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Abstract  8 

The plastic shrinkage cracking behaviour of restrained mortar overlays on a concrete substrate was studied 9 

with the aim of quantifying the influence of commercially available polypropylene (PP) fibres and recycled 10 

polyethylene (R-PE) fibres obtained from discarded fishing nets. The use of R-PE fibres was investigated 11 

with a view to creating a more eco-friendly construction material. The plastic shrinkage behaviour was 12 

evaluated on the basis of a non-contact 2D digital image correlation (DIC) technique that enables the 13 

automated detection of surface displacements and strains with high precision. Based on the DIC data, the 14 

degree of surface cracking was quantitatively analysed using a MATLAB post-processing procedure and 15 

presented in detailed histograms showing the crack width distribution of the entire specimen surface. Using 16 

this data, the effect of fibre reinforcement on crack control was objectively quantified and evaluated. The 17 

results indicate that while the addition of 2.0% of R-PE is effective in controlling shrinkage cracking in the 18 

mortars, the commercial PP fibres perform better even at volume fractions as low as 0.1%. These findings 19 

show that the recycled fibres can be used to reduce plastic shrinkage cracking behaviour compared to 20 

unreinforced materials, while a waste material is being reused, though, a much larger volume fraction of R-21 

PE fibres than of commercially available PP fibres is necessary to achieve a similar effect.   22 
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1 Introduction 23 

Deformation of cementitious materials due to plastic shrinkage is one of the reasons for surface cracking 24 

occurring in concrete structures, especially when environmental factors create a high rate of water 25 

evaporation from the fresh material [1,2]. Concrete structures with internal or underlying restraints and a 26 

large surface area-to-volume ratio such as surface repairs, slabs, tunnel linings, etc. are especially 27 

vulnerable to plastic shrinkage cracking [3]. Combined with a high degree of mixing water evaporation, such 28 

restraints can cause tensile stresses within the cement-based composite that exceed the tensile strength of 29 

the plastic material, which causes surface cracking to appear in the composite [4,5]. The plastic shrinkage 30 

period of cement-based materials only lasts for a few hours, and depends on parameters such as binder 31 

type, geometry and environmental conditions [2].  32 

Several studies have proposed methods for restrained plastic shrinkage testing in which a fresh mortar 33 

overlay is cast on top of a bottom-restraining concrete substrate or a rough underlay [6–13]. A test method 34 

previously developed by the authors was used in this study for addressing the crack formation in such 35 

bonded overlay-substrates by digital image correlation (DIC) [13]. In recent years, various types of image-36 

based techniques have been applied for the detection and analysis of plastic shrinkage-induced surface 37 

cracking, which is a great improvement compared to the more manual measuring techniques using optical 38 

microscopes to study the crack formation. The image-based techniques are valued for their high-precision, 39 

the non-contact optical analysis, which avoids all disturbance of the fresh cementitious material as well as 40 

human error [12,14–18]. Among these techniques, DIC is especially effective for monitoring surface strain 41 

and displacement fields, which enables automated crack detection and the ability to see the evolution of 42 

cracks over time. The application of a high-contrast surface pattern is required for tracking the surface 43 

displacements and strains by the DIC technique [19]. Nevertheless, so far very few studies on the shrinkage 44 

behaviour of fresh cement-based materials have used the DIC technique [12,20–24]. This could be due to 45 

the difficulty of applying a high-contrast surface pattern for the DIC monitoring due to bleeding water 46 

present on specimen surfaces [22,24] and the sealing effect of most paint types, which reduces the 47 

evaporation rate. In [13] a diffusion open chalk-based paint type was applied for creation of a high-contrast 48 
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speckle pattern for DIC and it was found not to influence the evaporation rate of mixing water from the 49 

fresh mortar surface. 50 

The addition of randomly distributed low-modulus fibres of synthetic materials in cementitious composites 51 

is often used to control cracking caused by plastic shrinkage deformations [1,2]. These fibres are known to 52 

improve the strain capacity of the fresh mixture by providing bridging forces across the cracks so that many 53 

very fine cracks appear instead of fewer but larger cracks [1,2,25]. The efficiency of synthetic fibres for 54 

controlling plastic shrinkage cracking has been widely studied in the literature and has been shown to 55 

depend on several variables, such as the added fibre volume fraction, the fibre material [9,17,26], fibre 56 

shape and geometry [3,4,9,17,27–29], and their mechanical properties [9,30]. The literature largely agrees 57 

that the best performance in reducing plastic shrinkage cracks results from finer and longer fibres (high 58 

aspect ratio) with good fibre-to-matrix bonding properties [3,9]. It has been shown that by adding PP or 59 

PVA fibres with a fine diameter in volume fractions as low as 0.1-0.2% to the mixture, it is possible to 60 

achieve an apparently crack-free surface [3,9,11,25,27]. However, Najm & Balaguru [31] report that 61 

polyolefin macro fibres also perform well when added in volume fractions of 2%. Not only commercially 62 

available  virgin fibres have been shown to be effective in controlling plastic shrinkage cracking, but also 63 

various types of recycled fibres [4,28,29,32–34]. The use of recycled synthetic fibres has generally gained 64 

recognition in the construction industry due to their broad availability, low price and sustainability aspects 65 

