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___________________________________________________________________________ 13 

Abstract: In the context of the necessity to monitor civil engineering structures for accident 14 

prevention, this paper presents the performance of an innovative optical fibre patch sensor that 15 

can be embedded or glued on the concrete’s surface. The sensor is composed of a fabric 16 

comprising an optical fibre network. When employed in concrete structures, it is capable of 17 

detecting opening cracks in the order of 0.01 mm, thereby satisfying the regulatory standards 18 

for limit states (Eurocode2). This sensor is capable of accurately tracking the evolution of crack, 19 

including cyclic changes, by sensing both the increase and decrease in crack width. The 20 

procedure outlined in this paper includes a preliminary investigation into the influence of fibre 21 

diameter and density within the patch, which has revealed that fibres of 750 µm in diameter 22 

exhibit optimal performance, as well as the attachment method to concrete surfaces. 23 

Subsequently, the process of calibration is detailed, followed by numerous laboratory tests that 24 

were conducted on reinforced concrete samples of varying sizes. Comparisons and validations 25 

of optical fibre patch sensor measurements were performed using Digital Image Correlation, 26 

resulting in a sensitivity of the sensors reaching 0.01 mm/K, and an accuracy ranging between 27 

0.1% and 1%. The discussion within this paper considers the installation of this new sensor 28 

both externally and internally within real reinforced concrete structures. 29 

Keywords: embedded sensors; structural health monitoring (SHM); optical fibre sensors; crack 30 

detection; sensing technologies. 31 

___________________________________________________________________________ 32 
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Introduction 33 

The monitoring of reinforced concrete structures is becoming an increasingly crucial aspect 34 

of structural engineering. A variety of techniques for structural health monitoring, including 35 

fibre optic, piezoelectric, electrochemical, wireless and self-sensing technologies, with the aim 36 

of enhancing the reliability and the safety of concrete infrastructures as well as extending their 37 

operating lifespan [1]. Although reinforced concrete structures offer numerous advantages, 38 

including strength and durability, they frequently encounter a range of events that accelerate 39 

deterioration. These include earthquakes, heavy rainfall, hurricanes, freezing and heating, 40 

erosion, abrasion, chemical attacks, changes in the use of the structure that results in unexpected 41 

loads, and other factors. These events can collectively reduce the service lifespan of concrete 42 

structures and can induce significant safety risks on the structure. The real-time assessment of 43 

structural performance, considering both the ultimate and serviceability limit states, facilitates 44 

the early detection of anomalies such as defects or damage. This information aids in decision-45 

making process concerning the rehabilitation, reinforcement, and/or destruction/reconstruction 46 

of the structure. [2]. 47 

A concrete structure is considered durable if it is able to provide the desired service life in 48 

its environment without incurring excessive maintenance and repair costs due to degradation. 49 

When engineers specify concrete for a project, they must consider the potential for deterioration 50 

that could affect the concrete in the specific environment over its intended service life. It is 51 

essential that the specifications encompass both the generic requirements for the desired class 52 

of concrete and specific measures to mitigate or prevent the effects of deteriorative influences 53 

at the project site [3].  54 

The aging and deterioration of concrete structures is frequently evidenced by the 55 

emergence of cracks. These cracks frequently characterise damage to concrete structures in 56 

addition to other structural materials [4]. They can have a considerable impact on the structural 57 

integrity of the affected structures. In addition to compromising the overall strength and load-58 

bearing capacity of the structure, such cracks also heighten the vulnerability to moisture and 59 

chemical penetration, particularly in the case of steel bars. In order to assess the risk associated 60 

with cracks in concrete structures, a commonly used diagnostic criterion is the crack width 61 

threshold. This threshold serves as an indicator of the severity of the crack and aids in 62 

determining the appropriate course of action. The specific crack width threshold varies 63 

depending on the type of structure and its intended purpose. In certain instances, Eurocode 2 64 

considers a crack width threshold of approximately 0.2 mm as acceptable. However, in 65 

scenarios such as liquid retaining structures, this recommended crack width limit can be as low 66 
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as 0.05 mm [5,6]. This indicates that cracks below this threshold are typically categorised as 67 

hairline cracks and are deemed to have minimal impact on the performance and durability of 68 

the structure. However, cracks exceeding this threshold have the potential to impair the proper 69 

functioning or durability of the structure or cause its appearance to be unacceptable, requiring 70 

a more detailed examination. 71 

The term “Structural Health Monitoring” (SHM) was defined by Villalba S and Casas J 72 

(2013) [7] as a set of strategies for the continuous or regular measurement and analysis of key 73 

structural and environmental parameters under operating conditions, for warning of abnormal 74 

states or accidents at early stages. Historically, the assessment of civil engineering 75 

infrastructures relied on periodic visual inspections conducted by trained professionals and 76 

sometimes completed with measurements [8]. However, this method could result in diagnostic 77 

errors due to imprecise interpretations by engineers leading to direct or indirect conclusions 78 

about factors such as displacement, strain, humidity, temperature, and other technical data taken 79 

punctually and not continuously. Currently, there are different ways to determine the stress state 80 

of a concrete structure [9], and for detecting cracks on concrete surfaces or within concrete 81 

structures [10–12]. There is a growing tendency towards the adoption of more intelligent 82 

surveillance techniques, characterised by remote monitoring in real time and the generation of 83 

automatic reports and alert systems. Deformation sensors play a crucial role in this context [9]. 84 

Fibre Optic-based strain sensors have emerged as a highly promising solution, significantly 85 

advancing the field of structural health monitoring. Despite the existence of traditional and well-86 

stablished deformation sensors, such as strain gauges, linear variable differential transducers 87 

