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Abstract:  

Reinforcement of timber elements has been traditionally performed with metals, which leads to 
an increase of structural weight along with other adaptability and durability limitations. More 
recently, some innovative solutions using carbon-fiber composite (CFRP) as reinforcement are 
became more popular due to its low weight and high strength. One of the major shortcomings of 
this solution is the lack of knowledge about the physical behavior of the wood-resin-CFRP system, 
which is of great importance in order to guarantee the stress transmission between both materials 
and avoid delamination. In this context, the paper presents the results of a large amount of types 
of CFRP and resins applied on old timber specimens extracted during rehabilitation process of 
an historical building of the University of Granada, subjected to the adherence pull-off test. Tests 
were continuously monitored by a multi-resonant acoustic emission (AE) sensor, while ulterior AE 
data analysis involved the filtering of AE signals with the root-mean square of the waveforms, and 
damage mechanisms characterization with its spectral ratio calculated on the main resonances 
of the sensor. Results prove that this evaluation is able to distinguish between the failure of the 
wood base-element and the failure between the layers of the wood-resin-CFRP system.  

1. Introduction 
The structural elements of wood subjected to bending generally show a tensile mode 
failure. Commonly, this is a brittle failure produced in the tension area (mainly caused by 
natural defects such as knots), with little or no plasticization of the upper fibers. By using 
reinforcements on the bottom side of the element, the strength, stiffness and deflection 
can be significantly increased.  

During the last decades the use of fiber reinforced polymer materials (FRP) for the 
reinforcement of wood structures is expanding [1-7]. Either in the laboratory or in-situ, 
the installation of reinforcements is carried out by adhesion between wood and FRP, 
typically using epoxy resins. The result of this adhesion is key to ensure a good 
performance and durability of the reinforcement, without future delamination, and with 
an adequate transmission of stresses between the two materials [8-12]. 

The pull-off test performed with a portable adhesive tester, through the adhesion to the 
testing element of a piece known as a dollie, make it particularly suitable for field 
applications [13-15]. In this case, the adherence is evaluated by two factors: 1) Breaking 
load; 2) Failure model finally observed by visual inspection. However, in many cases, 
both parameters depend not only on the adhesive itself and its application, but also on 
the quality of the FRP and the quality and state of the wood. 

The acoustic emission method [16-18], known to be a passive method of continuous 
evaluation in real time, stands out for its ability to be especially sensitive to the failure 
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mechanism. In particular, there are many works that have successfully applied this 
method for the evaluation of coatings, surfaces and adhesion between materials [19-24]. 

In this context, the present work proposes the application of the acoustic emission 
method for the continuous evaluation of the adhesion between CFRP (carbon FRP) and 
old wood, with more than 200 years in service, which is usually the case in rehabilitation 
works and restorations. The proposal consists of: 1) To use a single AE multi-resonant 
sensor for acquisition. 2) To eliminate the unwanted signals by calculating their energy, 
evaluated with the root mean squared of the AE signals in two temporal windows; 3) To 
classify the signals into three types, according to their predominant frequency, within the 
main resonances of the sensor. This is done by calculating the spectral energy of the 
signals on a small temporal window at the beginning of the signal, in order to avoid as 
much as possible the influence of reflections and other propagation phenomena. 

2. Description of work 
Old southern-Spain Pinus sylvestris wood was used for the tests carried in this research. 
It was extracted from the roof structure of the Law Faculty of Granada University, during 
the rehabilitation of the building carried out in 2016. Wood presented significant 
differences in density, mainly caused by the existence of important knots (high density 
specimens) and the presence of woodworm attacks (low density specimens).  

CFRP materials were supplied by two different commercial firms. Two types of 
unidirectional CFRP pultruded laminates were used, shortly named here as L1 and L2. 
Similarly, two types of CFRP unidirectional fabrics were used, named as F1 y F2.  