[35,36]. In this study, recycled fibres obtained from discarded fishing nets were used for controlling plastic 66 

shrinkage cracking of restrained mortar overlays. Lost or otherwise discarded fishing nets is a major 67 

concern for the vulnerable marine environment and can cause severe damage to fish, sea birds and marine 68 

mammals if they continue to drift [37]. Besides being a threat to marine life, the nets are often difficult to 69 

transport, dispose of, and occupy high volumes at landfill sites. Fishing nets are nowadays made of 70 

synthetic materials such as PE, PP and nylon with fibre-shapes comparable to those of synthetic fibres used 71 

in cement-based materials. The performance of recycled nylon fibres from discarded fishing nets as fibre 72 

reinforcement in cementitious mortar composites was studied by Spadea et al. and Orasutthikul et al. for 73 

improving mechanical properties such as flexural strength and toughness and obtained promising results 74 
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[38,39]. Likewise, the R-PE fibres investigated in the present study were also expected to positively 75 

influence the cracking behaviour induced by plastic shrinkage. Borg et al. [28] studied reprocessed macro 76 

fibres from waste PET bottles in volume fractions of 0.5–1.5% to control plastic shrinkage cracking, 77 

following the method in ASTM C1579. On the basis of the reduction in the average crack width, they found 78 

that deformed and long fibres performed better in controlling plastic shrinkage cracking than short and 79 

straight fibres. Kim et al. [4] also investigated reprocessed PET macro fibres of various shapes and 80 

geometries (twisted, crimped, embossed) in volume fractions of 0.1–1.0%, and found no significant 81 

difference in the performance of the three fibre shapes. All three fibre shapes successfully reduced the 82 

total crack area when added in fractions of at least 0.5%. Pešić et al. [29] used straight HDPE macro fibres 83 

from mixed post-consumer waste in volume fractions of 0.4–1.25%. They achieved a reduction in crack 84 

width of 76-84% with 1.25% fibres added to the concrete mixture. 85 

 86 

1.1 Research concept and significance 87 

The aim of the present paper is to describe how a 2D-DIC technique recently proposed in [13] has been 88 

applied for the evaluation of the plastic shrinkage behaviour of free and restrained mortar overlays with 89 

addition of two types of low-modulus synthetic fibres. The DIC technique was used to monitor in-plane 90 

surface displacements and strains from t = 1-25 h after casting. This enabled an automated post-processing 91 

procedure for the evaluation of the degree of surface cracking, quantified as crack width distribution and 92 

evolution in surface cracking, which gives a more detailed understanding of the plastic shrinkage behaviour 93 

than traditional approaches. This approach was used to objectively quantify and compare the influence of 94 

adding commercially available PP fibres and R-PE obtained from discarded fishing nets for the control of 95 

plastic shrinkage cracking in restrained mortar overlays. 96 

 97 

2 Experimental programme 98 

2.1 Materials 99 



 

5 

The elements used in the experimental programme included a fresh mortar overlay and, in the restrained 100 

tests, a concrete substrate; see Table 1 for the basic raw material properties of the mortar overlay. When 101 

fibres were added to the mixture, they replaced equivalent amounts of sand, which is the reason for the 102 

varying proportions of sand in the mixture.  103 

 104 

Table1. Raw materials for mortar mixture 105 

Material Type Quantity 

[kg/m3] 

Proportions 

[c : s : w] 

Cement Portland Cement (type CEM I 52.5 N) 700 1.0 

Fine aggregate Sea sand (0–4 mm) 980–1032 1.40–1.47 

Water Tap water 350 0.5 

 106 

2.1.1 Fibres 107 

Two types of fibres were investigated for the control of shrinkage cracking: PP fibres of the type Fibrin 108 

Fiberflex from PP Nordica, a fibre type commonly used to control plastic shrinkage cracking; and R-PE fibres 109 

obtained from discarded fishing nets. The R-PE fibres were provided by the Danish recycling company, 110 

Plastix A/S, and their properties are shown in Table 2. Variations in length, diameter and mechanical 111 

properties were found in the R-PE fibres due to an “uncontrolled” cutting operation and differences in 112 

origin. Prior to using the fibres, the fibres were cleaned in tap water to remove impurities such as sand and 113 

other residues from the fishing operation. For more information about the recycled fibre properties, see a 114 

previous study by the authors [40]. The fibre volume fractions in the mortar overlays investigated were 0.2, 115 

0.5, 1.0 and 2.0% for R-PE fibres and 0.1 and 0.2% for PP fibres.  116 

 117 

 118 
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Table 2. Fibre properties and the fibre fractions in mortars investigated 119 

Material Image Fibre type Density 

[g/cm3] 

Diameter 

[µm] 

Length 

[mm] 

Fibre fractions 

[vol%] 

PP 

 

Monofilament 

 

0.91 19.5 12 0.1, 0.2  

R-PE 

 

Monofilament 

 

0.95 280 ± 30 15 ± 9 mm 0.2, 0.5, 1.0, 2.0 

 120 

2.1.2 Mixing procedure for mortar specimens 121 

The mixing procedure was carried out in a Hobart-type paddle mixer, where sand and cement were first 122 

dry-mixed for 2 min before water was gradually added to the mixture. “Time zero” (t = 0 min) was defined 123 

as the time when water was added to the dry mixture of sand and cement. Finally, the fibres were added to 124 

the mixture under continuous mixing (at t = 3 min) and mixed for another 5 min. Specimens for both free 125 

and restrained shrinkage tests were cast by applying the fresh mortar into the respective moulds. The 126 

mortar surface was finished using a smooth steel trowel under continuous vibration at 60 Hz for up to 1 127 

min on a vibration table. The total casting process took approx. 15 min from the start of wet-mixing 128 