(LVTD) or vibrating wire strain gauges, the fibre optic (FO) sensors offer several advantageous 88 

properties. These include their light weight, electromagnetic passiveness and flexible 89 

installation. Over the past few decades, these sensors have been increasingly employed in civil 90 

engineering structures, enabling measurements over extensive lengths, exclusively along the 91 

optical fibres’ direction. Depending on the installation setup, they can also access a 2D strain 92 

field [13,14]. Furthermore, some FO-based technologies are capable of measuring 93 

displacements with unparalleled precision [15–17].  94 

Among the technologies that are based on fibre optics, some can be highlighted. One such 95 

example is the Fabry-Pérot interferometer sensor, which is a discrete sensor in which the 96 

measurement principle relies on a cavity, also called the Fabry-Pérot cavity, that separates two 97 

segments of uniaxial optical fibres. The configuration of a single mirror on either side of the 98 

cavity enables the differentiation of the rays emanating from the initial mirror and the 99 

subsequent mirror, thus facilitating the calculation of the distance between the two mirrors. This 100 
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distance can be a function of different phenomena [18,19]; The fibre Bragg grating sensor is a 101 

spot sensor that can be multiplexed to transform into a quasi-distributed sensor. It has been 102 

employed as a very effective tool for the monitoring of structures’ health. The operational 103 

principle is based on the reflection of a specific wavelength spectrum by a grating situated in 104 

the core of the fibre. This consists of invisible periodic refractive index alterations which will 105 

result in a shift of the wavelength when subjected to deformation [20–25]. Another notable 106 

technology is the distributed optical fibre sensor (DOFS), which predominantly employs 107 

Rayleigh, Brillouin or Raman backscattering for the detection of vibration, strain and 108 

temperature variations. One of the most effective technologies is optical time-domain 109 

reflectometry (OTDR), which functions by transmitting highly coherent probe pulses and 110 

collecting Rayleigh backscattered (RBS) light to detect dynamic perturbation along the sensing 111 

fibre. These sensors are capable of continuous monitoring along the entire length of the fibre, 112 

over distances of up to several kilometres [26–28]. 113 

While each technique has its own set of advantages, it is important to acknowledge the 114 

limitations associated with each. Some of these limitations include cost, vulnerability to signal 115 

attenuation, a complex calibration process, a limited strain measurement range, and a complex 116 

fabrication process [29]. It is for these reasons that this project can be considered a valid and 117 

promising solution in the field of innovative sensors. 118 

This work presents a novel fibre optic-based sensor, which can be embedded in concrete 119 

or attached to its surface, and analysis its performance. The sensor is comprised of a textile 120 

where fibres are woven parallel to each other, intercalating fibres connected to a light source 121 

and fibres connected to a photosensitive dispositive that provides accurate Correlated Colour 122 

Temperature (CCT), expressed in Kelvin (K). The signal is then obtained by the rays which 123 

escaped from the emitting fibres and entered the receiving fibres due to intentional creation of 124 

surface irregularities. The detailed attributes of this optical patch sensor are outlined in French 125 

Patent No. 3067806, officially registered under No. 1755382 [30]. 126 

The embedded and on-surface patch sensors will be discussed in turn. The sensor is capable 127 

of detecting opening cracks as small as 0.01 mm, within the regulatory limits. The sensor is 128 

capable of tracking the progression of the crack, detecting both widening and narrowing. The 129 

capacity to sense crack closure is crucial, especially given recent advancements in crack 130 

repairing techniques. 131 
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Methods 132 

Components description  133 

Light detector  134 

The SENTMI (SENsor Textile Monitoring Infrastructures) project utilises, in its first version, 135 

a white LED OSLON SSL 150 “GW CSHPM1” ( 136 

a)  

 

 

b) 

 

 137 

Fig 1-a) and the AS7261 sensor from ams OSRAM, which is a chromatic white colour sensor 138 

that provides XYZ colour coordinates consistent with the CIE ("Commission Internationale de 139 

l'éclairage" ) colour space as well as the Near Infra-Red (NIR) spectrum ( 140 

b)  

 

 

b) 

 

 141 

Fig 1-b). The spectral conversion is applied via two photodiode banks. Bank 1 converts data 142 

from the X, Y, Z and NIR photodiodes. Bank 2 processes data from the same X and Y 143 

photodiodes as well as the D (dark) and C (clear) photodiodes [31]. 144 

 145 

c)  

 

b) 
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 146 

Fig 1. a) sensor’s LED; b) AS7261 Chromatic White Color System 147 

 148 

Textile sensor 149 

An elastane fabric incorporates PMMA-based optical fibres that are woven in a parallel 150 

configuration. In the active zone (Fig 2), a technique of damage is employed to create 151 

intentional flaws on the surface of the FO cladding and on the interface between the FO core 152 

and cladding. This allows the passage of light to adjacent fibres. There are two groups of optical 153 

fibers. Emitting fibers are the ones connected to the white LED, while the receiving fibers are 154 

the ones connected to the AS7261. Those two groups of fibers are arranged in an intercalated 155 

configuration. The portion of the fibers that is not situated within the active zone is not subjected 156 

to the damaging technique. Consequently, in this portion of the fibers, the light travels in 157 

accordance with the principle of total internal reflection. This design ensures that the 158 

photodiodes exclusively detect fluctuations in the correlated colour temperature resulting from 159 

modifications in the active zone [30]. The diameter of the fibres and the density of fibres are 160 

significant factors influencing the sensitivity of the textile sensor. The density is defined as the 161 

number of fibres per centimetre in the direction denoted as "a" in Fig 2. 162 
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 163 

