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Abstract:  

Adhesive bonding is becoming more and more important for manufacturing structures or structural 
elements made from wood. For designing such structures, the performance of adhesives has to be 
evaluated under quasi-static and cyclic fatigue loading as well as under corresponding fracture loads. 
The performance of wood glued beams under quasi-static loading is fairly well understood, but their 
cyclic fracture behavior remains still largely unknown. There are indications from standard tensile 
shear tests with several types of adhesive that the performance ranking of adhesives under cyclic 
fatigue loading may differ compared with that observed in the same test under quasi-static loads. 
Hence, it is of interest whether this is also the case for quasi-static and cyclic fatigue mode II shear 
fracture. For the mode II shear fracture tests, adhesively bonded joints with wood adherends are 
prepared with two different adhesives, one a rather brittle (phenol resorcinol formaldehyde) system 
and one a rather ductile (one component polyurethane) system. These are then compared for their 
performance under quasi-static and cyclic fatigue mode II in-plane shear fracture loads. Those 
adhesives are presenting different failure mechanism, for the ductile adhesive the failure will 
propagate in the interface between wood and adhesive and for the brittle one the crack will mainly run 
in the wood. For the fracture tests a set-up with four-point end notched flexure specimens is being 
used, analogous to testing of adhesively bonded polymer composites joints and polymer composite 
laminates. Selected fracture tests were monitored by acoustic emission for assessing damage 
evolution due to the mode II in-plane shear fracture loads. The acoustic emission monitoring initially 
also contributed to identifying shortcomings of a first test set-up that was subsequently modified. The 
discussion will focus on the comparison between two different types of adhesive and between quasi-
static and cyclic fatigue fracture loads. 

1. Introduction 

Adhesively bonded joints play an increasingly important role in construction with composite 
materials [1], and, hence, specifically also in civil engineering structures made of wood [2]. 
Characterizing and comparing the performance of different types of adhesives under various 
load cases is essential for designing safe and durable wooden structures. A recent 
comparison between four types of adhesives used in glued lap joints (as defined in [3]) had 
indicated that cyclic tensile shear fatigue loads yielded differences among the four adhesives 
that had not become apparent in quasi-static tensile shear tests [4]. Therefore, fracture 
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mechanics tests under quasi-static and cyclic fatigue loads are performed for a range of 
different adhesives. The so-called Four-point End-Notched Flexure (4-ENF) test set-up was 
chosen for comparing quasi-static and cyclic fatigue fracture of adhesively bonded wood 
joints under in-plane shear (mode II) loading [5]. In this contribution, selected test results will 
be discussed with an emphasis on acoustic emission (AE) monitoring of the fracture tests. 

2. Description of work 

The first 4-ENF test set-up (Figure 1 left) was modified in several steps to remove problems 
observed in preliminary quasi-static and cyclic fatigue tests. While this first set-up worked for 
quasi-static mode II loading, it was not suitable for cyclic fatigue, since one of the top loading 
rollers tended to lift-off the wood specimen during the test, also noted acoustically by ear and 
by periodic AE signal generation. This noise source was removed by introducing a rotating 
joint to the top loading bar. Later, this was further improved by implementing a universal joint 
between top loading bar and load cell (Figure 1 right) instead of the uniaxial rotating joint in 
order to reduce possible moments on the load cell. 

        

Figure 1: Photographs of two versions of the 4-ENF type test-rig, (left) upper loading bar rigidly 
mounted to the load cell, (right) upper loading bar with rotating joint, the AE sensors are mounted with 
metal springs. 

Beech wood (Fagus sylvatica L.) with a density of 714 kg/m3 at a wood moisture content of 
12% was used for the tests. The lumber has no defects such as knots and grain deviation. 
The length, the width and the height of the specimens correspond, respectively, to the 
longitudinal, tangential and radial wood orientation (maximal radial orientation of 30°). The 
planks were first planed to a thickness of 10 mm, a width of 150 mm and a length of 700 mm. 
The planks were stored for at least two weeks in a climate of 20°C and 65% relative humidity 
before planing to a thickness of 5 mm and then cut in half. Before the adhesive bonding, a 15 
µm thick fluoropolymer (ETFE230N) foil was applied between the lamellae on the first 120 
mm to simulate a starter crack. Two adhesives are compared in the tests, the first a relatively 
brittle phenol resorcinol formaldehyde (PRF, trade name «Aerodux 185»), the second a more 
ductile one-component polyurethane (PUR, trade name «HB110»). The gluing of the two 
lamellae was done approximately 3-4 hours after the planing according to the gluing 
parameters described in Table 1 below. Once cured, the front-position of the foil was 
referenced as position of the crack tip and the crack length was set to 110 mm. The samples 
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were then cut to a width of 20 mm and a length of 317mm. The adhesively bonded wood 
joints were stored for several days in the test climate of 23°C and 50% relative humidity 
before testing. 