(completed at t = 15 min). The fibre contents used did not result in any problems during mixing or casting, 129 

and no balling effect was encountered. The workability of the fresh mortar mixtures was determined using 130 

the flow table test in accordance with UNI/EN 1015-3 (1999). The fresh mortar was introduced in two layers 131 

into a lightly lubricated steel mould with a conical shape measuring 40 x (75–65) mm (h x di,bottom – di,top). The 132 

mean flow diameter was calculated from two measurements perpendicular to each other with each 133 

mixture being tested with three replicates. 134 

 135 
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2.2 Shrinkage tests 136 

Seven test series including free and restrained shrinkage tests of mortar mixtures with the addition of PP 137 

fibres, R-PE fibres or no fibres (reference) were carried out and the components are shown in Fig. 1. See 138 

also [13]. The restrained shrinkage test was carried out by pouring a fresh mortar overlay with dimensions 139 

of 420 x 95 x 10 mm on top of an existing and cured concrete substrate produced in accordance with 140 

UNI/EN 1339 (2003) with a desired roughness. The geometry and mixture design of the mortar overlay was 141 

designed to have limited bleeding water and promote surface cracking in the restrained reference mortar. 142 

The surface of the concrete substrate was roughened using a fine needle hammer to a depth of about 1 143 

mm to create an even restraint for the fresh mortar overlay. The substrate dimensions were 418 ± 0.3 mm 144 

x 93.5 ± 0.2 mm x 49.6 ± 0.2 mm, so the substrates could fit into plywood moulds measuring 420 x 95 x 60 145 

mm. The compressive strength of the substrates was found to 35.5 ± 6 MPa (tested in accordance with 146 

UNI/EN 12390-3 (2012) on 50 mm x 100 mm cylinders) and the dry density to 2.180 kg/m3. The concrete 147 

substrates were wetted right before the fresh mortar overlay was applied.  148 

The free shrinkage behaviour was measured on mortar specimens with the dimensions 420 x 95 x 10 mm. 149 

This geometry is the same as the mortar overlay used in the restrained shrinkage tests. Three replicates of 150 

both free and restrained specimens were tested in each test series. In the experiment, the x-direction was 151 

defined as being parallel to the longer side of the specimens (420 mm) and the y-direction parallel to the 152 

shorter side of the specimens (95 mm). 153 
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a) b) 

Fig. 1. a) Geometry of moulds for free and restrained shrinkage tests; b) Restrained mortar overlay on top of concrete 154 

substrate after demoulding; concrete substrate; and free shrinkage specimen. Three replicates of each test series 155 

were tested and labeled A, B, and C. 156 

 157 

After casting (t = 15 min), the specimens were kept in laboratory conditions (20 ± 3 °C), where they were 158 

left to rest for 30 min. Limited plastic shrinkage was expected during this period due to the non-aggressive 159 

air temperature surrounding the specimens. Chalk-based spray paints were used for the creation of a high-160 

contrast surface pattern in the period of t = 45–55 min, consisting of a base of white chalk-based paint and 161 

a speckle pattern of black chalk-based paint, which has been shown not to influence the water evaporation 162 

rate from the fresh mortar [13]. The accuracy of the DIC computation mainly depends on the quality of the 163 

black speckle pattern, in which a consistent size and distribution of speckles is essential [19]. At t = 55 min, 164 

the specimens were transferred to a climate-controlled chamber.  165 

 166 

2.2.1 Environmental conditions in climate-controlled chamber 167 

The shrinkage tests took place inside a climate-controlled chamber within the period of t = 1-25 h. The test 168 

setup constructed for the shrinkage tests is shown in Fig. 2. Inside the chamber, a temperature of 32.0 ± 1.5 169 

°C and a relative humidity of 33.5% ± 5% were maintained during each test series, an environment chosen 170 

based on the recommendations in the ASTM standard C1579 (2013). The relative humidity was maintained 171 

by a dehumidifier. A wind flow in the range of 3.9–4.5 m/s over the surface of the specimens parallel to the 172 

x-direction was applied using electric tangential fans that were placed in front of the specimens to ensure a 173 

constant wind flow. The wind speed was within the range as reported in other studies on plastic shrinkage 174 

cracking [25,41] and was chosen to ensure that surface cracking appeared on the restrained reference 175 

specimens. 176 
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 177 

Fig. 2. The plastic shrinkage test setup using a 2D image acquisition system placed inside a climate-178 

controlled chamber. 179 

 180 

2.2.2 Monitoring of the shrinkage deformations by DIC  181 

The test setup shown in Fig. 2 consisted of two optical cameras with wide-angle lenses and a resolution of 182 

7360 x 4912 pixels. The cameras were fixed parallel to the specimen surfaces capturing in-plane strains and 183 

displacements occurring on the specimen surface. The distance from the specimen surface to camera 184 

lenses was 390 mm for the restrained shrinkage specimens and 420 mm for the free shrinkage specimens. 185 

This difference resulted in slightly different pixel lengths for the two types of specimens (0.087 mm/pixel 186 

for the free shrinkage specimens and 0.080 mm/pixel for the restrained shrinkage specimens), but this 187 

small difference did not affect the accuracy of the deformation measurements. A constant light source was 188 

ensured by placing three LED panels at the top of the test setup. 189 

For the DIC analysis, the software GOM Correlate Professional 2016 was used. The first image captured at t 190 