Fig 2. SENTMI fibre optic patch sensor 164 

Parameters of sensor configuration 165 

The optimal configuration for the optical patch sensors was determined by examining a 166 

range of parameters, including fibre diameter, fibre density, fabric size, and light power. Fiber 167 

diameters ranging from 250 to 750 µm (Fig 3-a) and densities between 7 and 26 optical fibres 168 

per cm were utilised for experimentation. Fabric of dimensions 30 × 30 mm², 50 × 50 mm², 50 169 

× 150 mm², and 100 × 100 mm² were employed on different types of concrete samples (Table 170 

1). The findings from assessing the patch's effectiveness in detecting and measuring 171 

deformation are presented in this paper. 172 

 173 

 174 

 175 

 176 

 177 

 178 

 179 
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a) 

 

b) 

 

c) 

 

 

Fig 3. a) diameters used in the study; b) patch featuring 750 fibres connected to the LED; c) 180 

different patch sizes 181 

 182 

Table 1. Configurations of patches preliminary studied  183 

Dimensions a × b (mm²) FO Density (FO/cm) 

100 × 100 

250 

7 
11.5 
18.5 

26 (max) 

500 
7 

11.5 
18.5 (max) 

750 
7 

11.5 (max) 

50 × 150 500 
7 

11.5 
18.5 (max) 

50 × 50 
750 11.5 (max) 

500 18.5 (max) 

30 × 30 500 
7 

11.5 
18.5 (max) 
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 184 

The objective was to enhance the sensor configuration, aiming to improve sensitivity. In 185 

this context, sensitivity is defined as the amount of displacement between the two edges of the 186 

sensor required to alter spectral coordinates by one unit or, equivalently, the amount of global 187 

strain needed to change spectral coordinates by one unit. 188 

It was observed that an increase in the selected diameter resulted in a higher light spectrum 189 

coordinate and enhanced sensor sensitivity. Following initial observations, the 250 µm diameter 190 

was discarded due to its inferior performance in comparison to the other two diameters. A 650% 191 

increase in sensor sensitivity was observed between the 250 µm and 500 µm diameter ranges. 192 

The number of fibres per cm also exerts an influence on the signal strength, with denser 193 

patches yielding stronger and more sensitive signals (Fig 4). For instance, a 750 µm diameter 194 

fiber presented a 16% enhancement in sensor sensitivity when the number of fibres per cm was 195 

increased from 7 to 11.5. However, it should be noted that there are limitations to the density 196 

of fibres of a given diameter. For example, fibres with a diameter of 750 µm are unable to reach 197 

the maximum density achievable with the other two types of fibre. 198 

Considering these parameters, the initial configurations selected for further investigation were 199 

fibres with a diameter of 500 µm and a density of 18.5 fibres per cm and fibres with a diameter 200 

of 750 µm and a density of 11.5 fibres per cm, representing the maximum density for their 201 

respective diameters. 202 

 203 

 204 

Fig 4. Comparison of the displacement needed for varying light signal, depending on the 205 

quantity of fibres per cm, for fibres in three different diameters. 206 

 207 
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The dimensions were selected on the basis of their suitability for use in the testing and 208 

calibration process. Given the dimensions of the specimens and the clamps employed in the 209 

calibration cycles, the 30 × 30 mm and 50 × 50 mm patches were deemed appropriate. 210 

Patch calibration 211 

In order to gain a deeper insight into the manner in which the patch responds to the 212 

displacement of its two edges, a calibration procedure was developed using digital image 213 

correlation as a means of comparison and validation. The calibration procedure is under the 214 

french patent number B256-B-69739 “Détecteur de déformation à base de fibres optiques, et 215 

procédé de calibration d’un tel détecteur” [32]. A series of patch configurations were subjected 216 

to uniaxial tensile tests, utilising a fabric tensile apparatus equipped with textile clamps. The 217 

procedure involved testing the patch individually by gripping its edges in a tensile machine 218 

(Step 1 from Fig 5), connecting the patch both to the light source and the detector (Step 2 from 219 

Fig 5) and subjecting it to cycles of stretching and releasing at a rate of 0.5 mm/min (Step 3 220 

from Fig 5) to compute the equation of correlation (Step 4 from Fig 5). Prior to establishing a 221 

standard calibration procedure, the tests were conducted to verify the consistency of the patch's 222 

response when subjected to repeated stretching. The machine employs an electromechanical 223 

system, comprising a movable crossbar connected to the top clamp, which is guided in an up-224 

and-down motion. At first, the movable crossbar (i.e., the clamp) was fixed at a distance from 225 

each other that allowed the textile sensor to remain flat but unstretched, thus representing a 226 

relaxed configuration. That was regarded as the initial position, defined as zero displacement. 227 

Subsequently, the crossbar was displaced by 2 mm in an upward direction, then by 2 mm in a 228 

downward direction (returning to the initial position) four times (blue plot in Fig 6-b). The 229 

sensor demonstrated excellent reproducibility, producing identical light signal outputs when 230 

decreasing CCT during stretching and recovering it upon returning to its initial tension state. 231 

This response appeared to follow a linear pattern, until a subsequent test involving a 3 mm 232 

displacement (red plot in Fig 6-b) revealed that the decrease CCT for a 3 mm stretch (20 K) 233 

was not directly proportional (150%) to the decrease observed during a 2 mm stretch (15 K). 234 

Therefore, the response is not strictly linear.  235 

 236 
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 237 

Fig 5. Steps for calibrating the SENTMI sensor for measuring cracks 238 

 239 

 240 

a) b) 

 
 

