  7. The highest 
values are identified for the groups conditioned to the dry climate and 
the lowest values for groups conditioned to the wet climate, except for 
the strength at the material scale. Further evaluation of the moisture 
content dependence was done in Section 4.2. Comparing RS stiffness 
and strength of the investigated species, a general correlation between 
a higher stiffness and strength for increased density was confirmed, see 
Tables  2 and 7.

The correlation plots of the effective RS properties at the different 
investigated scales are presented in Fig.  8. For beech, the RS stiffness on 
the board scale is similar to the stiffness determined on material scale. 
RS stiffness of birch and spruce are 30% and 59% higher on the board 
scale than on the material scale. The board-scale tests led to higher RS 
strength values than the material-scale tests for both hardwood species, 
but not for spruce. Thus, the influence of the annual ring structure 
present at the board scale, increased the effective strength compared 
to the material scale by 80% on average for both hardwood species 
and only by 9% for spruce.

In literature documented earlier findings of RS stiffness and strength 
of the three investigated species are listed in Table  8. Interestingly, even 
if similar test setups were used, the RS stiffness of beech in literature 
is more than 50% higher than the results on the board scale presented 
herein, amounting to 232MPa with a CV of 29% at a mean density of 
718 kg/m3 from Tables  2 and 7. As the used board-scale experimental 
setup with timber side layers tends to underestimate the RS stiffness of 
the tested timber board [41,42], this could be a cause for the differences 
with literature. Stiffness values of birch from literature are in good 
agreement with the experiments presented in this study, where the 
stiffness amounted to 192MPa with a CV of 29% at a mean density of 
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Table 6
Mean values from the tested specimens and resulting input parameters for the MM-models for 
the 5 evaluated configurations.
 beech birch spruce  
 Mean values of tested specimens: acc. Tab. 2
 MC [%] 12.4 11.7 12.5  
 density at MC [kg/m3] 686 609 437  
 mean CV of density [%] 6.7 10.5 7.4  
 Configuration 1: reference material
 MC [%] 12 12 12  
 density dry [kg/m3] 651 580 405  
 density at MC [kg/m3] 684 614 436  
 Configuration 2: dry material
 MC [%] 8 8 8  
 density dry [kg/m3] 651 580 405  
 density at MC [kg/m3] 674 603 426  
 Configuration 3: wet material
 MC [%] 17 17 17  
 density dry [kg/m3] 651 580 405  
 density at MC [kg/m3] 697 627 448  
 Configuration 4: upper density
 MC [%] 12 12 12  
 density dry [kg/m3] 738 701 464  
 density at MC [kg/m3] 775 742 500  
 Configuration 5: lower density
 MC [%] 12 12 12  
 density dry [kg/m3] 565 459 345  
 density at MC [kg/m3] 594 486 371  
Fig. 7. Model prediction of the influence of the annual ring orientation on stiffness based on the validated MM-models in [31,32], considering different MC and 
density configurations listed in Table  6.
644 kg/m3 as shown in Tables  2 and 7 from the standard climate. The 
RS stiffness of spruce in the literature were determined with different 
test setups and can be compared to the board-scale test results (98MPa 
with CV 42% at 466 kg/m3) and the material-scale results (55MPa 
with CV 33% at 442 kg/m3) presented herein. The experimental results 
9 
confirmed the ranges found in literature, except from the results of Nero 
et al. [42], which were a bit lower.

As for RS strength of beech, the material tested herein was found to 
have a lower stiffness but a higher strength (7.0MPa board scale with 
CV 18% at 718 kg/m3) as compared to previous studies. For birch, the 
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Table 7
Experimental results on board and material scale for rolling shear (RS) for the three investigated climate conditions 
(dry- 40% RH, standard (std.)- 65% RH, wet- 85% RH): mean values [MPa] and coefficient of variation [%] in 
brackets for stiffness and strength.
 RS board scale material scale
 ambient climate (RH) dry (40%) std. (65%) wet (85%a) dry (40%) std. (65%) wet (85%)
 

be
ec
h number of tests 9 9 8 11 10 10

 stiffness 259.5 (8.8) 231.7 (28.9) 216.8 (22.6) 259.3 (13.6) 235.0 (13.3) 201.6 (15.7) 
 strength 7.7 (6.7) 7.0 (7.6) 6.0 (6.8) 4.0 (19.4) 4.5 (17.9) 4.4 (21.6) 
 

bi
rc
h number of tests 7 5 6 10 10 10

 stiffness 159.4 (13.7) 192.0 (28.7) 149.1 (18.3) 140.8 (28.3) 137.9 (28.3) 103.8 (31.8) 
 strength 6.0 (8.6) 5.2 (13.9) 4.5 (10.0) 2.6 (18.0) 3.4 (15.7) 3.1 (20.3) 
 