= 1 h was defined as the undeformed image (reference stage), and subsequent images were taken at time 191 

intervals of 15 min until t = 25 h. Each series of images was first modified in ImageJ to improve contrast and 192 

brightness prior to being imported to the DIC software. A region of interest (ROI) was defined in the DIC 193 

software for each specimen and was virtually meshed into a grid with overlapping subset elements with a 194 

(facet) size of 20x20 pixels and a centre distance of 15 pixels between each subset. The spacing between 195 

two points in the virtual grid is 15 pixels, which is equal to 1.305 mm for the free shrinkage specimens and 196 
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1.2 mm for the restrained shrinkage specimens. This geometry corresponds well with the applied high-197 

contrast surface pattern and the recommendations suggested by Sutton et al. [19]. 198 

 199 

3 Results  200 

3.1 Restrained shrinkage behaviour analysed using DIC 201 

The plastic shrinkage behaviour of the restrained mortar overlays with addition of PP or R-PE fibres was 202 

tested in the period of t = 1–25 h. At the end of each test series (t = 25 h), visible surface cracking had 203 

appeared on some of the specimen types. The displacement and strain fields on the specimen surface were 204 

calculated by the DIC software as the average value in each subset element. The strain fields are useful for 205 

a visual representation of the surface cracking; see Fig. 3 and Fig. 4 where the in-plane strain fields on the 206 

specimen surfaces in the x-direction and y-direction, respectively, are shown for all the specimens tested. 207 

The figures clearly demonstrate the ability of the DIC technique to detect areas with increased strain, i.e. 208 

position of surface cracks [8,12,42]. When analysing the strain fields by DIC, it was observed that the cracks 209 

primarily appeared in the x-direction. This was because of the specimen geometry and wind flow parallel to 210 

the x-direction, so the focus was kept on displacements occurring in the x-direction when quantifying the 211 

degree of surface cracking (this is more thoroughly discussed in [13]).  212 

 213 
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 214 

Fig. 3. Strain fields parallel to the x-directions on the specimen surfaces. Plastic shrinkage-induced cracks are visually 215 

represented by peaks in the strain data represented with a black colour. White colour represents εx = 0%; Black colour 216 

represents εx = 5%. 217 

 218 
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 219 

 220 

Fig. 4. Strain fields parallel to the y-directions on the specimen surfaces. Plastic shrinkage-induced cracks are visually 221 

represented by peaks in the strain data represented with a black colour. White colour represents εy = 0%; Black colour 222 

represents εy = 5%. 223 

 224 

Even from this simple visual inspection of surface strains, it is clear that the addition of fibres influences the 225 

cracking behaviour. As expected, the commercially available PP fibres performed well in controlling the 226 

plastic shrinkage cracks. The R-PE fibres were also effective in controlling the surface cracking, though, as 227 

anticipated, much larger fibre volume fractions were needed to obtain effects similar to PP fibres. However, 228 

Fig. 3 and 4 only give a visual illustration of the surface cracking; the results with respect to the quantitative 229 

degree of surface cracking will be given and explained in the following sections. 230 

 231 

3.1.1 Computation of crack parameters 232 
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To obtain a quantitative measure of the degree of surface cracking in the restrained mortar overlay, a post-233 

processing procedure developed in MATLAB was used to compute crack parameters such as crack width, 234 

crack area, crack location and crack width distribution for the entire surface area based on the DIC data 235 

[13]. For each specimen, the DIC data was interpolated onto a rectangular grid with a point-to-point 236 

distance of 0.25 mm. This enabled a section-wise analysis of each separate section (ni,sec) parallel to the 237 

axis. Since the displacement mainly occurred in the x-direction, only the results for this direction are shown, 238 

which is considered a good approximation of the actual crack widths. This approach resulted in 239 

approximately 380 sections parallel to the x-direction for each specimen, which was considered sufficient 240 

for ensuring a high precision and quality of the crack width analysis.  241 

The strain data is a numerical approximation to partial derivatives of the displacement, thus displacement 242 

gaps are illustrated as local extrema in strain, i.e. surface cracks [8,42]. The crack widths in the x-direction 243 

were determined based on sudden gaps in the displacement data along each separate section (ni,sec) and 244 

were calculated as the increase in displacement between the minimum and maximum coordinate on each 245 

side of the displacement gap. This is represented by a blue and a red circle in Fig. 5-8b indicating 246 

respectively the displacement and strain along a selected section, A-A and B-B. To distinguish the actual 247 

cracks from less abrupt changes in surface displacement, it was relevant to define a criterion for the 248 

equivalent strain along a displacement gap. This was defined as a strain threshold value, K0, considered to 249 

be the average strain value along a displacement gap, which made it less sensitive to noise rather than 250 

simply requiring an individual strain value to be above a threshold. In earlier work [13], the strain threshold 251 

limit was defined as K0 = 20.0 mm/m = 2%, chosen in agreement with microscopy observations, such that a 252 

crack is a local interval where the average tensile strain along the displacement gap is larger than K0, i.e. 253 

 𝜀𝜀𝑖𝑖,𝑥𝑥,𝑎𝑎𝑎𝑎𝑎𝑎. > 𝐾𝐾0 ⟹ "Surface crack" (1) 

On this basis, it was possible to synthesize a digital reproduction of the crack patterns including crack width, 254 

crack length, crack area and crack location. A similar approach for quantification of the cracked surface area 255 

based on DIC data and a defined strain threshold value has been used before in studies of drying shrinkage 256 

