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Abstract 10 

The initiation and evolution of deformation-induced (micro)structures in one-component, 11 

cementitious, flexible waterproofing membranes is investigated combining normed crack-12 

bridging (EN14891) with image analysis of in-situ photos acquired by optical and scanning 13 

electron microscopy. The permanent deformation of the polymer matrix concentrates in a 14 

trapezoidal deformation volume and subdivides into an active and a passive part. During the 15 

active part, the polymer matrix stretches and fibril-void microstructures (FVM) form. The 16 

ubiquitously present heterogeneities (quartz grains, cement particles and air pores) act as 17 

stress concentrators. After FVMs reach their maximum density inside the deformation 18 

volume, straining by passive stretching until final rupturing takes over. Starting at the 19 

substrate-membrane interface, the cracking propagates through the membrane along 20 

aforementioned heterogeneities and the spatially distributed FVMs. Linking mechanical 21 

behaviour and deformation structures is therefore crucial to (i) understand the complex 22 

elasto-plastic deformation and to (ii) develop new products increasing the durability of the 23 

protective system. 24 
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1. Introduction 27 

Cracking of concrete can be induced by several mechanisms [1] and causes severe damage 28 

to concrete structures both through the cracking and the subsequent degradation by water 29 

ingress [2]. Concrete and other cement-based materials are prone to cracking as they have 30 

a low tensile strength only. In the building industry, the tensile strength of cement-based 31 

products like mortars is commonly enhanced by polymer modification because pure 32 

polymers show a high tensile strength [3,4]. Due to their improved tensile strength and 33 

extensibility [3], these polymer-modified mortars (PMMs) prevent the propagation of cracks 34 

formed in the substrate (hygrical shrinkage, thermal expansion/contraction etc.) into above 35 

laying systems (e.g. tilings) by stretching above the (micro)crack forming in the substrate 36 

and stopping its propagation out of the substrate [5–7] (Fig. 1). This behaviour, called crack-37 

bridging ability (CBA), is the reason for the use of PMMs as waterproofing membranes at 38 

instances where constructions are in contact with water like bathrooms, swimming pools, 39 

roofings or underground facades. Modification can be done by adding the polymer as 40 

dispersion or as redispersible polymer powder (RPP) [8–10]. Addition of the polymer takes 41 

place directly prior to the production of the fresh slurry. From a logistic [8–11], environmental 42 

[8–11] and performance [8,11,12] point of view, the RPP modification is advantageous. In 43 

their hardened state, PMMs represent a composite material consisting of brittle fillers. Here 44 

quartz grains, hydrated and unhydrated cement particles, and mixing entrained air pores are 45 

incorporated in a polymer matrix. Polymer composites subdivide into two groups. The first 46 

group covers polymer matrixes containing rubber particles. The matrix is brittle and the 47 

incorporated particles are ductile [13]. The second group describes polymer matrixes with 48 

incorporated inorganic nanoparticles [13]. In this group, the filler material is more brittle than 49 

the polymer matrix. Several studies deal with the deformation behaviour and deformation 50 

structures in uniaxial tension for the respective group. For both groups, deformation relates 51 

to stress concentrations forming around the particles (rubber or inorganic) inside the polymer 52 

matrix [13–18]. Deformation structures found in the first group of polymer composites are 53 

crazing in between the rubber particles [13,19,20], void formation [15,21], shear yielding in 54 
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between rubber particles [13,15,20,22,23] and crack blunting at the rubber particles [24]. The 55 

second group deforms by debonding at the nanoparticle-matrix interface [18,19,21], plastic 56 

void growth [17,18] and craze-like microstructures [13,25]. Crazing, mentioned as 57 

deformation structure in both groups, is a deformation mechanism originally found in 58 

amorphous polymers below their glass transition temperature (Tg). It describes local plastic 59 

deformation [26–28] which starts as mirco- and nano-voids [26–35] developing to an 60 

alternating sequence of fibrils and voids [28,30,36] oriented parallel to the extension 61 

direction [37] and finally resulting in fibril rupture and therefore, cracking [27,28,31,37–39]. 62 

Studies dealing with organic coating relate the CBA to the total failure of the organic coating 63 

mechanical tests [2,40,41]. Furthermore, combining data of both, dog-bone tests and crack-64 

bridging tests, relate the crack-bridging ability with the mechanical behaviour of those 65 

organic coatings [40]. Further investigations show that the failure of the coating starts at the 66 

substrate-coating interface and migrates vertically towards the coating’s surface [40]. The 67 

deformation behaviour in the present cement composites currently lacks a profound 68 

understanding. So far crack bridging tests according to norms provide the only information 69 

about the crack-bridging ability of waterproofing membranes. Studies dealing with the 70 

appearance of white spots and lines on surfaces of waterproofing membranes and relating 71 

them to domains of local strain concentrations [42,43] are the only information dealing with 72 

deformation-induced structures in waterproofing membranes. Detailed investigations of the 73 

active failure processes during crack bridging of a waterproofing membrane are missing. We 74 

close this gap by combining crack-bridging experiments with quantitative (micro)-structural 75 

analysis in order to detect the involved deformation processes. The latter is exerted on in-76 

situ photographs, optical microscopy and scanning electron microscopy (SEM). Based on all 77 

results we suggest a subsequent progression of deformation processes with a link to the 78 

bulk mechanical behaviour of the waterproofing membrane during crack-bridging. 79 