sp
ru
ce number of tests 3 8 8 10 8 10

 stiffness 124.5 (23.8) 98.4 (41.5) 101.6 (28.7) 83.3 (29.2) 55.1 (33.3) 62.1 (46.2) 
 strength 2.8 (28.5) 2.9 (26.6) 2.4 (2.8) 2.2 (29.5) 2.3 (19.3) 2.1 (21.0) 
a The target relative humidity was not achieved during conditioning  due to a malfunction.
Fig. 8. Correlation plots of RS (a) stiffness and (b) strength at different scales: individual test results (markers) for beech, birch, and spruce. 
Table 8
RS experiments in literature performed at standard climate: species, mean 
density, property (mean stiffness or strength values), corresponding coefficient 
of variation (CV), and the scale for comparison (board scale (b) or material 
scale (m)).
 RS species density property CV scale 
 Literature reference [kg/m3] [MPa] [%]  
 Aicher et al. [50] beech 669 stiffness 370 20 b  
 Niemz et al. [22] beech 665 stiffness 380 – b  
 Ehrhart & Brandner [13] beech 720 stiffness 357 12 b  
 Ehrhart & Brandner [13] birch 612 stiffness 188 19 b  
 Neuhaus [51] spruce 460 stiffness 48 – –  
 Görlacher [52] spruce 450 stiffness 28–108 – –  
 Hassel et al.  [53] spruce 452 stiffness 61–68 – m  
 Flaig [54] spruce 421 stiffness 99 74 –  
 Akter et al.  [46] spruce 465 stiffness 51 – m  
 Perstorper [30] spruce – stiffness 50–300 – m  
 Ehrhart & Brandner [13] spruce 439 stiffness 100 27 b  
 Nero et al. [42] spruce 392 stiffness 33–44 3 b  
 Aicher et al. [50] beech 669 strength 5.60 16 b  
 Ehrhart & Brandner [13] beech 720 strength 5.37 9 b  
 Ehrhart & Brandner [13] birch 612 strength 3.45 10 b  
 Mestek [41] spruce 466 strength 2.13 24 –  
 Flaig [54] spruce 421 strength 1.59 22 –  
 Ehrhart & Brandner [13] spruce 439 strength 1.88 13 b  
 Nero et al. [42] spruce 392 strength 0.79 5 b  
 Akter et al. [46] spruce 465 strength 1.59 – m  
10 
experimental data presented herein, with 5.2MPa with a CV of 14% 
at a mean density of 644 kg/m3 at the standard climate, is more than 
50% higher than the results in [13]. The RS strength values for spruce 
were derived with different test setups in literature and the determined 
strengths on the board scale (2.9MPa with CV 27% at 466 kg/m3) and 
the material scale (2.3MPa with CV 19% at 442 kg/m3) are slightly 
higher than the literature data. For the board-scale experimental setup, 
the lamination aspect ratio of the tested shear board influences the 
RS strength [55]. Hence, this could explain higher strength values of 
this work compared to the experiential results from literature, as the 
shear-board thickness was 18mm and thus smaller than EN408 [40] 
requires.

The failure modes on board scale, showed cracks likewise either in 
radial or tangential direction. Even combined failure modes appeared. 
The crack path depended on the orientation of the annual rings of 
the individual specimen. It seems the shortest crack length to split the 
specimen either in radial or in tangential direction was the governing 
one, see Figs.  9 (a) and (b). As for the failure modes on the material 
scale, the cracks induced by the brittle RS failure were oriented in 
radial, tangential or combined direction, see Figs.  9 (c) and (d). Crack 
initiation was situated at the outer edge of the neck area, where 
despite the optimized shape of the specimen stress peaks might have 
occurred. In case of inclined annual rings, in most specimens, the crack 
propagated from the outer edge towards the clamping, see Fig.  9 (c). 
For vertical and horizontal annual ring patterns, a horizontal crack 
appeared, see Fig.  9 (d).



E. Binder et al. Construction and Building Materials 538 (2026) 147142 
Fig. 9. RS specimen with typical crack patterns: (a) board-scale specimen with tangential crack; (b) board-scale specimen with radial crack; (c) material-scale 
specimen with radial crack through the neck area; (d) material-scale specimen with tangential crack initiated in the corner of the neck area.
Table 9
P-values from one-way ANOVA testing the effect of group of 3 ambient 
climates for conditioning on the response variable (RS stiffness or RS strength).
 RS board scale material scale
 p-values [-] beech birch spruce beech birch spruce  
 stiffness 0.1874 0.0769 0.5693 0.0016 0.0644 0.0266 
 strength 0.000003 0.000028 0.3100 0.2697 0.0116 0.4968 

4.2. Influence of the moisture content on RS stiffness and strength

The variability between the dry, standard, and wet conditioned 
groups of specimens in comparison with the variability within in the 
group is tested with an ANOVA. The p-values larger than 0.05 of the 
ANOVA show that for more than half of the investigated categories, 
i.e. species, scale, stiffness, and strength, no significant influence of the 
moisture content is given, see Table  9. Considering the results from 
the multiscale modeling in Fig.  7, the missing significant difference 
can be ascribed to the more pronounced influence of density and 
annual ring orientation on stiffness of wood than differences in MCs. 
In order to quantify the dependence of the RS stiffness and strength on 
the moisture content, the board-wise evaluation method described in 
Section 3.5 was applied.

The average dependencies, which are expressed as k-value and RV 
at 12% MC, for the different categories are summarized in Table  10. 
Both RS stiffness and strength are shown as a function of the MC in Fig. 
10. The influence of the MC is illustrated for each original timber board, 
from which several specimens were cut for testing at the two different 
characteristic scales and the different MCs. In addition, a regression 
over all data points is shown for the material-scale and the board-scale 
tests.

The MC dependence of the RS stiffness was more uniform for 
beech at board scale and material scale than for birch. For spruce 
the trend for the MC dependence was in opposite directions on the 
investigated scales. The CV values of the MC dependencies (k-values) 
were comparably high, see Table  10.

