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wood (Racher et al. 1996; EN 1995-1-1 2005; EN 1995-2 
2005). The specificities related to the composition of this 
material are therefore not considered. In addition to the 
common problems of wood with regard to humidity such as 
fungal and insect attacks, glulam, by its constitution, is par-
ticularly sensitive to wetting/drying (W/D) cycles. Indeed, 
the cycle-related shrinkage-swelling mechanisms generate 
stresses at the interfaces between the lamellae. This leads 
to delamination and cracking that damages the sections and 
degrades their mechanical properties (SETRA 2006; Angst-
Nicollier 2012; Kánnár et al. 2019; Fortino et al. 2020).

If preventive measures such as weather protections for 
wooden structures should be one of the main considerations 
for the design of glulam structures, glulam instrumentation 
remains essential to ensure a structural health monitoring 
(SHM) of unprotected glulam, to assess the efficiency of 
preventive measures and to anticipate maintenance opera-
tions. In this context, for several years now, glulam struc-
tures have been monitored with moisture sensors using 
screw type electrodes (Tannert et al. 2011; Fragiacomo et 
al. 2011; Franke et al. 2013; Bjorngrim et al. 2016). These 
studies highlight W/D cycles related to climatic conditions. 
However, these sensors mainly measure surface moisture 
and require drilling to be able to make depth measure-
ments that never exceed 20 cm as they can affect structural 

1  Introduction

Today, the use of wood, and particularly glulam, as an 
alternative to so-called “traditional” building materials 
such as concrete and steel, allows to reduce the environ-
mental impact of engineering structures (Hurmekoski 2017; 
Hill 2019). Glulam is made up of finger-jointed and glued 
wooden slats, allowing to create spans and sections suitable 
for most short bridges (less than 50 m) (Gustafsson et al. 
2010; Koch et al. 2016; Legg and Tingley 2020). There are 
studies on the long-term behavior of solid wood based on 
the Madison curve model (Wood 1947) for use classes 1 
or 2 within the meaning of the EN 335 standard (EN 335 
2013) which have made it possible to define the require-
ments of the calculation codes. However, the long-term 
behavior of glulam, particularly outdoors, is not sufficiently 
documented (Ehrhart et al. 2021). The safety factors applied 
to glulam in Eurocode 5 are derived from studies on solid 
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Abstract
In today’s environmental context, the use of glulam or Glued Laminated Timber (GLT) as an alternative to conventional 
building materials could reduce the carbon footprint of engineering structures. However, this material is sensitive to out-
door exposure with moisture content variations inducing internal stresses and cracks and high moisture content increas-
ing the risks of decay. This study therefore focuses on the development of a protocol to evaluate the effect of climatic 
conditions on the mechanical performance of the material. For this purpose, GLT samples were equipped with embedded 
sensors. Moisture and deformation sensors can accurately track wet-dry (W/D) cycles and their effects on deformation 
at adhesive joints. Samples are stored outdoors and mechanical tests are carried out after 6 months of aging. The results 
show an average reduction in flexural strength of about 10% compared to unaged specimens. Shear tests on the adhesive 
joints show a decrease in strength of more than 20%. The study of the fracture mechanisms also indicates a link between 
the type of fracture and the aging conditions of the specimens. These tests also validated a monitoring protocol that will 
allow, in the long term, to evaluate the impact of these cycles on the mechanical performance of GLT.
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integrity. Glulam specific instrumentation has therefore 
been developed at the Clément Ader Institute (Li et al. 2017; 
Uwizeyimana et al. 2020). The system measures the mois-
ture in a beam via patch-type resistive sensors embedded in 
the thickness of the glue joint. The advantage of this system 
is that it allows the mapping of moisture in structural ele-
ments with sensors that can be installed in large numbers 
without any effect on the material integrity (Uwizeyimana 
et al. 2020). The integration of strain gauges into the thick-
ness of the adhesive joint also allows to study of shrinkage-
swelling phenomena that stress the joint (Uwizeyimana et 
al. 2023) The use of moisture sensors and gauges during 
accelerated W/D cycles highlights the potential of these 
sensors to provide monitoring in glulam timber. These 
tests showed the reliability of this instrumentation to fol-
low accelerated W/D cycles and the considerable weaken-
ing of the mechanical bending properties related to these 
cycles. An average decrease in strength of 43.5% after 17 
cycles, led to the realization of tests in real conditions. This 
instrumentation was therefore used in the framework of this 
work on medium-term tests under external climatic con-
ditions on glulam samples. Monitored specimens, loaded 
and unloaded, are exhibited outdoors on the site of the IUT 
of Tarbes. The exposure conditions of the specimens are 
evaluated using meteorological data collected at the Tarbes-
Ossun-Lourdes site. The objective of this work is therefore 
to identify the impact of natural W/D cycles combined with 
the effects of loading on the evolution of the mechanical 
properties of glulam. In this context a 5 year long ageing 
experiment is being carried out in a “worst-case scenario” 
with unprotected glulam. This paper highlights the effects 
on shear strength of glue joints and static bending strength 
of glulam of the first 6 months of outdoor exposure.

