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Abstract 13 

The combined application of distributed fibre optical strain measurements on reinforcing bars and digital image 14 

correlation (DIC) measurements on the concrete surface has a great potential to increase knowledge in many fields 15 

of structural concrete. This paper explores the advantages of these measurement techniques for concrete tests and 16 

the key aspects to be considered in order to obtain reliable measurements suitable for quantitative analysis. The 17 

uncertainty of DIC analysis is highly dependent on the test conditions and user carefulness, and should be assessed 18 

for each test. A procedure to quantify the DIC uncertainty in large scale structural tests is presented, showing that 19 

it is highly dependent on the quality of the calibration. Comparative tests on distributed fibre optical strain 20 

measurements with different fibre coatings show that polyimide-coated fibres capture properly high strain 21 

gradients and, therefore, should be used when instrumenting reinforcing bars in RC specimens. Moreover, the 22 

measuring noise was found to be dependent on the absolute strain level. Combined plots of crack kinematics and 23 

reinforcement strains, stresses and forces are shown for the results of a series of two concrete panel tests subjected 24 

to diagonal tension. Crack locations predicted by both measurements match perfectly in these experiments. 25 
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1 Introduction 26 

The knowledge in structural concrete is perfectly developed for the dimensioning of new structures using 27 

conventional reinforcement and construction methods. Such structures can be designed to provide sufficient 28 

deformation capacity (i.e. by ensuring that failure is governed by yielding of the reinforcement) in order to 29 

guarantee a safe application of lower bound limit analysis methods [1,2]. However, there is a rising need and 30 

interest in the assessment of existing structures as well as in the use of non-conventional reinforcement (e.g. textile 31 

and fibre reinforcement) and digital fabrication methods [3,4], for which limit analysis often is not applicable. 32 

Therefore, the development of sound mechanical models for existing structures and non-conventional materials is 33 

key to avoid unnecessary retrofitting measures and to open the way for the design of leaner new structures. Many 34 

such mechanical models have already been proposed for conventional reinforcement [5,6], fibre reinforcement 35 

[7,8] and even textile reinforcement [9], but all have been derived based on experiments with very limited directly 36 

measured information (typically only loads and deflections, sometimes average strains). Due to this limitation, 37 

existing models are prone to containing inconsistencies and/or empirical factors only applicable for the particular 38 

case they were derived [10], what hinders their practical application. Novel instrumentation techniques, such as 39 

optical systems, allowing distributed measurements on the surface of, and inside the concrete will be essential for 40 

the validation and further development of these models. These novel technologies complement standard 41 

measurement technologies providing insight into the mechanical behaviour of structural concrete (in particular the 42 

kinematics) that hardly has been possible up to now. 43 

Most structural concrete experiments conducted in the past were instrumented using standard measurement 44 

technologies. These standard measurements consisted of load-cells to measure applied loads or reactions, and 45 

linear displacement sensors (e.g. LVDTs, potentiometers and strain gauge based sensors) to measure selected 46 

deflections and average deformations between two points. Strain gauges were sometimes used as well to record 47 

strains on reinforcing bars and on the concrete surface, but only a limited number of points could be instrumented 48 

(not only because of cost reasons, but also because sensors affect bond behaviour and change the member’s 49 

characteristic behaviour when applied to reinforcing bars). Moreover, discrete strain measurements on reinforcing 50 

bars provide information of limited practical use unless the gauges are located exactly at a crack (which cannot be 51 

ensured when placing them except in very particular cases [11]). Using these standard measurement techniques it 52 

was possible to determine the load-deformation behaviour and to estimate the global failure mode of the tested 53 

members. While this information was sufficient for developing design approaches based on the lower bound limit 54 

analysis, knowing more detailed information is essential to fully understand the behaviour of elements with low 55 
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deformation capacity (e.g. members with very low transversal reinforcement ratios, or with non-conventional 56 

reinforcement of limited ductility). 57 

Driven by the impossibility to gather detailed information in real-life structural members, researchers developed 58 

simplified test setups to study isolated structural phenomena matching the limitations of existing instrumentation. 59 

For instance, aggregate interlock relationships were derived typically based on push-off tests [12], bond 60 

relationships from pull-out experiments [13] and tension-stiffening mostly from direct tension or pure bending 61 

tests [14]. While these derivations provide valuable insight into these phenomena, there remains an uncertainty 62 

about their validity when applied for conditions different than those for which they were derived. For example, 63 

aggregate interlock relationships derived in push-off experiments with preformed cracks and theoretical uniform 64 

crack openings [15], might not be representative for members containing real cracks with significant macro-65 

roughness and non-uniform crack openings. Therefore, the implementation of empirical relationships derived from 66 

simple tests into mechanical models with a general scope is prone to potential inconsistencies [10,16]. To avoid 67 

these inconsistencies, refined measurements of non-oversimplified tests representing real-life structures are 68 

essential. 69 

Some early attempts in this direction include the use of photoelasticity to quantify the strain field and visualise the 70 

cracking pattern [17] or the visual inspection of cracks on the concrete surface. The latter is still the most popular 71 

refined measurement nowadays, in which crack patterns are marked by eye inspection and the width of selected 72 

cracks is estimated by visual comparison with printed line-widths. The tendency to measure the widest cracks 73 

might bias the statistical results obtained with this approach. A more precise measurement consists in tracking the 74 

variation of distance between metallic targets glued to the concrete surface by means of a demountable mechanical 75 

strain gauge (DEMEC) [18]. Besides crack opening, this procedure also measures compressive strains and crack 76 

sliding (provided a grid of triangular targets is tracked), enabling an advanced analysis based on the experimental 77 

results (e.g. estimation of the contribution of the different shear-transfer actions [19]). However, all these methods 78 

(i) are labour-intensive and error-prone (many manual measurements are required at each measuring step), (ii) 79 

only provide discrete information for the concrete surface at certain load steps, and (iii) often cannot be used close 80 

to failure due to safety reasons. As discussed in this paper, recent advances in optical measuring techniques 81 

overcome these limitations and are therefore replacing rapidly these classical measuring techniques (considered as 82 

state-of-the-art until very recently). 83 

The present work addresses the potential of combining in structural concrete experiments two of these novel 84 

technologies, i.e. full field digital image correlation (DIC) and distributed fibre optical strain sensing, as 85 

schematically illustrated in Figure 1. These instrumentations are able to monitor crack kinematics and concrete 86 
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strains on the concrete surface and strains along reinforcing bars quasi-continuously (in time and space) without 87 

disturbing the structural behaviour of the specimens: DIC measurements are contactless and fibre optics uses tiny 88 

glass fibres as sensors with negligible impact on bond. The recorded results allow determining the internal flow of 89 

forces of the specimens, as shown in this paper for a series of panel tests. Moreover, the forces transferred across 90 

cracks can be obtained directly from equilibrium at the crack locations. An important challenge when using these 91 

instrumentation methods lies in the large amount of collected data. This can be overcome by developing tools to 92 

automatically transform the acquired data into useful structural information. It should be noted that the knowledge 93 

on the accuracy of these technologies and the dependency of the results on the application conditions is still very 94 

limited, despite of their potential and their increasing use in structural concrete experiments (particularly for the 95 

case of DIC). This uncertainty compromises the reliability of the results except for qualitative interpretations. To 96 

improve this situation, several tests to estimate the measurement uncertainty of DIC and fibre optics when applied 97 

to large scale structural concrete experiments are discussed in this paper. 98 

2 Distributed optical instrumentation 99 

2.1 Digital image correlation 100 

Digital image correlation (DIC) is a novel but already well-established optical method that allows tracking the 101 

displacements of a surface based on pattern matching of digital images [20]. This paper focuses in stereoscopic 102 

applications of DIC (3D-DIC), which provide three-dimensional displacements as well as the shape of the surface, 103 

which allows avoiding errors due to out-of-plane displacements inherent to two-dimensional DIC (2D-DIC) 104 

applications with a single camera. Measuring with DIC comprises the following main steps: (i) acquiring digital 105 

images during a test, (ii) tracking displacements between acquired images and (iii) transforming the image 106 

displacements in real displacements of the tested member by using a model of the system. Typically, the strain 107 

field is computed from the measured displacement field over a certain length (virtual gauge length) in post-108 

processing. 109 

In Step (ii), when tracking pixel displacements in images, unique correlation areas known as subsets or facets 110 

(which typically range in size from 10 to 30 square pixels for speckled surfaces) are defined in the reference images 111 

(usually the undeformed state). The centre of each subset is a measurement point that is tracked in each successive 112 

pair of images (deformed state) using image correlation algorithms. Remarkable progress in the field of image 113 

matching has led to current correlation algorithms being quite accurate and insensitive to lighting variations or 114 

distortions of the subset. These algorithms provide sub-pixel accuracy by using interpolation filters to reconstruct 115 

grey values at non-integer locations (i.e. in between two pixels). The measured surface is typically speckled in 116 

order to minimise the noise of the subset correlation to around 1/100 of a pixel, a value typically reported by DIC 117 
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software manufacturers. The ideal speckle size is 2 to 5 pixels. Smaller speckles might cause aliasing effects and 118 

should be avoided; larger speckles would require increasing the subset size to keep the same precision in the 119 

correlation, but will reduce the spatial resolution of the measurement. While a measurement point can be set at 120 

every single pixel, results of consecutive pixels are not independent as the respective subsets will almost be 121 

identical. Therefore, it is common practice to space the measuring points in the range of 1/2 to 1/3 of the subset 122 

size for standard applications [21], but a lower spacing might be convenient when using automated crack 123 

measurement procedures. The spacing between measuring points is thereafter referred to as step size. 124 

