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Abstract 
 

Selected tensile tests on balanced, adhesively bonded double-lap joints (DLJ) made from pul-
truded glass-fiber-reinforced, polymer-matrix (GFRP) flat profiles have been monitored with 
acoustic emission (AE) for an assessment of damage initiation and accumulation. The thickness 
was 10 mm for the inner and 5 mm for the two outer profiles. Three different bond-line thick-
nesses of the adhesive bond (nominally 0.3, 0.5 and 1.0 mm), all with an overlap length of 100 
mm, were tested. The usual AE signal parameter set was recorded with four AE sensors (either 
of type SE-45H or SE-150M) from three tests each per DLJ type. AE sensors were mounted 
above and below the adhesive bond with duct tape using a silicone-free coupling agent. Sensor 
coupling was checked before and after the tensile tests to stress levels around 60% to 97% of the 
effective ultimate tensile strength (proof-load of 140 kN). The auto-calibration function of the 
AE equipment (type AMS-3 from Vallen Systeme) was used for checking sensor coupling before 
and after the proof-load tests. Transient AE waveforms were recorded during the auto-calibration 
with 5 MHz sampling rate. This effectively constitutes acousto-ultrasonic (AU) testing of the 
DLJ before and after loading. Preliminary signal classification of the AU waveforms with Visu-
alClass® (from Vallen Systeme GmbH) had indicated that they differed when recorded before 
and after proof-load testing. The present paper attempts to identify the AU signal parameters re-
sponsible for this, as case study in AU waveform analysis. 

 
Introduction 

 
Previous experiments on the strength of adhesively bonded joints composed of glass-fiber re-

inforced polymer-matrix (GFRP) pultruded adherends [1-3] indicated that, even using enhanced 
mathematical methods on the basis of a fully linear mechanical model, a gap of around 10% be-
tween predicted and experimentally determined joint strengths remained. Reasons for this, in-
voked in [3], were either possible damage occurring by microscopic defect accumulation (e.g., 
micro-crack formation) and/or the resulting nonlinear behavior of the GFRP material at higher 
stresses (beyond those obtained on the samples of limited size, i.e., 40 mm x 40 mm). 

 
Acoustic emission (AE) monitoring is, in principle, capable of detecting microscopic damage 

accumulation in GFRP composites. AE was hence used to monitor the area of the adhesive bond 
during tensile tests on a series of nine full-size adhesively bonded double-lap joints (DLJ) up to a 
load of 140 kN, including subsequent unloading. The DLJ were then loaded to their ultimate ten-
sile strength, i.e., to tensile failure without AE. AE sensor coupling was checked with the auto-
calibration function of the AE equipment. This constitutes an acousto-ultrasonics (AU) examina-
tion [4]. The present paper investigates whether AU analysis can yield indications of damage ac-
cumulation due to tensile loading of the DLJ. 
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Experimental 
 
The balanced double-lap joints (DLJ) consisted of pultruded glass-fiber reinforced polymer-

matrix (GFRP) flat profiles of 500-mm length, 100-mm width, and 5-mm and 10-mm thickness 
for the inner and outer DLJ profiles, respectively. A polyester resin and E-glass fibers were used 
for the profiles, with mainly unidirectional rovings towards the center and one and two combined 
mats towards the outside for the 5-mm and 10-mm thick profiles, respectively. The combined 
mats consisted of chopped strand mats and 0°/90° woven fabrics, which were stitched together. 
For the adhesive bond, a two-component polyurethane adhesive (Sika S-Force 7851) was used, 
and the nominal bond line thicknesses were 0.3, 0.5 and 1.0 mm. The specimens were cured un-
der ambient laboratory conditions (23±1°C, 50±5% relative humidity) for one week, and then 
stored under comparable conditions before testing.  

 
The tensile tests have been performed on a servo-hydraulic test machine (Instron 1346) under 

displacement control (0.5 mm/min). A metal plate has been inserted between the outer two pro-
files inside the hydraulic grips at the bottom. 

 
For AE monitoring equipment and software from Vallen Systeme GmbH (AMS-3 and Visu-

alAE™) have been used. At least one DLJ for each bond-line thickness has been equipped with 
four multi-purpose AE sensors (type SE-45H from Dunegan Engineering Corp.) while the re-
maining DLJ have been tested with 150-kHz resonant AE sensors (type SE-150M from the same 
supplier). Preamplifier gain was set at 34 dB, AE signal acquisition threshold at 50 dBAE (except 
for two DLJ with 52 and 65 dBAE in order to eliminate excess noise from the hydraulic grips. 
The AE signals were band-pass filtered between 30 and 1000 kHz. Rearm time was set to 1.38 
ms. AU waveforms excited with the autocalibration function of the AE equipment (roughly 60 
Vpp, 800 ns duration applied to each AE sensor) have been recorded with transient recorders at a 
sampling rate of 5 MHz (200 pre-trigger samples, total 4096 samples).  

