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Abstract:  

This paper proposes the monitoring of old timber beams with natural defects (knots, grain 
deviations, fissures and wanes), reinforced with carbon composite materials (CFRP). 
Reinforcement consisted of the combination of a CFRP laminate strip and a CFRP fabric 
discontinuously wrapping the timber element. Monitoring considered the use and comparison of 
two types of sensors: strain gauges and multi-resonant acoustic emission (AE) sensors. AE data 
analysis propose two main steps: 1) A filtering of signals based on the root mean squared of the 
waveforms; 2) The use of partial spectral ratio corrected by the attenuation characteristics of the 
material, to identify damage mechanisms. Results demonstrate that: 1) the mechanical behaviour 
of the beams can be considerably improved by means of the use of CFRP (160% in bending load 
capacity and 90% in stiffness; 2) Acoustic emission sensors provide valuable information for 
damage assessment and its location during operation in real wood structures. 

1. Introduction 
The use of FRP for retrofitting and repair of wooden structures as an alternative material 
to steel has been booming for several years. Its high strength and deformability and the 
low weight added to the structure are its main attractions. In particular, the use of carbon 
fiber pultruded laminates and fabrics (CFRP), already at reasonable and competitive 
prices in the market, provide excellent results in terms of strength, stiffness and ductility. 

Numerous experimental, analytical and numerical works have demonstrated the high 
capacity for retrofitting and repair conferred by different layouts of CFRP [1-14]. 
However, at present, the use of codes and standards for the calculation and design of 
FRP reinforcement systems on timber beams, unlike in the case of concrete, are still 
scarce or nonexistent. This gap generates in the professionals of architecture and civil 
engineering and in the owners of wooden structures, both private and administrations 
that own many historic buildings, certain reluctance to use them.  

To generate confidence about its operation in situ, as well as to do a continuous follow-
up that establishes the pertinent structural alerts, the in-situ and real-time monitoring of 
structures [15] is an efficient strategy (Structural Health Monitoring), which can be of 
great utility to the case of FRP-retrofitted or repaired timber structures. In particular, 
acoustic emission (AE) method is an efficient technology for structural monitoring 
especially suitable for this purpose [16-18]. There are just one, as far as the authors of 
this work know, previous publications about the AE monitoring of timber structures 
reinforced with CFRP [19]. The method has been, however, widely used for wood and 
CFRP, individually [20-25]. There are also some works on the AE monitoring of concrete 
elements retrofitted with CFRP [26-30]. 

In the case of wood, however, two problems arise when applying this technique: a) Its 
high heterogeneity, which confers a very high distortion to the waves. Multiple reflections 
and other propagation phenomena of the wave, alter in a very considerable way the 
shape of the wave, making its ulterior analysis very complicated and unreliable; b) The 
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high attenuation of the material, which entails a closer location of the sensors, and the 
almost loosing of information at higher frequencies. 

To overcome both inconveniences, this work proposes a double strategy for the AE data 
analysis. Firstly, all the AE data analysis is done only on a very narrow window of the 
signal, just after the threshold crossing, including only one cycle of the waveform. This 
action largely avoids the effect of reflections and other propagation phenomena. 
Secondly, the proposed method includes a correction of the signal in the frequency 
domain, which attempts to compensate the attenuation losses.  

Using this double strategy, the work proposes the use of signlals whos spectral energy 
is predominant within a band of high frequencies, correlating these signals as coming 
from the resin-wood failure (precursor of CFRP-wood delamination). The appearance, 
detection and location of these AE signals serve as a real-time alert of final element 
failure. The proposed methodology has been validated on two different retrofitting 
layouts, providing successful AE results in both cases.  

2. Description of work 
All the timber beams used in this work were extracted from the last rehabilitation carried 
out on the roof of the Faculty of Law of the University of Granada. They are pinus 
sylvestris beams from the forests of the south of Spain, which had been in service for 
more than 200 years. They were cut and sanded with a final cross-section of (147 ± 11) 
x (222 ± 6) mm2 and a length of 4500 ± 2.4 mm.  

In particular, six beams were reinforced with CFRP by using two different layouts named 
as LR (longitudinal) and BR (braided), respectively. They are represented in Fig. 1. 
Furthermore, two beams without reinforcement (NR) were used as control specimens.  
As is shown in Fig. 1, the width of the CFRP lamella for both layouts was set at ���� = 
100 mm. In the case of the BR layout, the CFRP fabric height was set at ℎ��� = 150 mm 
and the length of each piece of fabric was set at ����= 100 mm.  