Fig 6. Calibration campaign of the SENTMI fibre optic textile sensor: a) SENTMI textile 241 

sensor being calibrated; b) Sensor’s response to cycles of 2 mm and 3 mm extension and 242 

contraction 243 

 244 
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 245 

Fig 7. Full cycle of calibration 246 

 247 

 248 

Fig 8. Equation of calibration through polynomial regression. 249 

 250 

The adopted calibration procedure, which is to be applied to all the patches, consists in 251 

performing one extended stretch of 8 mm, during which the movable crossbar is displaced 8 252 

mm upwards from its initial position. This is followed by a return to the initial position, a further 253 

2 mm stretch, and a return to the initial position, three times (Fig 7). This procedure is 254 

undertaken in order to derive the correlation equation through polynomial regression (Fig 8) 255 

[32]. The post-treatment of the patch signal includes considering the initial value of light signal 256 

as the reference, indicating zero deformation, from which incremental changes can be 257 

calculated. The correlation coefficient, which scales the increment in light signal, represents the 258 

sensitivity of the sensor. For instance, a coefficient of 0.05 mm/K would be applied if each 0.05 259 

mm of stretch corresponds to a variation of 1 unit in light spectrum coordinates. Therefore, this 260 

coefficient can be characterized as: 261 

y = 5E-09x4 - 5E-07x3 + 0.0003x2 + 0.0502x + 0.0057 
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𝐾 =
𝜕𝑑

𝜕𝑙
 (1) 

 262 

Where K is the coefficient of correlation, d is the displacement of one edge of the patch 263 

with respect to the other edge, and l is the correlated colour temperature.  264 

Surface attachment method  265 

The patches have been modified to include additional fabric borders surrounding the area 266 

where the glue is applied. In the initial stages of the project, the glue was applied directly to the 267 

surface of the patch's active zone (Fig 9-a). However, this method was modified due to concerns 268 

about potential reinforcement effects on the crack and sliding movements resulting from the 269 

interaction of the glue with the patch in the fracture zone. 270 

Consequently, the adhesive is now applied to the non-active zone of the patch, which is 271 

distant from the crack. This region is not subjected to deformation, thereby ensuring that the 272 

two zones remain independent and are able to move with respect to each other. 273 

 274 

 275 

Fig 9. Methods of gluing the patch to the concrete's surface. 276 
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 277 

As the active zone reacts to the displacement between the two glued areas, it's not 278 

imperative for the adhesive zone to begin directly from the boundary of the active zone (Fig 9-279 

b), referred to as method 1. Alternatively, the adhesive can be applied at a distance from the 280 

active zone, which is called method 2 (Fig 9-c). However, due to the highly deformable nature 281 

of the tissue material, the non-active zone between the fibres and the adhesive zones ( in Fig 282 

10) will absorb a portion of the overall deformation, resulting in an underestimation of the crack 283 

width. 284 

 285 

 286 

Fig 10. SENTMI sensor sketch of method 2. 287 

 288 

For elastic materials, the ratio between the deformation ∆L and the initial length L0 (L1 + 289 

L2) is expressed as strain ε as follow: 290 

ε =   
∆L

L଴
 (2) 

When an object consists of two materials, a deformation applied to it will result in the 291 

deformation of both materials based on their respective moduli of elasticity. The overall 292 

deformation ∆L can be expressed in terms of strains and lengths as follows: 293 

∆L = 𝜀ଵ ⋅ Lଵ + 𝜀ଶ ⋅ Lଶ     (3) 

If the modulus of elasticity for and is equal, the increase in length in will be directly 294 

proportional to its length in relation to the total length between the two glued zones. This 295 

relationship can be presented as: 296 

∆Lଵ = ∆L ⋅
Lଵ

Lଵ + Lଶ
 (4) 
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This suggests that for a 1 mm crack, it represents 90% of the total length, the active zone 297 

will experience a tensile strain of 0.1 mm. Consequently, the sensor exhibits a sensitivity that 298 

is ten times lower. However, assuming the non-active zone is completely rigid (experiencing 299 

zero strain), this would result in a total stretch of 1 mm in the active zone. 300 

The patch illustrated in Fig 9-c was subjected to both gluing methods. The resulting 301 

sensitivity was 0.05 mm/K for method 1 and 0.09 mm/K for Method 2. In Method 2, the glue 302 

was applied at a distance of 2.5 cm from the edge of the active zone, which has a surface area 303 

of 5 × 5 cm². Consequently, in this case, is equal to. 304 

The Method 2 offers the advantage that, when the aim is to detect the onset of a crack, it 305 

allows for an extension of the sensor's coverage length without requiring additional optical 306 

fibres. Conversely, if the objective is to monitor an existing crack, method 1 is preferable. 307 

The current gluing method employs an installation device, serving as a frame to ensure 308 

standardized patch application (Fig 9-d). As the patch is flexible, manual application without 309 

assistance can lead to varying levels of tension. The utilisation of the device ensures a consistent 310 

pre-tension. This aspect is crucial, particularly when considering the transition from the 311 

laboratory to the construction site. Consequently, the implementation method must be 312 

straightforward and systematic in order to minimise the risk of errors. 313 

Embedding method 314 

If the preceding technique is reserved for monitoring existing infrastructures, the patch can 315 

also be incorporated into new reinforced concrete structures during construction. Initially, no 316 

notches were made on concrete samples where SENTMI textile sensors were utilised (Fig 11-317 

a, Fig 11-b, and Fig 11-c). However, the absence of notches in the samples resulted in the 318 

formation of significant crack openings, leading to excessively wide crack widths at the moment 319 

of opening compared to the desired values in this study. Consequently, a method was employed 320 

to insert the patch into the concrete specimens while still creating the necessary notch (Fig 11-321 

d). Concreting was done by first reaching the level of the bottom of the sensor, ensuring 322 

standardized depth. The patch was then installed in conjunction with the prismatic wooden 323 

piece that was divided into two parts, to accommodate the patch and secure it at a standard 324 

distance from the lateral surface of the samples. The positioning was not centralised. The 325 

patches were placed at a distance of 2 cm from one of the lateral surfaces in order to ensure 326 

optimal positioning during testing in the flexural testing machine (Fig 12). 327 
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 328 