Once the displacements (in pixels) in each measuring point have been tracked for all images, this information is 125 

translated into global coordinates by using an appropriate model of the optical system, based on photogrammetry 126 

principles. The optical system is characterised by internal parameters for each of the two cameras and by external 127 

parameters, which have to be calibrated for each measurement. The internal parameters comprise the focal length 128 

and parameters to correct the effect of lens distortions or skewed sensors. The external parameters include the 129 

translations and displacements between the cameras. Bundle adjustment is the most common calibration technique 130 

for 3D-DIC applications. It is suitable for complex optical systems and typically consists in the acquisition of a 131 

number of images of a calibration target that has fiducial points (e.g. circle markers or checkerboard), in which at 132 

least one distance between two fiducial points has to be accurately known to determine the scale factor. In the 133 

following, this is referred to as standard calibration. The standard calibration can be refined with the information 134 

of several images of a speckled non-deformable object (also known as hybrid calibration) [22]. 135 

DIC has found widespread use in recent years in structural engineering experimentation thanks to its versatility. 136 

The possibility of measuring full field information of the tested members and of freely extracting the key 137 

information (cracking behaviour) in the post-processing phase brings research on structural concrete to a new 138 

dimension. This potential has already been exploited in recent studies when measuring critical shear cracks [23,24]. 139 

However, in spite of its benefits, there are some key aspects to be considered when using digital image correlation 140 

for structural concrete applications: 141 

- The measurement uncertainty is highly dependent on the hardware configuration (2D-DIC or 3D-DIC, 142 

quality of the cameras, etc.) and the test setup, but especially on the user care and expertise. The value of 143 

1/100 of a pixel for the system accuracy typically provided by manufactures is only representative for the 144 

measurement uncertainty under perfect conditions. Therefore, the measurement uncertainty should be 145 

estimated and reported independently for every measurement. 146 

- The calibration has a large impact on the measurement uncertainty. Moreover, an accurate calibration for 147 

large scale structural tests is often very challenging. This aspect is discussed in Section 3.1, where the 148 
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influence of different calibration procedures on the measurement uncertainty of large scale tests is 149 

presented. 150 

- There are no standardised procedures yet to estimate the measurement uncertainty of digital image 151 

correlation in large scale structural tests. To overcome this unsatisfactory situation, several procedures 152 

applicable for large scale tests are presented and discussed in Section 3.1. 153 

- The large amount of produced data requires developing specific processing tools to extract condensed, 154 

unbiased and useful information in an efficient way. To tackle this issue the authors have developed a 155 

software for the automated crack detection and measurement (called ACDM [25]), which is applied to 156 

the experimental tests presented in Section 4. The basic concept of ACDM is described in Section 4.2.  157 

2.2 Fibre optical strain sensing 158 

Fibre optical strain sensing is based on the analysis of the backscatter of light travelling through an optical fibre. 159 

A local change in temperature or strain of the fibre results in an alteration of its backscatter properties, which can 160 

then be used to detect the location and magnitude of this change. The light is backscattered either at artificial 161 

distortions in the fibre (e.g. inscribed Bragg gratings along the fibre) or at natural local defects of the fibre glass 162 

itself, such as the variation of the refractive index. Natural local defects generate Raman, Brillouin and Rayleigh 163 

backscatter, which can be used for temperature sensing (Raman) or for either temperature or strain sensing 164 

(Brillouin and Rayleigh) [26]. While an optical time domain analysis of the Brillouin backscatter allows measuring 165 

strains over tens of kilometres with a sensor spacing of about one meter, an optical frequency domain analysis of 166 

the Rayleigh backscatter increases the spatial resolution up to 1 mm for a maximum sensing length of about 50 m 167 

with a sensitivity of only a few m/m [26,27]. Therefore, Rayleigh based strain sensing systems are very promising 168 

for structural concrete applications as they allow measuring strains quasi-continuously with an adequate precision. 169 

Strain sensing systems based on Rayleigh backscatter consist of a laser with variable tuneable frequency coupled 170 

to a Mach-Zehnder interferometer [27,28]. The backscattered light from a sensing fibre interacts with the signal 171 

of a reference fibre with constant length placed inside the interferometer. The superimposed signal is then analysed 172 

by a detector. The varying wavelength of the laser leads to a periodic interference signal, whose frequencies can 173 

be obtained by applying a fast Fourier transform. A specific detected frequency of certain intensity corresponds to 174 

the backscatter of a specific fibre segment. The farther away the segment is from the source, the higher the 175 

frequency of the interference signal. For a fibre in steady environment, the interference signal stays constant. When 176 

applying a strain to a certain fibre segment, the corresponding frequency of this and any following segment is 177 

shifted proportionally to the applied strain. 178 
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Single mode fibres with a glass core of diameter 5 to 9 m are normally used as sensors. The core of fibres made 179 

for telecom applications is mostly optimised to keep backscatter and therefore signal loss low, whereas for sensing 180 

fibres a certain amount of backscatter is desired. A surrounding cladding of typically diameter 125 m, with 181 

different refractive index, keeps the light traveling inside the core. Most often a coating made of acrylate, 182 

polyimide, nylon or other material surrounds the cladding to protect the bare glass. Depending on the application, 183 

this protection might be complemented with further coating layers [29,30]. The bare or coated fibre is applied to 184 

the measuring element, e.g. by gluing on the element or – for concrete elements – by placing inside the formwork 185 

before casting. Depending on the product, the price per metre fibre length varies between a few Cents and several 186 

Euros, which nevertheless contrasts the high investment costs for the reflectometer. 187 

The choice of the appropriate sensing fibre depends on its application. When glued on the concrete surface, fibres 188 

coated by soft layers should be used, as the soft coating allows the fibre to slip protecting it from breaking due to 189 

the high deformations in the vicinity of the crack. While this application is mainly used for qualitative 190 

measurements in structural concrete, e.g. for detecting the location of cracks, approaches to compute the crack 191 

width out of the measured fibre strains have also been derived [31]. For quantitative strain sensing of a material 192 

without discontinuities, e.g. of reinforcing bars, a proper shear transfer between the different layers cladding – 193 

coating(s) – glue – object is decisive [32,33]. In case of a low shear stiffness of the layers or even slip between 194 

them, the strain variations might be compromised (i.e. underestimation of strains close to a local maximum and 195 

overestimation of strains close to a local minimum). This issue is critical and will be analysed in Section 3.2.3. 196 

Fibres with a rigid coating (e.g. polyimide) that are rigidly bonded onto an object without or with very limited 197 

strain localisation (e.g. cold-stretched reinforcing bars), allow to reliably measure the strain along the instrumented 198 

length when glued with an appropriate adhesive. However, it should be noted that the use of fibres containing very 199 

stiff coating materials (i.e. overall stiffness not negligible compared to the stiffness of the monitored object, as is 200 

the case of coatings with metal inlays) might bias the results since it is acting as reinforcement. Regarding the 201 

suitability of an adhesive, besides an easy handling, a proper shear transfer should be ensured by means of a 202 

sufficient shear stiffness and a sufficient shear resistance at the interface. The shear stiffness can be estimated by 203 

the shear modulus G = E/(2(1+)) (which depends on Young’s modulus E and Poisson ratio ), while the shear 204 

resistance depends on the bulk material and is typically given by the manufacturer. 205 

It should be outlined that fibre optical strain sensing is not suitable to measure plastic strains of materials that 206 

undergo a pronounced strain localisation when yielding (so called Lüders bands for metals). This is e.g. the case 207 

for hot-rolled, quenched and self-tempered steels, of which a major part of todays used reinforcing bars consists 208 

[34–36]. When yielding, these steels stretch locally up to 20’000 m/m, whereas the maximum detectable strain 209 
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range of commercial reflectometers lays within ±13’000 m/m. This issue leads to an abrupt error as soon as the 210 

steel reaches its yield point. The fast nature of this process makes it impossible – even at very slow loading rates 211 

– to take new key measurements and thereby reset the maximum possible measurement range. In contrast, for 212 

materials without strain localisation (e.g. hot-rolled, stretched steels) it is possible to measure up to the rupture 213 

strain of the glass fibre itself at around  40’000 m/m. 214 

For rigidly bonded fibres without coating, the strain behaviour of the instrumented material can directly be 215 

measured and converted to stresses by applying the constitutive law of the material, as illustrated in Figure 1. 216 

Additional transformations (as e.g. conversion from engineering to true stress) proposed by other authors [37] are 217 

not required. This measurement procedure was successfully applied for the instrumentation of reinforcing bars in 218 

experimental campaigns at ETH Zurich [38–41], and its application to structural concrete panels will be shown in 219 

Section 4. These applications show that Rayleigh-based fibre optical strain sensing is very promising for structural 220 

concrete applications, given its capability to measure strains quasi-continuously. When used to instrument 221 

reinforcing bars, this technology provides very detailed information of processes inside the structures, which allow 222 

researchers having a much better insight into complex structural phenomena (e.g. bond) that were only investigated 223 

so far based on averaged, indirect or discrete information. However, there are some key aspects to be considered 224 

when using fibre optical strain sensing for structural concrete applications: 225 

