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Spreading of transverse compressive stresses in glued laminated

timber

Damien Lathuilliere'” - Octavian Pop” - Laurent Bléron’ - Frédéric Dubois® - Fazia Fouchal® -

Jean-Francois Bocquet'

Abstract This paper presents a new approach for under-
standing localized compressive behavior perpendicular to
the grain based on beams subjected to three-point bending. It
was intended to take into account the coupling between
compressive stresses perpendicular to the grain due to sup-
port reactions and shear stresses. To validate this, model,
results of compression tests have been examined. The digital
image correlation (DIC) method has been applied in order to
analyze the deformation fields in support areas. The tests
allow confirming the presence of spreading effect in the
vicinity of support areas according to the DIC method. An
analytical formulation has therefore been proposed to
quantify distribution versus increasing compressive strength
perpendicular to the grain, including shear effects. A scale
effect and support conditions have also been highlighted
using three different geometries and two types of tests.

1 Introduction
1.1 Compression and bending tests

The use of glued laminated timber beams enables design-
ing large-spanned structures and contributes to developing
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timber structures in the field of civil engineering. However,
the glued laminated timber is characterized by small sup-
port length compared to span of industrial building. These
supports concentrate the compressive stress perpendicular
to the grain combined with a shear state. Given this state,
two approaches can be studied. The first pertains to support
reinforcement techniques (Blass and Bejtka 2004). The
second, which is the focus of this paper, seeks to under-
stand the stress distribution in the vicinity of support areas
in coupling a compressive gradient perpendicular to the
grain between the base and top fibers with the shear stress
state induced by the bending configuration (see Fig. 1).

In the same context, both Blass and Gorlacher (2004)
and Ed and Hasselqvist (2011) conducted studies with re-
spect to compressive stresses perpendicular to the grain on
bending beams. The vertical displacement is recorded us-
ing an LVDT transducer without observing the distribution
area or the loaded volume in the vicinity of support areas.
In reality, for a bending test, the compressive stress per-
pendicular to the grain presents a non-uniform gradient
along its height, as given by Leijten et al. (2012). As a
result of these considerations, the current study must in-
tegrate the bending state.

However, the compressive behavior perpendicular to the
grain has to be known without the distribution effect. In
this context, two specific approaches can be identified, yet
both rely on a direct compression test perpendicular to the
grain. The first approach, proposed by the European
Community, is based on actual mechanical behavior
whereby compression direction perpendicular to the grain
is tested according to EN 408 standard. This test consists of
applying a uniform load onto the 45 x 70-mm? top surface
of a cubic test piece of 90 mm high, as shown in Fig. 2,
case A. The North American practice proposes an alter-
native approach, based on a technological approach
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according to ASTM D143 standard. According to this = 0¢,90 (1)
second case, the 50 x 50 x 150-mm?’ piece is loaded in v Jes0

the middle section across a steel plate with a 50 x 50-mm?
surface area distribution (Fig. 2, case B).

At present, several configurations tested are proposed in
the literature (Fig. 2), as summarized in Table 1 for glued
laminated timber. It exists of two configuration types. The
first is the compression test with configurations of A-F, the
second is the bending test with configurations G and H.
Kollmann (1955) showed several results from tests A and
C. The type C test includes a variation in the support
length. For an equivalent vertical displacement value, test
results indicate an increase in stress as the support length
decreases. Indeed, the stress is proportional to the support
surface and indirectly to the support length that is why
these tests demonstrate the presence of a spreading effect
on the loaded volume.

1.2 Spreading factor

In order to highlight the spreading effect, Riberholt (2000)
proposed to introduce the spreading factor (k) as the ratio
between the compressive stress perpendicular to the grain
(0.90) and the compressive strength perpendicular to the
grain (f. 90), deducted from the European standard EN 408.