 

Fig. 1. LR (left) and BR (right) reinforcement layouts 

AE data analylsis 

The acoustic attenuation of the six beams was measured before the mechanical tests. 
To do that, one AE sensor was placed at the center of six intervals of length [-60, 60] cm. 
Pencil lead break tests (PLBs, using 0.5 mm 2H leads) were carried out at each particular 
point every 20 cm on the central line of the lateral face of the beam, according with the 
standard ASTM E976. Three PLBs were done at each point, and the peak amplitude in 
dB of each recorded AE signal was obtained. Fig. 2 describes the attenuation tests. 

2 
 



 
 

 

Fig 2. Attenuation tests procedure 

A Vallen Systeme AMSY-5 equipment was used to acquire the AE signals. Multi-
resonant VS45-H sensors with a sensitivity within the frequency range 25-500 kHz (Fig. 
3), were used. As it can be seen, two of the main resonances are located around 100 
kHz (low frequency) and 300 kHz (high frequency), respectively. 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. 

Big attenuation values and very relevant differences between all the specimens is 
obtained. It is basically due to the big differences in density and number and position of 
defects of each specimen. Similarly, a no symmetric attenuation pattern is obtained 
respect to the central position of the sensor, demonstrating the enormous heterogeneity 
of the used wood. 

For ulterior data analysis of the AE signals during the mechanical tests (Section 3), it 
was required to evaluate and quantify the attenuation in the two particular frequency 
bands, B1 and B2. To do that, the RMS for each band was calculated. Only the first cycle 
of the signal just after the first threshold crossing, W0: [0 - 20] μs, was used for the 
calculation of the spectral energy.  This very narrow temporal window was selected in 
order to avoid as much as possible the influence of the different reflections and other 
propagation effects of the wave on the calculation of the spectral energy. This strategy 
was already follow for some of the authors in a previous work [31].  More precisely, the 
used bands were 

a) Band (B1): [60 - 120] kHz. Low frequencies. RMS0 (B1). 
b) Band (B2): [270 - 330] kHz. High frequencies. RMS0 (B2). 

AE data analysis was carried in four steps, described as follows.  

Step 1. Filtering of miss-recorded signals. Due to the avalanche of generated AE 
signals, some of them were miss-recorded. Basically, they were signals recorded with a 
large period of low amplitude before the arrival time. In order to filter automatically the 
miss-recorded signals, two temporal windows were considered in each signal. Then, the 
root mean squared (RMS) of each signal in both temporal windows W1 (RMS(W1)) and 
W2 (RMS(W2)) was calculated. Using the difference between RMS(W1) and RMS(W2), 
only the signals fulfilling the RMS12 criterion were considered as properly acquired and 
passing the filter for ulterior data analysis in step 2. 
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Step 2. Source linear location. By means of the classical AE source location theory 
[16-18], linear location of the passing signals was carried by using the 6 used sensors. 
Thus, for each particular AE event the coordinate x between two sensors was obtained.   

Step 3. Attenuation correction. For the first-hit of the located events in Step 2, the 
spectral energy at each frequency band, RMS0 (B1) and RMS0 (B2) in decibels was 
calculated. Using the location of each event, x, and the attenuation fitting curves, for 
each frequency band, f-(x)B1 and f+(x)B1 for B1 and f-(x)B2 and f+(x)B2 for B2, a corrected 
spectral energy was calculated. The corrected RMS was named as RMSC0 (B1) and 
RMSC0 (B2), respectively.  

Step 4. Classification of events. During the last step, a classification of passing signals 
in two groups was carried out, according to the relative importance of its corrected 
spectral energy. More precisely, passing signals were classified in Group 1 as 
predominant low-frequency signals and in Group 2 as predominant high-frequency 
signals, respectively (Eqs. 1-2), i.e.   ����� 1 → �� ����0(�1) >  ����0(�2)                    (1) 

          ����� 2 → �� ����0(�2) >  ����0(�1)                     (2) 

Mechanical testing with acoustic emission monitoring 

All the beams were subjected to monotonic 3-point bending test until failure. 
Displacement rate was 1.5 mm/min. Tests were carried out on a hydraulic machine from 
the company SERVOSIS S.L., model CH4·ST·100, with a span between supports set at 
4000 mm. 

In addition, all specimens were continuously monitored by the acoustic emission method, 
by using six multi-resonant VS45-H sensors. For these tests, the pre-trigger was 
established at 500 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.  