Fig 11. Concrete samples featuring embedded SENTMI textile sensors 329 

 330 

 331 

Fig 12. Method of embedding patch sensor in laboratory concrete samples 332 
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Remarks on the difference between on surface and embedded  333 

An important difference between the operating principle of embedded patches and on-334 

surface patches is that, when embedded, only cracks that occur in the active zone will be 335 

detected by the patch. The crack, as a discontinuity, occurring outside of the active zone will 336 

not result in the deformation of this zone. Moreover, this discontinuity results in the 337 

displacement of a limited number of fibres, one to the other, instead of a global strain throughout 338 

the active zone.  339 

 340 

a) b) 

  

Fig 13. a) Sketch of on-surface patch crack behaviour; b) Sketch of embedded patch crack 341 

behaviour 342 

 343 

In patches glued on the surface of the sample (Fig 13-a), the active zone is not bonded to 344 

the concrete. Consequently, any displacement between the two bonded zones results in a 345 

uniform displacement among the fibres. Conversely, in patches embedded within the concrete 346 

(Fig 13-b), the active zone adheres to the structure. Consequently, when a crack occurs, it 347 

induces localized deformation of the patch, resulting in localized displacement among a small 348 

number of fibres within the fracture zone. 349 

Performance assessment method 350 

A crack in a material is a discontinuity caused by the failure of atomic bonds to withstand 351 

forces [33]. In concrete, crack opening is a complex mechanical process influenced by material 352 

characteristics, loading conditions, and environmental factors. Cracks evolve from microcracks 353 
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into visible fissures. Initially, crack width is often microscopic and invisible to the naked eye, 354 

but it can expand as the load increases. The initial crack width varies based on factors such as 355 

the applied load, concrete's tensile strength, reinforcing elements, grain size, notches and 356 

defects, confinement arrangement, aspect ratio, and other geometric attributes [33,34]. 357 

The evaluation methodology encompasses several steps, including the fabrication of 358 

prismatic concrete samples of varying dimensions, the implementation of a calibration 359 

procedure, the attachment of the calibrated patch to the concrete sample, the mechanical testing 360 

of the sample to induce cracks, and an assessment of crack measurement accuracy through the 361 

use of Digital Image Correlation. This study utilised 40 samples measuring 10 cm × 10 cm × 362 

40 cm, 8 samples measuring 15 cm × 15 cm × 60 cm (Fig 14-a), and 3 beams measuring 15 cm 363 

× 25 cm × 330 cm (Fig 14-b). For the sake of simplicity, these sample sizes will be referred to 364 

as sample types 1, 2, and 3 (corresponding to dimensions 10 × 10 × 40 cm3, 15 × 15 × 60 cm3, 365 

and 15 × 25 × 330 cm3, respectively). A mixture of sand (0-6 mm), gravel (4-10 mm for sample 366 

type 1 and gravel 10 – 20 mm for the other two types), along with Vicat-Performat 52,5 N 367 

cement and water, was used. The concrete is designed to meet the specifications of C30/37 for 368 

severe exposure classes according to NF EN 1992-1-1 [5] regulations. To induce cracks in the 369 

region of interest, notches with a height of 2 cm were created in the sample for specimen types 370 

1 and 2. This was achieved by placing a wooden triangular prism at the midpoint of the sample's 371 

length before pouring the concrete. 372 

 373 

 374 

Fig 14. a) Sample sized 40 × 10 × 10 cm3 and 60 × 15 × 15 cm3; b) Beam of 330 × 25 × 15 375 

cm3 placed at the 3-point bending test machine 376 

 377 

In this investigation, both Type 1 and Type 2 samples exhibited identical aspect ratios and 378 

notch sizes (Erreur ! Source du renvoi introuvable.). However, type 2 samples were 379 
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manufactured in two distinct configurations: with high-adhesion steel bars (reinforced) and 380 

without (non-reinforced). The reinforcement of type 2 specimens entailed the incorporation of 381 

two 8 mm diameter high-adhesion steel bars at the lower portion of the sample (Fig 15). 382 

Furthermore, three beams with no notches were reinforced (consisting of three 8 mm diameter 383 

high-adhesion steel bars at the lower section of the sample), with one of them additionally 384 

reinforced at the bottom surface with a layer of carbon-fibre-reinforced polymer (CFRP). 385 

CFRP, renowned for its exceptional properties, including lightweight, high strength, and 386 

resistance to high temperatures, holds significant promise for diverse applications across 387 

various fields, like structural repairs [35]. 388 

 389 

Table 2. Characteristics of specimens used in this study. 390 

 Dimensions Quantity Reinforcement 

Type 1 10 × 10 × 40 𝑐𝑚ଷ 40 No 

Type 2 15 × 15 × 60 𝑐𝑚ଷ 5 No 

Type 2 15 × 15 × 60 𝑐𝑚ଷ 3 
Bottom longitudinal 
reinforcement: 2 ×

 ∅8 𝑚𝑚 𝐶𝐴 − 50 

Type 3 15 × 25 × 330 𝑐𝑚ଷ 2 
Bottom longitudinal 

reinforcement: 
3 ×  ∅8 𝑚𝑚 𝐶𝐴 − 50 

Type 3 15 × 25 × 330 𝑐𝑚ଷ 1 

Bottom longitudinal 
reinforcement: 