 

    
Fig. 1. Photograph of (left) a double lap joint in the test machine with two AE sensors (above and 
below the adhesive bond) on either side of the joint; (right) side view of the joint with the thicker 
inner profile on top and the thinner outer profiles on the bottom. 
 



 

 154  

Results 
 
Table 1 summarizes the applied and observed tensile failure loads of the DLJ and the type of 

AE sensor use for monitoring the proof load. The average tensile failure load for all DLJ, irre-
spective of their bond-line thickness is 182.4 ± 28 kN, and 199.1 ± 42 kN, 169.9 ± 23 kN and 
178.5 ± 11 kN for 0.3, 0.5 and 1.0 mm bond-line thickness, respectively. Plotting machine load 
data versus time (not shown) indicated an overall non-linear behavior of the DLJ, typically start-
ing at tensile loads below 50% of the failure load. Figure 2 shows examples of recorded AU 
waveforms from the auto-calibration procedure for checking on sensor coupling. It is evident that 
these signals contain contributions from different wave modes or (multiple) reflections due to the 
structure of the adhesive joints. In a preliminary analysis using a waveform classification pro-
gram (VisualClass® from Vallen Systeme GmbH) such AU waveforms could be separated into 
those taken before and after proof loading in most cases (see [5, 6] for sample results and details 
on the procedure). A visual comparison of the AU waveforms in Fig. 2 shows some differences 
between waveforms recorded before and after the proof load, but also between comparable states 
of the two joints (DLJ031 and DLJ101). Qualitatively, the differences among the joints with dif-
ferent thickness of the adhesive layer (DLJ031 with nominally 0.3 mm, DLJ101 with nominally 
1.0 mm) seem more prominent than those for each joint taken before and after proof loading (for 
each emitter-sensor pair considered). 

 
Table 1: Tensile load cycles, failure load (kN) and proof-load fraction for DLJ with different 
bond-line thickness and AE sensor type 

 

DLJ 
No. 

Load cycle(s)  
[kN] * 

Tensile failure 
load [kN] 

Proof-load (140 
kN) fraction of 
failure load [%] 

AE sensor 
type 

031 0-141-0, 0 to failure 155.2 90.2 SE-45H 
032 0 to failure 239.2 58.5 SE-45H 
033 0-140-0, 0 to failure 202.2 69.2 SE-150M 
051 0-140-0, 0 to failure 143.7 97.4 SE-45H 
052 0-140-0, 0-100-0, 0 to failure 188.7 74.2 SE-150M 
053 0-139-0, 0 to failure 177.4 78.9 SE-150M 
101 0-140-0, 0 to failure 190.8 73.4 SE-45H 
102 0-140-0, 0 to failure 170.8 82.0 SE-150M 
103 0-140-0, 0 to failure 174.0 80.5 SE-150M 
* except for DLJ 032, the loading to failure was not monitored with AE sensors 
 
In the following, it will be investigated whether the changes in AU waveforms recorded be-

fore and after proof-loading (visible in Fig.2 and also evident from the waveform classification 
[5, 6]) can be traced to specific AU signal parameters. Specifically, signal amplitude, duration, 
ring-down counts, (true) energy, and rise-time are investigated and compared. All data presented 
are averages of usually four AU waveforms, in a few cases of three or five. There are four sensor 
combinations that will pass guided waves through the adhesive bond and, hence through the  
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 a) b) c) d) 

Fig. 2. Examples of AU waveforms recorded with a multifunctional AE sensor (type SE-45H) 
before (on top) and after (bottom) tensile proof-loading of the joints to 140 kN, waves propagat-
ing along the side of a) DLJ 031 and b) DLJ101, and from one side across to the other of c) DLJ 
031 and d) DLJ101, respectively. 
 
volume of the joint where damage accumulation occurs. The center GFRP-plate close to the top 
of the adhesive bond had been identified as damage initiation location from AE analysis (AE 
source location) and visual observation of the fracture surface after the test [7]. The sensor com-
binations are from top to bottom (or vice-versa) on each side of the joint (compare Fig. 1) and 
from top left/right hand side to bottom right/left hand side (or vice-versa). 