The proper functioning and reliability of the outdoor 
instrumentation were evaluated during these 6 months of 
study. The data collected can be used to accurately track the 
effect of weather conditions on the humidity and deforma-
tion of the specimens. These results are compared with mac-
roscopic observations on specimens. The evolution of the 

adhesive joint strength is measured in shear as well as the 
evolution of the 4-point bending strength.

2  Materials and methods

2.1  Glulam specimens

To evaluate the effect of outside exposure on the evolution 
of glulam mechanical performance, 198 specimens made of 
three Douglas fir lamellae bonded with polyurethane adhe-
sive (KLEIBERT PUR 510 FiberBond) were manufactured. 
The number of specimens chosen allows us to carry out 
fracture tests every 6 months on 6 specimens for 5 years. 
This study therefore involves 24 samples tested after the 
first 6 months of ageing. The dimensions of the specimens 
are 30 × 30 × 480 mm3. These proportions have been deter-
mined in accordance with the EN 408 (2012) standard con-
cerning flexural tests on glulam timber. The dimensions of 
the specimens and the manufacturing method are similar to 
those used by Uwizeyimana (2021) in accelerated durability 
testing. The lamellae are stabilized in a climatic chamber at 
20 °C and 65% relative humidity (RH) before being glued. 
An amount of 200 g/m² of glue is distributed over the Doug-
las fir lamellae, then the specimens are pressed under a pres-
sure of 10 bar for 8 h in accordance with the manufacturer 
recommendations for this glue and the methods used by 
glulam manufacturers. Douglas fir was chosen because it is 
naturally durable and suitable for outdoor use (Kutnik et al. 
2011). Polyurethane glue is commonly used in the glulam 
industry (SETRA 2006). To assess the impact of W/D cycles 
and hygromechanical coupling (Armstrong and Christensen 
1961; Grossman 1976; Pittet 1996) on the mechanical prop-
erties of glulam, the specimens are separated into three sets, 
exposed to different weathering conditions. The first set 
consists of 6 specimens, unprotected and outdoor exposed 
with a load of 60 daN in 4-point bending with a distance 
between lower and upper support of 135 mm (Fig. 1).

Fig. 1  Diagram of the outdoor 
loading system
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This load was determined to avoid creep failure over 
the duration of the tests under severe exposure conditions 
(Hearmon and Paton 1964; Mårtensson 1994; Pittet 1996). 
The applied load is about 10% of the mean bending strength 
determined experimentally and is equal to 600 daN ± 80 
daN. In order to approximate the conditions of use of 
bridges, the loading rate was also compared with the design 
standard at the Ultimate Limit States (ULS) of Eurocode 5.

The design flexural strength as defined by Eurocode 5 
(EN 1995-1-1 2005) is defined as follows:

Rfd =
Rfk.Kmod

γ m
� (1)

Where:

	● Rfd : The design flexural strength (MPa);
	● Rfk : The characteristic flexural strength (MPa);
	● γ m : The material safety factor;
	● Kmod : The factor that considers the loading time and the 

class of service.

Considering the maximum strength class for Douglas fir 
(C24): Rfk = 24MPa , the material safety factor for GLT: 
γ m = 1.25 and the Kmod coefficient in service class 3 for 
long-term loading: Kmod = 0.55, the design flexural strength 
is Rf,d = 10.56MPa

The maximum bending stress must therefore be lower 
than the design strength to meet the reliability requirements 
of the Eurocode. In 4-point bending, this criterion is defined 
according to the following equation:

Rf,d ≤
3Fa
bh2

� (2)

Where:

	● Rf,d : The design flexural strength (in MPa);
	● b and h: The width and height of the specimen 

(30 × 30 mm²);
	● a: The distance between a lower support and the nearest 

upper support (135 mm);
	● F: The applied force (N).

Considering the geometrical characteristics of the speci-
mens and the loading device, the maximum applicable force 
within the meaning of Eurocode 5 is therefore 70.4 daN. 
The applied load of 60 daN corresponds to a loading rate of 
about 85% on these specimens. This load is therefore con-
sistent with the requirements of Eurocode 5.

The second set consists of 6 specimens that are also 
unprotected and outdoor exposed, without loading. Finally, 

the third set consists of 6 reference specimens stored indoors 
without loading in a room at constant RH and temperature. 
These specimens will provide a reference for the evolution 
of mechanical properties in stable storage conditions. The 
ageing campaign began in August 2021.