[8,43].  257 
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Examples on how the DIC data was used to compute these displacement gaps, i.e. surface cracks, are given 258 

for different time stages for specimen REF (B) in Fig. 5-7 and for specimen PP 0.2% (B) in Fig. 8. The figures 259 

are illustrating: a) the in-plane surface displacement by DIC data, b) a section view going through the 260 

centreline of the specimen showing the strain and displacement along the selected sections including crack 261 

widths for each displacement gap, and c) the crack pattern synthesized by the post-processing approach. 262 

Fig. 5-7 represents the reference specimen with no addition of fibres, REF (B), at different time stages (at t 263 

= 2.0 h, t = 2.5 h, and t = 25 h) to illustrate the evolution in surface cracking over time. At t = 2.0 h, there 264 

were 5 cracks along Section A-A with crack widths of 44 µm, 75 µm, 29 µm, 156 µm and 314 µm. At t = 2.5 265 

h, in addition to the initiation of additional cracks, these 5 cracks had increased in width to 255 µm, 46 µm, 266 

291 µm, 259 µm and 394 µm, respectively. But between t = 2.5 h and t = 25 h only small increments in crack 267 

widths were observed. Fig. 8 shows the specimen with 0.2% of PP (B) at t = 25 h to illustrate the ability of 268 

the synthetic fibres to distribute the displacement, i.e. increase the strain capacity, across the restrained 269 

overlay so that very few and fine cracks appear compared to the reference specimen.  270 

  271 

Fig. 5. Restrained specimen, REF (B), at t = 2.0 h. a) Surface displacement in the x-direction by DIC data; b) Section A-A 272 

going through the centerline of the specimen showing the strain and displacement along the section; and c) the crack 273 

pattern synthesized from data by the post-processing approach. 274 
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  275 
Fig. 6. Restrained specimen, REF (B), at t = 2.5 h. 276 

  277 
Fig. 7. Restrained specimen, REF (B), at t = 25 h.  278 

 279 
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Fig. 8. Restrained specimen, PP 0.2% (B), at t = 25 h.  280 

 281 

When a crack occurs on the specimen surface, the texture of the representative subsets is modified, which 282 

in some cases can lead to local interpolation errors in the displacement field in close vicinity to a crack 283 

resulting in an overestimation of the crack width. These local errors in the DIC data were observed for a few 284 

of the identified cracks, but for the majority, a strong correlation between the crack width (vertical 285 

displacement gap calculated as the difference between the minimum and maximum value on each side of 286 

the crack) and microscopy measurements were observed. In the given example of specimen REF (B) at t = 287 

25 h shown in Fig. 7b, such an error is identified for the crack marked inside the red circle (crack width 288 

calculated to 429 µm). On the left side of the actual displacement gap (crack), an additional drop in 289 

displacement is detected in the digital facet, but when comparing it with microscopy observations this 290 

additional drop is not physically present, and, therefore, considered as a local error. Other studies 291 

suggested determining the crack widths by interpolating the values of the “uncracked” displacement field 292 

along the section in between the cracks [8]. Since the surface deformations in the present study were 293 

monitored starting from when the material was still in the fresh, plastic state, and since the overlay was 294 

evenly bottom-restrained, the displacement field in between the actual cracks is not completely linear as 295 

seen in Fig. 5-8c, thus this method was not considered to give a sufficiently precise estimation of the crack 296 

width.  As shown in Section 3.2, the degree of cracking is presented as crack width distributions (CWD) over 297 

the entire specimen surface. Despite the very few local errors in the DIC data, which were found to result in 298 

an overestimation of the maximum observed crack width, these local anomalies in the digital facets are not 299 

significant for the crack width distribution as they involve only a small number of pixels, i.e. crack length 300 

and crack area. 301 

 302 

3.2 Quantification of surface cracking 303 

The degree of surface cracking due to plastic shrinkage has in the literature most commonly been evaluated 304 

based on basic crack parameters such as the mean and maximum crack width, mean and maximum crack 305 
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length and the total crack area on the specimen surface [4,9]. As the DIC technique enables a precise 306 

analysis of the crack widths over the entire specimen surface, it allows an objective quantification, which is 307 

essential for the comparison of the restrained plastic shrinkage behaviour of different types of mixture 308 

designs. In this study, the crack widths (wi,sec) along each of the approximately 380 individual sections (ni,sec) 309 

of the interpolated grid on each specimen were calculated based on the post-processing procedure 310 

described in the previous sections (see also [13]). The total crack area was calculated by summing up all 311 

crack widths along each section. Based on the post-processing procedure, basic crack parameters, such as 312 

the mean crack width, the maximum crack width, and the total crack area could also be objectively 313 

computed and are shown for each specimen (7 types with 3 replicates) in Table 3. The crack reduction ratio 314 

(CRR) for the total crack area (TCA) and maximum crack width (MCW), respectively, which were calculated 315 

in accordance with the ASTM standard C1579 (2013) are also given in Table 3. From these results it is 316 

observed that the addition of fibres in most cases had a positive influence on the degree of surface 317 

cracking, however, these discrete values don’t provide any information about the distribution of crack 318 

widths.  319 

 320 

Table 3. Basic crack parameters from restrained shrinkage test series at t = 25 h. Three replicates of each specimen 321 

type (A-C). MCW = Maximum crack width; TCA = Total crack area; CRR = Crack reduction ratio 322 