- The selection of the appropriate fibre type for a specific application is essential to obtaining reliable 226 

results, as will be shown in the experimental tests in Section 3.2. 227 

- The fibres are delicate to handle and can break easily during fibre installation or specimen casting. Section 228 

4.1 shows a protection system of the fibres that has proven to keep the probability of fibre damage during 229 

fabrication and installation of the specimens low. 230 

- Determining the uncertainty of the measurements is difficult. To the authors’ knowledge, there are no 231 

studies addressing the accuracy of fibre optical sensors’ results in structural concrete applications. A first 232 

attempt in this direction is presented in Section 3.2, where the influence of some aspects is analysed and 233 

some measures are proposed. 234 

- As for digital image correlation, the large amount of produced data requires developing specific 235 

processing tools to extract condensed, unbiased and useful information in an efficient way. Such tools 236 

have been implemented and have been used by the authors to e.g. compute local bond from fibre optical 237 

strain sensing results [39,40]. 238 
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All fibre optic measurements described in this publication were conducted with the reflectometer ODiSI-A from 239 

LUNA Inc., allowing to measure up to 13’000 m/m over a sensing length of 50 meters with a maximum sampling 240 

frequency of 1/3 Hz. Gauge length and sensor spacing were set to 5 mm.  241 

3 Measurement uncertainty 242 

In order to collect and evaluate reliable data in structural experiments, it is of utmost importance to assess the 243 

uncertainty of the novel optical measurements presented in Section 2. Assessing the uncertainty of a measurement 244 

comprises the quantitative estimation of the accuracy, i.e. assessing the deviation of the measured value to the true 245 

value. Such deviation from the true value is caused by a combination of systematic errors (bias) and random errors 246 

(noise). As it is impossible to measure all sources of errors, the assessment of the uncertainty will yield always a 247 

partial estimation of the real measurement accuracy. In the following some tests to estimate the uncertainty of DIC 248 

and distributed fibre optical measurements are proposed and the results are discussed. 249 

3.1 Digital image correlation instrumentation 250 

3.1.1 Sources of error 251 

The following sections present an experimental methodology to estimate the uncertainty of DIC measurements. 252 

The uncertainty should be assessed for each test due to its dependency on a high number of test dependent 253 

parameters (quality of the calibration, environmental conditions, etc.). In addition to the quantification, this section 254 

discusses the main sources of errors in DIC measurements. This gives hints about the critical aspects to be 255 

considered when designing large scale structural tests in order to improve the accuracy of the measurements. 256 

The error of DIC measurements can be split in the error when tracking the displacements between acquired images 257 

(image matching algorithm errors) and the errors when transforming the image displacements into real 258 

displacements of the tested element (errors of the optical system model). The influences on the matching algorithm 259 

accuracy have been studied extensively (e.g. in [20]) and are out of the scope of this paper. It depends on the phase 260 

accuracy of the interpolation filter used to reconstruct grey values at non-integer locations (required to get sub-261 

pixel information) and on the image quality (contrast, size of the speckles, lighting conditions, etc.). The image 262 

quality is a key aspect to be considered, as it is responsible for most of the measurement noise (practical speckle 263 

and lighting recommendations to minimise the noise can be found elsewhere [20]). However, the bias induced by 264 

image matching algorithms is very low when modern algorithms implementing high order interpolation filters are 265 

used (e.g. the optimised 8th order coefficient filter used in this study exhibits a bias below 1/200 px even for very 266 

poor speckle quality). Therefore, most of the measurement bias is related to imperfections in the optical system 267 

model (insufficiently accurate calibration, errors due to out-of-plane motion, ambient conditions with changing 268 

temperature or air flow causing Schlieren effect, etc.). These aspects are critical for the final measurement accuracy 269 
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in large scale structural tests, as the measurement bias can be easily one order of magnitude larger than the 270 

measurement noise, except for a very careful calibration (as will be shown in Section 3.1.3). It should be noted 271 

that the bias is similar between nearby points and tends to cancel out in results for relative displacements (used 272 

e.g. for computing crack kinematics). In addition to the bias measured in the following sections using 3D-DIC 273 

measurements, the error due to out-of-plane motion can be very relevant for the case of 2D-DIC measurements 274 

[20,42] unless telecentric lenses are used. 2D-DIC measurements, usually omitting a proper system calibration 275 

(i.e. determining the scale factor to convert pixels to millimetres in a simplified way), are very frequent in civil 276 

engineering experiments but unfortunately prone to very significant bias. 277 

3.1.2 Proposed quantification methodology 278 

For the assessment of the DIC measurement uncertainty, the procedures according to Table 1, which are based on 279 

the guidelines from the Association of German Engineers (Verein Deutscher Ingenieure, VDI 2626 [43]), are 280 

carried out. The Zero Displacement Test (ZDT) and the Zero Strain Test (ZST) characterise the ability of the 281 

measurement system to reproduce the assessed displacements and deformations whereas the Known Displacement 282 

Test (KDT) and the Known Strain Test (KST) indicate the ability of measuring absolute displacements and strains. 283 

The ZDT allows to assess the general noise floor of the measurement. Therefore, it can serve as an indicator for 284 

the choice of the ideal post-processing parameters – namely subset, step and filter size, which significantly 285 

influence the quality of the results from the correlation algorithm. A series of pictures – usually between 50 and 286 

100 – without any movement nor deformation is taken in the ZDT, where every “measured” displacement or strain 287 

value signifies an error. In the Zero Strain Test, the specimen itself or a stiff plate with a speckle pattern is moved 288 

without applying any deformation (rigid body motion); multiple pictures are taken during the movement. The 289 

choice of a similar velocity and measurement frequency like in the real experiment is recommended. After 290 

removing the rigid body motion, the remaining “measured” values correspond to errors. For both ZDT and ZST, 291 

the area of interest should be divided into multiple sub-areas. In this study, an orthogonal grid of 10 x 10 rectangles 292 

was used. Within a sub-area, the mean and the standard deviation of the measurement points are obtained. 293 

In the KDT, the specimen – after taking a reference measurement in its initial position – is moved along a known 294 

distance within the field of view. In this study, this was achieved by means of two steel blocks and one ceramic 295 

gauge block with a certified length according to DIN EN ISO 3650 [44] (see Table 1). The reference image is 296 

taken with the two steel blocks stacked on each other. Then, the ceramic block was placed between the steel blocks 297 

to move them exactly by a known length. This measurement should be carried out in the centre as well as on the 298 

edges of the field of view in order to assess properly the bias, which might be considerable larger near the edges 299 
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of the field of view. The KST uses precisely certified templates of digitally deformed patterns that are printed on 300 

a flat plate (see Table 1). The plate is moved along different positions within the field of view. 301 

3.1.3 Example of application 302 

Test setup 303 

The DIC setup in this example was the same as the one used in the Large Universal Shell Element Tester LUSET 304 

at ETH Zurich [45], see Figure 2. The 3D-DIC system was composed by two Allied Vision Prosilica GT6600 305 

monochrome cameras (28.8 Megapixel, 36×24 mm sensor), positioned at a distance of 4000 mm to the specimen’s 306 

surface. The baseline of 1230 mm between the two cameras resulted in a stereo angle of 17°, which is rather low 307 

(suggested ideal stereo angle is 20°-30° [21]) due to the geometric constraints of the testing facility [45]. Lenses 308 

with a focal length of 50 mm (Zeiss Planar T 1.4/50 mm) were used, which allowed a field of view of 309 

2000×2800 mm at an average scale of 0.38 mm/pixel. For the ZDT and ZST a speckle pattern of randomly 310 

distributed black circular dots with a diameter of around 2 mm – which corresponds to approximately 5 pixels – 311 

was applied onto a base layer of white paint on the surface of a concrete panel to guarantee good contrast. The 312 

patterns for the KDT and KST were printed and glued on the blocks and a plate respectively. The correlation was 313 

carried out with the commercial software VIC-3D (Correlated solutions Inc. [46]). 314 

The maximum displacement of the concrete panel in the ZST was 4% of the field of view and was applied by the 315 

LUSET testing facility [45] without generating significant forces on the specimen. The gauge blocks used in the 316 

KDT were certified in a calibration laboratory (deviation from the nominal length of 100 mm of 0.03 μm). The 317 

certification plate for the KST and the corresponding certified deformations were provided by isi-sys GmbH. 318 

Results 319 

The results from the ZDT serve as reference for the choice of the post-processing parameters. Figure 3 (a) shows 320 

the standard deviation of the individual sub-areas for various subset sizes as a function of their distance to the 321 

centre of the field of view. It can be clearly seen that the choice of the subset size has a significant influence on 322 

the noise level of the measurement. Moreover, the noise increases towards the edges of the area of interest which 323 

is most probably caused by the higher contrast of the pictures in the middle due to better lighting conditions and 324 

the lower performance of the lenses at the edges. Figure 3 (b) shows the standard deviation with respect to the 325 

subset size for one sub-area in the centre, one in the corner and the mean of all sub-areas. Based on a rule of thumb 326 

by Reu [21], the step size should lie between 1/3 and 1/2 of the subset size to prevent too much overlapping of the 327 

subsets. However, for the Automated Crack Detection and Measurement technique (Section 4.2), a denser 328 

displacement and strain field is preferred. Therefore, a step size of approximately 1/4 of the respective subset size 329 

was chosen.  330 



FODIC – Engineering Structures, Vol. 225, Art. No. 111309 (2020)  Mata-Falcón, Haefliger, Lee, Galkovski, Gehri 
 