Several researchers (Madsen 1992; Blass and Gorlacher
2004; Van der Put 2008; Bléron et al. 2009) have
previously proposed various models predicting the
compressive behavior perpendicular to the grain taking
into account the spreading effect. The model evolution
shows the integration of the geometry data of the sample
over time. Today, the current model of European timber
design code, EN 1995-1-1 Al is the second model. It is
written in such a way that the resistance part has to be
lower than the active part:

Fe904
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However, the standard allows an increase of the design
compressive strength perpendicular to the grain (f,. g9 +) via the
factor (k. g0) taking into account the load configuration. For
glued laminated timber on discrete support whose length is
<400 mm, it is equal to 1.75. In other cases, it is equal to 1.
Furthermore, it allows a reduction of the active stress by means
of designing of an effective length (/). The common case for
the design of an effective length is the addition of 30 mm on
either side of the support, if the sample is long enough.



Table 1 Literature review on uniform compressive stress tests

References Sample size Test configuration Compressive strength Strain (%)
- - (Fig. 2) perpendicular to the
Height Width Support grain (N/mm?)
(h) (mm) (b) (mm) length /; (mm)
Blass and Gorlacher (2004) 50 120 100 A, B,D 33 1
100
200
Mihr (2002) 140 140 280 A, B 29 1
Augustin et al. (2006) 200 160 160 A, B, F 2.87 1
331
Nilsson (2002) 315 90 150 A, B 3 1
Reichegger (2004) 400 120 200 A, B 33 1
600
Ed and Hasselqvist (2011) 90 90 135 A, G 3.5 1
115 115
Bléron et al. (2009) 300 78 100 A,B,D,E 3.0 1

The Eurocode 5 criterion can be modified in another
equivalent form. The two factors k. g0 and ., are expressed
as a single factor, allowing the integration into the
spreading factor normative (kgyzcs) with Eq. (3).

In that case, the active stress is calculated by the ratio
between the design compressive load perpendicular to the
grain (F,g94) and the product between the support length
(I,) and the width (b).
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1.3 Objectives

This study features a complementary experimental ap-
proach that highlights the stress distribution in the vicinity
of support areas. The spreading effect and compressive
gradient perpendicular to the grain are studied in the
vicinity of support areas for bending and direct compres-
sion configurations. This approach is based on a digital
image correlation (DIC) technique that allows identifying
the elastic and plastic areas, in order to incorporate a height
effect.

The experimental protocol is presented in the next sec-
tion; it is based on a three-point bending test conducted
using a DIC device. The hydraulic machine generates an
asymmetric loading that serves to amplify compression
perpendicular to the grain in the vicinity of support areas.

The DIC method is further explained in Sect. 3. For one
thing, this technique makes it possible to focus on the
spreading of compressive strain perpendicular to the grain
in the vicinity of support areas. Moreover, the full

displacement field illustrates a non-gradient linearity that
induces a height effect.

The final part of this paper analyzes the results obtained.
The stress distribution is also evaluated in an effort to
propose a corrective function for the ultimate compressive
stress calculation. The necessity of introducing a scale ef-
fect is discussed in the conclusion.

2 Materials and methods
2.1 Bending tests
2.1.1 Samples and their respective geometries

The wood used is homogeneous glued laminated timber of
GL24H class, composed of 45 mm thick spruce (Picea
abies) lamella. The experimental tests were carried out for
three beam heights: 315, 560, and 810 mm. The beam
length is defined according to beam height, which equals
10 h, leading to a span of 8 h (Fig. 3). All characteristic
beam dimensions are listed in Table 2. The support con-
ditions are rotated to ensure uniform compression over the
entire surface.

To concentrate the compressive stress perpendicular to
the grain and shear stress onto the left support, the loading
point is positioned to the left by a distance of 2 h between
the left support and the loading point. Furthermore, to fo-
cus on the spreading phenomena occurring near the sup-
port, two configurations were selected, both with and
without an overhang (1.5 h), labeled respectively con-
figurations 1 and 2. Note that the shaded areas are used by
the DIC method to obtain full-field displacements during



the test. The vertical strain can then be calculated with a
finite element treatment. The range of contact lengths ex-
tends from 50 to 240 mm (Table 2).