2.2  Instrumentation

To measure the evolution of the moisture content inside the 
beams as well as the shrinkage/swelling phenomena, the 
specimens are instrumented with three moisture content 
sensors and two strain gauges (Fig. 2a, b,c). 6 specimens per 
series are connected to the monitoring system. The mois-
ture measurement is derived from a DC resistance measure-
ment between two copper patches glued to the intermediate 
lamella of glulam specimens (Li et al. 2018). The resistance 
levels in wood for this configuration can reach 1 Giga Ohm 
for moisture contents around 10%. Considering the num-
bers of sensors, the resistance levels and the need of simul-
taneous strain and MC measurements, no commercially 
available solution was adequate. Therefore, the monitoring 
system was developed in our laboratory and calibrated for 
these samples with calibration curves made under controlled 
environment for different temperatures and relative humidi-
ties (Uwizeyimana et al. 2020). As the MC measurement 
is impacted by temperature (Forsén and Tarvainen 2000), 
compensation of temperature is carried out following the 
law presented by Uwizeyimana et al. (2022). Temperature 
measurement is made using thermocouples integrated into 
specific specimens exposed to the same conditions as moni-
tored specimens to avoid possible interferences between 
the different sensors. Data are collected on each sample by 
dedicated measurement electronic cards and transmitted by 
radio to an acquisition centre located about ten metres away 
from the test area (Fig. 2d). On each set of 6 specimens, data 
is collected every 10 min, for a total of 36 moisture sensors 
and 24 strain gauges.

The strain gauges (K-CLY4x-10/350) are glued to the 
upper and intermediate lamellae on either side of the glue 
joint respectively (Fig.  2a). Given the thickness of the 
gauges in relation to the glue joint, they are not positioned 
on the same vertical axis to limit the risk of delamination. 
The gauges are therefore placed on either side of the speci-
mens 60 mm from the ends.

Outside temperature and RH data are measured locally 
by a dedicated sensor and weather and rainfall monitoring is 
carried out by data collected by the weather station at nearby 
Tarbes-Ossun-Lourdes airport. The data are collected by the 
Infoclimat association (Infoclimat 2023).
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direction of wood limiting the effect of wood fibre direction 
on the bonding performance between our samples (Kaya 
and Karagüler 2024). The assembly described in the stan-
dards was adapted to the size of our samples (Fig. 3).

To ensure alignment of the adhesive joint with the shear 
plane of the test fixture, a wedge is glued to the lamella adja-
cent to the joint. The shear stress is determined by the fol-
lowing equation:

σ vmax =
Fmax

bh
� (3)

Where:

	● σ vmax : The shear stress (MPa);
	● Fmax : The force applied to the sample (N);
	● b, h : Respectively the base and height of the specimen 

(mm).

To complete the analysis of glue joints damage, flexural 
tests are carried out on the specimens.

2.3.2  4-point bending tests

The evolution of the instantaneous mechanical properties of 
the specimens is studied in 4-point bending in accordance 
with EN 408 (2012) (Fig. 4).

The tests are carried out using an MTS100 electrome-
chanical testing machine with a 100 kN load cell. The strain 
measurement in the centre of the specimen is carried out via 

2.3  Mechanical characterization

The effect of W/D cycles on the mechanical properties of 
glulam is evaluated in shear and bending. Shear tests evalu-
ate the evolution of the mechanical strength of glue joints, 
while 4-point bending tests evaluate the evolution of the 
mechanical strength of glulam under loads representative 
of the stresses encountered in bridges. The mechanical tests 
are carried out on samples stabilised for 15 days at 20 °C 
and 65%RH in a climatic chamber (WEISS C/340/40/3), 
leading to a MC in the wood of 12% ± 1% limiting the 
effects of variable MC on wood and adhesive bonds strength 
between our samples (Lu et al. 2024).

2.3.1  Shear tests

These tests are adapted from Annex D of the EN 14080 
(2013) dedicated to the characterization of glulam joints. In 
order to have an analysis of the shear stress over the entire 
length of the sample, one specimen of each series was cut 
into 14 cubes of 30 mm on each side and the upper glue joint 
was shear tested. Only the upper joint could be tested, as the 
shear test on the upper joint damages the lower one, which, 
therefore, can’t be properly evaluated. The delamination rate 
of each sample was measured in accordance with Annex D 
of EN 14080 (2013). The results of this small-scale samples 
could then be adapted to larger scales, considering the size 
effects on wood and glue joints mechanical performance 
(De Santis et al. 2023). All lamellae have similar wood 
orientation and glue joints were tested in the longitudinal 

Fig. 2  Layout of an instrumented 
specimen, H1, 2 and 3 are mois-
ture sensors, J 1 and 2 are strain 
gauges (a), Copper patch for 
moisture content measurement 
(b), strain gauges (c), outside 
exposed samples (d)
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	● F1, w1 and F2, w2: The force (N) and strain (mm) at 10 
and 40% of Fmax;

	● a : The distance between a lower support and the nearest 
upper support (mm);

	● b, h and l: Respectively the base, height and span of the 
specimen (mm);

	● G: The shear modulus, according to standard EN 408 for 
Douglas = 650 MPa.