 

AAM version, only for personal use. Original paper may be found at: https://doi.org/10.1016/j.engstruct.2020.111309  Page 12 / 47 

 

There is an initially steep decrease in the noise level leading to an asymptote with increasing subset size, with 331 

hardly any difference between displacements U and V (in x and y direction, respectively). Figure 3 (b) allows the 332 

choice of an optimal subset size, which is a compromise between noise level and resolution of the data points. For 333 

all further analyses in this section, a subset size of 15 pixels at a step size of 4 was chosen. The standard deviation 334 

within a sub-area lies at around 0.5/100 of a pixel on average, and even for the worst values in the corner does not 335 

exceed 1/100 pixel. 336 

For the chosen configuration, the strains were computed with various filter sizes, which signify the number of 337 

points over which the strains are derived from the displacement field. The principal strains for sub-areas in the 338 

centre and in the corner as well as the average over all sub-areas are plotted against the filter size in Figure 3 (c). 339 

Again, the choice of the filter size is a compromise between noise and spatial resolution of the strain field. For all 340 

further analyses, a filter size of 15 was chosen, which corresponds to a gauge length of 23 mm. The noise level of 341 

the strains lies at around 40 μm/m on average at a maximum in the corner of around 50 μm/m. Generally, the 342 

strains show much smaller differences in uncertainty between centre and corner than the displacements. 343 

In the Zero Strain Test, the bias of the measurement with increasing displacement can be analysed in addition to 344 

the noise. The importance of a proper calibration is crucial for the resulting bias as can be shown in Figure 3 (d). 345 

The standard deviation of the remaining displacement U in x direction after the rigid body motion removal is 346 

plotted against the actual total displacement for each individual sub-area. Despite being a noise estimator not 347 

quantifying the total uncertainty, the standard deviation allows comparing different calibrations since it is sensitive 348 

to differential bias within each sub-area. Three different calibrations are examined in Figure 3 (d): (i) “random”, 349 

where only four randomly chosen calibration pictures are taken into account for the calibration; (ii) “all”, which 350 

uses a total of 50 calibration pictures covering all possible positions and rotations of the calibration plate with a 351 

rigid regular point grid; and (iii) “hybrid”, in which the standard calibration “all” is refined with the information 352 

from speckle images with a moving specimen [22]. Moreover, series “hybrid + filter” presents the results of the 353 

hybrid calibration refined by applying a time filter (a median filter with a size of 5 was chosen). At zero 354 

displacement, all calibrations display a standard deviation at a similar level, i.e. the noise of the measurement is 355 

independent of the calibration. However, this drastically changes with increasing movement of the specimen. The 356 

random calibration shows a large increase of the error (i.e. bias increases a lot with the applied movement). The 357 

normal calibration shows generally the same tendency but with lower bias. The hybrid calibration can mitigate the 358 

increasing bias with the displacement, as the noise level stays constant with increasing movement. The median 359 

filter reduces very significantly the noise level. Therefore, the hybrid calibration with median time filter size of 5 360 

was used for the other uncertainty analyses in this study (except were mentioned specifically). 361 
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The uncertainty and its spatial distribution were quantified by the following spatial standard deviation parameters 362 

proposed by the VDI guidelines [43] for displacements (NV) and strains (ND), obtained from the ZST: 363 

 

 

2 2

1

2 2
1 2

1

1

1

N

q q
q

N

q
q

NV dx dy
N

ND
N





 

   





 (1) 364 

where dxq and dyq denote the measured displacements after rigid body removal of each point within the examined 365 

sub-area (U and V in VIC-3D) whereas 1 and 2 are the principal strains calculated from xx, yy and xy. N is the 366 

number of measurement points within the sub-area. 367 

In Figure 3 (e) and (f), the standard uncertainty values for displacement and strain are plotted in a pixel plot 368 

representing the sub-areas. The graph shows the state at maximum displacement in Figure 3 (d). One can see that 369 

most of the area of interest displays rather low uncertainty for the applied displacement (below 8 μm – i.e. 1/50 of 370 

a pixel – and 175 μm/m, respectively, for displacements and strains) and only the corner areas exhibit higher 371 

values. Since the specimen is moving to the left, the higher uncertainty at the left edge may be attributed to the 372 

worse lighting conditions. In the appendix, the reader may find more pixel plots of the standard uncertainty at 373 

different stages of the movement and for the different calibrations used. It should be noted that unless a very careful 374 

calibration is carried out, the uncertainty at the corner of the specimens is easily an order of magnitude higher than 375 

the values provided by DIC software manufacturers. 376 

Table 2 shows the measurements from the KDT. For this analysis, a standard calibration was used. The measured 377 

distances between initial and final state of the steel blocks were averaged over five measurements in each of the 378 

four measured positions. The results were very accurate and insensitive to the measurement position. The absolute 379 

error is in the order of 10 μm (1/50 of a pixel), in line with the observations for the ZDT shown in Figure 3. This 380 

allows concluding that there was no significant bias due to any uncorrected scale factor (i.e. the reference length 381 

in the used calibration length was accurate). 382 

Table 3 gives an overview of the measured strains obtained from the KST applied at nine different positions. For 383 

each position three different strain measurements – 5%, 10% and 20% – are carried out. There seems to be no 384 

influence regarding the position of the measurement, the direction of the strain nor the magnitude. The mean of 385 

the absolute error over all measurements lies around 80 μm/m, which corresponds well with the findings from the 386 

ZDT and ZST, showing that no bias results by large strains. One should note that the imposed strains are much 387 

higher than what would be expected in a usual concrete test specimen (ultimate compressive strain around -3‰) 388 

and hence, accurate strain measurements are expected in structural concrete experiments. 389 
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3.2 Distributed fibre optical strain sensing 390 

3.2.1 Sources of error 391 

The following sections present the results of several experiments that allow investigating the influence of various 392 

parameters on the uncertainty (mainly noise) of distributed fibre optical strain measurements. It should be noted 393 

that quantifying the uncertainty of fibre optical strain measurements is challenging due to the difficulty of having 394 

a reference measurement that is accurate enough to be considered representative of the true measurement value 395 

(most strain measurements are less accurate than fibre optics). Besides the discussion on quantification, the 396 

potential sources of error in fibre optical measurements are introduced thereafter. 397 

The strain value in fibre optical measurements is normally calculated assuming a direct proportionality between 398 

the measured frequency shift and the strain. Every fibre type has its specific conversion factor, and it is therefore 399 

recommended to determine it for every fibre type individually by subjecting a fibre sample to a set of known 400 

uniform displacements [47,48]. Still, a bias will occur if the real physical relation deviates from the assumed 401 

proportionality. Such deviations are mainly caused by variations in temperature (ambient or of the measuring 402 

system, see Section 3.2.2) and to a lesser extent by variations in pressure, humidity, electromagnetic fields, etc. 403 

[49]. The bias resulting from temperature changes can be calculated and eliminated by using an unloaded fibre as 404 

reference.  405 

Similar to the bias, the noise floor of fibre optical measurements depends on the ambient and spectrometer’s 406 

temperature, the fibre type, the sensing fibre’s length, its curvature relative to the reference state, the sensor quality 407 

(signal loss at splices, unwanted reflections at the end of the sensor, etc.), the key measurement (the zero 408 

measurement before the test, where the backscatter of the fibre in the unloaded stage is analysed), etc. It is hardly 409 

possible to quantify the noise floor for the entire duration of an experiment, as it is additionally highly dependent 410 

on the absolute strain level (see Section 3.2.3). 411 

3.2.2 Influence of ambient conditions 412 

To analyse the influence of the ambient conditions on noise and bias, the strains in a stationary fibre (12.54 m 413 

long, produced by Huber & Suhner AG, Switzerland) were measured over time. After taking a baseline, strains 414 

were measured for 9 hours and then the reflectometer was switched off. About 24 hours after the first measurement, 415 

the device was reconnected, the laser was aligned and strains were measured using the same baseline as the day 416 

before. Temperature in the room was recorded continuously during the test and the strains due to temperature 417 

variations (εT) were calculated considering the fibre’s thermal expansion coefficient provided by the manufacturer 418 

of the reflectometer [50]. Figure 4 (a) shows the histograms of all 2508 measurement points in the fibre for three 419 

measurements taken at different times (0, 9 and 24 hours). A normal distribution was fitted to each histogram. The 420 
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mean value  shifted +12 m/m and –11 m/m at 9 and 24 hours respectively. This shift could be caused by strains 421 

due to changes in the ambient temperature and/or by other measurement bias. The calculation of the theoretically 422 

induced strains due to temperature during the first 9 hours of the measurement (Figure 4 (b)) gives about 60% of 423 

the total measured strains. Hence, the remaining difference indicates the existence of a small bias, which might be 424 

attributed to the heating up of the measuring device or to an inaccurate strain conversion factor (see Section 3.2.1). 425 

