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Abstract: This study was carried out for the French National Radioactive Waste Management 

Agency (Andra) as part of the Cigéo project, a deep geological disposal facility for radioactive 

waste. Cigéo consists of a network of concrete galleries where the radioactive wastes will be 

disposed. After the construction and operation phase, the galleries will be sealed, and no further 

human intervention will be possible. Therefore, to monitor the health of the galleries remotely, 

structural health monitoring (SHM) techniques are required. The study focused on using three 

different monitoring techniques, namely acoustic emission (AE), strain measurements using 

optical fibers, and electrical measurements with embedded sensors to test the self-sensing 

ability of the concrete. The objective was to cross-reference data from these various techniques 

to propose methods for detecting cracks in concrete elements. The obtained results were 

compared with those from digital image correlation (DIC). These tests were carried out on 

structural elements, i.e. beams subjected to 4-point bending test. With the dual aim of improving 

the relevance of these monitoring techniques and better controlling crack propagation, fibers 

were incorporated into the concrete mixes. Two types of fibers were used: amorphous metallic 

fibers (AMF) and carbon fibers (CF). The results showed that CF primarily enhanced crack 

detection through electrical measurements without significant influence on mechanical 

performance. However, AMF demonstrated their ability to restrain crack propagation and 

improved the relevance of electrical and AE measurements to monitor crack initiation and 

propagation.

1. INTRODUCTION

This study, which was funded by Andra,

focused on the detection of cracks in a 

reinforced concrete element containing 

fibers. Andra is currently working on the 

Cigéo project, a radioactive waste disposal 

facility. Located in France, this project aims 

to dispose high-level and intermediate-level 

long-lived radioactive waste for several 

thousand years. 

Cigéo involves a network of 

underground tunnels located approximately 

500 meters below the surface, within a 

stable clay layer known for being 

impermeable. The tunnels will be made of 

prefabricated reinforced concrete segments, 

with diameters reaching up to 12 meters. 

Given the challenges associated with the 

disposal of radioactive waste and the 

longevity of the structure, Andra attaches 

great importance to studying the durability 

of structures. 

To reduce risks due to corrosion of the 

conventional steel rebars, Andra is studying 

alternative solutions using non-corrosive 
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fibers that could enhance mechanical 

performance, particularly in terms of crack 

control and strength. Specifically, the use of 

non-corrosive fibers in the concrete mix is 

being considered to reduce the amount of 

traditional reinforcement needed [1]-[2]-

[3], and consequently decreasing corrosion 

risks. 

In addition to durability challenges, 

structural monitoring is another concern. 

After an operational period during which 

waste will be placed in the tunnels, the 

project will be sealed and human access to 

the galleries will no longer be possible. As 

a result, various systems are being 

considered to ensure structural monitoring 

over time. 

In this study, multiple monitoring 

systems were implemented to 

simultaneously track the initiation and 

propagation of cracks during bending tests 

on beams reinforced with both rebars and 

fibers. The different systems are:  

- digital image correlation (DIC), that is 

a widely used technique to visually monitor 

the development of cracks [4]. 

- strain measurements using distributed 

optical fibers to detect cracks as soon as 

they are initiated [5]. 

- acoustic emission (AE) monitoring, 

that is based on the localization of acoustic 

events due to damage in concrete. This 

technique proved its relevance on many 

studies to monitor structural health [6]-[7]. 

- electrical measurements, that are also a 

way to monitor the damage based on the 

self-sensing capacity of concrete. Some 

researchers showed that electrical concrete 

resistance is impacted by the stress applied 

to it, as well as by the crack initiation and 

propagation [8]. 

The results from these various systems 

were cross-referenced to evaluate their 

accuracy and to propose structural 

monitoring methods to Andra. 

2. MATERIALS AND METHODS 

2.1. Materials 

The concrete mixtures were composed of 

CEM III/A 52.5 L CE PM-ES-CP1 cement, 

calcareous filler, calcareous sand (0/4), and 

gravel (4/12). The dosage of super-

plasticizer (SP) was adjusted to achieve a 

slump between 55 and 65 cm, ensuring the 

self-compacting properties of the concrete. 

Two types of fibers were used: amorphous 

metallic fibers (AMF) and carbon fibers 

(CF). Their dimensions are presented in 

Table 1. Amorphous metallic fibers, named 

F20L6 are provided by Saint-Gobain and 

the carbon fibers are provided by Toray 

Carbon and Apply Carbon. Both were 

selected for their durability and excellent 

corrosion resistance [9].  

