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A B S T R A C T

Timber exposed to compression perpendicular to grain stresses is of concern in all timber constructions. The
challenge is the high diversity of possible load configurations, which mandates for a generic approach with basic
properties and case individual adaptations of resistance and stiffness. As the consequences of exceeding the
allowed stresses are relatively small, there has been a lively debate on whether compression perpendicular to
grain should be treated as an ultimate or better as a serviceability limit state. This debate takes also its place in
the currently ongoing revision of Eurocode 5 (EC 5), the European design code for timber structures. In the
course of this revision regulations for structural timber products not currently anchored in EC 5, in particular for
cross laminated timber (CLT), are now being sought. The product CLT is so far lacking in specifications for the
testing, basic properties and design. In awareness of the necessity for generally applicable and reliable design
approaches, I aim to present the state-of-the-art on compression perpendicular to grain/plane by focusing on the
design, i.e. stress dispersion models, and cross laminated timber. In addition, I present the main data and
findings from a comprehensive test campaign and adapt van der Put’s stress dispersion model for stress dis-
persion in directions parallel and perpendicular to grain. This new approach allows an explanation of the in-
fluences caused by (i) contact area, (ii) load configurations, (iii) support conditions, (iv) layup and thickness of
the CLT element, and (v) clear edge distances and clear spacing. The same approach is applicable for both
strength and modulus of elasticity. The necessity to consider the orthogonal layup emerged in the case of CLT. I
conclude with recommendations for testing and evaluation, propose basic properties and regulations for the
main influencing parameters as also a generic design approach generally applicable for all linear and planar,
unidirectional and orthogonal laminated structural timber products.

1. Introduction

The verification of timber members in compression perpendicular to
grain is required in nearly all timber constructions. The simplest con-
struction example may be the support area of single- or multi-span
beams; others are posts on sleepers, platform-frame constructions, tra-
ditional timber connections and laterally loaded fasteners. Most of these
load configurations have already been well investigated in numerous
publications; comprehensive surveys are provided e.g. by Gehri [1].
Motivated by the currently ongoing revision of Eurocode 5 (EC 5; series
of EN 1995-x-x), the European design standard for timber structures,
proposals for amending, harmonizing and expanding current regula-
tions are now being sought, also by including the structural timber
product cross laminated timber (CLT), for the first time. I aim on sup-
porting this process with my contribution.

Timber, as cylindrical anisotropic material, is generally character-
ized by high strength and stiffness properties parallel to the grain,
whereas the properties perpendicular to the grain, however, are much
lower. Timber fails as quasi-brittle in most load cases. Exposed to
compression perpendicular to the grain, timber behaves ductile, fea-
turing hardening together with extensive deformation capabilities up
to> >10% strain; see e.g. Kollmann [2]. The impressive capability for
extensive hardening and large strains precludes the definition of
strength within practically relevant strains. Instead, it is defined by
notation, i.e. as stress at a fixed absolute strain or indentation (e.g.
ASTM D143 [3]) or as stress at a fixed offset strain of the gradient at the
apparent linear stress–strain relationship (e.g. EN 408 [4]). The absence
of a real stress peak has led to discussions on the necessity for designing
compression stresses perpendicular to the grain against ultimate limit
state (ULS) rather than against serviceability limit state (SLS); e.g.
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Thelandersson et al. [5] and Blaß and Görlacher [6]. This is because the
consequence of exceeding the allowable stress is usually not structural
failure but extensive deformation, since structural failure is not pre-
valent in the range of commonly permitted strains of only a few per-
cent. There are some design cases, however, where excessively ex-
tensive deformations caused by local compression perpendicular to the
grain might lead to structural failure. Examples of these are inter-
mediate supports of multi-span girders, where a reduced cross section
due to local crushing may provoke bending failure, or extensive loading
close to the end grain, leading to early tension perpendicular to grain
failures (Thelandersson et al. [5]; Basta [7]).

The resistance of timber against compression perpendicular to grain
is significantly dependent on the load configuration (see Fig. 1), i.e. the
apparent strength of timber members loaded uniformly over a partial
surface area (cases B to H) is higher than of members loaded uniformly
over their entire surface (case A). The fibrous structure of timber allows
the utilization of additional, unloaded timber volume adjacent to the
loaded areas, contributing to resisting the compression perpendicular to
grain stresses of partially loaded timber components. Consequently,
consideration of load configurations and geometry of contact areas are
mandatory for an economic design of timber members partially loaded
in compression perpendicular to the grain.