The noise, characterised by the standard deviation increased from 1 to 10 m/m in the first 9 measuring hours, 426 

but dropped to 5 m/m after reconnecting the reflectometer (at 24 h). This shows that changes in the reflectometer’s 427 

temperature might lead to small misalignments of the built-in laser components and increase the noise level. In 428 

any case, the quantified noise floor and bias are very low considering the requirements for most structural 429 

applications. 430 

3.2.3 Influence of fibre type and strain level 431 

The influence of various fibre coatings, various types of adhesive and various strain levels on the exhibited noise 432 

is examined by means of two direct tension tests on steel plates with variable cross section (see Figure 5 (a)). Both 433 

specimens were cut from a 6 mm thick cold-formed steel plate and had three sections with lengths of approximately 434 

120 mm each and different widths of 30, 37.5 and 50 mm. Four fibres with properties according to Table 4 were 435 

glued on both sides of the specimens. Fibre FP1 was tested twice to evaluate repeatability. The fibres were glued 436 

with two adhesives with different stiffness to evaluate their ability to properly transfer shear without significant 437 

slip. An epoxy resin with low viscosity (Sikadur-52, Young’s Modulus 1.8 GPa [51]), well suited for filling small 438 

notches containing a fibre, was used in specimen E. In specimen L, a two-phase adhesive with high viscosity 439 

(Loctite HY 4090, Young’s modulus 0.57 GPa [52]), suitable for gluing a fibre directly onto the material, was 440 

used. All the fibres were spliced together to obtain one single measuring fibre. The noise floor at the beginning of 441 

the test was ±10 m/m. For each section, two speckled areas in a distance of approximately 60 mm were applied 442 

and DIC measurements were taken as a reference. The specimens were loaded in uniaxial tension in five steps (4, 443 

15, 30, 45 and 72 kN). The load was kept constant at every load level for at least 30 seconds. 444 

Figure 5 (b) and (c) show the fibre optical strain measurements along specimens E and L at maximum load, where 445 

strains at every sensor point are averaged over the time interval with constant load. Horizontal lines indicate mean 446 

DIC strains between the two speckled areas on each section. Fibre strains measured on the same side as DIC strains 447 

(front side) are plotted in colour, while strains at the back side are plotted in grey. The mean values of all sensor 448 

points within a section of constant cross section are reported in Table 5, together with the theoretical strain value 449 

(εth=F/(EA)) calculated based on the applied load (F) and a nominal linear elastic stiffness (nominal cross section 450 

A, and elastic modulus assumed to be 210 GPa). 451 
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Mean fibre optical strains at the front side are in very good agreement with DIC results, regardless of fibre type 452 

and adhesive (deviations in the order of 50 μm/m, see Table 5). This confirms the results of similar experiments 453 

conducted at TU Munich [53]. Comparing the strain distribution in each section (Figure 5(b) and (c)), the 454 

measurement repeatability is excellent (the results of the two identical fibres FP1a and FP1b are almost identical) 455 

and no significant influences are observed regarding the used adhesive. Despite the more than three times different 456 

Young’s modulus, which can serve as an estimate for the shear stiffness, both epoxy resin and two-phase adhesive 457 

ensure a proper shear transfer between coating and metal. However, the results are highly dependent on the fibre 458 

coating type. The acrylate-coated fibre (FA, blue line) exhibits non-constant strains over the areas with equal cross 459 

section, whereas polyimide-coated fibres (FP1a, FP1b and FP2, red lines) show constant strains, as would be 460 

expected. Additionally, the strain gradients at both ends of the glued part of the fibres are much higher for fibres 461 

with polyimide coating. As already stated by Quiertant et al. [32], these effects are due to the different 462 

characteristics of the coatings. Whereas acrylate is just covering the fibre and can easily be removed mechanically, 463 

polyimide forms a chemical bond to the glass of the cladding, which enhances the shear transfer between cladding, 464 

coating and adhesive. Therefore, in spite of being more difficult to handle (e.g. fibre stripping for splicing), 465 

polyimide-coated fibres should be used in tests where high strain gradients are expected (e.g. reinforcing bars in 466 

RC specimen between cracks). 467 

When comparing the fibre optical strain measurements of the front and back sides, significant differences are 468 

observed. This can be attributed to the presence of bending actions, which are related to the slightly curved initial 469 

longitudinal geometry of the steel plates and to small misalignments of the applied tensile loads. Table 5 provides 470 

the mean between the front and back measurements, which represents the average tensile strain in the element. 471 

These values are systematically larger than the calculated theoretical strains (7% deviation on average). Given the 472 

good agreement with the DIC measurements on the front side, it is likely that this deviation is not due to a bias of 473 

the fibre optical measurement, but to an incorrect estimation of the elastic modulus used to calculate the theoretical 474 

strains. Therefore, the presented comparison with calculated theoretical strains is of great use as a plausibility 475 

check, but does not allow quantifying the measurement uncertainty. 476 

The potential influence of the applied strain level on the measurement noise is studied in Figure 5 (d). This figure 477 

shows for the direct tension test L the evolution over time of the mean strains and the standard deviation of all 478 

sensor points within the 50 mm wide section on the front side. Only the results of fibres FA and FP1b and the 479 

results of the DIC measurements are represented. The mean fibre optical strains (black lines) show the load path 480 

with the distinct plateaus when the load was held constant, and are in good agreement with the strains from the 481 

DIC measurements. The standard deviation (red lines on the right axis) gives an estimate of the measurement 482 
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noise, which is dependent on the strain level and on the fibre type. In the acrylate-coated fibre the noise floor is 483 

initially very small ( = 4 m/m), but it increases up to 42 m/m at the maximum applied strain level 484 

(1329 m/m). While the initial noise level in the polyimide-coated fibre is higher ( = 7 m/m), it shows a less 485 

pronounced strain level dependency, what leads to a noise of only 20 m/m at the maximum strain level. 486 

3.2.4 Influence of secondary actions and reinforcing bar geometry 487 

Instrumenting reinforcing bars in structural concrete experiments with several sensing fibres per bar allows 488 

capturing very detailed local phenomena that could not be measured so far with conventional instrumentation. 489 

Examples of these local phenomena are given in Figure 6, where the measured strains in a reinforcing bar of a 490 

standard pull-out test [54] are shown. The pull-out test was conducted with a reinforcing bar of 26 mm diameter 491 

and steel B700B (nominal yield strength of 700 MPa), which was embedded in a concrete (fc = 38 MPa) block of 492 

400x400x965 mm. Each bar was instrumented with two polyimide-coated sensing fibres glued into grooves of 1x1 493 

mm size (one was placed along the ridge of the bar, whereas the other crossed its ribs, see Figure 6). As discussed 494 

in Section 3.2.3, the divergence in the strains between both fibres denotes (and allows quantifying) the presence 495 

of significant bending actions, which are typical in such tests due to slight misalignments of the loading apparatus. 496 

The mean value of both measured strains gives an estimation of the applied average tensile strains. When 497 

examining the shape of both fibre strain curves, significant differences are observed. The strain curve of the fibre 498 

FO1 along the reinforcing bar’s ridge shows very smooth results, while in the curve of the fibre FO2 crossing the 499 

ribs local peaks in a regular distance are observed. The distances of these peaks match very well the rib spacing 500 

(10-12 mm), which indicates that the ribs have an influence on the local strain behaviour of the reinforcing bar. 501 

Although the strain variation of the fibres crossing the ribs does not change the overall interpretation of the test 502 

result and could even be filtered out, it should not be treated as noise. 503 

4 Application to concrete panels 504 

This section presents and discusses the results of a series of two concrete panel tests subjected to diagonal tension, 505 

which were conducted to evaluate the potential and the concept of the combined application of fibre optical strain 506 

sensing on the reinforcing bars and digital image correlation on the concrete surface. These tests were used to 507 

inform the instrumentation setup to be used in the Large Universal Shell Element Tester LUSET at ETH Zurich 508 

[45] consisting in 2 m side length and 350 mm thickness panels. Hence, in spite that the size of the concrete panels 509 

is smaller than the panels in the LUSET, the instrumentation was set as in the latter. 510 

4.1 Description of the experimental program 511 

The panels of 600 mm side length and 125 mm thickness were reinforced with orthogonal stirrups of diameter 10 512 

mm parallel to the x-direction and either stirrups of diameter 6 mm (specimen FODIC-10-6) or 8 mm (specimen 513 
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FODIC-10-8) in the y-direction as can be seen in Figure 7 (a). Two 22 mm headed bars were placed over one 514 

diagonal for the load introduction. The stirrups consisted of hot-rolled, cold-stretched steel, lacking a distinct yield 515 

plateau. The mechanical properties were obtained from standard tensile tests and are given in Table 6. The concrete 516 

had a maximum aggregate size of 16 mm and a nominal characteristic compressive cylinder strength of 40 MPa. 517 

Diagonal tension was applied by pulling the diagonal bars in a universal testing machine (as shown in Figure 7 518 

(a)). The load case is not of particular interest for the structural behaviour, but is a good benchmark for the 519 

instrumentation as it generates a complex crack pattern. A loading rate of 0.06 mm/min was initially applied, which 520 

was increased in the post-peak phase. With the stirrups oriented at 45° to the direction of the applied force, a 521 

combined loading in shear and biaxial tension was obtained with respect to the reinforcement directions.  522 