Table 1: Fibers dimensions 

Fibers 
𝑙 

(mm) 

𝑤 

(mm) 

𝑡 

(mm) 

𝑑 

(µm) 

AMF 30 1.6 0.029 - 

CF 24 - - 5-7 

Where: 𝑙, is the length of the fiber, 𝑤, its 

width, 𝑡, its thickness, and 𝑑, its filament 

diameters. 

Three different self-compacting concrete 

mixes were designed to obtain a C60/75 

concrete. The plain concrete, named PC, 

was used as the reference sample. The mix 

named AMFRC was prepared with 30 

kg/m3 (0.41 % by volume) of AMF. 

Another mix, named CFRC, was prepared 

with 5 kg/m3 (0.27 % by volume) of carbon 

fiber. All the details of the mixes are given 

in Table 2. 

Table 2: Mix proportions 

Component AMFRC CFRC PC 

Ciment (kg/m3) 460 450 450 

Filler (kg/m3) 45 45 45 

Sand (kg/m3) 984 984 984 

Gravel (kg/m3) 659 672 672 

Fiber (kg/m3) 30 5 0 

Water (kg/m3) 187 187 187 

SP (kg/m3) 7.35 7.2 4.2 

Slump (cm) 58 55 65 
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The volume fraction of CF was set at a 

lower level than that of the AMF because of 

the difficulties encountered in achieving 

sufficient slump, and because it was high 

enough to obtain good results in terms of 

self-sensing capability [10]. 

3. METHODS 

3.1.  Materials and experimental set-up 

The beams tested in this study were 

15 cm width, 28 cm height and 200 cm 

long. Longitudinal reinforcement consisted 

of 2Ø12 steel bar, and stirrups were Ø6. 

Three beams (B1-AMF, B2-CF, B3-PC) 

were casted with the same steel 

reinforcement ratio, but with different 

concrete mixes: 

- B1-AMF is made of mix AMFRC. 

- B2-CF is made of mix CFRC. 

- B3-PC is made of mix PC. 

Four-point bending tests were conducted 

using a machine with a loading capacity of 

200 kN. The experimental set-up is 

illustrated in Figure 1. The span length was 

set at 180 cm, and the distance between the 

two force application points was 50 cm. 

 

Figure 1: Test configuration. 

The initial loading rate was selected so 

that the load increased at a constant rate of 

8 kN/min until the first crack appeared. The 

first cracking load was pre-calculated and 

verified during the test. Once the beam 

cracked, the loading rate was controlled by 

the deflection at a rate of 10 mm/min until 

the end of the test. The measurement of the 

deflection was carried out using a LVDT 

sensor placed at mid-span of the beam. 

3.2.  Digital image correlation (DIC) 

A digital image correlation system was 

installed to monitor the strain and crack 

opening on beam surface. To perform the 

measurements, a speckle pattern with 5 mm 

diameter dots was applied to one vertical 

face of the beam. Two high-resolution 

cameras were used to capture the data and 

Vic-Snap software was used for acquisition, 

while Vic3D processed the data. It allows 

the deformation field in the zone of interest 

to be calculated, and virtual displacement 

sensors can also be placed. 

3.3.  Acoustic emission (AE) 

Acoustic emission measurement system 

consists of several components. Signals are 

captured by resonant piezoelectric sensors, 

fixed to the beam's surface with fast-setting 

silicone glue. The sensors are connected to 

40 dB preamplifiers, then sent to a 8-

channel acquisition board and processed 

using EAwin software. Eight sensors were 

placed on beam face (6 on the lateral face 

and 2 on the top face). The signal recording 

and filtering parameters were based on the 

work of A. Boniface [11]. The sensors were 

placed in a way that there is an average 

spacing of 30 cm between them. They were 

placed on the central part of the beam, 

between the two force application points, 

where most of the cracks are expected to 

occur. 

3.4.  Strain measurements with optical 

fiber 

A distributed optical fiber was also 

installed in each beam to measure the strain 

of the concrete at the same height as the 

longitudinal reinforcements. This optical 

fiber, named FutureNeuro FN-SILL-3, is 

supplied by the company NEUBREX. 

Optical fiber was suspended from the 

longitudinal reinforcements using nylon 

threads, allowing the fiber to deform freely 

along the entire length of the beam. The 

fiber gives average strain values every 

0.65 mm and the recording rate has been set 

to one measurement every 5 seconds. 