 
The graphs in Fig. 3 show a clear difference between the two types of sensors (SE-45H and 

SE-150M). All AU signal parameters recorded before proof loading to 140 kN yielded lower 
values when recorded with the 150 kHz resonant sensor (SE-150M) compared with the mass-
loaded multi-purpose sensor (SE-45H, displacement sensor below 45 kHz, velocity sensor above 
70 kHz). AU signal amplitudes (Fig. 3 top) recorded with the 150 kHz resonant sensor seem to 
decrease more rapidly with increasing thickness of the adhesive than with the other sensor (SE-
45H). When plotted against the nominal thickness of the adhesive layer of the double lap joints 
(0.3, 0.5 or 1.0 mm), AU signal parameters typically decreased with increasing thickness of the 
adhesive, with a few exceptions e.g., in rise time. This was observed for both sensor types, even 
though there was considerable scatter in some cases, which made identification of the trends with 
adhesive thickness difficult. Figure 3 also indicates the scatter in the data between the different 
emitter-sensor configurations. Note that square symbols indicate propagation along the side, tri-
angular symbols across the joint, filled and open symbols indicate different directions of wave 
propagation (top-to-bottom or bottom-to-top). 

 
AU signal parameters after proof loading the joints to 140 kN are compared with those from 

the as-prepared state. If plotted against thickness of the adhesive (Fig. 4), it is difficult to identify 
clear trends in most cases. This holds for both types of sensors (SE-45H and SE-150M). AU sig-
nal energy seems to show the most consistent change after proof loading. For sensor type SE-
45H, this parameter is increasing after proof loading, while for sensor SE-150M it is decreasing 
in most cases (compared with the value before proof loading). AU signal energy is hence plotted 
against the percentage of failure load represented by the proof loading to 140 kN as well (Fig. 5). 
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Fig. 3. Selected AU signal-parameters recorded before proof loading to 140 kN with (left) sensor 
type SE-45H and (right) with sensor type SE-150M plotted versus thickness of the adhesive (see 
text for more details). 

 

 
Fig. 4. Selected AU signal-parameters after proof loading to 140 kN compared with those re-
corded before proof loading with (left) sensor type SE-45H and (right) with sensor type SE-
150M plotted versus thickness of the adhesive; square symbols indicate values before, diamond-
shaped symbols values after proof loading (see text for more details). 
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Fig. 5. AU signal-energy after proof loading to 140 kN compared with values recorded before 
proof loading (left) sensor type SE-45H and (right) SE-150M, (top) AU signal propagation along 
side of joint, (bottom) AU signal propagation across joint; square symbols indicate values before, 
diamond-shaped symbols values after proof loading (see text for more details). 
 
Discussion 

 
Due to the fairly large scatter in failure loads for each group of joints with the same thickness 

of the adhesive (coefficient of variation between about 6% and 20%), it is difficult to decide 
whether there is a dependence of the failure load on the thickness of the adhesive layer. Even the 
reasons for this scatter are not clear. Of course, the sample size (three joints per thickness) is too 
small for reliable statistics. Manufacturing effects (e.g., variation in adhesive thickness) and 
maybe variability in the lay-up of the GFRP plates are tentative explanations. 

 
Nevertheless, there are indications of a dependence of the AU signal parameters on the 

thickness of the adhesive layer of the joints. Essentially, but sometimes with relatively large scat-
ter, the AU signal parameter values tend to decrease with increasing thickness of the adhesive 
layer. This would be consistent with the assumption that increasing thickness of the adhesive 
layer yields increasing signal attenuation. 

 
The observed lower values of AU signal parameters recorded with sensor type SE-150M 

compared with SE-45H quite likely relates to the difference in frequency response. Sensor type 
SE-45H has a higher sensitivity in the frequency range between 50 and 100 kHz than SE-150M 
(about 5-10 dBAE). Fast Fourier transforms of the AU waveforms (not shown here) recorded with 
the different types of sensor clearly show higher contributions to the power spectra for the SE-
45H in the frequency range below 100 kHz than for the 150 kHz resonant sensor. 

 
The proof load of 140 kN amounted to between 58% and 97% of the observed failure load. 