Both stirrup legs were instrumented with glass fibres, which were glued with epoxy resin in 1x1 mm grooves 523 

carved along the length of the bars (Figure 7 (b)). As reported in [32], this installation procedure minimises the 524 

impact on bond behaviour, maximises the protection of the fibres inside the specimen and ensures a proper shear 525 

transfer between rebar and adhesive. Acrylate-coated fibres were used as the better performance of the polyimide-526 

coated fibres (discussed in Section 3.2.3) was yet unknown when conducting these experiments. Fibre ends were 527 

put into small rubber tubes to lead them out of the specimen and protect them during casting. In the transition zone 528 

between glued and unglued sections, fibres were additionally protected by hot glue. This protection concept 529 

worked very well, as only 8% of the fibres were damaged during production and hence unable to transmit the laser 530 

signal. The end of the fibres was cut manually at ~45° and placed into water or epoxy resin. This is a simple 531 

solution to produce a fibre termination that ensures a proper signal loss and reliably avoids mirroring effects due 532 

to reflections. The noise floor at the beginning of the test was within ±20 m/m and increased with higher strain 533 

level (see Section 3.2.3). Engineering stresses and forces were calculated using the stress-strain-relationship of 534 

every rebar type obtained from the steel tensile tests and considering the nominal cross sectional area. 535 

The same DIC setup as reported in Section 3.1.3 was used, but lenses of 28 mm focal length (Zeiss Distagon-2/28 536 

mm) were installed in this case. This led to the cameras being positioned at a distance of 2400 mm to the specimen’s 537 

surface. The baseline between the two cameras was kept as in Section 3.1.3 which resulted in a stereo angle of 538 

28°. The used speckle pattern is shown in Figure 7 (c), together with the main parameters used in the DIC post-539 

processing. A standard calibration was used in this case. The measurement uncertainty calculated following the 540 

procedure presented in Section 3.1 resulted in a standard deviation of the uncertainties in strains of 250 μm/m and 541 

of 0.01 mm in displacements, both for the maximum displacement applied in the test. These values are larger than 542 

the ones observed in Section 3.1.3, which can be explained due to the use of a lens with a large focal lens (with 543 

larger distortions) and to not yet using a more refined hybrid calibration. 544 
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4.2 Automated crack detection and measurement 545 

The limitations and bias introduced when only selected points of selected cracks are measured (either by eye 546 

inspection or by manual post-processing of DIC measurements) can be overcome by developing a suitable crack 547 

processing algorithm based on DIC measurements, as e.g. the open-source ACDM (Automated Crack Detection 548 

and Measurement) software developed by the authors [25] and available at: https://gitlab.ethz.ch/ibk-kfm-549 

public/acdm. The main steps of ACDM are graphically outlined in Figure 1. The detection concept follows the 550 

idea that the crack pattern as discrete crack lines is obtained by tracking Canny edges [55] in the principal tensile 551 

strain field obtained from the DIC measurements. In order to obtain the crack kinematics of a certain point of the 552 

crack line, the relative movement of both crack lips is determined using the DIC displacement field following a 553 

similar approach as proposed by Campana et al. [19]. ACDM allows measuring crack opening and crack sliding 554 

quasi continuously (over time and over the length of every single crack) with little human effort, which makes it 555 

particularly suitable to large scale experiments with complex crack patterns (as e.g. those performed in the Large 556 

Universal Shell Element Tester LUSET [45] for which ACDM was originally developed). The ACDM software 557 

was used to compute all crack patterns and cracks kinematics in Figure 8 and Figure 9. 558 

4.3 Results and discussion 559 

Figure 8 shows the combined results of DIC and fibre optics for both specimens and two different load steps. The 560 

cracks are shown as black lines with the line thickness indicating their opening. The colours along the stirrups 561 

indicate the stresses calculated for the front layer and the line thickness corresponds to the sum of forces for both 562 

stirrup legs. Since the optical fibres left the specimen at the boundary area, the DIC field of view and the tracked 563 

cracks do not reach the specimen’s edge. In specimen FODIC-10-6 the stirrups of diameter 10 mm remained elastic 564 

during the entire test whereas the stirrups of diameter 6 mm reached the yield point at approximately 110 kN. In 565 

specimen FODIC-10-8 at a load level of 150 kN, the stresses in most of the stirrups are close to yielding. The 566 

location of larger cracks can clearly be identified in the fibre optical measurements, and match very accurately the 567 

crack location detected by the ACDM based on the DIC measurement. It should be noted that, as discussed in 568 

Section 3.2.3, the acrylate coating of the fibres impedes a proper shear transfer between coating and cladding. 569 

Therefore, the magnitude of the measured strains in zones of high strain gradients might deviate from the true 570 

value.  571 

Reinforcement strains of both legs of stirrup A (Ø10, y = -50 mm) of specimen FODIC 10-8 (see Figure 8 (d) for 572 

exact location) are shown in Figure 9 (a) for different load steps together with the measured openings and 573 

inclinations of the cracks crossing the stirrup. Cracks 1 and 2 close to the edge of the specimen are occurring at 90 574 

kN, whereas crack 3 is formed at a load of approximately 120 kN. As observed in Figure 8, the location of the 575 
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cracks can be detected independently with both optical systems and the positions match accurately. The fibre 576 

optical strains of the front and back legs of the stirrup are very similar. Again, measured strains can deviate from 577 

the actual strains due to the acrylate coating of the fibres. This effect can be observed for the region around crack 578 

1, where much higher strains in the reinforcement would have been expected to be consistent with the existing 579 

large opening of crack 1.  580 

Figure 9 (b) shows the continuous evolution with the applied force of the opening of crack 3 and the steel strains 581 

for both stirrup legs at this position. The sudden formation of the crack at 120 kN leads to a significant drop in the 582 

load. A jump in the steel strains and in the crack opening of about 1‰ and 0.2 mm respectively was tracked 583 

successfully in this fast process, demonstrating the capability of optical measurements to monitor the cracking 584 

phase of concrete structures. 585 

A combination of both measuring techniques, as shown in the Figure 8 and Figure 9, allows to (i) mutually verify 586 

their results, (ii) link the reinforcing bars’ stress distribution to the concrete kinematics, and by this (iii) investigate 587 

the load distribution in the different element parts over time on a very intuitive basis. This contributes to a better 588 

understanding of processes like crack formation and crack kinematics. As a possible further step, equilibrium along 589 

a crack can be analysed, by assuming that stirrups only transfer forces in their direction (e.g. neglecting dowelling 590 

action). Considering the applied external forces, the contribution of e.g. aggregate interlock could be estimated. 591 

An evaluation of the strain distributions along a reinforcing bar at different load states, similar to the one suggested 592 

in Figure 9, rises the opportunity to further investigate bond between reinforcement and concrete, which has a 593 

direct link to fundamental aspects of structural concrete as the serviceability behaviour and deformation capacity.  594 

5 Concluding remarks 595 

This publication shows that the combined application of distributed fibre optical and digital image correlation 596 

measurements has a great potential to increase knowledge in many fields of structural concrete, such as bond and 597 

cracking behaviour or load carrying and deformation capacity of elements with low amounts of transverse 598 

reinforcement. Both measuring systems can document the phenomenological effects continuously, 599 

comprehensively and at a very detailed level, both inside and on the surface of the analysed structure, without 600 

affecting the mechanical behaviour - a radical progress compared to conventional instrumentation. This promises 601 

a better understanding of the underlying mechanisms and the development of sound mechanical models for existing 602 

structures and non-conventional materials, which is essential to avoid unnecessary retrofitting measures and to 603 

open the way for the design of leaner new structures. However, there are some key aspects herein discussed that 604 

should be considered when using these instrumentations in order to guarantee the measurements to be reliable and 605 

therefore suitable not only for qualitative, but also for quantitative analysis. 606 
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Digital image correlation allows tracking the displacements of an entire surface, but the uncertainty of the 607 

measurements is highly dependent on the test conditions and user care, particularly regarding calibration. In this 608 

publication, various complementary methods suitable for large-scale structural experiments were introduced 609 

aiming at investigating the uncertainty of digital image correlation-based measurement systems. The measurement 610 

uncertainty provided by the manufacturers of DIC-systems (i.e. around 1/100 of a pixel) is obtained only in very 611 

controlled laboratory conditions and often merely refers to the uncertainty of the correlation algorithm. Thus, it is 612 

not representative for the application on large-scale structural elements in which uncertainties an order of 613 

magnitude higher might be easily obtained. Therefore, the assessment of uncertainty for each test, considering the 614 

influences of the calibration and the environment – such as the lighting conditions or the speckle quality – is crucial 615 

for the proper evaluation of the experimental data. The presented Zero Displacement and Zero Strain Tests are 616 

easy to prepare and conduct. They allow quantifying noise and bias and choosing the optimum post-processing 617 

parameters depending on the actual purpose of the analysis. Image quality (contrast, size of the speckles, etc.) was 618 

detected as one of the most influencing parameters for the quality of the correlation, which is responsible for most 619 

of the measurement noise. However, the finally achieved uncertainty is highly dependent on the quality of the 620 

calibration. The best results can be obtained when a hybrid calibration is performed, combining the information 621 

from a standard calibration and moving speckle images. An additional source of bias in digital image correlation 622 

structural measurements might be introduced in the post-processing phase if only selected information of the large 623 

amount of produced data is used (e.g. few virtual strain gauges). This can be overcome by using tools such as the 624 

presented Automated Crack Detection and Measurement software that allows measuring crack opening and crack 625 

sliding quasi continuously, requiring little human effort. 626 

Distributed fibre optical strain sensing allows measuring strains quasi-continuously with a very high precision 627 

without biasing the specimen’s behaviour. By gluing the fibres onto the reinforcing bars, continuous measurements 628 

inside the specimens are obtained, providing direct insight into the mechanisms of RC structures. However, with 629 

the higher level of detail, other phenomena become visible (as e.g. the influence of a complex stress state directly 630 

at the ribs of a reinforcing bar), which may not be of main interest but complicate the evaluation. There exist 631 

various sources of errors in fibre optical strain sensing: Temperature variations (ambient or heating-up of the 632 

measuring device) and deviations of the strain conversion factor from the assumed value can cause a bias, whereas 633 

the noise level is influenced by temperature, sensor length, sensor quality, and strain level. The uncertainty 634 

quantification for fibre optical strain measurements is challenging and limited to basic assessments such as the 635 

evaluation of the noise floor in the unloaded state and the comparison with values from strain gauges or DIC. 636 