On the board scale of all species, the RS strength followed the 
same trend, but on the material scale the hardwood species showed 
an increasing strength with increasing MC in contrast to spruce with 
a decreasing strength with increasing MC, see Figs.  10 (b) and (d). 
Regarding this unexpected results of the hardwood specimens, it is 
worth looking at the results of the individual boards, where most of 
the boards show the expected trend, but only with a small dependence 
of strength on the MC.  Worth mentioning as well, the very high CVs 
in Table  10 are linked to very low k-values.

It should be noted that the tests on both scales were performed in an 
unconditioned test climate after conditioning the specimens in climate 
11 
Table 10
Linear moisture dependence of rolling shear (RS): absolute change of stiffness 
and strength per one percent increase of moisture content (k-value) with 
coefficient of variation (CV) and reference value (RV) at 12% moisture content 
and relative change compared to the RV [%/%𝑀𝐶]. 
 board scale material scale
 RS beech birch spruce beech birch spruce  
 stiffness k-value [MPa/%𝑀𝐶 ] −6.0 −2.6 1.6 −7.3 −4.7 −2.5  
  CV of k-value [%] 172 160 601 33 51 209  
  RV [MPa] 237.1 160.8 97.4 237.9 128.9 71.7  
  rel. change [%/%𝑀𝐶 ] 2.5 1.6 −1.6 3.1 3.6 3.5  
 strength k-value [MPa/%𝑀𝐶 ] −0.23 −0.24 −0.10 0.049 0.045 −0.021 
  CV of k-value [%] 66 26 170 137 155 453  
  RV [MPa] 6.96 5.10 2.76 4.29 3.02 2.22  
  rel. change [%/%𝑀𝐶 ] 3.3 4.7 3.6 −1.1 −1.5 0.9  

rooms and climate chambers to the desired ambient climate. Thus, due 
to the open end grain of the specimens, and especially for the small size 
of the neck area of dog-bone specimens, it is possible that the testing 
climate influenced the MC of the specimens during testing.

Comparison of the MC dependence of RS properties of the three 
investigated species did not allow to distinguish between the hard- and 
softwood species when comparing the relative changes independent of 
the scale, see Table  10. If only the negative k-values are considered, 
the RS stiffness and strength decreases on average by 3%/%𝑀𝐶 . The 
comparison of the scales allows the assumption that the RS strength 
is stronger influenced by a MC change on the board scale than on the 
material scale whereat a MC change yields the opposite trend for the 
RS stiffness.

The MC dependence of the RS properties of spruce is hardly docu-
mented in the literature and, to the best of our knowledge, was not 
investigated at all for any hardwood species. In Akter et al. [46], 
RS stiffness and strength of spruce were investigated at 5 different 
ambient climates and third-order polynomial functions for the influence 
of MC on the RS stiffness and strength were developed. The shape of 
the polynomial functions for stiffness and strength are almost linear 
between 8 and 20% MC, and thus, the first derivatives at 12% MC 
are considered for comparison with this work, see Figs.  10(e) and (f). 
These values are close to the MC dependence of spruce measured herein 
(Table  10).

4.3. Influence of the annual ring inclination on RS stiffness and strength

As the analysis of the MC dependence indicated a strong influence 
of the testing method and yielded in general very high CV values (see 
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Fig. 10. Experimental results of RS stiffness 𝐺𝑅𝑆 and strength 𝑓𝑅𝑆 : individual test results (markers), board results (dotted lines between markers), and average 
group fit for board and material scale (continuous lines); available literature values for comparison (shaded area).
Table  10), an analysis regarding the influence of the annual ring struc-
ture was conducted in addition while minimizing the dependence of the 
MC. Fig.  11 shows the normalized (effective) RS stiffness and strength 
as a function of the annual ring inclination of the dog-bone specimens 
(material scale) and the relative properties at the board scale, as well 
as the trend lines for RS stiffness predicted by the MM-model.

For beech and birch, the RS stiffness was not distinctly influenced 
by the annual ring inclination. The results vary in a range of ±20% 
for beech and ±50% for birch (Figs.  11(a) and (c)), but a clear trend 
with respect to the annual ring inclination was not obvious from the 
experiments. A different result was found for spruce, where a clear peak 
12 
was visible around an annual ring inclination of 45◦ and the lowest RS 
stiffness was found around 0◦ and 90◦ (Fig.  11(e)).

Aicher and Dill-Langer [24] did a theoretical investigation on the 
influence of the sawing patterns on the RS stiffness of a board (test 
specimen) based on finite element modeling. Their results are in good 
agreement with the MM-model predicted trends of the RS stiffness 
of spruce (Fig.  7(b)) and the corresponding material-scale results pre-
sented in Fig.  11(e). The theoretical results of 3 boards with different 
pith locations in [24] were between the boundaries found for different 
annual ring inclinations, which agrees well with the comparison of 
board-scale and material-scale test results herein.
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Fig. 11. Influence of annual ring inclination on normalized RS stiffness 𝐺∗
𝑅𝑆∕𝐺𝑅𝑆,𝑟𝑒𝑓  and normalized RS strength 𝑓 ∗

𝑅𝑆∕𝑓𝑅𝑆,𝑟𝑒𝑓 : individual test results on the material 
scale (markers), results on the board scale from Table  7 (dashed green line — mean value standard climate), model prediction (continuous line — mean value 
standard climate; light gray shaded area — density variation between upper and lower density), and strength and stiffness range from literature listed in Table 
8 (light green shaded area).
For beech, as a hardwood species with a higher density than spruce, 
Aicher et al. [50] showed that there is a significantly smaller influence 
of the annual ring inclination on the RS stiffness. This is a result of 
the lower stiffness ratio between radial stiffness and RS stiffness, and 
a more isotropic behavior in the transverse plane of beech than of 
spruce. The stiffness ratio is around 20 to 40 for spruce but only 3 to 5 
for beech. The smaller influence of the annual ring orientation on the 
RS stiffness of beech was confirmed with experimental investigations. 
These results are in agreement with the MM-modeling results (Fig. 
7(a)) and the experimentally undetectable influence of the annual ring 
inclination on the RS stiffness on the material scale, see Figs.  11(a) 
13 
and (c). Experimental detection of this effect would likely require a 
more controlled sampling strategy with reduced variability in the raw 
material.