 

Adhesive Hardenener 
Glue 

Spread 
[g/m

2
] 

Mixture ratio 
[Adhesive/Hardener] 

Pressing 
time [h] 

Pressure 
[MPa] 

Closed 
assembly 
time [min] 

HB110 - 180 - 10 0.8 10 
Aerodux 

185 
HRP 155 340 100/20 10 0.8 30 

Table 1: Processing parameters used in manufacturing the adhesively bonded beech wood joints. 

In order to get additional information on the initiation and propagation of the mode II 
delamination in the adhesively bonded joints, AE monitoring was performed using AE 
equipment (type AMSY-6 from Vallen Systeme GmbH) with resonant AE sensors (type SE 
150-M from Dunegan Engineering Corp.) as well as one broad-band AE sensor (type S9208 
from Physical Acoustics Corp.). The AE sensors were connected to the data acquisition via 
preamplifiers (type AEP-3 from Vallen Systeme GmbH) with a hardware high-pass frequency 
filter of 30 kHz, a low-pass of 1’000 kHz and a gain of 34 dB. Figure 2 shows a schematic of 
the 4-ENF test specimen with the geometry and dimensions used in the test series, including 
the positions of the seven AE sensors for monitoring the damage development during the 
fracture tests. Please note that the distance between the top loading rollers (100 mm) of the 
4-ENF test rig did not correspond to either one third or one half of the distance between the 
bottom support rollers, i.e., were different from the spans usually recommended for the tests 
[5]. This was due to the fact that the top loading bar had to leave space for the AE sensors 
mounted on the adhesive joint. A silicone-free vacuum grease was used as coupling agent 
and the AE sensors were mounted by metal clamps (shown in Figure 1 right). AE data 
acquisition settings were: threshold 40 dBAE, duration discrimination time 400 s, and rearm 
time 1 ms (except for preliminary tests with rearm time of 3.23 ms). For the acquisition of full 
waveforms (with the broad-band AE sensor only) sampling at 5 MHz and 4’096 samples 
(corresponding to roughly 820 microseconds) with a pretrigger of 200 samples (40 
microseconds) was chosen. 

 

Figure 2: Schematic of the 4-ENF type specimen for mode II (in-plane shear) quasi-static and cyclic 
fatigue fracture testing of adhesively bonded wood joints, The positions of the AE sensors and the 
specimens dimensions are also shown (H = 10 mm, atot = 110 mm, a0 approximately 70 mm). 

The load tests were performed on a servo-hydraulic test machine (type 1237 from Instron) 
equipped with a 1 kN load cell (mounted below the 25 kN load cell). The quasi-static tests 
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were performed under displacement control at 1 mm/min and the cyclic fatigue tests also 
under displacement control at 5 Hz; starting from a displacement level selected from the 
load-displacement curve by setting a displacement ratio of 0.1 between upper and lower 
limit). Load and displacement signals from the test machine were also recorded 
synchronously with the AE data (sampling-rate around 40 Hz). There were preliminary, 
quasi-static compressive tests at 0.1 mm/min with limited displacements for determining the 
compliance of the test set-up in which the wood joint was replaced by a steel bar, and 
calibration tests with different length of the starter crack between the bottom support rollers 
for determining the delamination length from specimen compliance. A travelling optical 
microscope was used to visually observe the delamination during the fracture tests. 

3. Results 

Focusing on the information from the AE monitoring of the tests, the evaluation of the 
fracture toughness for the comparison between the adhesives (the main goal of the tests) will 
not be discussed here. Figure 3 shows examples of the linear AE signal source location plots 
from quasi-static flexure testing, one for each adhesive type. The auto-calibration signals of 
the AE equipment were used to determine the signal speed for the linear AE signal source 
location by adjusting the signal speed until the location of the recorded signals matched the 
known sensor positions. The values of the signal speed obtained varied between about 400 
and 500 cm/ms with an average around 425 cm/ms.  

   

Figure 3: AE linear signal source location (color-coded for AE signal amplitude) of quasi-static tests 
(under displacement control at 1 mm/min) using the AE sensors on the compression side (top) and the 
load curve for the 4-ENF specimens with (left) PRF and (right) HB110 adhesive. 