3 ×  ∅8 𝑚𝑚 𝐶𝐴 − 50 + 
CFRP layer reinforcement 

 391 
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 392 

Fig 15. Sketch of the specimens used in this study. 393 

 394 

Following calibration, the patches were attached to the surfaces of the specimens and 395 

subjected to a three-point bending test, a methodology similar to that employed by Gkantou M. 396 

et al. (2019) and Cimellaro G. P. et al. (2019) [36,37] in their investigation of crack detection 397 

in reinforced concrete structures. Specimens of types 1 and 2 were positioned symmetrically 398 

between two parallel supports and subjected to bending using a uniaxial displacement-399 

controlled testing machine. The loading rate was 0.5 mm/min, and it was applied specifically 400 

to the central region of the sample adjacent to the upright section of the notch. In contrast, 401 

beams (type 3) underwent a stress-controlled three-point bending test at a rate of 0.05 kN/s. 402 

These modes dictate how the test is conducted and how data is gathered. In a displacement-403 

controlled test, the testing machine applies a constant displacement rate to the specimen by 404 

moving the loading point at a predetermined speed. The resulting data is a function of the 405 

applied displacement and the force exerted. In a stress-controlled test, the testing machine 406 

responsible for maintaining a specific force level or load on the specimen. One disadvantage of 407 

a displacement-controlled test is that the device controls the opening crack, which may not 408 

accurately reflect real-world conditions. In a force-controlled test, the behaviour of the 409 

specimen subsequent to the peak load is determined by the applied force, which is a more 410 

realistic representation of the conditions that would be encountered in a real-world scenario. 411 

A 2D Digital Image Correlation (DIC) technique was applied to validate the performed 412 

calibration (Fig 16), utilising a NIKON D7000 camera with a 60 mm focal length. In 413 

mechanical testing, DIC can be applied through few different methods [38,39]. It is a non-414 

destructive optical technique [40–42] that relies on a series of high-resolution images captured 415 

during deformation, at a specified frame rate. The process commences by applying a random 416 
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speckle pattern on the specimen's surface, which serves as unique identification marker. As the 417 

material undergoes deformation, the camera captures images of the speckle pattern at various 418 

stages. The spatial shifts of pixels between the initial and deformed states are tracked by 419 

correlating their array of neighbouring pixels [43]. This technique allows for the computation 420 

of full-field displacement and strain maps, revealing localized deformations and strain 421 

distributions with high spatial resolution. DIC measurements can detect changes as small as a 422 

single pixel or even sub-pixel, in the order of 0.01 to 0.1 pixels. In ideal conditions, the accuracy 423 

of DIC displacement measurements can be in the range of 1 to 5 micrometres, or 0.01% of the 424 

field of view. Nevertheless, the precise physical length represented by this measurement will 425 

vary depending on factors such as the resolution of the camera and its distance from the surface 426 

being measured. Following the guidelines provided in the DIC Good Practices Guide by the 427 

International Digital Image Correlation Society (2017) [44], this study adopted a 2D-DIC 428 

approach. It is assumed that the sample maintains planar characteristics and a consistent stand-429 

off distance throughout the testing process. To generate an appropriate speckle pattern for 430 

analysis, a white background colour was uniformly applied to the region of interest (ROI). 431 

Subsequently, black circular speckles were randomly superimposed on the white background 432 

in order to guarantee adequate contrast. 433 

It is essential to ensure that the frame rate employed aligns with the anticipated rate of 434 

variation of the quantity of interest (QOI) in order to guarantee accurate results. If the 435 

displacement between frames is excessive, the DIC algorithms may encounter difficulties in 436 

locating the subset position within the resulting images [44]. In this study, a frame rate of 0.2 437 

fps and a exposure time of 1/500 seconds were selected. The captured images have a resolution 438 

of 300 dpi and a size of 4928 × 3264 pixels. The images were subsequently processed using 439 

GOM Correlate 2018 software [45]. 440 

In this scenario, the Region Of Interest (ROI) corresponds to the surface area adjacent to 441 

the crack, and the height of the ROI is the height of the textile sensor. This height limitation 442 

dictates the extent to which the fiber optic textile can sense and respond to deformation. The 443 

dispositive will sense the overall deformation, which is the incremental distance from the left 444 

edge to the right edge of the textile. In bending tests, such as the three-point bending test, the 445 

crack width varies; it is wider at the bottom and narrower at the top, forming a triangular shape 446 

(Fig 16-a). The patch yields a single measurement representing the average crack width, as the 447 

variation in crack width relative to height is nearly linear. Consequently, the patch provides the 448 

crack width value for the mid-height. 449 
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 450 

Fig 16. 2D Digital Image Correlation (DIC) performed at GOM Correlate 2018 Software: a) 451 

sample size 10 × 10 × 40 cm3; b) Reinforced beam. 452 

 453 

Python modelling environment was utilised to transform the export files from the sensor 454 

and from DIC analysis into a graphical comparison. This post processing includes reading both 455 

csv files (from sensor and from DIC exports), fixing the initial absolute value of light signal as 456 

zero, applying the equation of calibration on the values of increment in light signal in order to 457 

obtain an output in millimetres, and plotting both lines in a single graphic. 458 

