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Abstract 
 

Pultrusion is a process for manufacturing constant-section composite profiles. This technology 
allows to make parts through a matrix extrusion process, where the fibers are pulled; this allows a 
good alignment of the fiber before the matrix polymerizes. It is also a cost-effective and highly 
automated process. The material also allows a good rigidity/weight and strength/weight ratio. 
These features allowed to extend the field of use of these materials also to civil structures, as 
bridges, industrial sheds and anti-noise panels. However, the proliferation of these applications is 
delayed by the limited knowledge on fatigue strength and damage modes of these materials. 

For these reasons, an experimental study on pultruded materials has been developed. A 
traditional fatigue testing plan was supported by acoustic emission testing. Each specimen was 
monitored through all the test, recording acoustic emission events. It was also possible to localize 
events and to predict failure position thanks to the use of multiple sensors. Based on localization, 
it was possible to follow the damage evolution and to appreciate the accuracy of the 
measurements carried out by AE. A 3D a tomography of a part of the damaged specimen was 
made, making possible to correlate acoustic emission features (such as energy and amplitude) to 
damage modes (fiber or matrix failure, fiber slipping and delamination). 

Some structural monitoring criteria based on acoustic emission are also proposed. This allows 
to perform in-situ tests and to reduce non-operative times due to inspections if a failure is 
detected: the localization methods may allow to use more precise testing methods in the possible 
area of failure. 

 
Introduction 
 

The increasingly demanding requirements for performance, safety, reliability, cost reduction, 
increased efficiency of industrial products has generated a number of requirements that are 
mutually contradictory. 

If these requirements tend to increase the use of lightweight materials, especially composites, 
on the other hand they require a finer knowledge of their characteristics and of the development 
of damage under different loading conditions. Besides, the possibility to reduce the safety 
margins used in the design phase for this kind of material - which are traditionally kept higher 
because of the poor knowledge of the material behavior – depends on  development of some 
experimental technique to monitor the actual state of the material and the development of the 
ongoing damage processes, like delamination or fiber breakage. 

Acoustic Emission Testing shows an attitude for real-time monitoring of complex structures 
[1], particularly for precise damage location and assessment. 

Composite materials have good rigidity-to-weight and strength-to-weight ratios, thanks to the 
combination of properties of the matrix and the reinforcement. However most of the production 
means rely on manual steps and therefore the costs of an industrial product tend to increase. 
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Pultrusion is an automated technological process for the continuous production of constant 
section composite profiles. The term comes from pull and extrusion, since the process involves 
the extrusion of the matrix and the traction of glass fibers. That makes possible to correctly align 
the fibers before the matrix is polymerized. 

Pultrusion allows to manufacture complicated constant section profiles of any length, without 
many of the problems involved in metallic extruded products. It's easily automatable in an 
industrial context, lowering the production costs [2]. 

Pultruded products are being used in civil structures (as bridges, sheds and anti-noise panel 
supports), but the spreading of these materials in high-tech applications is delayed by the limited 
knowledge on fatigue strength and damage modes of these materials [3, 4]. For this reason these 
materials are not used in many structural applications. To remove this limit, the application of 
real-time monitoring or other experimental techniques could be of great help for a better 
knowledge of the behavior of materials and structures under different loading conditions. 

However, acoustic emission monitoring of pultruded materials hasn't been explored widely. 
There are studies that analyzed damage mechanisms in GFRP composites with AE [5-8] and few 
focused on acoustic emission monitoring of large components [9-12]. The aim of this research is 
to fill this gap in damage mode assessment, to be used as a starting point for the development of a 
component monitoring methodology which can consider damage mode, to provide to the user or 
to the maintainer a quantitative assessment of the residual life of the component prior to 
maintenance. 

 
Testing methodology 
 

A traditional fatigue testing plan was carried out. Each specimen was monitored with an 
acoustic emission system through all the test, recording acoustic emission events. To make it 
possible to localize the events in the specimen longitudinal position, we used two sensors. 
 
AE instrumentation 

The Acoustic Emission instrumentation used is a Vallen system. The acquisition system 
consisted of a M16 master unit; each one of the two sensors used was preamplified with a AEP4 
unit; the master unit was connected to a digital acquisition board interfaced to a laptop (Figure 2). 

 

 
Fig. 1. AE instrumentation 

 
During each test the AE signals were recorded and visualized in terms of cumulative energy 

by location, cumulative counts (by location and total), and signal evolution in time. The 
generated graphs were only used as a reference for the investigation of visible damage and for the 
verification of the failure point; data was stored and post-processed later with different data 
processing software. 

 
 



Specimen geometry 
The pultruded material consists of a long fiber structure with three “mat” (random oriented 

fiber) layers, and was delivered in rectangular section, fixed length pre-cut pieces. We prepared 
two categories of specimens: tabbed and dog bone-shaped (Figure 3). 

 
 

Fig. 2. The two distinct specimen geometries used in the research 
 
Tabbed specimens showed a better reliability during static tensile tests, presenting failure 

generally in the middle section; on the other hand dog bone shaped specimens showed a better 
behavior in fatigue tests, with an higher fatigue strength. Both specimen geometries were 
considered and the results have been compared. 
 
Static tests 

A preliminary set of static tests was made. We tested 3 specimens, all with the tabbed 
geometry, with test parameters according to ASTM D3039 [13]. The strength of the specimens 
was very uniform, and the acoustic emission signals were comparable (Table 1). 