The density was earlier shown to have an influence on the RS 
stiffness and strength of hardwood but not of spruce [13]. This supports 
the findings herein, which for beech and birch indicated a stronger 
influence of the density on the RS stiffness and strength than of the 
annual ring inclination.

With a new dynamic testing method, Perstorper [30] investigated 
the influence of the annual ring inclination in small spruce specimens 
(10 × 14 × 60mm) on the RS stiffness. The lowest values were found 
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Table 11
Experimental results on board and material scale for compression perpendicular to the grain (CPG) for the three 
investigated climate conditions (dry- 40% RH, standard (std.)- 65% RH, wet- 85% RH): mean values [MPa] and 
coefficient of variation [%] in brackets for stiffness and strength.
 CPG board scale material scale
 ambient climate (RH) dry (40%) std. (65%) wet (85%a) dry (40%) std. (65%) wet (85%)
 

be
ec
h number of tests 10 10 10 10 8 9

 stiffness 1739 (22.7) 1623 (24.2) 1413 (24.0) 1737 (33.1) 1382 (24.8) 1290 (38.3) 
 strength 12.0 (15.9) 9.9 (15.4) 8.7 (16.7) 15.2 (27.8) 11.3 (21.3) 10.5 (32.6) 
 

bi
rc
h number of tests 13 13 13 10 10 10

 stiffness 853 (24.6) 807 (26.6) 653 (27.2) 771 (12.1) 629 (11.9) 524 (16.5) 
 strength 7.5 (22.2) 6.6 (23.1) 5.4 (20.9) 8.1 (16.8) 6.9 (10.6) 5.7 (13.5) 
 

sp
ru
ce number of tests 9 12 12 10 10 10

 stiffness 382 (73.9) 350 (64.5) 303 (61.3) 377 (30.2) 297 (43.4) 324 (51.4) 
 strength 3.4 (19.7) 3.0 (18.8) 2.8 (20.6) 4.1 (17.3) 4.0 (16.8) 3.6 (21.2) 
a The target relative humidity was not achieved during conditioning  due to a malfunction.
close to 0◦ and 90◦ and the highest values at 45◦ annual ring inclina-
tion, which agrees well with the experimental results on the material 
scale in Fig.  11(e).

4.4. Further aspects of the RS stiffness and strength investigation

The conducted experiments aimed to extend the experimental data 
on RS properties by testing hardwood and softwood from different 
origins in southern Sweden. This resulted in a large variety of board 
densities  and annual ring orientations and curvatures, and distributions 
of heart- and sapwood over the cross-section of the board, which ulti-
mately led to a large variation of the experimental results in each of the 
18 investigated categories, see Table  10. Furthermore, the raw material 
for the board-scale tests did not provide enough clear wood material for 
the 30 planned tests per species, and thus not all boards could be tested 
in all categories, especially for the dry climate of spruce. The relatively 
small sample size for each category in relation to the variety of the 
tested material may have limited our ability to investigate some effects 
according to common evaluation schemes including typical statistical 
analysis. Thus, alternative evaluation methods in combination with 
assessment of the experimental results based on MM-model predictions 
were followed.

The study quantified the influence of different MCs on RS proper-
ties by a board-wise evaluation, which yielded similar results for RS 
stiffness of hardwood on both investigated scales, but not for the RS 
strength, see Figs.  10 (a)–(d). RS strength on the material scale seems 
to be hardly influenced by different MCs in contrast to the RS strength 
on the board scale. As the failure mechanisms on board and material 
scale are quite similar, they cannot explain the different MC influences. 
As the number of specimen per climate group are quite small for the 
large variation of raw material, it is necessary to further investigate 
on the material scale, if the change in MC has a different influence on 
the RS stiffness then on the RS strength. Unfortunately, there are to 
the best of our knowledge no comparable experiments in the literature 
available. 

For beech and birch, the MM-model predicts a minor influence of 
the annual ring inclination on the RS stiffness of ±10% and a major 
influence of the density on the RS stiffness of +20% to −50%, for the 
considered density range, see Figs.  11 (a) and (c). This is in alignment 
with the experimental results and could explain the observed variation, 
where the influence of the inclination of the annual rings and density 
are overlaid. For spruce, the MM-model predicts a reduction of about 
−75% towards 0◦ and 90◦, which matches well with the experimental 
results, see Fig.  11 (e). The influence of the density is also given by up to 
±50% and closely follows the influence of the annual ring inclination.

No influence of the annual ring inclination on the RS strength 
becomes obvious in Figs.  11 (b) and (d) for beech and birch. The highest 
RS strengths of spruce were found around 45◦ annual ring orientation, 
while the lowest values were found around 0◦ and 90◦. Thus, there 
could be a similar trend as for the stiffness, see Fig.  11 (f).
14 
The minor influence of the annual ring orientation on RS prop-
erties in hardwood compared to spruce can be explained by their 
higher density and micro-structural features, e.g. ray cells, reducing the 
anisotropy in the RT-plane of the material. The influence of additional 
factors, including annual ring curvature, local densification, and stress 
non-uniformity, cannot be excluded on the basis of the conducted 
experiments and modeling. However more detailed assessment of RS 
behavior would require advanced modeling frameworks that capture 
cylindrical orthotropic material characteristics and incorporate spec-
imen geometry as well as boundary conditions of the experimental 
setup, which is beyond the scope of this study.