50 cm 65 cm65 cm

L = 180 cm

200 cm

Longitudinal view

Longitudinal 
renforcement

Stirrup
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3.5.  Electrical measurements 

Electrical measurements were recorded 

using a Wheatstone bridge with electrodes 

embedded in the concrete. The operating 

principle of the Wheatstone bridge is 

presented in the study of T. Ferdiansyah 

[12]. The electrodes, made of perforated 

metal plates measuring 6 × 10 cm, were 

placed 10 cm on either side of beam center, 

as illustrated on Figure 2. The electrodes 

were installed before casting, they were 

suspended from the rebar cage with nylon 

wire. A copper wire was threaded through 

the perforations in the plates to apply the 

electrical current. The copper wire extended 

to the top surface of the concrete, allowing 

connection to the rest of the Wheatstone 

bridge. A multimeter is connected to the 

bridge which records the change of the 

voltage that indicates a change in concrete 

electrical resistance. 

 

Figure 2: Electrodes set up. 

4. RESULTS 

4.1.  Mechanical results 

Figure 3 illustrates the mechanical 

behavior of the 3 beams subjected to four-

point bending test. The three beams exhibit 

similar behavior, divided into three phases: 

The first phase, referred to as the 

uncracked elastic phase, where the force-

deflection curves are linear. During this 

phase, the concrete remains uncracked, and 

the stress level in the tensile zone is below 

the concrete's tensile strength. During this 

phase, neither the reinforcement bars nor 

the fibers are stressed. This phase ends 

when the force reaches the load initiating 

the first crack (denoted as 𝐹𝑓𝑐), which 

corresponds to the force leading the tensile 

strength to be reached in the concrete's 

tensile zone. 

 

Figure 3: Load vs. deflection 

The second phase, known as the cracked 

elastic phase, is still characterized by a 

linear relationship between force and 

deflection, but a change in slope compared 

to phase 1 is clearly noticeable. While the 

concrete is no longer in the elastic domain, 

the reinforcement bars still are. They 

continue to do so until yielding occurs, 

which is when the plasticity force (𝐹𝑝𝑙𝑎𝑠) is 

reached. 

Then begins the third phase, which is not 

analyzed in this study, it is called the 

plasticity plateau. During this final phase, 

the force remains nearly constant until the 

beams fail.  

Based on the behavior of these beams, 

comparative forces were established to 

serve as reference points for comparison of 

the behavior of the three beams. Those 

comparative forces are defined in Figure 4. 

 

Figure 4: Definition of comparison forces. 

d = 20 cm

= =

10 cm 10 cm

Perfored metal
plate 

Copper wire

=
=

0

20

40

60

80

100

120

0 5 10 15 20 25 30 35 40 45 50

Lo
ad

 (
kN

)

Deflection (mm)

B1-AMF

B2-CF

B3-PC

Lo
ad

Deflection

Comparative forces : 

, the load equals to 50% of

, the first crack load

, the load equals to 50% of

, the load equals to 75% of

, the plasticity load



T. Bouillard, A. Turatsinze, J.P. Balayssac, A. Toumi and O. Helson 

5 

 

The results given in Table 3 show that 

the three beams exhibit similar 

characteristic forces. However, beam B1, 

reinforced with AMF, seems to exhibit 

slightly higher values compared to the other 

two beams. These fibers have demonstrated 

their advantages at the material scale [13]-

[14]-[15]-[16], and these tests have 

confirmed their effectiveness in hybrid 

reinforcement (fibers and rebars). 

Regarding carbon fibers, they did not result 

in significant improvements in terms of 

comparison forces. 

Table 3: Comparative force values 

Comparative 

forces 

B1-

AMF 

B2-

CF 

B3-

PC 

𝐹0.5𝑓𝑐 (kN) 15.1 12.8 12.2 

𝐹𝑓𝑐  (kN) 30.1 25.5 24.4 

𝐹0.5𝑝𝑙𝑎𝑠 (kN) 47.8 45.5 44.4 

𝐹0.75𝑝𝑙𝑎𝑠 (kN) 71.7 68.3 66.6 

𝐹𝑝𝑙𝑎𝑠(kN) 95.6 91.0 88.8 

4.2. Crack development 

To detect the initiation and propagation 

of cracks, virtual displacement sensors were 

used within DIC results. To do so, virtual 

sensors were positioned at the same height 

as the longitudinal reinforcement bars. They 

measure elongation at a given time and 

provide values at one-centimeter intervals 

along the beam's span.  