Epoxy resin was used as adhesive between wood and CFRP. Four types of resins were 
used, named as AHD1 and AHD2 for the high density adhesives and ALD1 and ALD2 
for the low density ones. The density of the adhesives was 1.65, 1.74, 1.30 and 1.20 
g/cm3 for AHD1, AHD2, ALD1 and ALD2, respectively.  

Fig. 1 schematically depicts the layout of materials bellow the testing machine (dollie). 
Fig.2 summarizes all the specimens prepared and then tested, combining the 
aforementioned carbon materials and epoxy resins. Furthermore, a liquid primer layer 
(“p”) with a viscosity of 320 mPa·s was applied in all material combinations, in order to 
determine the influence on the adherence in each case.  

 
Fig. 1. Schematic representation of the materials in section. 
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Fig. 2. Images of each type of specimen. Types of CFRP: L1: Laminate L1; L2: Laminate L2; 

F1: Fabric F1; F2: Fabric F2. Types of adhesives: AHD1: High density adhesive 1; ALD1: Low 
density adhesive 1; AHD2: High density adhesive 2; ALD2: low density adhesive 2. 

Pull-off tests were carried out by using an adhesion tester Elcometer® 506 with a 50 mm 
diameter dollie. Loading was applied with a constant load rate of 0.01 MPa/s. In addition, 
all specimens were continuously monitored by the acoustic emission method. A Vallen 
Systeme AMSY-5 equipment was used to acquire the signals from the output of a multi-
resonant VS45-H sensor with a sensitivity within the frequency range 25-500 kHz. The 
main three resonances are located at 100 kHz, 150 kHz and 300 kHz, approximately. 
The sampling frequency for the waveforms recording was established at 5 MHz, and the 
number of samples was set at 4096 with a pre-trigger of 300 samples. The acquisition 
threshold was set at 32.1 dB and a 34 dB gain preamplifier was used. The AE sensor 
was coupled with silicone grease and fixed with a magnetic holder to the specimen. Fig. 
3 shows the sensitivity curve of the used sensors. Fig. 4 shows a scheme of the 
experiment and a picture of one of the tests.  

 

 

 

 

 

 
Fig. 3. Sensitivity curve of the multi-resonant sensor VS45-H. 

 
Fig. 4. Pull-off test description. Left: Schematic representation (distances in mm). Right: Image 

of the test. Distances in mm. 

AE data analylsis 

AE data anylisis was carried in two steps : 1) Filtering of mis-recorded signals ; 2) 
Classification of the signals into three groups according to their frequency content. 

For step 1, two temporal windows were considered in each signal. To automate the 
process, ending of W1 is the twice of the mean duration of all signals recorded along the 
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tests (Fig. 5). The RMS of both temporal windows of each signal was calculated, and by 
using the parameter RMS12 (Eq. 1), mis-recorded signals were not used for evaluation 
process.  

 RMS12 = RMS(W1) – RMS(W2)     (1) 

 

 

 

 

 

 

 

Fig. 5. Example of two AE signals. a: Well recorded signal. b: Mis-recorded signal.  

During step 2, a classification of passing signals in three groups was carried out, 
according to the relative importance of its spectral energy in three particular frequency 
bands. RMS was calculated on the first cycle of the signal just after the first threshold 
crossing. Following Eqs. 2-4, signals were classified in three groups, predominant low-
frequency (Group 1), medium-frequency (Group 2) and high-frequency (Group 3) 
signals.  

Group 1  If RMS0(B1) > RMS0(B2) and RMS0(B1) > RMS0(B3) (2) 

Group 2  If RMS0(B2) > RMS0(B1) and RMS0(B2) > RMS0(B3) (3) 

Group 3  If RMS0(B3) > RMS0(B1) and RMS0(B3) > RMS0(B2) (4) 

3. Results and discussion 

After test, all the specimens were classified into 4 types (A, B, C and D) according the 
final failure mode: A) debonding between the dollie and substrate 1 (CFRP). In this case, 
no conclusions about the wood-CFRP adherence can be taken; B) breakage of the 
substrate 1; C) debonding between substrate 1 (CFRP) and substrate 2 (wood), i.e. a 
bad wood-CFRP adhesion; D) failure of substrate 2, i.e. wood breakage. This type 
ensure a correct bond between the wood and CFRP. Fig. 6 shows the mean value of the 
breaking load for the three samples of each group, for laminates (L) and fabrics (F).  