 
Table 1: static tests results 

Specimen σmax [MPa] 

MAT3-1 345 

MAT3-2 350 

MAT3-3 360 

 
Fatigue tests 

Fatigue tests were made to find whether there are different acoustic emission features at 
different stress levels or not. We considered 3 tabbed specimens and 3 dog-bone shaped 
specimens; each specimen was stressed at a different level (Table 2), with a cycle ratio R = 0.1, in 
load control using a fixed amplitude sinusoidal shape. Because of the different dynamic 
characteristics of the test machines used, the dog-bone specimens were tested at 3Hz, and the 
tabbed specimens at 1.5Hz. 

 
 
 
 
 
 
 
 



Table 2: Fatigue specimens test parameters 
Specimen ∆σ/2 [MPa] type freq [Hz] Nfailure 

MAT3-13 80 tabbed 1.5 126000 

MAT3-14 65 tabbed 1.5 Runout 

MAT3-16 90 tabbed 1.5 32000 

MAT3-31 100 dogbone 3 40000 

MAT3-33 120 dogbone 3 21000 

MAT3-34 100 dogbone 3 117000 

 
Sensors placement 

Two sensors were used for each measurement. In tabbed specimens the distance between the 
sensors was 120mm; in dogbone specimens 110mm to avoid contact with the grips in the 
occurrence of a partial slip of a sensor (Figure 4). 

 

 
Fig. 4. Specimen ready for fatigue test 

 
AE setup 

Prior to each test, we set up the acoustic emission system. First of all, the sensors were applied 
to the specimen using a silicone based paste, taking care of their alignment and distance, and 
eventually locking them in place with rubber bands; then, the specimen was mounted inside the 
testing machine grips and the sensors were connected to the preamplifiers. 

During the first two static tests, the specimens were also used to identify material signal 
attenuation. The attenuation test was done with the pencil lead break method at different 
distances; the attenuation value was quite uniform and around 5dB per meter. This value was 
considered for all the other tests. 

Then, some minutes of acoustic emission signal have been recorded, without loading the 
specimen. This allowed us to identify the noise level and to set the threshold value (that was 
generally between 55 and 60dB). 

Then, a pulsing test was done to calculate the wave propagation speed in the material. The 
pulsing test consists in using, alternatively, one sensor for emitting a signal, and the other for 
recording. The difference between the emission and receiving times, repeated a number of times, 
allowed to calculate the propagation speed c. After the pulsing test, another set of pencil lead tests 
was made, in order to check if the localization algorithm was working properly. 

The test was then started, recording AE signals since the beginning. The signals were recorded 
until the end of the test, represented by specimen failure or when the fatigue cycles overcome the 
value of N=106. Additionally, we cut out a small section from an unstressed specimen and 



another from a fatigue test for a tomographic analysis, to assess the correspondence between 
micro-structural damage and acoustic emission signals. 
 
Results 
 

Results analysis focused on signal amplitude interpretation.  
 

 
Fig. 5. Amplitude distribution of events during a static test 

 
Static tests show that events are distributed in amplitude with a higher number of events 

around 75 and 80dB. Different peaks are visible in amplitude versus events plots (Figure 5). 
By dividing the test in two halves, it's clear that the acoustic emission modes around 80 and 

75dB are predominant in the first half, while in the second half lower amplitude events occur 
(Figure 6). This can be associated to different failure modes that occur at low stress levels and at 
higher stress levels. 

 

 
Fig. 6. Signal amplitude distribution in time during a static test 

 
Fatigue tests show an initial high number of 80dB signals, which gradually fade out, and an 

increasing number of 75dB signals in the more advanced phases; then, in the last phase they show 
low-amplitude signals distributed between 55 and 70dB (Figure 7). 

 



 
Fig. 7. Amplitude distribution in time for a dogbone specimen 

 
This can be verified in all the fatigue specimens, except for MAT3-14 (the runout specimen) 

which only shows a low number of low amplitude events (Figure 8). This may be the 
confirmation that fatigue damage modes generate signals at high amplitudes. 

 

 
Fig. 8. Amplitude distribution in time for a runout specimen 

 
Tomographic analyses 

 
A set of computerized tomography 3d reconstructions was made at Sincrotrone Trieste, in the 

Syrmep CT line. We tested a sample from a static test, one from a fatigue test and a non-stressed 
material specimen. The specimens were about 30x4x6 mm, in sections of about 4.5x4x6 mm. 

 



 

 
The fatigue specimen showed the debonding between packet of fibers (Figure 9 right), as 

compared to the non-stressed specimen (Figure 9 left) which shows a good alignment and 
uniformity of fibers. Since the zone of damage showed the 75 and 80dB peaks, there is a 
possibility that those AE signals are associated to fiber packets debonding, and that this failure 
mode occurs in the first half of the fatigue life of the specimen. Matrix damage wasn't visible in 
the tomographies due to machine limitations. 

 
Conclusions and further developments 

 
Some interesting observations were made during the tests. In particular:  

• two emission modes with different amplitudes are found in all fatigue specimens; 
• the 80dB higher-amplitude events are found only at the beginning of the test, while the 

75dB events are found throughout all the test and in particular in the first half; 
• a specimen stressed below the fatigue limit doesn't show those emission modes; 
• low and mid amplitude events (55 to 70dB) are found before failure; 
• CT images show that the 75 and 80dB events can be correlated to a fiber-packets 

debonding failure mode. 
A possible explanation for the first mode can be some form of friction between fibers and 

matrix, associated to the progressive loss of fiber-matrix bonds; the events count at that amplitude 
fade away as the friction coefficient decreases (i.e. the bonds become less tight). This is only an 
hypothesis though, and it has to be verified with further and more direct studies. 

If further tests confirm the association between a certain amplitude and a precise failure mode, 
we will be able to develop structural monitoring criteria based on acoustic emission features, 
which can assess the damage in terms of residual strength. In particular planar localization will 
allow, on complex structures, to locate and to measure the propagation of a defect. 
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