These comparisons are limited to the accuracy of the comparative measurements, which is usually worse than fibre 637 
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optics. The conducted tests show that the coating material of the fibre has a major influence on the strain data 638 

quality: a rigid coating (as polyimide) ensures a proper shear transfer between adhesive and cladding, whereas a 639 

mechanically weak coating (as acrylate) leads to local slip at high strain gradients. Hence, it is recommended using 640 

polyimide-coated fibres when instrumenting reinforcing bars in RC specimens, as they typically reach high strain 641 

gradients. 642 
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Appendix 775 

This appendix presents additional analyses of the quantification of the uncertainty, which complement the 776 

information provided in Section 3.1.3. Figures A.1 and A.2 present the spatial standard deviation parameters for 777 

displacements (NV) and strains (ND) respectively. These plots are analogous to the ones shown in Figure 3 (e) and 778 

(f), but at different stages of the movement and for the different calibrations used. 779 

In Figure A.1 the results of the displacement uncertainty without movement are very similar among all the 780 

calibrations. No significant bias with the applied displacement can be observed when a hybrid calibration is used. 781 

However, the bias is very significant and increases with the displacement when a conventional calibration is 782 

conducted, especially when only four calibration pictures are used (“random”). Where present, the bias of the 783 

displacement is larger in the corners of the field of view. 784 

The uncertainty results for the full field strains (Figure A.2) do not show as clear tendencies as the displacements. 785 

The uncertainty increases slightly with the applied displacement, but no concluding tendency can be obtained 786 

among the different calibrations. This reveals that, despite that the displacement field has significant bias, this 787 

might not apply to the calculated local strains as the bias between close points tends to be the same. A slightly 788 

worse uncertainty is obtained in the corners of the field of view. A similar tendency as for the full field strains 789 

presumably applies to measurements such as crack kinematics, where relative distances between close points are 790 

calculated.  791 
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Table captions 792 

Table 1. Proposed test methods for the uncertainty assessment of DIC measurements. 793 

Table 2. Measured DIC displacements from Known Displacement Test. 794 

Table 3. Measured DIC strains from Known Strain Test. 795 

Table 4. Properties of fibres used in the direct tension tests. 796 

Table 5. Strains measured in different sections of specimens in the direct tension tests L and E at F=72 kN; mean 797 

fibre optical strains within each section at front (
front
FO ) and back side (

back
FO ); average of front and back side fibre 798 

optical strains (
mean
FO ); DIC strains at front side (

front
DIC ); calculated theoretical strain assuming linear elastic 799 

behaviour ( th ). 800 

Table 6. Material properties of the reinforcement used in the panel tests FODIC-10-6 and FODIC-10-8. 801 

Figure captions 802 

Figure 1. Combined use of digital image correlation (DIC) and distributed fibre optical strain instrumentation (FO): 803 

(a) general setup of possible structural concrete experiment with speckled surface and reinforcing bars 804 

instrumented with optical fibres; (b) FO continuous strain measurement along one bar and calculation of stresses 805 

based on the stress-strain relationship obtained from standard material tensile tests; (c) speckle pattern, strain field 806 

obtained with DIC and crack pattern and kinematics computed automatically from the measured DIC strain and 807 

deformation fields. 808 

Figure 2. Digital image correlation setup in the Large Universal Shell Element Tester used for the uncertainty 809 

quantification. 810 

Figure 3. Results of the DIC uncertainty quantification: (a) standard deviation of the displacement in ZDT, 811 

dependent on the distance to the image centre; (b) standard deviation of the displacement in ZDT, dependant on the 812 

subset size; (c) standard deviation of the principal strains in ZDT, dependent on the filter size; (d) comparison of 813 

the measurement error in ZST for different calibrations; (e) benchmark value NV for the displacement measurements 814 

in ZST according to VDI 2626 [43]; (f) benchmark value ND for the strain measurements in ZST according to VDI 815 

2626 [43]. 816 

Figure 4. Fibre optical strain measurements on a stationary fibre: (a) histograms and fitted normal distributions 817 

(red) of three measurements at different times; (b) evolution over time of mean (μ(εFO)) and standard deviation 818 

(σ(εFO)) of strains along the entire fibre, together with the calculated strains due to temperature (εT(T)). 819 

Figure 5. Fibre optical strain measurements on two direct tension tests. Fibres of various types were glued with 820 

two different adhesives: (a) geometry of specimens with fibre optical and DIC instrumentation; (b) measured fibre 821 
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optical and DIC strains over length for specimen with epoxy-glued fibres at 72 kN; (c) measured fibre optical and 822 

DIC strains over length for specimen with Loctite-glued fibres at 72 kN; (d) evolution over time of mean strains 823 

and standard deviation in the 50 mm wide section for specimen with Loctite-glued fibres, together with DIC strains. 824 

Figure 6. Local phenomena in reinforcing bars observed with fibre optical strain sensors in a pull-out test. Left: 825 

measured strains and corresponding stresses of fibres FO1 and FO2 (black) placed opposite to each other, together 826 

with their mean value (red); right: geometry of the reinforcing bar with the installed fibres. 827 

Figure 7. Setup of panel tests FODIC-10-6 and FODIC-10-8: (a) Geometry and reinforcement layout of the 828 

specimens (dimensions in [mm]); (b) optical fibre (yellow) in groove of stirrup Ø10 leaving the glued section and 829 

continuing in tube; (c) applied speckle on concrete surface for DIC measurements with main parameters of the 830 

correlation. 831 

Figure 8. Combined results of fibre optical and DIC measurements: Crack locations and openings together with 832 

steel stresses in the front layer and stirrup forces for FODIC-10-6 at (a) 80 kN and (b) 110 kN; for FODIC-10-8 at 833 

(c) 90 kN and (d) 150 kN. 834 

Figure 9. Results of steel strains and crossing cracks for stirrup A (Ø10, y = -50 mm) for FODIC-10-8: (a) measured 835 

strains for different load steps with position, orientation and opening of cracks; (b) continuous results over time 836 

for crack 3 (x = 20 mm). 837 

Figure A.1. Results of the DIC uncertainty quantification: uncertainty value NV of the displacements in ZST 838 

according to VDI 2626 [43] for different calibrations and applied displacements. 839 

Figure A.2. Results of the DIC uncertainty quantification: uncertainty value ND for the full field strain 840 

measurements in ZST according to VDI 2626 [43] for different calibrations and applied displacements. 841 

  842 
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Tables 843 

Table 1. Proposed test methods for the uncertainty assessment of DIC measurements. 844 

Proposed test methods 
Applied 

displacement 
Applied 

strain 
Measured 

magnitudes 
Estimated 

uncertainty 

Zero Displacement 
Test (ZDT) 

 

Zero Zero All Noise floor 

Zero Strain Test 
(ZST) 

 

Unknown Zero All 
Noise +  

bias (partially) 

Known 
Displacement Test 

(KDT) 
 

Known Zero 
Local 

displacement 
Noise + bias 

Known Strain Test 
(KST) 

 

Unknown Known Local strain Noise + bias 

  845 

δ  = 0
 = 0ε

δ ≠ 0
 = 0ε

100 mm

+20%
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Table 2. Measured DIC displacements from Known Displacement Test. 846 

Position V0 [mm] V1 [mm] L [mm] abs. error [mm] 

centre 1 0.0005 100.0072 100.0067 0.0067 

centre 2 0.0010 100.0129 100.0119 0.0119 

edge 1 0.0025 99.9962 99.9937 -0.0063 

edge 2 -0.0015 100.0098 100.0114 0.0114 

  847 
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Table 3. Measured DIC strains from Known Strain Test. 848 