It can be noted that the non-linear point in the load curves indicating the initiation of the 
delamination corresponds fairly well to the onset of significant AE. As a trend, the more brittle 
adhesive (PRF) yields more AE signal source locations than the more ductile one (HB110). 
For the PRF-type joint (Figure 3 left), the AE signal amplitudes above 60 dBAE roughly 
indicate the position of the delamination tip as a function of time. These positions are also 
consistent with the visual observation of the delamination propagation on the edge of the 
specimens. For the more ductile adhesive (HB110), the AE signal source locations do not 
highlight the tip of the delamination as clearly as for the more brittle adhesive. The AE signal 
amplitudes recorded during delamination propagation in this case (Figure 3 right) are 
essentially all below 60 dBAE. For the PRF-type joint, the cluster of AE signal source locations 
extending over most of the distance between the two sensors at about 740-750 s is likely due 
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to tensile damage in the (bottom) wood beam occurring before the loading was stopped 
(Figure 4). This tensile damage in the wood also yielded audible cracking noise. The 
respective AE signal source cluster is even more pronounced when plotting the signal source 
location data from the tensile, i.e., the bottom side of the joint. The located signals yield even 
higher AE signal amplitudes than the locations from the compressive (top) side. The 
scattered AE signal source locations beyond the tip of the delamination after about 500 s 
(Figure 3 left) are likely due to precursors of the macroscopic tensile damage. Similar AE 
signal source locations beyond the tip of the delamination for the HB110 adhesive joint 
possibly indicate that some damage is also initiating there. However, tensile damage was not 
noted and was not visible when inspecting the specimen after the test. It has to be noted, 
however, that contributions from friction signals (e.g., from the contact between test-rig and 
joint or from slight relative movement between sensor and coupling surface due to specimen 
bending) to both location plots cannot be excluded. 

 

Figure 4: Photographs of the PRF-type joint showing signs of tensile failure (highlighted by black zig-
zag-type marks) on the bottom side after quasi-static testing, on the edge, the delamination is visible 
as well. 

Since the 4-ENF setup inevitably involves some friction between the support and loading 
rollers and the wood joint, the AE signals are further analyzed using selected AE signal 
parameters. Figure 5 shows plots of AE signal duration (logarithmic scale) versus AE signal 
amplitude (linear scale), again for both types of adhesive. This plot has been shown to allow 
for rough identification of AE signal source mechanisms in fiber-reinforced polymer 
composites [6], such as, e.g., mechanical rubbing (low amplitude, broad range of durations), 
delamination (intermediate amplitudes, high durations), fiber breakage (high amplitude range 
and high durations), electromagnetic interference (intermediate amplitude, short durations). 
This approach has also been used by Schubert et al. [7] for identifying AE signal source 
mechanisms in a full-scale wind rotor blade test. Even though the AE signal parameter areas 
for different mechanisms may overlap to some extent, it is likely that “low” amplitude signals 
(e.g., about 40-45 dBAE) for all durations observed (up to about 1’000 s in Figure 5) indicate 
friction or rubbing. The other parameter ranges are then attributed to crack or delamination 
propagation and fiber breaks (in the case of laminates). That possibly also holds for wood as 
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a natural fiber-reinforced composite material, if the delamination damage develops in the 
adherend rather than in the adhesive or at the interface between wood and adhesive. 

   

Figure 5: AE signal parameter plots (duration versus amplitude) of quasi-static tests using the AE 
sensors located near the starter crack tip of the 4-ENF specimens with (left) PRF and (right) HB110 
adhesive (following [6]). 

   

Figure 6: AE signal parameter plots (counts versus duration) of quasi-static tests using the 150 kHz 
resonant AE sensors located in the delamination propagation zone of the 4-ENF specimens (between 
the top loading rollers) for (left) PRF and (right) HB110 adhesive. 

As already seen in the AE signal source location plots (Figure 4), the HB110 adhesive joint 
yields less source locations and less AE signals (Figure 5) than the PRF adhesive joint. This 
can be attributed to the difference in adhesive properties, the more ductile adhesive (HB110) 
yields less signals and/or lower amplitude signals when failing, resulting in fewer data being 
recorded. Figure 6 shows another set of AE signal parameters (counts versus duration) that 
also yields information on the type of source mechanism. Typically, signals with low number 
of counts at relatively long duration correspond to signals with significant low frequency 
partial power in their Fourier Transform power spectra. The example for the PRF adhesive 
(Figure 6 left) has much more AE signals with durations between about 200 and 600 
microseconds and less than 20 counts than that for the HB110 adhesive (Figure 6 right). 
Please note that the plots in Figure 6 show channels 3 and 4, i.e., sensors located in the 
delamination propagation zone. The same parameter plots for the other sensor pairs 
(channels 1 and 2 located in the starter crack range; and channels 5 and 6 located in the 
uncracked part of the adhesive joint) show less signals in this parameter range (low number 
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of counts and long duration). Comparing the two types of adhesive, these plots are 
consistent with the signal parameter analysis shown in Figure 5, i.e., a larger amount of 
friction signals for the PRF-type joint. 