The large variety in load configurations makes it impractical to
regulate performance based resistance and stiffness properties for all
such configurations and for all products to an adequate reliability level.
Following the approach in Europe, basic product properties, i.e. (ap-
parent) compression perpendicular to grain strength (capacity) and
elastic modulus in compression perpendicular to grain, are given in the
relevant product standards, e.g. EN 338 [8] for structural timber and
EN 14080 [9] for glued laminated timber (glulam). These basic prop-
erties are determined on timber blocks (prism) with specified geometry,
which are loaded in compression uniformly over their entire surface
and at reference conditions according to EN 408 [4]; see Fig. 1, case A.
For the design, these basic properties are adapted according to a spe-
cific load configuration, by means of adjustment factors, i.e. following
EN 1995-1-1 [10] by the factor kc,90. This factor takes into account the
load configuration, the possibility of splitting and the degree of com-
pressive deformation. Following EC 5, the regulation Aef ≥ Ac ad-
ditionally takes into account some load spreading effects as a chord
effect initiated by the deformed fibers directly under the stressed area.

A lively debate is continuing on the limitations of the current ap-
proach in EC 5, e.g. in respect to load configurations others than
regulated, its reliability and power in forecasting test outcomes; see e.g.
Leijten and Jorissen [11] and Leijten [12]. Regulations are also lacking
for new structural timber products like CLT, with the exception of the
Austrian National Annex ÖNORM B 1995-1-1 [13], since almost all
investigations so far have focused on linear structural members.

The CLT as a planar self-bearing structural product has had a sig-
nificant influence on the timber-engineering sector for around 20 years
now. The CLT is a laminated, structural timber product featuring a
symmetric layup of usually three, five or seven by adhesive bonded
orthogonal layers of laminations arranged side-by-side. Following EN
16351 [14], the layer thickness can be within 6–45mm (seldom
60mm), whereby practically in most cases it is between 20 and 40mm.
CLT is available in lengths up to 30m, in width up to 4m and in
thickness up to 500mm.

In contrast to linear, unidirectional structural timber elements and
apart from its orthogonal structure, which might also have some in-
fluence on the basic properties in compression perpendicular to grain,
CLT opens the possibilities for constructing with two-dimensional ra-
ther than with linear members. This in turn creates a diversity of load
configurations with members in compression perpendicular to grain. In
particular in the case of multi-storey buildings erected as platform-
frame construction, compression perpendicular to grain can be a major
design issue, not only with respect to resistance but also with respect to
deformations, e.g. considering installations, windows and doors or the
façade. The freedom given by constructing with CLT, enabling archi-
tects thinking in planes and volumes rather than in lines, also pre-
destines the use of point supported floors/slabs, whereby in these cases
the CLT elements and the connection lines between them must be op-
timized for two-dimensional load transfer; see also Brandner et al. [15].

In the following, I present the state-of-the-art on compression per-
pendicular to grain and its main influencing parameters, with focus on
stress distribution models and CLT. I present a comprehensive research
campaign on CLT and conclude with proposals for test specifications,
characteristic properties and with a design approach for CLT in com-
pression perpendicular to plane as a candidate for a harmonized ap-
proach for the issue of structural timber products in general.

2. State-of-the-art on compression perpendicular to grain

2.1. Principle material behavior

Timber loaded in compression perpendicular to grain features a
sigmoid stress–strain relationship. At the beginning, a successive
hardening is observed up to an inflexion point in that zone where a
linear-elastic response is usually assumed, followed by a regressive
hardening up to ≥10% strain, see Fig. 2 and Kollmann [2].

Föppl [16] defined 10% strain as a limit, i.e. as an ultimate state.
According to Föppl, only one-half of the stress at this level shall apply in
design. At these large strains, a progressive hardening up to complete
crushing of cells in the timber member can follow, combined with
failure modes other than compression perpendicular to grain, e.g. ten-
sion perpendicular to grain and rolling shear. The continuous hardening

Fig. 1. Different load configurations (cases): (A) uniformly and over the entire surface loaded prism for determining basic properties according to EN 408 [4]; (B) & (C) point loads at the
end and in the interior parts of on continuously supported beams (load introduction); (D) & (E) aligned point loads and point supports at the end and in the interior parts of beams (load
transmission); (F) load transmission in case of different contact area dimensions; (G) & (H) point loads/supports on beams.
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