2.1.2 Methods and experimental protocol

Three-point bending tests are conducted using a hydraulic
press adapted for large spans (over 8§ m) and heights of
over 1 m. The loading system is composed of a hydraulic
jack with a 500-kN maximum capacity, an LVDT trans-
ducer to track the loading point displacement, plus two
additional 500-kN load cells for acquisition of support
force. In order to measure the evolution in the mechanical
full field by means of the DIC method (Sutton et al. 1983,
1986) in the support areas, the experimental device is
supplemented by two CCD cameras and two LED light
sources. According to the DIC operating principle, these
areas are covered with a black and white speckled pattern.
The principle behind this full-field method stems from a
comparison between two images acquired during the test,
one before deformation and the other one after. The dis-
placement field can then be obtained by comparing the
reference image with the deformed image. The ex-
perimental procedure is defined according to NF EN 26891
standard.

Blatk'and
speckle pa

Lcwerﬁxl"i:reswi
| e

Fig. 3 Experimental bending test under a three-point bending set-up

Table 2 Bending test geometries and results

Configuration h (mm) b (mm) [, (mm) Number of
- samples

Middle Edge

H 810 160 240 119 3
173 119 3

G 560 120 173 119 3

H 240 119 3

G 315 90 56 50 3

H 56 50 3

2.2 Additional tests
2.2.1 Uniform compression tests

In order to understand the stress distribution process in the
vicinity of support areas, the knowledge of the local
compressive behavior perpendicular to the grain is neces-
sary for both bending and compression configurations. The
compression test perpendicular to the grain is carried out
according the EN 408 standard and comprises two LVDT
transducers placed on each side. Vertical strain is measured
from the average displacement using half the specimen
height as the reference height (h,.,). According to EN 408,
the uniform compressive strength perpendicular to the
grain is estimated from the stress/strain curve (see Fig. 4).
The apparent stiffness can also be measured from this set-
up. The mean of compressive strength perpendicular to the
grain (f. 90 mean) 1 €qual to 3.39 MPa in Table 3, while the
mean elastic modulus (E. 99 neqn) 15 430 MPa.

2.2.2 Compression testing

To complete the set of tests, a series of compression tests
were conducted with the same wood as that of the beams.
The compression tests were carried out along the overhang
in accordance with EN 408. The load point displacement
was controlled at a constant speed of 0.1 mm/s, as was the
case in the uniform compression tests. All specimens were
conditioned at 12 % humidity. The digital camera device
was used for these tests, like for those discussed above, in
order to obtain the deformation field. The recording frame
rate per camera equals 0.5 Hz. These series of tests were
conducted for configurations B and D (Fig. 2). Configura-
tion D was tested with the same dimensions, except for
width; this test allows visualizing the width effect. Table 3
summarizes the geometries of samples tested and the test
results. The compressive stress perpendicular to the grain
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Table 3 Compression test geometries and results

Configuration h (mm) b (mm) I, (mm) Number of samples o119 (MPa) SD (%) kaifexp kair ecs
A 200 160 160 35 3.39 15 - -

B 100 160 50 8 6.22 4 1.95 33

D 200 160 50 6 6.67 3 1.97 3.85
D 200 90 50 7.49 10 2.21 3.85

(¢! is deducted from the experimental curve deforma-
tion/stress, determined at a 1 % plastic strain, as with the
uniform compression test. Moreover, the experimental and
normative spreading effect is calculated with Eqgs. (1) and
(3), respectively. Based on the results obtained, a width
effect must be taken into account to determine the stress
distribution.