3  Results and discussions

3.1  Monitoring of durability indicators

Specimen tracking data and weather data are stored on a 
dedicated server. An interface and a processing system 
made on R (R Core Team 2022), displays MC, deforma-
tion and rainfall values as a function of time. The sampling 
period is 10 min. An hourly average is made to speed up 
the processing and display of the data. The program pre-
processes the data by removing outliers using a Hampel fil-
ter (Hampel 1971). Smoothing can be achieved by a rolling 
average (Rehomme and Ladiray 1994) whose range can be 

a Solartron AX5S LVDT. The mechanical tests are filmed 
by a standard camera to allow a visual analysis of the frac-
ture mechanisms.

The bending stress (σ max ) and Young’s modulus (E) are 
determined according to the EN 408 (2012) with the follow-
ing formulas:

σ max =
3Fmax a

bh2
� (4)

Where:

	● Fmax: The maximum force applied to the specimen (N);
	● a : The distance between a lower support and the nearest 

upper support (mm);
	● b and h: Respectively the base and height of the speci-

men (mm).

E =
3al2 − 4a3

2bh3
(
2w2−w1
F2−F1

− 6a
5Gbh

)� (5)

Where:

Fig. 4  Illustration of the 4-point 
bending tests
 

Fig. 3  Scheme of the shear test 
device (a), glulam sample being 
tested (b)
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3.1.1  W/D cycles measured outdoors

The analysis of measurements over short periods of time 
(few days), shows the daily cycles (Fig. 6) which are related 
to the difference in humidity between day and night. These 
cycles are particularly noticeable during drying periods (e.g., 
December 13–19 in Fig. 6). While during periods of rainfall 
(e.g., December 9–11 in Fig. 6), these cycles are masked by 
the continuous increase in wood moisture content.

The daily W/D cycles over the first 6 months of measure-
ment show a range of around 0.5 to 3% humidity between 
the high values obtained at the end of the morning and the 
low values obtained at the end of the day.

The second type of cycle measured is related to local 
rainfalls. The monitoring of rainfall data highlights “meteo-
rological” W/D cycles, i.e. linked to local weather condi-
tions in the short term. Moisture data have been smoothed 
using 48 h rolling average to hide daily cycles, the raw data 
are shaded. The firsts remarkable “meteorological” cycles 
are shown in red in Fig. 7.

These cycles of varying lengths are correlated to periods 
of humidification that can last from a few hours to several 

defined from 1 h to 30 days to observe short- and long-term 
phenomena. Different smoothing scales allow to highlight 
characteristic phenomena from different time scales.

The monitoring of durability indicators via sensors 
integrated into glulam showcased humidity variations and 
deformations on 12 external specimens (6 loaded and 6 non-
loaded) from September 2021 to February 2022 (Fig.  5). 
The measurements carried out are homogeneous for all 
external specimens.

Several scales of humidification and drying cycles in 
wood can be observed and will be presented in paragraph 
§ 2.1.1. These scales are: short-term, day/night variations; 
medium-term, weather-dependent cycles; and long-term, 
summer/winter seasonal cycles.

The correlation of moisture measurements with defor-
mations observed in Fig.  5 highlights the effect of W/D 
cycles on deformations in glulam. The results obtained via 
the gauges positioned on either side of the adhesive joint 
allowed us to subsequently link these deformations with 
internal stresses at the adhesive joint (§ 2.1.3).

Fig. 7  Weather-related W/D 
cycles. The black curve corre-
sponds to a smoothing over 48 h. 
The raw data is shaded (data 
from a representative outdoor 
specimen)

 

Fig. 6  Daily W/D cycles during a 
drying period (data from a repre-
sentative outdoor specimen)

 

Fig. 5  Monitoring of durability 
parameters in exterior specimens 
(raw moisture data (average of 
3 sensors) and strain (average 
of both gauges) of an outdoor 
specimen)
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edges (H1 and H3) with a difference of about 1.5% between 
the maximum MC at the extremities and at the centre of the 
specimens. Conversely, during the drying phases, the MC 
at the ends of the specimens becomes lower than that in the 
centre of the specimen with a difference of -2% when the 
minimum MC was reached in September 2021.

The variations in MC measured in wood imply shrinkage 
and swelling phenomena in the material which can lead to 
degradations of the wood lamellae (Angst-Nicollier 2012) 
and the glue joints due to the relative deformations of the 
different lamellae (Yelle and Stirgus 2016). However, the 
impact of these shrinkage and swelling phenomena on the 
mechanical bending properties of GLT in outdoor use still 
remains up until today unexplored and poorly documented. 
In this context, the monitoring of W/D cycles and their cor-
relation with shrinkage/swelling phenomena would give a 
better understanding of degradation phenomena.