The RS test setup of the board scale is a modification of the test 
setup for shear in grain direction of EN408. The modification includes 
a change of material in the outer layers and a reduced thickness, 
but nevertheless investigates effective RS properties of cross-sections 
including curved annual ring structures, i.e.  cylindrical orthotropic 
behavior. On the contrary, the material-scale tests allow to test rectan-
gular orthotropic behavior. By investigating the effective RS properties 
on these two characteristic scales, it was possible to identify a major in-
fluence of cylindrical orthotropic material behavior on the RS strength 
of hardwood. The influence on the stiffness was less pronounced, see 
Fig.  8. As for standardizing RS properties of hardwood, it is of utmost 
importance to clearly define if cylindrical or rectangular properties are 
the basis to perform efficient designs for hardwood, especially related 
to RS strength.

4.5. CPG stiffness and strength

The mean values of the effective compression perpendicular to the 
grain (CPG) stiffness and strength were calculated for the investigated 
18 groups (3 wood species, 2 characteristic scales, 3 ambient climates) 
and are documented in Table  11. The highest values are identified for 
the groups conditioned to the dry climate and the lowest values for 
groups conditioned to the wet climate, except for the stiffness of spruce 
specimens at the material scale. Further evaluation of the moisture 
dependence was done in Section 4.6. The CV of the stiffness is higher 
than the CV of strength compared within one species and scale, except 
for the birch tests on the material scale.

Comparing CPG stiffness and strength of the different investigated 
species, a general correlation between a higher stiffness and strength 
with increased density was confirmed, comparing Tables  2 and 11. 
Beech had approximately twice the stiffness and strength of birch, and 
birch had approximately twice the stiffness and strength of spruce. 
This trend however does not linearly correlate with the mean densities 
of the 3 different species, as neither beech specimens are twice as 
dense as birch specimens nor birch specimens are twice as dense 
as spruce specimens. This correlation between density and CPG stiff-
ness is in agreement with the work of Gibson, Easterling, Ashby and 
colleagues [23,56,57].
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Fig. 12. Correlation plots of CPG (a) stiffness and (b) strength at different scales: individual test results (markers) for beech, birch, and spruce. 
The correlation plots of the effective CPG properties at the different 
investigated scales are presented in Fig.  12.  For both hardwood species, 
the CPG stiffness on the board scale is slightly higher than the stiffness 
determined on material scale, i.e. 14% higher for beech and 19% higher 
for birch. CPG stiffness of spruce is 12% lower on the board scale than 
on the material scale. The board-scale tests led to lower CPG strength 
values than the material-scale tests for all species, i.e. 17% decrease for 
beech, 9% decrease for birch, and 22% decrease for spruce. A similar 
trend of decreasing strength perpendicular to the grain with increasing 
specimen size was found in [27], however for tension perpendicular to 
the grain.

Results for CPG stiffness and strength at the standard climate of the 
three investigated species from literature are listed in Table  12. For the 
CPG stiffness of beech, the values from literature can be compared to 
the material-scale tests, where an effective stiffness of 1382MPa (see 
Table  11) was found, which is in good agreement with literature data. 
For birch, the CPG stiffness from literature is about 23% lower than 
the board-scale result of 807MPa with a CV of 27% (see Table  11), but 
would agree well with the stiffness of 629MPa on the material scale. 
As regards spruce, comparing literature results for the stiffness with the 
effective stiffness on the material-scale tests of 297MPa with a CV of 
43.4% (see Table  11) shows that the results were within both ranges, 
close to the tangential stiffness of Milch et al. [21] and closest to the 
lowest stiffness at 45◦ annual ring inclination of Perstorper [30].

As regards the CPG strength of beech, the experimental results 
presented herein are within the ranges found in literature or slightly 
higher with 11.3MPa strength on the material scale, see Table  11. The 
material-scale results for birch are lower than the range presented by 
Al-musawi et al. [19]. The results on the board scale agree well with 
the results from Hübner [47] and  Collins and Fink [58], see Table 
11. As regards the effective CPG strength of spruce, the range found 
in literature are higher than the experimental result from the material-
scale tests of 4.0MPa, see Table  11. The comparison of the CPG stiffness 
and strength with literature does not present a uniform picture, since 
some experimental results agree well with literature data, while others 
do not.