Thus, when the beam is deformed, the 

sensors give a value of elongation and when 

a crack develops, a sudden elongation jump 

is observed. The magnitude of this jump 

corresponds to the crack opening. 

To differentiate localized deformations 

from "true" cracks, a minimum jump 

threshold was calibrated at 0.04 mm. Below 

this value, the jump is disregarded; 

however, beyond this threshold, the jump 

indicates crack development. The value of 

this threshold is justified in the PhD thesis 

of T. Bouillard [10]. 

From the Figure 5 to Figure 7 are shown 

the crack positions and their opening values 

at various loading levels. For each loading 

level (from 𝐹𝑓𝑐 to 𝐹𝑝𝑙𝑎𝑠), each detected 

crack is represented by a bar. The bar's 

height corresponds to the crack opening, 

and its position relative to the left support is 

plotted on the X-axis. In the case where a 

crack continues to grow at higher loading 

levels, the corresponding bar extends 

vertically while remaining at the same 

horizontal position. 

For all beams, at the first cracking force 

(𝐹𝑓𝑐) one or two cracks, represented by 

orange squares in the figures, were detected 

in the central zone of the beams. These 

cracks all exhibited openings smaller than 

0.05 mm. 

By the loading level 𝐹0.5𝑝𝑙𝑎𝑠, more 

cracks appeared, the cumulative crack 

opening detected by virtual displacement 

sensors, given in Figure 8, are 0.5 mm for 

B1, 0.84 mm for B2, and 1.13 mm. This 

means that, for equivalent loading levels, 

the AMFs reduced the cumulative crack 

opening by 48 % compared to beam B3-PC 

(without fibers). The CFs achieved a 25 % 

reduction. At the loading level 𝐹0.75𝑝𝑙𝑎𝑠, the 

AMFs and CFs reduced the cumulative 

crack opening by 28 % and 10 %, 

respectively, compared to B3-PC. 
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Figure 5: Crack development of B1-AMF. 

 

Figure 6: Crack development of B2-CF. 

 

Figure 7: Crack development of B3-PC.

By comparing the cracking development 

of beams B2-CF and B3-PC, it can be noted 

that they are similar. Cracks developed 

evenly throughout the span. However, beam 

B1-AMF exhibits a different behavior. Two 

cracks, wider than the others, developed in 

the central part of the beam. These cracks 

coincide with the position of the metal 

plates used as electrodes for electrical 

measurements. The proposed hypothesis is 

that these electrodes caused preferential 

cracking at this location. Indeed, these 

plates locally created an area where the 

fibers could not perform their bridging 

function. Finally, at the 𝐹𝑝𝑙𝑎𝑠, the reductions 

of cumulative crack opening were 19 % and 

10 % for the AMFs and CFs, respectively. 

Despite this result, CF does not seem to play 

a major role in limiting cracking. Indeed, 

even though the cumulative crack opening 

at 𝐹𝑝𝑙𝑎𝑠 is slightly lower than for B3-PC, the 

force at which it was calculated is also 

slightly lower (approximately 2.5 %). In 

contrast, for beam B1-AMF, the cumulative 

crack opening is reduced by 19%, while 

𝐹𝑝𝑙𝑎𝑠 is 5% higher.
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Figure 8: Cumulative crack opening at 𝐹𝑓𝑐, 𝐹0.5𝑝𝑎𝑠, 𝐹0.75𝑝𝑙𝑎𝑠 and 𝐹𝑝𝑙𝑎𝑠.

4.3. Strain measurements with 

distributed optical fibers 

The results obtained by the distributed 

optical fibers are given from Figure 9 to 

Figure 11. For each beam, strains are 

recorded at loading levels ranging from the 

preload phase to approximately 20 kN. 

Beyond this value, the optical fibers seem to 

be debonded from the matrix, distorting the 

measurements. 

Results show localized strains that are 

the precursors of the first cracks. In fact, 

while the applied force is only about two-

thirds of 𝐹𝑓𝑐, highly localized peaks of 

strain are already observed although beams 

are not considered as cracked.  

By cross-referencing these results with 

those from the DIC (illustrated by black 

dashed lines), it can be concluded that all 

cracks detected by the DIC correspond to 

peaks in strain field measured by the optical 

fibers. However, the reverse is not true. The 

optical fibers detect highly localized 

deformations that do not appear in the DIC 

data. This discrepancy arises because the 

optical fibers can measure deformations at 

very low loading levels, whereas the DIC 

lacks such accuracy. 