3.1.3  Shrinkage and swelling

Built-in strain gauges in the lamellae are used to measure 
shrinkage/swelling in the radial direction of specimen 
lamellae (Fig. 2). As the shrinkage-swelling phenomenon is 
mainly related to variations in the bound water content of the 
wood, the correlation between the average MC measured by 
the patches (H1-H2-H3) and the average deformation (J1-J2) 
(Fig. 5) confirms the relevance of the moisture measurement 
to identify the conditions leading to the generation of inter-
nal stresses that can damage the material. In our case, the 
deformations are measured between − 2,600 μm/m at 10% 
MC and 9,100 μm/m at 24.5%MC. This total deformation 
of 11,700 μm/m for a MC amplitude of 14.5% corresponds 

days during rainfall episodes, followed by a more or less 
rapid drying phase depending on the weather conditions. 
The amplitude of moisture content in wood for these cycles 
varies from 1 to 5% over the considered period.

After 6 months of measurements, the effect of the transi-
tion from summer to autumn seems to lead to a third type of 
W/D cycle with a greater amplitude of about 10% (Fig. 8). 
Between September and February, MC increases until it 
peaks in mid-December. A drying phase then takes place 
until February and should continue during the spring and 
summer period. The MC data were smoothed by making a 
monthly rolling average to hide the daily and meteorologi-
cal cycles.

The MC measured in these external specimens is con-
sistent with the measured weather and the MC measured in 
sections of monitored bridges that varies between 10 and 
25% (Norberg 1999; Tannert et al. 2011; Dietsch et al. 2014; 
Koch et al. 2016; Bjorngrim et al. 2016; Franke et al. 2016, 
2019; Fortino et al. 2019). MC measurements were used to 
identify different types of wet-dry cycles. Each type of cycle 
has specific characteristics in terms of duration and ampli-
tude. The study of the evolution of the long-term mechanical 
properties will make it possible to establish the link between 
these cycles and the damage of the material.

3.1.2  Effect of moisture diffusion in wood on measurement

The amplitude of the W/D cycles varies with the position 
of the measurement along the specimens. This difference 
is particularly noticeable at the level of seasonal cycles 
(Fig. 9). Indeed, during a period of rain, the MC in the cen-
tre of the specimen (H2) increases less than the MC on the 

Fig. 9  Evolution of humidity 
as a function of the measuring 
area (data from a representative 
outdoor specimen)

 

Fig. 8  W/D cycle related to the 
transition from summer to winter. 
The black curve corresponds to a 
smoothing over one month. The 
raw data are shaded (data from a 
representative outdoor specimen)
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(Fig. 10). As the upper lamella is the most exposed to weath-
ering and solar radiation, it undergoes greater deformations 
with an amplitude of 8,500 μm/m compared to 7,500 μm/m 
for the intermediate lamella. We also observe that the differ-
ences in deformation between the lamellae increases dur-
ing the humidification phases, particularly after a prolonged 
period of rain (6% increase in humidity in 8 successive rainy 
days) in November 2021 (Fig. 10). These differential defor-
mations have been identified in the literature as a factor that 
can generate damage in glue joints (Koch 1967; SETRA 
2006; Yelle and Stirgus 2016; CECObois 2020).

To characterize the impact of these stresses on the 
mechanical strength of the samples, shear tests on the adhe-
sive joints and bending tests were performed.

3.2  Mechanical characterization

3.2.1  Evolution of the shear properties of adhesive joints

W/D cycles generate shear stresses on the adhesive joint 
(Koch 1967; SETRA 2006; Yelle and Stirgus 2016; CECO-
bois 2020) The repetition of these cycles damages the wood 
and the glue joint, leading to the creation of cracks and 
delamination phenomena. Observations were made on all 
specimens. Important cracks and delamination were noted 
at the ends of the specimens (Fig. 11) while the delamina-
tion on the lateral faces of the specimens, on the other hand, 
are very shallow.

to a shrinkage coefficient (Cr) of 0.08. The shrinkage coef-
ficient describes the rate of deformation per percent change 
in MC as follows:

Cr =
∆ def (%)

∆ MC (%)
� (6)

In climatic chambers, shrinkage coefficients of 0.11 were 
measured on Douglas GLT specimens (Uwizeyimana et al. 
2023). In the literature, the common coefficient of shrink-
ability of Douglas fir in the radial direction is 0.14 (Glass 
and Zelinka 2010). The measured deformations are there-
fore relatively small compared to the data in the literature. 
However, since the measured humidification phases are 
related to exposure to rain, open water could be partly 
responsible for the measured humidity variations without 
causing deformations. Variations in humidity measured 
between the centre and the extremities of the specimens are 
around 2% (Fig. 9). With the shrinkage coefficient of 0.08, it 
would mean differential deformations of 1,600 μm/m. In the 
literature, moisture gradients from 1.8% can be the cause 
of cracking related to tension perpendicular to the wire for 
spruce (Franke et al. 2019) which has a tensile strength per-
pendicular to the fibers equivalent to Douglas fir.