Fibre Fraction 

[vol%] 

Mean crack width  

[µm] 

Maximum crack width 

 [µm] 

Total crack area  

[mm2] 

CRR for  

MCW [-] 

CRR for  

TCA [-] 

  A B C A B C A B C Mean Mean 

REF 0 168 176 216 574 521 893 111 122 168 0.00 0.00 

PP 0.1 117 65 54 261 134 97 4.4 3.1 1.9 0.75 0.98 

PP 0.2 74 63 46 132 152 52 0.5 6.3 0.1 0.83 0.98 

R-PE 0.2 215 171 189 687 659 593 206 144 207 0.02 -0.39 

R-PE 0.5 137 137 139 362 682 388 112 63 89 0.28 0.34 
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R-PE 1.0 140 87 155 405 219 570 94 26 117 0.40 0.41 

R-PE 2.0 78 74 92 225 182 286 23.1 14.4 24 0.65 0.85 

 323 

Another more comprehensive way of quantifying the surface cracking is based on the crack width 324 

distribution (CWD) over the surface area as it was also done in other studies on cracking of cementitious 325 

materials [42,44,45]. The CWD appears to give a more quantitative result for the degree of surface 326 

cracking, because the basic crack parameters don’t give any information about the number of cracks with 327 

specific crack widths that are present on the specimen surface. The CWD is relevant since a few wide cracks 328 

can be more deteriorative to a steel reinforced concrete structure than a large number of fine cracks due to 329 

the penetration of salts and other aggressive agents [46]. In the present study, the CWD was illustrated by 330 

the relation between the crack widths and the total crack length or the total crack area within each bin 331 

interval, thus revealing the amount of cracks within each specific crack width interval at t = 25 h, see Fig. 9 332 

and Fig. 10, respectively. As explained in Section 3.1.1, some of the widest cracks could be a result of local 333 

interpolation errors in the DIC data, nevertheless, we have decided to include all identified crack widths in 334 

the CWD. First, it is observed that the shape of the CWD showed similar tendency for each type of 335 

replicates, thus some variations in the size of the crack widths appear. Secondly, some of the widest cracks 336 

are only present in small quantities, i.e. cracks with this crack width are only identified along a few of the 337 

sections on the specimen surface and does only reveal when representing the CWD as the total crack area 338 

of each bin interval as shown in Fig. 10. Comparing the CWD with the results given in Table 3, it is clear that 339 

the CWD provide a much more detailed result of the degree of surface cracking. The specimens with the 340 

most severe surface cracking were the specimens with addition of 0.2% R-PE and the REF specimens, where 341 

maximum crack widths of approximately 500-900 µm were observed. It was expected that the addition of 342 

0.2% R-PE fibres would have had a small influence of the cracking behaviour, but this small amount of R-PE 343 

fibres did not improve the performance with regard to the surface cracking. When considering the 344 

maximum and mean crack widths, the 0.2% R-PE and REF specimens behaved similarly. Besides the fibre 345 

addition of 0.2% R-PE, which was considered too low for this fibre type, the figures illustrate how fewer 346 
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wide cracks appeared when adding fibres to the mixture. The PP fibres showed a superior ability to control 347 

the plastic shrinkage cracks even at volume fractions as low as 0.1%, but these fibres were also produced 348 

for controlling plastic shrinkage cracking in cementitious materials, thus this good result was expected. The 349 

R-PE fibres, when added in volume fractions of 0.5-2.0% also had an effect on the surface cracking. The 350 

addition of 0.5-1.0% R-PE fibres resulted in a significant reduction in cracks with a crack width larger than 351 

300 µm, but results indicated that this amount of fibres did not lead to a desirable reduction in surface 352 

cracking. Considering the specimens with 2.0% R-PE fibres, a reduction similar to the specimens with PP 353 

fibres was almost achieved and no cracks with a crack width larger than 300 µm were found on any of the 354 

specimen’s surface.  355 

 356 
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Fig. 9. Histograms of the relation between the total crack length [mm] in each bin interval and the crack width 357 

distribution (CWD) over the entire specimen surface at t = 25 h 358 

 359 

  360 

 361 

 362 

Fig. 10. Histograms of the relation between the total crack area [mm2] in each bin interval and the crack width 363 

distribution (CWD) over the entire specimen surface at t = 25 h 364 

 365 
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Fig. 9-10 and Table 3 represent different ways of evaluating the degree of surface cracking, with Fig. 9-10 366 

being more quantitative than the basic crack parameters in Table 3. However, both evaluation strategies 367 

show that the most severe cracking appeared in the 0.2% R-PE specimens and the REF specimens, both 368 

with regard to crack widths and total crack area. The R-PE fibres performed well when added in volume 369 

fractions of 2.0% and showed varying effect when added in volume fractions below 1.0%. This relatively 370 

high volume fraction for R-PE fibres to achieve their best results compared to PP fibres corresponds well 371 

with what other studies have found using macro fibres for controlling plastic shrinkage cracking, although 372 

the 2.0% of R-PE were in the high end of the range of necessary fractions of macro fibre found by 373 