The failure modes were similar on board and material scale and the 
mechanical behavior challenging to characterize, because CPG does not 
lead to a clearly defined failure mode. For pure radial and tangential 
loading the specimens get plastic deformed, see Fig.  13(c). The orienta-
tion of the annual rings influenced the strength values, with the highest 
strengths occurring under radial loading. However, in specimens with 
inclined annual ring orientation, a distinct sliding of annual-ring layers 
15 
Table 12
CPG experiments in literature performed at standard climate: species, mean 
density, property (mean stiffness or strength values), corresponding coefficient 
of variation (CV), and the scale for comparison (board scale (b) or material 
scale (m)).
 CPG species density property CV scale 
 Literature reference [kg/m3] [MPa] [%]  
 Milch et al. [21] beech – stiffness 1132–1882 3.7 m  
 Niemz et al. [22] beech – stiffness 750–1650 – m  
 Hübner [47] beech – stiffness 493–2027 27 b  
 Kollmann & Côté [59] beech 740 stiffness 1140–2240 –  
 Collins & Fink [58] birch 620 stiffness 620 37 b  
 Kollmann & Côté [59] birch 620 stiffness 618–1108 –  
 Milch et al. [21] spruce – stiffness 289–362 20 m  
 Perstorper [30] spruce – stiffness 200–1200 – m  
 Kollmann & Côté [59] spruce 430–500 stiffness 390–890 –  
 Al-musawi et al. [19] beech 594–757 strength 10.8–14.4 – m  
 Milch et al. [21] beech – strength 6.4–11.4 – m  
 Niemz et al. [22] beech – strength 6–11 – m  
 Hübner [47] beech – strength 6.6–12.4 15 b  
 Al-musawi et al. [19] birch 561–645 strength 8.1–8.6 – m  
 Collins & Fink [58] birch 620 strength 6.5 28 b  
 Milch et al. [21] spruce – strength 5.6–6.9 – m  
 Kollmann [60] spruce – strength 3.3–3.7 – m  

Table 13
P-values from one-way ANOVA testing the effect of group of 3 ambient 
climates for conditioning on the response variable (CPG stiffness or CPG 
strength).
 CPG board scale material scale
 p-values [-] beech birch spruce beech birch spruce  
 stiffness 0.1653 0.0410 0.7342 0.1119 0.000003 0.4330 
 strength 0.0005 0.0031 0.0756 0.0120 0.000052 0.2734 

was observed, resulting in a slipping mechanism, see Figs.  13(a) and 
(d). In beech, a pronounced buckling of the wood rays is locally evident, 
accompanying the slippage along the annual rings, see Fig.  13(b).

4.6. Influence of the moisture content on CPG stiffness and strength

For one third of the investigated properties, the ANOVA yielded 
no significant influence of the moisture content with p-values larger 
than 0.05, see Table  13. Considering the results from the multiscale 
modeling in Fig.  7, the missing significant difference can be ascribed 
to the more pronounced influence of density in hardwood and annual 
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Fig. 13. CPG specimen with typical plastic deformation: (a) sliding along the annual rings in board-scale specimen; (b) buckling of rays in the sliding process of 
board-scale specimen; (c) material-scale specimen plastic deformations after tangential loading; (d) sliding along the annual rings in material-scale specimen.
Table 14
Linear moisture content dependence of compression perpendicular to the grain 
(CPG): change of strength and stiffness per one percent increase of moisture 
content (k-value) with coefficient of variation (CV) and reference value (RV) 
at 12% moisture content and relative change compared to the RV [%/%𝑀𝐶].
 board scale material scale
 CPG beech birch spruce beech birch spruce  
 stiffness k-value [MPa/%𝑀𝐶 ] −50 −31 −12 −55 −28 −5.6  
  CV of k-value [%] 58 43 117 80 29 319  
  RV [MPa] 1594 759 344 1530 647 338  
  rel. change [%/%𝑀𝐶 ] 3.1 4.1 3.5 3.6 4.3 1.7  
 strength k-value [MPa/%𝑀𝐶 ] −0.50 −0.33 −0.097 −0.56 −0.28 −0.065 
  CV of k-value [%] 34 31 36 42 35 105  
  RV [MPa] 10.2 6.37 3.05 12.8 7.00 3.98  
  rel. change [%/%𝑀𝐶 ] 4.9 5.2 3.2 4.4 4.0 1.6  

ring orientation on stiffness of softwood than differences in MCs. In 
order to quantify the dependence of the CPG stiffness and strength on 
the moisture content, the board-wise evaluation method described in 
Section 3.5 was applied. The average dependencies for the different 
categories are summarized in Table  14. Both CPG stiffness and strength 
are shown as a function of the MC in Fig.  14.

Comparison of the MC dependence CPG properties of the three 
investigated species indicated a stronger MC influence of the CPG 
properties of hardwood species than spruce.

The CPG stiffness decreases on average by 3.8%/%𝑀𝐶 for the hard-
wood species and 2.6%/%𝑀𝐶 for spruce and the CPG strength decreases 
on average by 4.6%/%𝑀𝐶 for the hardwood species and 2.4%/%𝑀𝐶 for 
spruce. The comparison of the scales did not show marked difference 
in the MC influence between material and board scale. These average 
values for hardwood are in line with literature, see Table  15  and 
Fig.  14. The average results for CPG properties of spruce indicate a 
lower dependency on the MC than literature. A complete comparisons 
across species, scales, and CPG properties could not be performed, as 
experimental data was not available in the published literature for some 
groups, see Table  15.

4.7. Influence of the annual ring inclination on CPG stiffness and strength

As done for RS, an analysis regarding the influence of the or-
thotropic material properties was conducted in addition while minimiz-
ing the dependence of the MC. Fig.  15 shows the normalized (effective) 
CPG stiffness and strength as a function of the annual ring inclination 
of the material-scale specimens and the corresponding mean properties 
at the board scale, trend lines from the CPG stiffness predicted by the 
MM-model, as well as property ranges from literature listed in Table 
12.