By analysing the two sets of gauges (J1 and J2), it appears 
that since the start of the tests, the gauges glued to the upper 
lamella of the specimens (J2) have had greater amplitudes 
than the gauges glued to the intermediate lamella (J1) 

Fig. 11  End of a specimen before 
(a) and after (b) a period of 6 
months outdoors

 

Fig. 10  Gauge deformations 
on either side of the glue joint, 
48-hour rolling average (data 
from a representative outdoor 
specimen)
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The cubes cut at the ends behaved differently from the other 
12 samples and were not included in the comparative results 
between the different ageing conditions. Indeed, due to their 
exposure, their damage is not homogeneous and represen-
tative of the general condition of the specimen. The ends 
of the specimens are indeed more exposed to climatic con-
straints because the face in the unprotected RT plane is very 
sensitive to humidity variations (Monteiro et al. 2020). We 
note cracks and delamination on these faces propagating up 
to 1 cm deep.

The results of the shear tests for the 12 samples cut in 
one specimen in each different ageing configuration were 
compared using Wilcoxon’s nonparametric test (no normal 
distribution assumption) (Wilcoxon 1945). Tests carried 
out on specimen throughput show an average shear loss 
of about 21% for external specimens and 26% for loaded 
outer specimens (Fig. 15). The Wilcoxon test showed that 

The maximum measured depth on the side of outside 
exposed specimens was 2 mm on an unloaded outer speci-
men (Fig.  12) and three specimens with a delamination 
depth of 1 mm. There is no measurable delamination for the 
loaded outer specimen.

Cracks close to the interface between the early and late 
wood that can reach the glue joint were observed on the 
upper lamella of the specimens, which is most exposed to 
rain and sun (Fig.  13). Cracks in the radial direction are 
also observed, depending on their position, seem to have an 
impact on the shear failure. For example, the specimen has 
a crack in the wood near the glue joint (Fig. 13). In this case, 
the fracture during the shear test occurred in this defect and 
not in the adhesive joint (Fig. 13). This type of age-related 
cracking therefore locally creates shear brittleness.

Figure 14 shows the results of the shear tests on the 14 
cubes cut from a specimen exposed for 6 months outdoors. 

Fig. 13  Pre-fracture facies (a), 
fracture facies during shear tests 
(b)

 

Fig. 12  Maximum delamina-
tion observed after 6 months of 
outdoor exposure, as seen from 
the outside (a) as seen from the 
flow rate before fracture (b) as 
seen from the post-fracture bond-
ing interface (delaminated area 
outlined in red) (c)
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samples are relatively low after 6 months of aging with a 
maximum measured delamination depth of 2 mm and maxi-
mum delamination rates of 7% of the bonding surface. The 
loss of property measured in shear is not correlated with the 
delamination rate of the glue joint.

The measurement of delamination rates is therefore not 
sufficient to characterize the degradation of the adhesive 
joints. The results of the shear tests show an effect of cli-
matic stresses on the mechanical properties of the joints. In 
contrast, the loading applied to the specimens did not have 
a significant effect on the shear fracture strength (Fig. 15). 
After 6 months of ageing, we didn’t observe any evolution 
of the rupture mode of glue-lines as the rupture is mostly 
cohesive rupture in wood except for bonding interfaces 
between final wood of both lamellae where cohesive rupture 
within the glue occurs.

The loss of shear strength therefore does not appear to be 
related to a change in the properties of the adhesive joints 
but to the appearance of structural weaknesses in the bond-
ing interface (Raknes 1997).

On each set of shear tests, the specimen cut in the centre 
part of the glulam beam contains a copper patch embedded 
in the glue joint (Fig. 16). A specific analysis was performed 
to verify that the presence of the patch does not affect the 
shear strength measurements.

There is no significant difference in shear strength 
between joints with or without patches, however, it is dif-
ficult to conclude due to the small number of samples 
involved. The patches therefore do not appear to degrade the 

loaded and unloaded samples for 6 months resulted in a sta-
tistically significant decrease in maximum shear strength 
(p = 0.0000798 and p = 0.0000783 respectively). There was 
no statistically significant difference between loaded and 
unloaded cases (p = 0.418). The results obtained for speci-
mens that spent 6 months outdoors are consistent with the 
literature (Yanagawa and Masuda 2011). This remarkable 
decrease in shear strength confirms that outdoor exposure is 
an important parameter in the ageing of glulam wood.