 

Fig. 6. Breaking load during the pull-off test for samples with CFRP. Left: Pultruded laminate. 
Right: Fabric. 
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The results were analysed independently for laminates (Fig. 7) and fabrics (Fig. 8) since 
their behaviour is very different. In addition, the results of the different resins are 
compared according to their density (HD and LD for high and low densities, respectively). 

 

Fig. 7. Samples of CFRP laminate. Failures modes B, C and D. Cumulative hits against time 
and picture of samples.  

The failure mode B only appeared in L2 samples, demonstrating the lower quality of this 
laminate respect to L1. A very different AE pattern is observed for HD and LD adhesives. 
Moreover, when high density adhesive is used, almost no hits of the group 3 are present. 
In the case of samples with failure mode C, for HD adhesives, group 2 signals appear 
clearly later than signals of group 1, with barely hits from group 3. Finally, for samples 
with a final fail caused by the wood broke (mode D), HD adhesives presents a sudden 
increase  for hits of groups 1 and 2, from the very beginning of the test. Few signals of 
group 3 were released at the end of the test. However, when LD adhesives are used, AE 
pattern shows a more regular incresase of the signals in the three groups trhoughout the 
test (including group 3). 
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Fig. 8. Samples of CFRP fabric. Failures modes B and D. Cumulative hits against time and 
picture of samples.  

For samples of CFRP fabric, only the F2 samples with HD adhesive had this mode of 
failure, due to the high density of the adhesive. Regarding the AE results of samples with 
a failure mode D (wood breakage), hits of groups 1 and 2 had a similar pattern for all 
samples, without a clear distinction between HD and LD adhesives. The number of hits 
increases for all groups in a more regular way, with a slope higher than for samples that 
failed as mode B. Furthermore, the signals of group 3 appear for all cases.  

4. Conclusion 
The acoustic emission data analysis divides the signals according to whether their 
energy is predominantly contained in three frequency bands. We compared the breaking 
loads, the failure mode and the cumulative number of AE hits during pull-off tests. The 
most relevant conclusions are listed bellow. 

• In general, higher breaking loads were obtained in the case of fabrics than 
laminates, due to de better impregnation for the second ones, thus allowing a 
better adhesion with wood. In addition, better results were obtained when low 
densities resins are used, because the better impregnation of wood and fibers. • The group 1 of AE signals, corresponding to low frequency, is similar in all failure 
modes and types of CFRP, so it does not seem entirely relevant for the evaluation 
of adherence.  • When failure mode A occurred, no high-frequency signals were emitted (group 3) 
and barely signals of group 2 were registered. This result is a very clear indicator 
that signals of both groups are related to damage mechanism connected with de 
CFRP (mode B), the adherence CFRP-wood (mode C) and the wood breakage 
(mode D).  • In general terms, when the low density resin is used, in failures modes B, C and 
D, more group 2 signals are emitted, and much more from group 3 signals. For 
the test samples that failed by mode D, the emission of group 2 occurred almost 
from the beginning of the test. In this case, the emission of group 3 signals 
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increases considerably, especially when low density resin is used, for which 
better adhesion is obtained.  • In general terms, it seems to be clear that in the case of laminates, the increasing 
of acoustic emission in frequency groups 2 and 3 (medium and high frequencies) 
is a clear indicator of the good quality of the CFRP-wood system. The group3 of 
AE signals is more relevant when wood breakage happens (mode D). Thus, 
emission of high frequencies is probably associate with the damage mechanism 
wood as the applied load increases.  
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