[4,28,29,31]. The R-PE fibres used in this study were straight in shape and had a diameter of 280 ± 30 µm, 374 

which is approximately 15 times the diameter of the commercial PP fibres. The R-PE fibres were not 375 

reprocessed, but simply cut down to monofilament fibres, which were possible because of the origin of the 376 

fibres, as the lines in the fishing nets consisted of several monofilament fibres, which were braided or 377 

twisted, thus relatively easy to separate from each other when processing the fibres from the discarded 378 

material. Previous studies have found that a deformed fibre shape is beneficial in controlling plastic 379 

shrinkage cracking because of the improved fibre-to-matrix bonding [4,28], which could also explain the 380 

need for a volume fraction of 2.0% of R-PE fibres. Regarding the performance of the fine PP fibres, similar 381 

behaviour has been observed in several other studies on the use of PP fibres for the control of plastic 382 

shrinkage cracking [3,9,25,27,30,31].  383 

 384 

3.2.1 Evolution in surface cracking 385 

The shrinkage specimens were monitored at intervals of 15 min during the entire test period starting at t = 386 

1 h (t = 1 h as reference stage, i.e. cracking = 0), so the CWD at different time stages could be computed as 387 

a measure of the evolution in surface cracking. The evolution in CWD is of interest as it would reveal if the 388 

fibres had any influence on the time of initiation and stabilization of surface cracking. Histograms at 389 

selected time stages showing the evolution in CWD in relation to the total crack area (TCA) in each bin 390 

interval are given in Fig. 11. Additionally, the evolution in surface cracking is also represented by the 391 
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increase in total crack area as shown in Fig. 12. Since most plastic shrinkage deformations occur during the 392 

first few hours after casting, the evolution in the total crack area is shown for the time period of t = 1-5 h in 393 

Fig. 12. Mean values of three replicates (A-C) are given for each specimen type.  394 

 395 
       396 

 397 

 398 

  399 
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Fig. 11. Histograms of the relation between the total crack area [mm2] in each bin interval and the crack width 400 

distribution (CWD) over the entire specimen surface at selected time stages between t = 1.5 h and t = 25 h. Mean 401 

values for three replicates (A–C) are given 402 

 403 

Fig. 12. Evolution in total crack area (TCA), mean values for three replicates (A–C) are given.  404 

 405 

According to the CWD shown in Fig. 11, the specimens with the most severe surface cracking, REF and 0.2% 406 

R-PE and some very fine cracks had already initiated at t = 1.5 h.  The largest change with respect to 407 

initiation of surface cracking (given as total crack area per bin interval of crack widths) for these two 408 

specimen types occurred between the time stages t = 2.0 h and t = 2.25 h. At t = 2.25 h, the shape of the 409 

crack network as well as the shape of the CWD had formed and the further evolution in surface cracking 410 

was mainly because of propagating crack widths during the remaining test period until t = 25 h. Regarding 411 

the CWD for the specimens with 0.5% and 1.0% of R-PE fibres, a similar behaviour as for the specimens 412 

with 0.2% R-PE fibres was seen until t = 2.0 h, but after that the crack network and shape of CWD stabilized 413 

faster and did not increase to the same extent as the REF and 0.2% R-PE specimens, thus the fibres was 414 

shown to have an influence on the time and degree of surface cracking. This positive performance of the 415 

fibres was even more distinct for the specimens with R-PE fibre fractions of 2.0%. From Fig. 12, it is seen 416 

that the final stabilization of the total crack area for the specimens REF and 02.% R-PE happened at 417 

approximately t = 3.25 h, while it had stabilized at approximately t = 2.75 h for the specimens with 0.5% 418 

and 1.0% of R-PE fibres and at t = 2.25 h for the 2.0% R-PE specimens. The specimens with addition of 419 
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commercial PP fibres performed best in controlling the surface cracking, and the cracking with respect to 420 

the total crack area for the PP 0.2% specimens had stabilized at t = 2.25 h. 421 

 422 

3.3 Free shrinkage behaviour analysed using DIC 423 

The surface displacement due to the plastic shrinkage of unrestrained mortar specimens that were allowed 424 

to deform freely was also monitored using the DIC technique simultaneous to the restrained shrinkage 425 

tests to investigate the influence of the fibre reinforcement on the free shrinkage behaviour. The 426 

displacement data obtained from the DIC software were used for further calculations in MATLAB, which 427 

made it possible to do a section-wise analysis of each individual section (ni,sec) parallel to the axis as 428 

explained in Section 3.1.1 for the restrained shrinkage study. Most significant plastic shrinkage 429 

deformations took place in the x-direction (parallel to the length of the specimen) due to the specimen 430 

geometry and the direction of the wind exposure. The change in free shrinkage over time (t = 1–25 h) was 431 

calculated as the average of the maximum difference in displacement along each section (ni,sec) from one 432 

end to the other taking the entire surface area into account. No surface cracking appeared on any of the 433 

free shrinkage specimens and it was observed that the sides of the specimens all easily detached from the 434 

sides of the moulds. Fig. 13a illustrates the in-plane free shrinkage strain in the x-direction (mm/m). The 435 

displacement (contraction) increased rapidly in the plastic phase until approximately t = 2.5 h and then 436 

stabilized, thus some irregularities in the displacement data appeared over time. The graph shows that the 437 

largest in-plane free shrinkage strains over the length of the specimens were found for the specimens with 438 

0.2% R-PE and the REF specimens, closely followed by the specimens with an addition of 0.5–1.0% of R-PE 439 

fibres and 0.1% of PP fibres. The specimens with an addition of 2.0% of R-PE fibres and 0.2% of PP fibres 440 

experienced the least horizontal shrinkage and performed similarly.   441 



 