3 Digital image correlation analysis

3.1 Distribution of compressive strains
perpendicular to the grain

To highlight the distribution of the mechanical state in the
vicinity of support area, the DIC method has been intro-
duced to define the kinematic state around the left support
area and application loading area. Figure 5 details the zone
of interest (ZOI), composed of optimized correlation win-
dows 16 x 16 pixels in size with an amplification factor of
1.5, 1.7 and 0.70 pixel/mm for 810, 560 and 315 beam
heights, respectively. As displayed in Fig. 5, the DIC
method requires restricting the study height and is unable
to approximate the geometric boundaries.

The image capture is performed at a rate of 0.5 frame/s
and synchronized with the press data (i.e. force and dis-
placement). The DIC uses integrated processing algorithms
in the software correlation developed by the team at the
Prime Photomechanical Institute affiliated with the
University of Poitiers (France). The software operating
principle calls for the integration of a discrete gray level
function distributed by pixels forming a regular grid of the
digital image. The displacement of various points on the
original image can be estimated by correlating information
from two successive images. To acquire precise sub-pixels,
the gray levels are interpolated by a bilinear function or
cubic spline, which allows obtaining a continuous gray
level function over the entire image. The ZOI and its dis-
placements are then exported into the Finite Element
Software “Castem”. The selected displacements are those
corresponding to the stress determined at a 1 % plastic
deformation calculated with the total height. The mesh
rebuilding step using four-node quadratic elements allows
calculating the strain tensor distribution. Figure 6a shows

the radial strain component map (g,,.) above the left support
area, which serves to highlight the spreading effect. The
strain fields are then limited by a boundary deformation
(€y¢p); this limit is determined from the experimental curves
between the elastic domain and the plastic domain (Fig. 4).

3.2 Characterization of height effect

Figure 6a is definitely the image that best depicts the main
difference between a homogeneous compressive state and a
compressive state resulting from a bending configuration
with a zone limiting compressive strains perpendicular to
the grain. As a matter of fact, the spreading effect is the
sign of a height effect, in which vertical strains lie in the
elastic domain (clear part). As part of the DIC analysis,
now the vertical displacement above the support area is
considered. These distributions highlight two specific
compressive areas. The first, localized on the lowest one-
third height, is characterized by a displacement gradient
that proves the existence of a plastic strain; on the other
hand, the second zone, localized on the upper two-thirds
height, is characterized by a homogeneous vertical dis-
placement that proves the existence of an elastic strain. The
analysis is identical for the three heights. It is at variance
with the Leijten’s analysis.

Figure 6 shows the strain derived from compression
tests perpendicular to the grain on both a continuous sup-
port (Fig. 6b) and a discrete support (Fig. 6¢). For the
continuous supports, the plastic height represents half-
height of the sample. For the discrete supports, the plastic
total height is symbolized by the sum of two plastic heights
of discrete supports. This sum is equal half-height of the
sample as can be seen in Fig. 6c.

These remarks regarding the plastic domain allow in-
corporating the height effect.

4 Analysis and discussion
4.1 Local behavior
From DIC measurements, the horizontal and vertical dis-

placements can be obtained. From the results of the
bending configuration (case G and H in Fig. 2), the average
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compressive strain perpendicular to the grain (g.) is then That of the compression configuration is calculated as
calculated by taking into account the displacement of a  the ratio between the displacement of a load point and the
point localized (u,) at a reference height equal to /2, such sample’s height (4), such that:
that:

u (href) Ec = % (5)

& = rT (4)



The compressive stress perpendicular to the grain (o, 90)
is calculated as the ratio between the support reaction
(R;.90) and the support surface (A.), hence:

Rc90

Gc90 = A—
C

with A, =1I-b (6)

These results underscore the difference in stress
spreading effect as a function of support length. The
standard compression strength, determined at 1 % plastic
compressive strain, has been referenced in Tables 3 and 4
according to EN 408. Compared to the mean compressive
strength perpendicular to the grain (f} 99 meqn) Obtained
according to EN 408 standard, this result reveals the stress
distribution effect.