The dispersion of the results on these shear tests of the 
series “6 months outside loaded” indicates that the damage 
to the adhesive joint is not homogeneous. We measure a 
shear strength 50% lower for a sample of the loaded outer 
specimen compared to the average strength of the reference 
series, while we do not observe any macroscopic damage 
on this specimen. The delamination rates measured on the 

Fig. 15  Evolution of shear strength for different ageing conditions

 

Fig. 14  Evolution of shear 
strength of the 14 samples 
(horizontal axis) cut from one 
specimen, sample 1 illustrates 
the damage occurring at the end 
of the specimens compared to 
the other samples cut within the 
beam such as sample 2
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specimens. However, given the standard deviation of our 
tests and the small number of samples, these differences are 
not significant at the 0.05% criterion.

There is also no remarkable evolution on the Young’s 
modulus (Fig. 18). The results of the mechanical tests of the 
specimens aged outdoors for 6 months do not show signifi-
cant losses of properties. Other studies highlight the absence 
of an effect of aging on Young’s modulus after two years of 
outdoor exposure (Humar et al. 2020).

Even if a slight trend seems to be emerging in terms of 
fracture stresses, the losses of mechanical properties over 
these first 6 months of exposure do not show any significant 
changes. If we compare these first results with information 
from the literature and the results obtained under accelerated 
aging conditions, it would seem that the accelerated W/D 
cycles are very severe compared to the natural cycles mea-
sured during these first 6 months of exposure. Indeed, the 
decrease in flexural strength after a single accelerated W/D 
cycle in a climatic chamber is around 15% (Uwizeyimana 
et al. 2022) with 11-day cycles (5 days at 35 °C/98%RH, 

shear strength of the glue joints. Longer-term tests, and on 
a larger number of specimens, would confirm the effect of 
the presence of patches on the shear strength of the adhesive 
joints. We note that in the case of these specimens, the break 
at the patch is always at the interface between the adhesive 
side of the patch and the wood as the adhesive of copper 
tape is weaker than the PUR used to glue the lamellae.

3.2.2  Evolution of 4-point bending properties

In order to determine the effect of damage to glue joints 
and W/D cycles under real conditions on the instantaneous 
4-point bending strength of glulam, a test campaign was 
carried out after 6 months. 6 specimens from the “refer-
ence” and “6 months inside” sets, as well as 5 specimens 
from the “6 months out” and “6 months outer loaded” sets 
were tested in 4-point bending. The 6th specimen of these 
series was used for shear tests. A decreasing trend in bend-
ing strength is observed (Fig. 17) with an average loss of 
5% for external specimens and 11% for loaded external 

Fig. 18  Evolution of Young’s 
modulus as a function of ageing 
conditions

 

Fig. 17  Evolution of the stress 
at break as a function of ageing 
conditions

 

Fig. 16  Copper patches after 
shear tests (a), mechanical shear 
strength of joints with patch (b)
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	● Fracture Mode B (Fig. 20): Abrupt failure of the tensile 
zone with a spike shape characteristic of a tensile frac-
ture (Bodig and Jayne 1982);

	● Fracture Mode C (Fig. 21): A sudden failure in which 
the tensile part breaks sharply perpendicular to the 
grain. This is a simultaneous rupture of all rings, charac-
teristic of a brittle rupture of the tense area (Bodig and 
Jayne 1982);

	● Fracture Mode D (Fig. 22): Longitudinal shear fracture 
(Pluvinage Guy 1992) in the glue joint.

The Mode A fracture mode has a characteristic force-strain 
curve with several load drops corresponding to successive 
ring failures (noted 1,2,3,4 Fig. 19). There is a succession of 
small ruptures before the failure of the specimen. Fracture is 
usually initiated on a ring at the edge of the specimen with 
crack propagation in the RT plane in spring wood. The crack 
then propagates at a shallow angle to the TL plane in the late 
wood. The crack spreads at the interface between the early 
and late wood for several centimetres. Either propagation in 
the longitudinal direction stops when the crack reaches the 

1 day immersed and 5 days at 35  °C/50%RH). The long-
term monitoring of the outside cycles and the evaluation 
of the mechanical properties in bending will allow us to 
determine more precisely the impact of natural W/D cycles 
on the durability of the material and to correlate our results 
more precisely with those obtained on accelerated tests.

Beyond the evolution of mechanical properties, we 
observe a change in the behaviour during the failure of the 
specimens as a function of aging.

2.2.3	

3.2.3  Evolution of rupture mechanisms

	● In bending tests, we observe four main fracture modes.
	● Fracture Mode A (Fig. 19): Sequential rupture where the 

growth rings break successively one by one or in small 
groups. The origin of this type of rupture is not identi-
fied in the literature;

Fig. 20  Fracture mode B: under-
side view after failure (a), force/
displacement curve associated to 
this rupture (b)

 

Fig. 19  Fracture mode A: crack in 
the RT plane in the spring wood 
(x), crack with an angle of the 
order of 3° to the TL plane in the 
summer wood (y), crack in the 
TL plane at the interface between 
the spring wood and the summer 
wood (z) (a); Force/Displacement 
curve associated to the fracture 
mode A (b)
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The Mode D fracture mechanism (Fig. 22) describes a 
shear failure of the glue joint in the LR plane. This mecha-
nism is characterized by a long loading bed before breaking 
compared to other types.