3. Results and discussion 
Fig. 3 shows the stress as a function of time during the bending test on the eight 
monitored specimens. In the case of non-retrofitted beams (NR) the final failure was 
totally brittle. For the case of the beams with LR retrofitting layout, the stress curve shows 
a slight plastic range, although the final failure was also brittle. On the other hand, the 
three beams retrofitted with the BR layout had a much more ductile behavior, with a 
gradual and stepped decreasing of the loading capacity. For LR beams, although the 
knots still remain as sensitive areas, the final failure occurs due to delamination between 
the CFRP laminate and wood. In the case of the BR layout, the purpose of the fabric is 
to prevent the resin-wood failure and the subsequent delamination. Therefore, when a 
particular stress level is reached, the fabric begins to work, thus avoiding the 
delamination. The failure that causes the first loading decay occurs when this adhesion 
fails, i.e. when wood-resin breakage occurs.  
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Fig. 3. Stress versus time for all the tested beams. Red: Non-reinforced beams (NR). Blue: 
Longitudinal reinforced beams (LR). Black: Braided reinforced beams (BR). 

Fig. 4 represents the cumulative AE events grouped as explained in Section 2, for three 
particular beams of each group (NR, LR and BR). In all cases, it is observed that Group 
1 events (in which low frequencies predominate) are much more numerous than Group 
2 events (in which high frequencies predominate). It is also observed that the events of 
Group 1 do not show any special change when the element is close to reach the 
maximum load. However, in many cases, the events of Group 2 show a substantial 
increase when the load is close to its maximum value. This indicates that Group 2 events 
can be relevant to predict the final failure of the element in advance. 

Fig. 4. Cumulative AE events versus time for an example of non-reinforced (NR), longitudinal 
reinforced (LR) and braided reinforced (BR) beam. 

For this reason, Fig. 5 shows the location results of the Group 2 AE events along each 
tested specimen. The red dots represent the position of the sensors. Each blue dot in 
the graphs represents a localized event. The figures represent the peak amplitude of 
each localized event versus its position along the monitored area of the beam (the 
coordinate origin is at the center of the beam). The green lines correspond to the cracks 
in the wood, whereas the areas where breakage between wood and resin was observed 
are shown in orange color. The black areas correspond to the CFRP laminate that did 
not delaminate, while gray areas with black dots correspond to the zones where CFRP-
wood delamination occurred.  

In general, fewer events and shorter pick amplitudes are observed for the non-reinforced 
beams (NR) than for the reinforced beams (LR and BR). This indicates that the events 
of Group 2 can be mainly associated with resin-wood breakage (precursors of CFRP-
wood delamination).  

In the case of the beams retrofitted with the CFRP laminate (LR beams), it is observed 
that Group 2 events (especially those with a greater peak amplitude) are mostly and 
more clearly located in the area where the resin-wood breakage occurred. This area was 
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where the final CFRP-wood delamination began, leading to the fragile failure of the 
element.  

Fig. 5. AE linear location of events (Group 2) during the bending test for an example of non-
reinforced (NR), longitudinal reinforced (LR) and braided reinforced (BR) beam. 

A similar result is observed for beams reinforced with laminate and fabric (BR). For the 
three beams, the cracks of the wood were concentrated at the central part of the element, 
subjected to greater stresses. It can be clearly seen that the AE events are located mainly 
in this central area of the beam, which is an excellent correlation between AE location 
and damage location. In addition, the highest concentration of events for the beam BR3 
is located in the interval [-20, 0] cm, just at the resin-wood breakage area and precursor 
of lamella CFRP-wood delamination. 

4. Conclusion 
The work proposes the use of acoustic emission technique for the early detection of 
delamination between CFRP and wood, applicable to the case of retrofitted or repaired 
wooden beams with CFRP material. This analysis consisted on the following steps: 
 

-Elimination of erroneously recorded AE signals, by comparing the temporal RMS 
of the signals in two different time windows. 
- Calculation of the spectral RMS in a very narrow time window of the AE signals 
in two particular frequency bands. This minimizes the influence of the reflections 
of the acoustic waves and other propagation effects. 
-Correction of the spectral energy of the AE signals by means the attenuation 
curves empirically determined. 
-Clustering of signals into two groups, according to the value of the corrected 
spectral energy in two frequency bands: Group 1 (low frequencies are 
predominant) and Group 2 (high frequencies predominant). It has been shown, that 
if the attenuation correction is not carried out, no signals of Group 2 are found, due 
to the strong attenuation in wood material. 

 
It has been shown that Group 1 events undergo virtually no change when the specimen 
is close to the final failure. However, in general, the events of Group 2 suffer a 
considerable increase. It has been corroborated that the location of the Group 2 events 
correlates very well with the location of the wood-resin break zones, which are the 
precursors of delamination failure between the CFRP sheet and the wood. This check 
has been made both on reinforced beams only with CFRP laminate (in which 
delamination is a critical aspect) and beams reinforced also with CFRP fabric. 
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