Results 459 

Crack detection 460 

The diverse characteristics of the samples result in distinct patterns of crack initiation and 461 

propagation. One notable distinction lies in the width of the crack upon its initial opening. This 462 

disparity in crack width is not only attributed to differences in sample characteristics but also 463 

to the inherent heterogeneity of concrete as a material. It is of great importance in order to 464 

examine such variations in crack width at the onset of opening, particularly given the crucial 465 

role of the sensor in detecting sudden crack openings or rapid crack developments, in addition 466 

to gradual and smooth crack propagation. 467 

It is observed that these sudden crack openings are observed predominantly present in 468 

specimens lacking reinforcement, which constitute the majority of samples utilised in this study. 469 

Fig 17- illustrates the results of a three-point bending test conducted on a Type 1 sample. The 470 

image on the left depicts the final photograph taken prior to the emergence of the crack, while 471 

the image on the right captures the subsequent moment. In contrast, Fig 17-a, depicts a type 3 472 

sample, a steel-reinforced concrete beam (unreinforced by CFRP). In this instance, the crack 473 

progresses from a microscopic to a macroscopic manifestation. The image on the left depicts 474 

the moment preceding the appearance of the crack, while the image on the right illustrates the 475 

subsequent moment. In both scenarios (Fig 17), the photos are captured at a 5-second interval, 476 
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consistent with the selected frame rate. Measurements conducted via digital image correlation 477 

reveal that the type 3 sample in Fig 17-a exhibited an initial crack width of 3.5 µm, whereas the 478 

type 1 sample in Fig 17-b displayed an initial crack width of 1.078 mm. As previously stated, 479 

the heterogeneous nature of concrete results in varying crack opening values even among 480 

specimens of the same type, as the results in the coming section will demonstrate. 481 

 482 

Fig 17. Crack opening onset a) Sample type 3; b) Sample type 1. 483 

 484 

In consideration of the sensor's demonstrated sensitivity, when installed on the beam, the 485 

patch is capable of detecting a gradual increase in crack width from the onset. With a sensitivity 486 

of 0.004 mm/K for the patch affixed to the beam and a force rate of 0.05 kN/s, an average 487 

increment of 1 unit of light spectral coordinates occurs approximately every 14 seconds (Fig 488 

18-a). Conversely, for specimen type 1, the patch registers crack opening as an almost 489 

instantaneous displacement of approximately 1 mm. In this instance, a sensitivity of 0.07 mm/K 490 

is obtained for the patch in use, resulting in an increment of 15 units of CCT within 1.09 491 

seconds, which represents the sensor's acquisition time (Fig 18-b). 492 

a) b) 
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Fig 18. Crack detection a) Type 3; b) Type 1. 493 

 494 

Crack width evolution track 495 

The light signal measurements collected over time by the patch, along with the crack width 496 

measurements at mid-height of the patch position, obtained via Digital Image Correlation, 497 

underwent processing using Python, allowing for the application of correlation equations. 498 

Enhancements in patch configurations have significantly improved the sensor's sensitivity. 499 

Through refinement of these configurations, a sensor sensitivity of 0.004 mm/K and an 500 

accuracy of 0.1% to 1% has been achieved, as shown in Fig 19. This figure presents 14 graphs, 501 

where each of them corresponds to the result one flexural test in a specimen, comparing the 502 

sensor measurement (blue line) of crack width to the Digital Image Correlation corresponding 503 

measurement of crack width (red line). Measurements were conducted on samples of different 504 

types and sizes, as indicated in each image. Here, sensor sensitivity denotes the minimum 505 

increase in crack width (in mm) necessary to result in one unit change in CCT. 506 

Upon examination of the lines, it becomes evident that the patch signal closely mirrors the 507 

onset and advancement of the crack. The lines exhibit a high degree of alignment. Initially, the 508 

crack width line experiences a rapid surge as the crack initiates in specimens of types 1 and 2, 509 

followed by a more gradual and consistent progression. Periodic abrupt increases occur 510 

sometimes (Fig 19-a) Fig 19. SENTMI sensor performance in following crack widthdue to 511 

material heterogeneity, such as aggregate rupture, introducing non-linearities. 512 

The patch efficiently tracks both the gradual evolution and sudden spikes in crack width, 513 

demonstrating its capability to accurately capture these fluctuations and providing valuable 514 

insights into crack behaviour. 515 
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Fig 19. SENTMI sensor performance in following crack width 516 

Cyclic test 517 

It is crucial not only to monitor the evolution of crack openings, i.e., the increase in crack 518 

width, but also its converse, the decrease in crack width. The capacity of these sensors to 519 

measure displacements in both tension and compression modes is indispensable for a thorough 520 

understanding of structural integrity. In the field of civil engineering, where structures are 521 

subjected to a multitude of loads, including thermal gradients, wind, seismic forces, and traffic 522 

vibrations, deformation sensors ensure precise and reliable monitoring of structural responses. 523 

This bidirectional capability enables engineers to identify potential vulnerabilities, anticipate 524 

structural failures, and implement timely maintenance or corrective measures to 525 

comprehensively assess a material's mechanical properties. 526 

Furthermore, measuring the variation of crack width in both directions assists engineers in 527 

monitoring the process of structural repair. Various methods exist to repair cracks in concrete, 528 

including the injection of fibres, epoxy resin, or the application of a carbon-fibre-reinforced 529 

layer [46]. 530 

For this test, a carbon-fiber-reinforced polymer (CFRP) layer was appropriately utilized to 531 

reinforce the bottom (tensile area) of the beam. Apart from its utility in repair applications, this 532 

beam has an advantage: due to the presence of the carbon layer, it could withstand higher loads 533 
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across numerous load and unload cycles, facilitating cyclic testing. The elastic properties of 534 