Moreover, it is possible that cracks do 

not develop uniformly within the concrete 

volume. Cracks may initially form 

internally and only become visible on the 

surface after a certain period or loading 

threshold. 

The optical fiber thus appears to be an 

effective way of detecting strain 

localization and imminent initiation of 

cracks. Indeed, theoretical calculations and 

DIC have shown that cracks form around 25 

to 30 kN for all beams (see paragraph 4.2). 

However, with optical fiber measurements, 

it is possible to clearly identify the 

appearance of highly localized strains as 

early as the application of a force of 15 to 

20 kN. 

The results of B1-AMF show that, unlike 

the others, this beam exhibits multiple 

localized strain before reaching 𝐹𝑓𝑐. Indeed, 

at a force of 22 kN, there are four strain 

peaks exceeding 100 µm/m. In contrast, for 

the other two beams, only one peak was 

observed at equivalent load levels. It is 

possible that the AMF generate more 

distributed strain along the length, which 

could be the first signs of multi-cracking at 

higher load levels.
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Figure 9: Strain measurements of B1-AFM. 

Figure 10: Strain measurements of B2-CF. 

Figure 11: Strain measurements of B3-PC.

4.4. Crack detection using AE 

The localization of acoustic events (EA) 

was performed using the AEWin software 

with a simplex resolution method. Each 

acoustic event is defined by its position 

along the span (𝑥), the height of the beam 

(𝑦), and the time at which the event 

occurred. By analyzing the distribution of 

events along the length of the beams, it is 

possible to identify areas where acoustic 

events were most frequent. The localization 

of damage can be done along the beam's 

length by counting the number of events 

detected at a given 𝑥 value, each section was 

set to 1 cm. 

The results from Figure 12 to Figure 14 

show the distribution of acoustic events 

along the length of the beams from the 

beginning of the test until the force 𝐹𝑓𝑐 is 

reached. These results have been combined 

in the same graphs with the positions of the 

first cracks detected by DIC. 

 

Figure 12: Crack localization with EA vs DIC – 

B1-AFM. 
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Figure 13: Crack localization with EA vs DIC – 

B2-CF. 

Figure 14: Crack localization with EA vs DIC – 

B3-PC. 

In all three cases, a peak in acoustic 

events was observed at the same position as 

the cracks measured by DIC. A slight shift 

was noted for beams B1 and B2, which can 

be explained by the difference in 

observation methods. DIC captures only the 

surface, while acoustic measurements span 

the entire section. Thus, if the crack doesn't 

develop orthogonally to the DIC-observed 

face, the locations may differ. However, for 

beam B3-PC, the results show a strong 

correlation between the two measurement 

techniques. It is worth noting that for 

equivalent crack openings (around 0.04 

mm), the number of acoustic events varies 

depending on the beam. At the force 𝐹𝑓𝑐, 

631 acoustic events were detected for B1-

AMF, 162 for B2-CF, and 261 for B3-PC. 

Acoustic events are emitted when beams are 

damaged. The higher number of events in 

beam B1 suggests that the amorphous metal 

fibers generate acoustic signals when they 

are stressed or broken. Carbon fibers, due to 

their small dimensions (7 µm diameter, as a 

reminder) may not generate acoustic events 

when their failure occur. Further studies are 

planned to differentiate acoustic events 

originating from the matrix, fiber sliding or 

fiber breaking depending on signal 

parameters received. 

4.5.  Crack detection using electrical 

measurement 

For processing results obtained from 

electrical measurements using the 

Wheatstone bridge, the results were cross-

referenced with DIC. To achieve this, a 

virtual strain gauge was placed between the 

two points of force application (a 50 cm 

sensor located at mid-span of the beam, 

3 cm from the underside). The results are 

presented in Figure 15, which shows the 

evolution of the voltage within the 

Wheatstone bridge as a function of the 

virtual strain gauge's elongation. As a 

reminder, the change of the voltage (∆𝑉) 

indicates a change in concrete resistance. 

 

Figure 15: ∆𝑉 vs the central elongation. 

The results show three different 

responses. Beam B3-PC exhibits a delayed 

response and low sensitivity, resulting in a 

limited evolution of ∆𝑉 even at advanced 

elongation levels. Without fibers, the 

changes in electrical properties are 

exclusively induced by modifications in the 

microstructure. This corresponds to 

electrolytic conductivity where the 

electrical current flows through the more or 

less saturated porous solution [17]. When a 

tensile force is applied, the pores deform, 

and cracks may initiate within the concrete 

volume, thereby altering the connectivity of 

the pores. Consequently, the electrical 

resistivity of the concrete increases [18]. 