This factor is calculated for each tested configuration
and from the European timber design code. A difference
between the two approaches exists. Moreover, for the same
support length, the experimental factor is different, yet the
factor according to the standard is identical. Consequently,
the scale effect has to be considered for the design of
spreading effect (Table 4).

4.2 Spreading phenomenon

To take into account the spreading effect, Fig. 7 shows the
experimental results in terms of support reaction at 1 %
plastic strain (R'*) depending on support length, com-
pleted by numerical simulations proposed by Bléron et al.
(2009). In considering a given beam geometry, these re-
sults indicate a linear relationship between the support re-
action at 1 % plastic strain and the support length for a
beam of the same width and height. As already shown by
Madsen (2000), the following relation is proposed:

Fig. 7 R!% versus I

O Experimental results

Table 4 Limits of compression and kg;¢

h (mm) [ (mm) o194 MPa) SD (%)  Kkugep  kairiecs
810 240 6.05 3 1.78 2.19
173 6.64 2 1.96 2.36
119 8.12 9 2.39 2.63
560 240 5.03 4 1.48 2.19
173 5.64 3 1.66 2.36
119 6 4 1.77 2.63
315 56 7.26 4 2.14 3.63
50 8.64 4 2.55 3.85

R =ay I+ by

(7)

Linear coefficients a; and b, are given in Table 5. When
considering Eq. (6), the expression in (7) can be rewritten
in terms of stress as follows:

b
b1

a
0_1% _“

< b

(3)

Equation (8) is composed of two terms. The first one is
predominant for a large support length. In this case, the
compression state becomes homogeneous without any
distribution process and corresponds to the mean
compressive strength perpendicular to the grain, such that:
*=3 9)

. 1
chO,mean - ]llirglo [ b

According to (9), a; admits the following definition:
ag :fc,90,mean b (10)

The second term relates to the effect of a small support
length; it corresponds to a shear stress induced by the
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800
700 Transversal section (hxb)
|
600 O 1620x160 mm?
o™ B
m‘_‘\'C‘h' [ 1000x160 mm?
i~ 500 \_\\\c.‘\\ o
= = B 500x160mm?
= o
& 400 g B B 200x100mm?
n:" ]
® &810x160mm?
300 0o =
il | ‘ ] @ 560x120mm?
200 (I L O 315x90mm?
(= g ol ®
100 P s
0
0 200 400 600 800 1000 1200
ls (mm)



Table 5 Linear regression parameters

h (mm) t (mm) a; (N/mm) b; (N) R?
1620 160 0.485 160.0 0.9981
1000 160 0.494 130.0 0.9996
810 160 0.718 66.0 0.9811
560 120 0.534 18.9 0.9786
500 160 0.518 87.7 0.9978
315 90 0.577 43 1

200 100 0.313 38.6 1

support edge. Under these conditions, Eq. (7) is simplified
as follows:
lim R'* = b 11
Jim R, 1 (11)
For this case, the term b, denotes the shear force for a
very small support. Today according to the continuum
mechanics, the mean shear strength (f, ,,,..,) can be written
as follows:

3 b 2

——— &b == fomean b N 12

2T =3 (12)
Moreover, combining Egs. (8), (10) and (12) the

compressive stress perpendicular to the grain takes the

following global form:

fv,mean =

| S
SSII S

(13)

1% _
GC ’ _.ﬁ,90,mean +fv,mean .

o~
>3

This formalism has been applied to all experimental
bending studies (Fig. 8). Moreover, the Eurocode 5
criterion is integrated in Fig. 8. This integration allows
seeing the difference between the experimental results at
the 1 % plastic strain and the Eurocode 5 criterion.
Consequently, the Eurocode 5 criterion is not safe for
small heights. Another difference remains between the
application of Eq. (13) and the experimental results
prompting to anticipate a scale effect relative to shear
and compression coupling. With these considerations, now
a scale effect is introduced, through a scale factor (Kgcaie),
such that:

Gé% = fc790,mean + fv.,mean ''''' kscale (14)

The scale effect must integrate corrections specific to
local beam geometry in the vicinity of the support area,
including height, width, distribution conditions and support
conditions. Based on the various tests, the height effect (k;,)
can be discussed. This effect is introduced through pre-
visualizations of different strain fields. Shear had
previously been introduced by taking into account total
sample height. With the deformation fields, it is only
possible to visualize a third of the height for bending tests

O Experimental results [ Additional numerical simulations —— Analytic calculation
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and a half-height compression test involved in the force
spreading through the material. This factor acknowledges
the percentage of the height involved in the force spreading
and can be expressed as follows:

cases inbending
kn = (15)

the other cases

N —W| —

In contrast, the model must take into account the number
of distribution sides. Two tests were performed using the
same dimensions and only changing the configuration. The
first one considers that the support is an intermediate
support, with force spreading possible on either side of the
support. The second configuration considers the support as
an end support, restricting distribution to just one side. The
factor taking into account the number of distribution sides
has thus been integrated; the factor (ng) can now be written
as follows:

1
nd={2

end supports

intermediate supports (16)



The analytical model should exhibit the sample width
effect (k) noticed above; it is expressed by a test width set
to a power. This factor assumes the following form
regardless of the loading configuration:

kb _ b—04325 (17)

This latter factor (ki) is introduced in addition to the
two other distinct values. Support conditions can now be
ascribed a value, one for discrete supports and one for
continuous supports. This factor assumes the value:

1.51 configuration (C,D,E, G, H)
Ke =1 1385

configuration (B, F)

These last two factors are found using linear regression
analysis. In order to determine the optimum value, the data
used are the current test results of bending and compression
configurations. According to an optimization algorithm
between Eq. (14), experimental results and complementary
simulations, it was opted for the following scale factor form:

(18)

Kscale = kh . kb ' ksc sy (19)

The design approach can be homogenized in terms of
compression criterion perpendicular to the grain in
accordance with Eq. (6). From the compressive stress,
Eq. (14), the spreading factor can also be defined as
follows:

fymean B 2
2 Keale .

kgir = 1+
fc790,mean ls 3

A comparison of the compressive stress at 1 % plastic
strain from experimental results and analytical solutions,
i.e. Eq. (14), is presented in Fig. 9. Based on the uniform
test according to EN 408 standard, the mean compressive
strength perpendicular to the grain takes the values of
3.39 MPa. Concerning the shear strength, it is calculated
from EN 1990 standard and EN 14080 standard. The EN
1990 standard allows calculating the mean value of
mechanical properties from the characteristics value and
the standard deviation. According to EN 14080, the
characteristic value of shear strength is equal to 3.5 MPa
for the standard deviation from 20 to 25 % according to
estimates. Consequently, the mean value of the shear
strength can be taken equal to 4.92 MPa. In applying the
model, a 9 % difference remains with respect to the
experimental values.

5 Conclusion

This work has proposed a new approach based on intro-
ducing the spreading effect. This study has demonstrated
the need to take into account coupling of the effects of

compressive stress perpendicular to the grain with the shear
state and scale effect to understand the spreading effect for
the structural glued laminated timber. The limit compres-
sive stress perpendicular to the grain is reflected in a
constraining criterion applied to the design of support area,
as for the European timber design code, thereby resolving
the problem of using glued laminated timber elements for
large spans. However, the actual code integrates the
spreading effect by the fixed values without taking any
scale effect into account. Because of this, the support
lengths of large-spanned structures are penalized. More-
over, diffusion effects tend to predominate as the supports
become wide. To reduce the support surface area for large
spans, it would appear necessary to explore constructive
solutions in order to increase local compressive strength
perpendicular to the grain coupled with a shear state. These
solutions may involve reinforcement in the vicinity of the
support area through use of specific panels or reinforce-
ment SCrews.
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