The shear fracture resulted in a complete failure of the 
glue joint over the entire sheared area between the lower 
and upper supports of the loading device. The fracture then 
spreads through the wood for a few centimetres between 
the inside supports. Sliding between the lamellae continues 
until the end of the test and the full failure of the specimen.

Flexural tests show that the ageing of specimens has an 
impact on the fracture mechanisms occurring in 4-point 
bending (Fig. 23).

Of the 22 specimens tested in bending to date, mode A 
(sequential fracture mode) is mainly encountered on speci-
mens that have not undergone W/D cycles (Fig. 24). Only 4 
out of 12 specimens that have not undergone the W/D cycles 
have abrupt failures of Modes B or C. Mode C occurs in the 
majority of outdoor exposed specimens (Fig. 24). The evo-
lution of these fracture modes therefore indicates an evolu-
tion towards abrupt ruptures after aging.

area between the lower and upper supports of the loading 
system, or it initiates a new fracture in the adjacent ring. The 
rupture of each ring is abrupt (noted 1,2,3,4 in the order of 
appearance in Fig. 19).

The Mode B fracture mechanism (Fig. 20) is character-
ized by a sudden failure of the specimen with a bursting of 
its lower part. All rings break at the same time.

The tensile fracture surface is highly variable depending 
on the specimen. Depending on the case, the rupture occurs 
between groups of rings, causing a rather clear break over 
the width of the specimen, or individual fibers tend to sepa-
rate, resulting in a break with very pronounced spikes. After 
burst failure, the cracks open until the end of the test and the 
failure of the specimen.

The Mode C fracture (Fig. 21) is characterized by a sud-
den failure of the specimen with a clear fracture in the RT 
plane.

In some cases, the crack propagates a few centimetres in 
the TL plane (red box in Fig. 21) at an interface between the 
late and early wood before continuing to propagate perpen-
dicular to the grain.

Fig. 22  Fracture mode D: lateral 
view of a specimen after failure 
(a), force/displacement curve 
associated to this rupture (b)

 

Fig. 21  Fracture mode C: under-
side view after failure (a), force/
displacement curve associated to 
this rupture (b)
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	● The monitoring set up has clearly shown its potential to 
record the evolution of MC and deformations locally, 
within the lamellae of glulam samples.

	● The recorded MC variations clearly show different 
scales of W/D cycles. Daily cycles show variations in 
humidity of between 0.5 and 3% while weather cycles 
show variations between a rainy and dry period of up 
to 5%. Regarding the seasonal cycles, a maximum MC 
amplitude between summer and autumn of 10% could 
be observed. The correlation of the measurements with 
the local climatic conditions shows the reliability of this 
monitoring solution. Regarding the deformations, they 
are directly correlated with variations in MC.

	● Deformations about 12 000 μm/m were measured for a 
moisture gradient in wood of 14.5%. The measured de-
formations are lower than those expected for such varia-
tions in humidity and could be explained by the presence 
of both free water and bound water in the wood during 
rainy periods. The comparison between the upper and 
intermediate lamellae shows a non-negligible differen-
tial strain of 1600 μm/m which may cause macroscopic 
cracks and delamination.

	● Shear tests carried out after 6 months of outdoor expo-
sure indicate that degradation has already occurred be-
tween August 2021 and February 2022 at the adhesive 
joints with a significant decrease of more than 20% in 
their strength. The instrumentation of the specimens 
with patch sensors had no effect on the resistance of the 
adhesive joint. Macroscopic observations of specimens 
and measurement of delamination rates donot highlight 
any relation between the visual condition of the speci-
mens and the shear properties.

	● The 4-point flexural tests do not show significant losses 
in the properties of the specimens at this stage of ageing, 

These results are consistent with trends observed dur-
ing accelerated W/D cycles on similar specimens (Uwizey-
imana et al. 2022) and on solid wood (Kránitz et al. 2016). 
Regarding the fracture mode D, the decrease in the shear 
strength of the adhesive joint, with bonding zones with 
very low strength values, may explain its appearance. If the 
weakest bonding areas are in the shear stressed zone during 
the bending tests, they could initiate the shear fracture in the 
adhesive joint during the bending tests.

4  Conclusion

Three series of specimens were studied during a 6 months 
ageing period with a monitoring of durability indica-
tors. The analysis of these results highlights the following 
conclusions:

Fig. 24  Force-displacement curves during 4-point bending tests

 

Fig. 23  Evolution of failure modes as a function of ageing conditions
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