The opposite phenomena are observed in 

the case of compression [19]-[20]. 
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To understand why B3-PC response is 

delayed, it is important to note that during 

bending, the lower part of the beam is 

subjected to tension, while the upper part is 

subjected to compression stress. These two 

types of stress tend to produce opposite 

effects on the electrical resistivity of the 

concrete. 

Thus, at the start of the test, when the 

neutral axis of the beam is almost at mid-

height, the effect of the compressed part is 

counterbalanced by that of the tensioned 

part. However, as the load level increases, 

the neutral axis rises progressively, and the 

tensioned part becomes dominant over the 

compressed part until the concrete cracks. 

From that point onward, the impact of the 

compressed part becomes lower compared 

to that of the tensioned part. 

In the case of beam B2-CF, the carbon 

fibers, due to their conductivity, make the 

concrete more sensitive, meaning that for 

the same elongation value, the 

corresponding ∆𝑉 is much higher than for 

the other beams. Moreover, the electrical 

measurements evolve simultaneously with 

the beam's deformation, since the start of 

the loading. With carbon fibers, the 

conductivity of the concrete is significantly 

increased [21].The electrical conductivity 

becomes both electrolytic and electronic. 

The current can also flow through the fibers. 

Thus, when the concrete cracks and/or 

deforms, the connections between the fibers 

are altered. As the material deforms, the 

distances between the fibers change, 

affecting the ability of electrons to move 

from one fiber to another. Fibers located at 

the cracks may also break, lowering the 

electronic conductivity. 

For beam B1-AFM, there is an initial 

phase during which the electrical response 

is very low. It is only from approximately 

0.15 mm of elongation that the electrical 

response becomes significant. For this 

beam, the same physical phenomena as the 

for B2-CF drive the evolution of electrical 

resistivity. 

The question now arises as to why the 

fibers provide better sensitivity and an 

earlier response. The assumed hypothesis is 

based on the principle of percolation. 

Assuming that percolation is achieved, the 

fact that the fibers come closer together in 

the compressed region has no significant 

effect on resistivity. However, in the 

tensioned region, the fibers move apart and 

may break, which increases resistivity. 

Thus, carbon fibers could bypass the 

decrease in resistivity in the compressed 

region and focus on the effects of the 

tensioned region. With amorphous metallic 

fibers, since percolation is probably not 

achieved, this phenomenon may still occur 

but with less accuracy. 

The addition of fibers therefore enhances 

the effectiveness of this technique for crack 

monitoring by improving sensitivity and, 

more importantly, enabling a significant 

response even at very low elongation levels. 

5. CONCLUSION 

This study highlighted monitoring 

techniques for crack detection at the scale of 

structural elements. The four techniques 

presented each have their own advantages 

and limitations. 

DIC provides extensive information 

about the cracking levels in beams. It 

allowed the detection of crack initiation and 

the monitoring of their propagation during 

the tests. However, it is challenging to 

implement and requires significant post-

processing work. Furthermore, the analysis 

is carried out only on the surface of the 

beam, which may not fully represent the 

entire volume of the concrete. 

Distributed optical fibers were able to 

detect the early onset of cracks with high 

accuracy. However, this technique poses 

significant challenges in monitoring strain 

near cracks and estimating quantitively 

crack openings [22]. These difficulties are 

even more pronounced in elements 

exhibiting multiple cracking [23]. 
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Acoustic emission appears to be an 

effective method for detecting crack 

initiation. It enabled the determination of 

the position of acoustic events that 

coincided with the location of cracks. 

Moreover, the measurements cover the 

entire concrete volume, making the data 

more representative. However, the analysis 

performed does not differentiate between 

events caused by fibers sliding or breaking 

and those caused by the cement matrix 

cracking, though more advanced analysis is 

planned. 

Finally, electrical measurements 

demonstrated that with the addition of 

fibers, this technique becomes a promising 

one. For structural applications, it could 

serve as an alert system when a certain level 

of voltage variation is observed. Similar to 

acoustic emission, this technique also 

provides information about the concrete 

volume as a whole. However, to be 

effective, the electrodes must be placed in 

critical areas where cracks are most likely to 

form. Additionally, the inclusion of fibers 

seems essential, as without them, the 

concrete exhibits low sensitivity. Moreover, 

without fibers, the resistivity of the concrete 

becomes very sensitive to variations in its 

saturation level [24] which could lead to 

misinterpretations. 
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