The CPG stiffness of beech is influenced by the annual ring inclina-
tion and shows an increase of up to +50% at around 0◦, which is related 
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Table 15
MC influence on CPG properties in literature expressed as percent change 
of the property with 1%-MC change [%/%𝑀𝐶]: species, stiffness or strength 
values (property) and the scale for comparison (board scale (b) or material 
scale (m)).
 CPG species property scale 
 Literature reference [%/%𝑀𝐶 ]  
 Niemz et al. [22] beech stiffness 5.2–5.5 m  
 Kollmann [61] beech stiffness 1.8–2.5 –  
 Akter et al. [46] spruce stiffness 4.6 m  
 Brandner [12] spruce stiffness 0.5–5.8 b  
 Kollmann & Côté [59] Sitka spruce strength 2.4–3.5 –  
 Gerhards [62] var. species stiffness 2.9–3.3 –  
 Madsen et al. [63] var. species stiffness 3.5–4.3 –  
 Niemz et al. [22] beech strength 4.2–4.8 m  
 Al-musawi et al. [19] beech strength 3.5–4.5 m  
 Kollmann [61] beech strength 4.0 –  
 Kollmann & Côté [59] beech strength 4.0 –  
 Al-musawi et al. [19] birch strength 4.2–6.3 m  
 Akter et al. [46] spruce strength 3.6 m  
 Brandner [12] spruce strength 3.7–4.0 b  
 Gerhards [62] var. species strength 3.8–5.0 –  
 Madsen et al. [63] var. species strength 3.5–4.3 –  

to loading in the radial direction, and a corresponding decrease towards 
90◦ (tangential direction), see Fig.  15 (a). The experimental findings 
of CPG stiffness of birch however did not show such a dependence on 
the annual ring inclination, see Fig.  15 (c). The experimental results 
of CPG stiffness of spruce showed a clear dependence on the annual 
ring inclination, with a peak around 0◦ (radial direction), a minimum 
at around 45◦, and an increase towards 90◦ (tangential direction), see 
Fig.  15 (e).

Comparing the MM-model with the CPG stiffness on the material 
scale, the predictions show good agreement for beech and spruce, but 
not for birch, as the MM-model would predict a strong dependence 
on the annual ring inclination, but the experimental results did not 
show this dependence. For spruce, the MM-model predictions and the 
experimental results agree quite well although the results of the model 
are shifted to slightly higher relative values than the experiments.

The experimentally measured CPG strengths of beech indicate an 
influence on the annual ring inclination. The strength showed a peak 
at an annual ring inclination of around 0◦ (radial direction), a decrease 
towards 45◦ and similar values at around 90◦, see Fig.  15 (b). The 
strength of birch was not influenced by the inclination of the annual 
rings, see Fig.  15 (d). For the CPG strength of spruce, a slight increase 
towards 0◦ and 90◦ with lower values at around 45◦ could be indicated 
from the experiments, see Fig.  15 (f).

Milch et al. [21] found about 65% and 78% higher values in 
the CPG stiffness and strength of beech in radial direction than in 
tangential direction. These results agree quite well with the distribution 
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Fig. 14. Experimental results for CPG stiffness 𝐸𝐶𝑃𝐺 and CPG strength 𝑓𝐶𝑃𝐺: individual test results (markers), board results (dotted lines between markers), 
and average group fit for board and material scales (continuous lines); available literature values for comparison listed in Table  15 evaluated for the RV of the 
conducted experiments (shaded area).
of stiffness and strength over the annual ring inclination of beech 
in Figs.  15(a) and (b). Furthermore, Al-musawi et al. [64] found 
higher CPG stiffness and strength of beech and birch in radial direction 
than in tangential direction. They assumed a stronger influence of the 
orientation of the rays than the annual ring inclination itself, where 
annual ring inclination and rays are linked to each other. The material-
scale results of CPG stiffness and strength of beech (Figs.  15(a) and (b)) 
agree well with the previous findings.

The experimental results of birch do not agree with the results 
from Al-musawi et al. [64] (Figs.  15(c) and (d)), as there was no 
clear correlation between annual ring inclination and CPG stiffness and 
strength. On the other hand, the MM-modeling and the results from 
17 
Collins and Fink [58] agree well with Al-musawi et al. [64]. Therefore, 
the influence of the annual ring inclination might have been masked 
by density variety of the birch samples. Collins and Fink [58] found 
a significant correlation between the annual ring inclination and the 
CPG stiffness but less correlation to CPG strength, with higher values 
for radially loaded boards than for tangentially loaded boards.

For CPG stiffness and strength of spruce, Milch et al. [21] found 
25% higher stiffness and 19% lower strength in radial direction than 
in tangential direction. Perstorper [30] found the lowest CPG strength 
at around 45◦ annual ring inclination and the highest close to 0◦
(radial direction), which were about 6 times larger. The CPG stiffness 
in tangential direction was a bit smaller than in radial direction and 
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Fig. 15. Influence of annual ring inclination on normalized CPG stiffness 𝐸∗
𝐶𝑃𝐺∕𝐸𝐶𝑃𝐺,𝑟𝑒𝑓  and normalized CPG strength 𝑓 ∗

𝐶𝑃𝐺∕𝑓𝐶𝑃𝐺,𝑟𝑒𝑓 : individual test results on 
the material scale (markers), results on the board scale from Table  7 (dashed green line — mean value standard climate), model prediction (continuous line — 
mean value standard climate; light gray shaded area — density variation between upper and lower density), and strength and stiffness range from literature listed 
in Table  12 (light green shaded area).
about 4 to 5 times larger than the smallest values. These earlier findings 
cannot be directly confirmed with the experimental results at the 
material scale, see Figs.  15(e) and (f). The test series on the material 
scale of spruce hardly included specimens with 0◦ (radial direction) and 
90◦ (tangential direction) annual ring inclination and the MM-modeling 
indicates a strong dependence on the annual ring inclination with a 
minimum around 45◦ annual ring inclination, as well as a slightly 
higher stiffness in radial direction than in tangential direction. This is 
in agreement with the results of Perstorper [30] and Milch et al. [21] 
for the CPG stiffness.
18 
Overall, the influence of the annual ring inclination and sawing pat-
tern on the CPG properties were hardly investigated in literature, but a 
minimum of one experimental dataset could be found for comparison 
for all groups of different species and mechanical properties.