CFRP enable the cracks to nearly close during unloading. The high strength of this material 535 

enables it to deform elastically under stress and revert to its original shape upon stress removal, 536 

given the applied loads[47]. 537 

In order to evaluate the beam reinforced with a layer of CFRP, a force-controlled three-538 

point bending test was conducted. Initially, a pre-charge of 3.2 KN was established. From this 539 

point, the load progressively increased to 10 KN, then returned to 3.2 KN, repeating this cycle 540 

three times. Subsequently, three additional cycles were performed, with the load reaching 18 541 

KN before reverting to 3.2 KN. Finally, three additional cycles were conducted, elevating the 542 

load to 26 KN before returning to 3.2 KN. The results are presented in Fig 20. 543 

The sensor exhibited reliable performance, accurately tracking the crack's progression 544 

during both opening and closing phases, although limited by the patch's sensitivity, set at 0.05 545 

mm/K for this test. Therefore, when the force reached 18 KN, for instance, resulting in a crack 546 

width of 0.19 mm, the sensor would display either 0.15 mm or 0.2 mm. 547 

 548 

 549 

Fig 20. Sensor's performance in a cyclic test 550 

 551 

Embedded patches  552 

The capacity to function within the internal structure of concrete is a critical attribute for a 553 

displacement-measuring sensor. This is particularly significant in various construction 554 

scenarios such as bridges or dams, where the installation of the sensor during concrete pouring 555 

will be more practical, because re-accessing certain areas of the structures afterwards can be 556 

challenging. Additionally, the internal behaviour of the structure may differ from its surface 557 

behaviour, or cracks may arise first internally and propagate towards the exterior of the 558 
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structure. Consequently, internal fracture zones may be important for the professionals in 559 

charge to keep track of [48,49].  560 

The embedded SENTMI patches demonstrated consistent performance comparable to their 561 

on-surface approach version, effectively monitoring the progression of cracks with a similar 562 

Mean Relative Error (MRE) that the best on-surface patches presented, ranging between 0.1% 563 

and 1%. Results are presented in Fig 21 on four samples tested under two different 564 

configurations for density and diameter of optic fibres. 565 

  

  

Fig 21. Results of crack width evolution for embedded patches 566 

 567 

Conclusion 568 

This work presents the initial key discoveries of a new fibre optic-based sensor developed 569 

for the purpose of structural health monitoring. The sensor patch, which can be embedded or 570 

affixed on a concrete structure surface, comprises a textile component containing two sets of 571 

optical fibres: one set linked to a light source (emitting fibres) and the other to a light sensor 572 

(receiving fibres). The deformation of the textile causes spectral coordinate variations, 573 

measured in correlated colour temperature, providing crucial data for structural assessment. 574 

Initially, the study concentrated on identifying configurations capable of achieving a sensitivity 575 

under the limits of recommended crack width limits, thus enabling the detection of minor 576 
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displacement. Sensitivity is defined as the amount of displacement between the two edges of 577 

the sensor required to result in the variation of the spectral coordinates by one unit. Therefore, 578 

the most sensitive sensors present a lower amount of displacement needed for measurement 579 

variation. The parameters under analysis included the diameter of the optical fibres, the density 580 

of optical fibres per centimetre, and the dimensions of the fabric. 581 

It was observed that larger diameters and higher densities of optical fibres were associated 582 

with stronger light signals and enhanced sensor sensitivity. As a result, the optimal 583 

configuration was determined to be optical fibres with a diameter of 750 µm and a density of 584 

11.5 fibres per cm. This density represents the maximum number of fibres of this diameter that 585 

can be accommodated within a width of 1 cm. 586 

The installation methods for textile sensors on concrete surfaces were investigated. The 587 

distinction between methods 1 and 2 lies in the proximity between the adhesive zone and the 588 

sensitive region of the fabric. In method 1, the adhesive zone begins from the edge of the active 589 

region, causing the active zone to absorb all the deformation resulting from the discontinuity 590 

(crack) between the two adhesive zones. As a result, method 1 offers higher sensor sensitivity, 591 

up to 0.004 mm/K. Conversely, in method 2, the adhesive is applied at a distance from the 592 

active zone, reducing sensor sensitivity but expanding the measurement field, which is 593 

described as the gap between the two adhesive zones. A similar patch was tested using both 594 

methods and it attainted a sensitivity of 0.05 mm/K in method 1, while for method 2 it attainted 595 

a sensitivity of 0.09 mm/K. In method 2, the glue was applied 2.5 cm from the edge of the active 596 

zone, which is 5 × 5 cm². Patches were also embedded into the concrete specimens, using a 597 

prismatic piece of wood to create the notch and fix the position of the textile sensor. 598 

Once the optimal sensor configuration and its installation system has been identified, 599 

calibration was carried out. A series of stretching and releasing cycles was conducted in order 600 

to compute the equation of correlation via polynomial regression. The calibration was followed 601 

by the application of the textiles to concrete specimens of varying dimensions. These samples 602 

underwent a three-point bending test to induce cracking, after which the performance of the 603 

sensors was evaluated using digital image correlation. The mean relative error for the embedded 604 

and glued patches across all sample types was found to be between 0.1% and 1%. 605 

The diverse geometry and reinforcement of the specimens enabled the sensor to 606 

demonstrate its capacity to detect both gradual and abrupt crack initiations. The progression of 607 

the cracks, including both opening and closing phases, was analysed. The preliminary results 608 

are promising, with a sensitivity of up to 0.004 mm/K and a mean relative error for the 609 

embedded and glued patches across all sample types was found to be between 0.1% and 1%. 610 
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In the context of large structures, cracks may emerge as a consequence of mechanical and 611 

thermal stresses. It would be beneficial to investigate the impact of temperature on the optical 612 

patch sensor in both damaged and undamaged structures in the subsequent phase of this study. 613 
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