25 

   442 
Fig. 13. a) In-plane free shrinkage strain in x-direction; b) In-plane free shrinkage strain in x-direction versus the total 443 

crack area of restrained shrinkage specimens. Mean values for three replicates (A–C) are given 444 

 445 

3.3.1 Comparison of free and restrained shrinkage behaviour 446 

Fig. 13b shows the evolution of the total crack area on the restrained mortar overlays versus the free 447 

shrinkage strain of the unrestrained specimens. It is of interest to analyse whether the degree of free 448 

shrinkage correlates with the degree of restrained surface cracking. The variations in the free shrinkage 449 

behaviour between the different specimens were observed not to be significant compared to the variations 450 

in the total crack area of the restrained specimens with addition of varying fibre types and fractions. This is 451 

mainly due to the effect of the fibres because they have the ability to distribute the strains in the restrained 452 

overlays, which results in a reduced total crack area. A comparison of the specimens with 0.1% PP and 2.0% 453 

R-PE showed that even though the 2.0% R-PE fibres had a larger influence on the free shrinkage, the total 454 

crack area was smaller for the 0.1% PP fibres. This again shows the superior ability of the commercially 455 

available PP fibres to distribute the strains in restrained mortar overlays.   456 

 457 

3.3.2 Fibre influence on workability of fresh mortar mixtures 458 

The workability of the fresh mortar mixtures with different fibre types and -fractions was evaluated based 459 

on the flow diameter and is shown in Fig. 14. The addition of fibres is clearly decreasing the flow diameter 460 

of the fresh mortars. As it was observed for the free shrinkage strain, the largest values were found for the 461 
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REF specimens and the 0.2% R-PE specimens, with these two behaving similarly, followed by the 0.5% and 462 

1.0% R-PE specimens. For the PP fibres, an addition of only 0.1 vol% was observed to influence the 463 

workability significantly; however, higher fibre fractions of R-PE fibres were necessary to obtain a similar 464 

effect. Mortars with an addition of 0.2 vol% PP fibres and 2.0 vol% R-PE fibres had similar workability.  465 

 466 

Fig. 14. Workability of fresh mortar mixtures by flow table test 467 

 468 

4 Conclusion 469 

A 2D-DIC technique was applied to study the formation of in-plane strains and displacements induced by 470 

plastic shrinkage of free and restrained mortar overlays under controlled environmental conditions with 471 

the aim of investigating the influence of the addition of two types of synthetic fibres. The two fibre types 472 

that were investigated were commercially available polypropylene (PP) fibres and recycled polyethylene (R-473 

PE) fibres obtained by mechanical cutting of discarded fishing nets. The fibre-reinforced mortar overlays 474 

were compared with an unreinforced reference mortar. An automated post-processing MATLAB routine 475 

enabled computation of basic crack parameters such as total crack area, maximum and mean crack width 476 

based on the DIC data. The evolution in total crack area during the test period of 1-25 h after casting was 477 

also analysed. The data was then presented in detailed histograms showing the relation between the total 478 

crack length/area within each bin interval and the crack width distribution over the entire specimen surface 479 

at various time stages.  480 

From the results of the free and restrained shrinkage test series, the following conclusions were drawn:  481 
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At the end of each test series, visible surface cracking appeared in some of the restrained mortar 482 

overlays. A more detailed visualization of the surface cracking was enabled by plotting the surface 483 

strain based on data obtained by DIC. 484 

- The commercially available PP fibres were added to the fresh mixture in volume fractions of 0.1% 485 

and 0.2% and showed the best performance in controlling the restrained plastic shrinkage cracking. 486 

A crack reduction ratio (CRR) of 0.98 with respect to the total crack area was obtained for the 487 

specimens with PP fibres. 488 

- The R-PE fibres were of a coarser nature than the PP fibres and, therefore, had to be added in 489 

higher volume fractions (0.2-2.0%) to obtain results comparable to the PP fibres. The addition of 490 

0.2% R-PE fibres did not improve the performance with regard to the total crack area, even though 491 

a small improvement was expected. R-PE fibres added in a volume fraction of 2.0% showed a good 492 

performance in controlling plastic shrinkage cracking and a CRR of 0.85 with respect to the total 493 

crack area was obtained. 494 

- The evolution in surface cracking over time was analysed by the crack width distribution at various 495 

time stages. This showed that the surface cracking on the specimens with addition of fibres 496 

stabilized faster than the specimens with most surface cracking, the REF specimens and the 497 

specimens with 0.2% of R-PE. The evolution in total crack area was also plotted over time, which 498 

showed that the plastic shrinkage cracking had stabilized between t = 2.25 h (PP 0.2%) and t = 3.25 499 

h (Reference). 500 

- The behaviour of free shrinkage specimens was also monitored and computed from DIC data. The 501 

smallest in-plane free shrinkage strain was found for the specimens with addition of 0.2% PP and 502 

2.0% R-PE. The largest free shrinkage appeared for the specimens with addition of 0.2% R-PE and 503 

for the reference specimen. The free shrinkage in all specimens initially increased rapidly, but 504 

stabilized at approximately 2.5 h after the start of mixing.  505 

Based on these results it can be concluded that the DIC technique is a suitable tool for objectively studying 506 

the shrinkage behaviour of fresh cementitious materials. Furthermore, the R-PE fibres showed a good 507 
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performance in controlling plastic shrinkage cracks in the retrained overlays when added in volume fraction 508 

of 2.0%. 509 

 510 
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