4.8. Further aspects of the CPG stiffness and strength investigation

The measuring length of the experimental setup for the board-scale 
tests was 54mm and the thickness perpendicular to the measuring 
length was 40 mm, see Fig.  2. This area could be considered too small 
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to investigate cylindrical orthotropic material behavior of timber, espe-
cially for specimens cut from outer parts of the trunk. In comparison to 
the investigated area of the material-scale specimens (10mm×30mm), 
the area in the board-test specimens is about seven times larger and 
the aspect ratio is different and thus the cylindrical aspect is much 
more present. The differences in effective parameters between the 
investigated scales are moderate, but clearly show that for testing CPG 
properties it is important to distinguish cylindrical and rectangular 
orthotropic material behavior. Especially when the effective properties 
are used for engineering design.

The investigation of the annual ring inclination on the CPG prop-
erties on the material scale yielded an influence on the properties of 
beech and spruce, but not on the CPG stiffness and strength of birch, 
see Fig.  15. The applied evaluation method considered different MC 
content, but not different densities and thus the results of birch were 
reevaluated by normalizing the properties by the individual densities. 
This second evaluation showed that the density was masking the in-
fluence of the annual ring inclination, which was quite similar to the 
influence on the beech samples. Why the influence of the annual ring 
inclination was masked by the density for birch but not for beech might 
be explained from the MM-model predictions in Figs.  15(a) and (c). For 
birch the influence of the density variation is larger than for beech, 
and also the influence of the annual ring orientation was predicted 
larger. The density influence could be more pronounced due to the 
more uniform micro-structure of birch than of beech or the combination 
of densities and annual rings orientations of the specimens.

5. Conclusions

This work summarizes an extensive experimental investigation of 
stiffness and strength in rolling shear (RS) and compression perpendic-
ular to grain (CPG) of beech, birch, and spruce. The testing campaign 
included different ambient climates representative for climate classes 
1 and 2, and two different characteristic length scales to investigate 
the influence of the annual ring structure. To capture a large variety of 
each wood species, the investigated 11 boards of beech had densities 
from 661 to 821 kg/m3, the 13 boards of birch had densities from 541 
to 718 kg/m3, and the 13 boards of spruce had densities from 426 to 
480 kg/m3. This large variety from the investigated material yielded 
low statistical significance of the investigated groups and thus a board-
wise quantification was applied and further insights were drawn from 
comparison with micromechanical models. The following conclusions 
can be drawn from this experimental study regarding the influence 
of the applied test method, the moisture content, and annual ring 
structure.

• The testing methods and corresponding sizes of the test speci-
mens had a major influence on the RS strength. The cylindrical 
orthotropic behavior of the larger board specimens increased the 
RS strength of beech and birch by 80% compared to the smaller 
specimens. This underlines the utmost importance of mechani-
cal models that can describe this relationship for application in 
engineering design.

• An overall MC influence of 3%/%𝑀𝐶 on RS stiffness and strength 
parameter of all species with a quite wide range of dispersion can 
be concluded. For the MC dependence of the CPG parameters, 
a distinction between hardwood and spruce is possible. Hard-
wood CPG properties were influenced more strongly with 3.8 and 
4.6%/%𝑀𝐶 for stiffness and strength than spruce stiffness and 
strength with 2.6 and 2.4%/%𝑀𝐶 .

• For the RS stiffness and strength on the material scale of beech 
and birch, there was hardly any dependence on the annual ring 
inclination. For spruce, a clear dependence of the RS stiffness 
and strength on the annual ring inclination became obvious from 
the experimental results. CPG stiffness and strength of beech and 
spruce showed a dependence on the annual ring inclination with 
19 
highest values close to 0◦ annual ring inclination (loading in 
radial direction), whereas for birch, no influence was obvious 
from the experimental results, but probably masked by density 
variations.

• The micromechanical modeling confirmed that the annual ring in-
clination has a considerably smaller influence on the RS stiffness 
of beech and birch as compared to spruce. The modeling showed 
a major influence of the density of hardwood on the RS stiffness. 
For CPG stiffness the model predicted a dependence on the annual 
ring inclination for all wood species, which agreed qualitatively 
very well with the experimental results of beech and spruce.

• Comparisons of the experimental results with previous works 
revealed partly contradicting findings and a lack of experimental 
data especially for the dependence of the CPG properties of 
different wood species on the annual ring inclination.

• Experimental investigations on the influence of MC are challeng-
ing as mechanical properties of wood are influenced also by many 
factors among others density and orthotropic material behavior. 
Evaluating the influence on specimens from the same board is 
beneficial to quantify the influence for a group of specimens with 
a low statistical significance. Keeping a good balance between 
uniform material and variety is essential.

The broad variability of the investigated material likely reduced 
the sensitivity of conventional statistical analyses and limited the iden-
tification of significant individual effects. However, trends observed 
across experimental configurations and supported by modeling suggest 
that the derived conclusions are robust, although further studies with 
more controlled material selection and sampling are beneficial for more 
detailed quantification in the future.
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