The dynamic load-signal (cycling at 5 Hz under displacement control) as a function of test 
duration shown in Figure 7 on the right indicates a decreasing trend of the maximum 
compressive load with time. This is due to the increasing compliance of the specimen, i.e., a 
reduction in flexural rigidity with increasing delamination length. 

   

Figure 7: (left) AE linear signal source location (color-coded for AE signal amplitude) of dynamic 4-
ENF tests at 5 Hz using the AE sensors on the compression side and (right) load curve for the 4-ENF 
specimen with the PRF adhesive. 

   

Figure 8: (left) AE linear signal source location (color-coded for AE signal amplitude) of dynamic 4-
ENF tests at 5 Hz using the AE sensors on the compression side and (right) load curve for the 4-ENF 
specimen with the HB110 adhesive. 

The duration versus amplitude plots for the two types of adhesive joints tested under mode II 
cyclic fatigue fracture load at 5 Hz (Figure 9) differ less in the amount of signals than for the 
respective quasi-static tests (Figure 5). Interpreting the signals with amplitudes below 45 
dBAE again as being mainly due to friction, the HB110 adhesive joint yields more friction 
signals and with durations extending up to 2-3 ms rather than 1 ms for the PRF type joint, 
and this in spite of the lower total number of cycles applied (PRF 50’000 cycles, HB110 
40’000 cycles). 
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Figure 9: AE signal parameter plots (duration versus amplitude) of quasi-static tests using the AE 
sensors located near the starter crack tip of the 4-ENF specimens with (left) PRF and (right) HB110 
adhesive (following [6]). 

   

Figure 10: AE signal parameter plots (duration versus amplitude) of quasi-static tests using the broad-
band AE sensor in the propagation zone of the delamination for (left) PRF and (right) HB110 adhesive 
(following [6]). 

4. Discussion 

The AE monitoring of the quasi-static and cyclic mode II (in-plane shear load) fatigue fracture 
tests yields additional information for interpreting the damage induced in adhesively bonded 
wood joints under quasi-static and cyclic fatigue in-plane shear (mode II) fracture loads. 
Linear AE signal source location yields indications of delamination propagation with time for 
comparison with the visual observation on the edge of the joints. From this, the average 
delamination propagation speed can be calculated. AE signal source location also yields 
indications of damage initiation in the wood adherends of the adhesive joints beyond or 
outside the propagating delamination that cannot be detected by visual observations. 

The rather dense set of AE signal locations toward the undamaged end of the HB110-type 
specimen in Figure 8 is tentatively attributed to friction from slight movement of the specimen 
on the support during cyclic loading. For confirming this, AE signal source mechanisms 
should be identified.  
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Figure 11: Selected AE waveforms and Fast Fourier Transform power spectra for one PRF adhesive 
joint from the broad-band AE sensor mounted in the propagation zone of the delamination. 

Therefore, for further analysis of the possible different source mechanisms, recorded AE 
waveforms are briefly discussed as well. Figure 10 shows the duration versus amplitude 
plots for the broad-band AE sensor (channel 7) for the two types of adhesive. As for the 
signals recorded with resonant type AE sensor, the more ductile adhesive (HB110) yields 
significantly less signals than the more brittle one (PRF). Figure 11 shows selected AE 
waveforms and Fourier Transform power spectra of signals recorded with the broad-band AE 
sensor on the PRF adhesive joint. As expected, the AE signals with low amplitude or low 
counts, and intermediate duration, respectively show larger low frequency partial power 
contributions than AE signals with higher amplitude and counts for comparable signal 
duration. 

In the cyclic fatigue fracture loading tests, likely, noise sources such as, e.g., friction between 
test-rig and specimen, seem to dominate the recorded AE. It is planned to investigate this in 
more detail by applying pattern recognition approaches, e.g., as described in [8,9]. 

5. Conclusion 

Examples of AE monitoring and analysis of mode II fracture tests on adhesively bonded 
wood joints indicate that the adhesive type has a significant effect on the amount as well as 
on the parameters of the recorded AE signals. AE further provides a perspective for 
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comparison between quasi-static and cyclic fatigue fracture behavior of adhesively bonded 
wood joints made with different adhesive types. Differences observed in the power spectra 
from AE waveforms recorded with a broad-band AE sensor during quasi-static tests suggest 
that pattern recognition approaches (e.g., similar to those described in [8,9]) should be allow 
to discriminate between different AE signal source mechanisms, possibly also for the cyclic 
fatigue fracture tests. This will be further investigated. 
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