Position xx [‰] yy [‰] ∆xx [μm/m] ∆yy [μm/m]  ∆xxxx [‰] ∆yyyy [‰] 

top-left 

49.9840 50.0812 -56.0 71.2 -1.12 1.42 

99.9645 99.9538 -165.5 -86.2 -1.66 -0.86 

199.9480 199.8479 -202.0 -272.1 -1.01 -1.36 

top-centre 

49.9727 50.0721 -67.3 62.1 -1.35 1.24 

100.0727 100.0208 -57.3 -19.2 -0.57 -0.19 

200.1472 200.0805 -2.8 -39.5 -0.01 -0.20 

top-right 

50.0523 50.1748 12.3 164.8 0.25 3.29 

100.1252 100.1863 -4.8 146.3 -0.05 1.46 

200.2027 200.1340 52.7 14.0 0.26 0.07 

centre-left 

50.0342 50.0149 -5.8 4.9 -0.12 0.10 

100.1442 99.9901 14.2 -49.9 0.14 -0.50 

200.2502 200.0051 100.2 -114.9 0.50 -0.57 

centre 

50.0085 50.0655 -31.5 55.5 -0.63 1.11 

100.0424 100.0150 -87.6 -25.0 -0.88 -0.25 

200.1488 199.9850 -1.2 -135.0 -0.01 -0.68 

centre-right 

49.9852 49.9825 -54.8 -27.6 -1.10 -0.55 

100.0961 100.0069 -33.9 -33.1 -0.34 -0.33 

200.1562 200.0474 6.2 -72.6 0.03 -0.36 

bottom-left 

49.9874 49.9545 -52.6 -55.5 -1.05 -1.11 

100.0304 99.8849 -99.6 -155.1 -1.00 -1.55 

200.0746 200.0097 -75.4 -110.3 -0.38 -0.55 

bottom-
centre 

49.9525 49.9235 -87.5 -86.5 -1.75 -1.73 

100.0588 100.1338 -71.2 93.8 -0.71 0.94 

200.2029 200.0703 52.9 -49.7 0.26 -0.25 

bottom-
right 

50.0176 49.9452 -22.4 -64.8 -0.45 -1.30 

100.1054 99.9073 -24.6 -132.7 -0.25 -1.33 

200.2521 199.9691 102.1 -150.9 0.51 -0.75 

mean 

49.9994 50.0238 -40.6 13.8 -0.8118 1.00 

100.0711 100.0110 -58.9 -29.0 -0.59 -0.29 

200.1536 200.0166 3.6 -103.4 0.02 -0.52 

  849 
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Table 4. Properties of fibres used in the direct tension tests. 850 

Fibre codification Coating material Mode field diameter at 1310 nm Manufacturer / Reseller 

FA01 acrylate 9.2. m Huber & Suhner AG, CH 

FP01a and FP01b polyimide 5.2 m LUNA Inc, Roanoke VA, US 

FP02 polyimide 9.8 m Fibrecore, Southhampton, UK 

  851 
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Table 5. Strains measured in different sections of specimens in the direct tension tests L and E at F=72 kN; mean 852 

fibre optical strains within each section at front (
front
FO ) and back side (

back
FO ); average of front and back side fibre 853 

optical strains (
mean
FO ); DIC strains at front side (

front
DIC ); calculated theoretical strain assuming linear elastic 854 

behaviour ( th ). 855 

b 
[mm] 

Fibre 
front
FO  

[µm/m] 

front
DIC  

[µm/m] 

front front
FO DIC   

[µm/m] 

back
FO  

[µm/m] 

mean
FO  

[µm/m] 

th  

[µm/m] 

mean
FO th   

[µm/m] 

Specimen L 

30 

FA 1970 

1967 

3  -   - 

1905 

 - 

FP1a 2041 74 2046 2044 139 

FP1b 2001 34 1989 1995 90 

FP2 2048 81 2013 2031 126 

37.5 

FA 1724 

1641 

83 1549 1637 

1524 

113 

FP1a 1668 27 1495 1581 57 

FP1b 1682 41 1527 1605 81 

FP2 1668 27 1513 1591 67 

50 

FA 1329 

1295 

34 1089 1209 

1143 

66 

FP1a 1320 25 1031 1176 33 

FP1b 1340 45 1084 1212 69 

FP2 1322 27 1057 1190 47 

Specimen E 

30 

FA 2013 

2034 

-21 2026 2019 

1905 

114 

FP1a 2080 46 2095 2087 182 

FP1b 2047 13 2085 2066 161 

FP2 2034 0 2084 2059 154 

37.5 

FA 1715 

1772 

-57 1548 1631 

1524 

107 

FP1a 1770 -2 1638 1704 180 

FP1b 1702 -70 1566 1634 110 

FP2 1724 -48 1609 1666 142 

50 

FA 1207 

1298 

-91 1146 1177 

1143 

34 

FP1a 1305 7 1251 1278 135 

FP1b 1239 -59 1184 1212 69 

FP2 1260 -38 1227 1243 100 

  856 
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Table 6. Material properties of the reinforcement used in the panel tests FODIC-10-6 and FODIC-10-8. 857 

Diameter 
[mm] 

Steel type 
[-] 

Yield stress  
fs [MPa] 

Ultimate Stress  
ft [MPa] 

Strain at peak load 
Agt [‰] 

Ø6 B500A 505 535 31 

Ø8 B500B 522 574 36 

Ø10 B500B 519 584 36 

  858 
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Figures 859 

 860 

Figure 1. Combined use of digital image correlation (DIC) and distributed fibre optical strain instrumentation (FO): 861 

(a) general setup of possible structural concrete experiment with speckled surface and reinforcing bars 862 

instrumented with optical fibres; (b) FO continuous strain measurement along one bar and calculation of stresses 863 

based on the stress-strain relationship obtained from standard material tensile tests; (c) speckle pattern, strain field 864 

obtained with DIC and crack pattern and kinematics computed automatically from the measured DIC strain and 865 

deformation fields. 866 
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 868 

Figure 2. Digital image correlation setup in the Large Universal Shell Element Tester used for the uncertainty 869 

quantification in Section 3.1.3.  870 
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 871 

Figure 3. Results of the DIC uncertainty quantification: (a) standard deviation of the displacement in ZDT, 872 

dependent on the distance to the image centre; (b) standard deviation of the displacement in ZDT, dependant on the 873 

subset size; (c) standard deviation of the principal strains in ZDT, dependent on the filter size; (d) comparison of 874 

the measurement error in ZST for different calibrations; (e) benchmark value NV for the displacement measurements 875 

in ZST according to VDI 2626 [43]; (f) benchmark value ND for the strain measurements in ZST according to VDI 876 

2626 [43].  877 
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 878 

Figure 4. Fibre optical strain measurements on a stationary fibre: (a) histograms and fitted normal distributions 879 

(red) of three measurements at different times; (b) evolution over time of mean (μ(εFO)) and standard deviation 880 

(σ(εFO)) of strains along the entire fibre, together with the calculated strains due to temperature (εT(T)). 881 
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 882 

Figure 5. Fibre optical strain measurements on two direct tension tests. Fibres of various types were glued with 883 

two different adhesives: (a) geometry of specimens with fibre optical and DIC instrumentation; (b) measured fibre 884 

optical and DIC strains over length for specimen with epoxy-glued fibres at 72 kN; (c) measured fibre optical and 885 

DIC strains over length for specimen with Loctite-glued fibres at 72 kN; (d) evolution over time of mean strains 886 

and standard deviation in the 50 mm wide section for specimen with Loctite-glued fibres, together with DIC strains. 887 
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 888 

Figure 6. Local phenomena in reinforcing bars observed with fibre optical strain sensors in a pull-out test. Left: 889 

measured strains and corresponding stresses of fibres FO1 and FO2 (black) placed opposite to each other, together 890 

with their mean value (red); right: geometry of the reinforcing bar with the installed fibres.  891 

0 200 400 600
σs [M a]P

-0.4

-0.2

0

0.2

0.4

0.6

0.8

x 
[m

]

FO1  

FO2 
mean

 F

FO1

 FO2

 FO1

FO2

x

0 0.9 1.9 2.8

εs [ ]‰

Ø26, B700B



FODIC – Engineering Structures, Vol. 225, Art. No. 111309 (2020)  Mata-Falcón, Haefliger, Lee, Galkovski, Gehri 
 

 

AAM version, only for personal use. Original paper may be found at: https://doi.org/10.1016/j.engstruct.2020.111309  Page 43 / 47 

 

 892 

Figure 7. Setup of panel tests FODIC-10-6 and FODIC-10-8: (a) Geometry and reinforcement layout of the 893 

specimens (dimensions in [mm]); (b) optical fibre (yellow) in groove of stirrup Ø10 leaving the glued section and 894 

continuing in tube; (c) applied speckle on concrete surface for DIC measurements with main parameters of the 895 

correlation.  896 
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 897 

Figure 8. Combined results of fibre optical and DIC measurements: Crack locations and openings together with 898 

steel stresses in the front layer and stirrup forces for FODIC-10-6 at (a) 80 kN and (b) 110 kN; for FODIC-10-8 at 899 

(c) 90 kN and (d) 150 kN.  900 
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 901 

Figure 9. Results of steel strains and crossing cracks for stirrup A (Ø10, y = -50 mm) for FODIC-10-8: (a) measured 902 

strains for different load steps with position, orientation and opening of cracks; (b) continuous results over time 903 

for crack 3 (x = 20 mm).  904 
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 905 

Figure A.1. Results of the DIC uncertainty quantification: uncertainty value NV of the displacements in ZST 906 

according to VDI 2626 [43] for different calibrations and applied displacements. 907 
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 908 

Figure A.2. Results of the DIC uncertainty quantification: uncertainty value ND for the full field strain 909 

measurements in ZST according to VDI 2626 [43] for different calibrations and applied displacements. 910 
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