This indicates that damage accumulation due to the proof load ranges from low (e.g., DLJ032) to 
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severe (e.g., DLJ051). That damage induced by the proof load does affect the AU waves is 
shown by the examples in Fig. 2. Such an effect had also been suggested by the comparative 
waveform classification reported in [5]. This can be interpreted as evidence that damage accumu-
lation does affect AU waveforms, as expected [4]. However, the results presented here indicate 
that it is difficult to identify a single AU signal parameter as suitable damage indicator. AU sig-
nal energy yields increasing values after proof loading, if sensor type SE-45H is being used. For 
the 150 kHz resonant sensor (SE-150M), AU signal energy values after proof loading are de-
creasing, however with one exception, and the changes are comparatively small. Most of the 
other AU signal parameters (amplitude, duration, ring-down counts) yield partly increasing and 
partly decreasing values after proof loading for both types of sensors, i.e., no clear trend, while 
rise time does not seem to change significantly.  

 
As an empirical observation, it can be noted that compressive damage inducing local delami-

nations in a GFRP-laminate made from woven reinforcement in an epoxy matrix had also shown 
increasing AU signal energy transmission with increasing extent of damage [6]. The mecha-
nism(s) responsible for that, however, have not been clarified yet. These experiments were per-
formed with special piezoelectric composite sensor elements with considerable sensitivity in the 
frequency range between about 30 and 100 kHz (analogous to the multipurpose sensor type used 
in the present investigation). The fact that the 150 kHz resonant sensor used in the present inves-
tigation noted a decrease in transmitted AU signal energy after proof loading (except in one case) 
and that an increase is observed, if sensors with sensitivity at lower frequencies are being used 
indicates that frequency-dependent wave propagation effects may play an essential role. Damage 
on one hand seems to produce increasing attenuation at higher frequencies (e.g., above 100 kHz), 
and simultaneously increasing wave energy transfer at lower frequencies. Whether this can be 
explained by wave mode changes, by changes in wave interference (the recorded waveforms 
clearly contain contributions from different wave modes or reflections, see Fig. 2), by non-linear 
or resonance effects or a combination of these, is not clear. Whether modeling of wave propaga-
tion would succeed in shedding light on this, is also unclear, due to the rather complex composi-
tion of the GFRP-plates and the lack of materials data as a function of damage accumulation. 

 
In principle, it can be hypothesized that the amount of damage in the propagation path of the 

AU waves should also be reflected in the signal arriving at the sensor (as long as the geometry of 
the test piece and sensor arrangement was kept constant to exclude propagation distance depend-
ent effects). The AU signal parameter analysis presented in this paper does seem to indicate that 
the change of a single parameter will not directly correlate with the amount of damage. It has to 
be noted, however, that the only indicator of the amount of damage available here was the ratio 
between proof load and failure load. It will be interesting to see whether more detailed and so-
phisticated methods of analysis, e.g., based on waveform classification or pattern recognition 
will, in the future, be able to establish a clear correlation between AU waveform changes and 
amount of damage. Tentatively, the observation of increasing transmitted AU signal energy 
(when monitoring test pieces with an AE sensor with sufficient sensitivity in the frequency range 
below about 100 kHz) can be taken as an indication of potential damage accumulation that may 
need attention and eventually follow-up inspection. 
 

Conclusions 
 

As a case study, acousto-ultrasonic (AU) waveforms recorded during autocalibration for 
checking on acoustic emission (AE) sensor coupling before and after tensile proof-tests on adhe-
sively bonded double-lap joints made from glass-fiber reinforced polymer-matrix pultruded 
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plates have been analyzed by comparing selected AU signal parameters. It was noted that AU 
signal parameters tended to decrease with increasing (nominal) thickness of the adhesive bond 
(from 0.3 mm to 0.5 mm and finally to 1.0 mm). There was also a clear difference between AU 
signals recorded with 150 kHz resonant AE sensors compared with those recorded with multi-
purpose AE sensor (type SE-45H) with comparatively higher sensitivity in the frequency range 
between about 50 and 100 kHz. In spite of indications that waveform classification (with Visu-
alClass® from Vallen Systeme GmbH) succeeded in distinguishing AU waveforms recorded be-
fore and after proof loading, it proved difficult to unambiguously identify a single AU signal pa-
rameter responsible for this. While for most AU signal parameters investigated, no clear trends 
with damage were observed, AU signal energy at least yielded distinctly increasing values when 
recorded with the multipurpose sensor, and simultaneously mainly decreasing values when re-
corded with resonant sensor after proof loading. The changes in the signal energy, however, did 
not seem to quantitatively correlate with the expected amount of damage. It will hence be inter-
esting to further investigate the feasibility of advanced waveform classification and pattern rec-
ognition methods for this. 
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