2. Methods 80 
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This study focusses on liquid-applied, one-component, cementitious, flexible waterproofing 81 

membranes. In the used standard formulation, a waterproofing membrane consists of quartz 82 

grains (0.1 – 0.3 mm in diameter), Ordinary Portland Cement (OPC, 52.5 N) and an ethylene 83 

vinyl-acetate (EVA) based redispersible polymer powder (RPP). The choice of the 84 

appropriate amount of RPP is based on several factors: First, the optimum polymer content 85 

in crack isolation floor systems is considered to be between 20-35 wt.% [44]. Second, RPP 86 

contents >25 wt.% only increase the crack-bridging, while the maximum load and hence 87 

stress the membrane can bear remains constant from 25 wt.% RPP onwards [45]. Third, 88 

from 25 wt.% onwards, the waterproofing membrane represents the volumetrically dominant 89 

phase in the composite material [45]. Therefore, it can be assured that the mechanisms 90 

being active during crack bridging are governed by the mechanical behaviour of the RPP. In 91 

order to produce samples for crack-bridging tests and dog-bone tests, a slurry is produced 92 

by mixing the individual components (dry mix) and adding water in the appropriate amount 93 

(see Tab. 1 for weight percentages of individual components). For crack-bridging samples, 94 

the freshly mixed slurry is applied on both sides of two juxtaposed fibre cement boards 95 

(substrate in this study) and is cured for 28 days at 23°C and 50% relative humidity. 96 

Afterwards, the fibreboards are cut by a Con-Star 35/60 saw into 160 mm by 30 mm 97 

samples. The application and sample preparation process is described in detail in [46] and 98 

summarised in Figure 2. The volumetric composition of the hardened waterproofing 99 

membrane is based on point counting of thin-sections and is provided in Table 2. In contrast 100 

to the norm defining the geometry and production of crack-bridging samples as well as the 101 

crack-bridging test [47], the initial gap is not produced by bending the cured sample in a jig. 102 

Instead we simulate the crack by juxtaposing two substrate plates prior to the slurry 103 

application. This modification was done in order to avoid bending-induced pre-damage (e.g. 104 

debonding of the waterproofing membrane) as this might already influence the results of 105 

crack-bridging tests significantly [41]. For dog-bone samples, the freshly mixed slurry is 106 

applied as plane membrane on a plastic film and is cured for 28 days at 23°C and 50% 107 

relative humidity. Afterwards, individual dog bones are punched-out by a blade. The 108 
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geometries of the dog bone are defined by type 5 of the according norm [48]. Both, crack-109 

bridging and dog bone tests, are exerted using a Z020/TH2S by Zwick/Roell™ (Fig. 3a). 110 

Testing speeds are set to 0.15 mm/min for the crack-bridging samples and 100 mm/min for 111 

the dog-bone samples following [47] and [48] respectively For both sample types, nominal 112 

stress is calculated by using the individual sample geometry. Furthermore, nominal strain is 113 

calculated for dog-bone samples based on their individual geometry. Every experiment is run 114 

until a total failure of the sample occurred and recorded with time-lapse photography (Fig. 115 

3b). For the crack-bridging samples, the exact point of failure defined in [47] is determined 116 

by revisiting the acquired photographic time-lapse sequences. For all crack-bridging 117 

samples, the surface evolution of lateral strain localisation is optically traced by detecting 118 

strain whitening [42] domains in the time-lapse photographs. This image analysis is exerted 119 

using Fiji [49] modified with the Xlib and shape filter [50] plugins. On the processed images 120 

(Fig.4 a2-d2), the width of the strain-whitening zone is measured perpendicular to its long 121 

axis along lines separated by 1 mm distance. Obtained width values are then averaged. The 122 

outermost 5 mm on each side of the sample are discarded, in order to exclude potential 123 

edge effects (red shaded areas in Fig. 4a-d) [45]. Additionally, the number of white spots and 124 

their respective widths are mapped in every tenth photograph (i.e. steps of 100 µm 125 

displacement) along three lines (green dashed lines in Fig.4 a2-d2) and then averaged. The 126 

spacing between the three lines is set large enough to assure that no line was counted twice 127 

(green dashed lines in Fig.4 a2-d2). In an additional set of crack-bridging experiments, the 128 

respective experiment is stopped at a predefined displacement; the sample is stabilized 129 

allowing manufacturing of thin-sections (Fig. 3c, d). Stabilisation is done by gluing plastic 130 

wedges into the open substrate gap using a fast-setting, two-component epoxy. Due to their 131 

shape, the plastic wedges fit in all open substrate gaps without any pushing. Resulting thin-132 

section series therefore represent snap-shots at given displacements allowing investigating 133 

damage evolution in sections parallel to the extension direction but perpendicular to the 134 

fibreboard planes (Fig. 3d, Tab. 3). Thin-sections are investigated using optical light 135 

microscopy. The surface of a piece of a strained crack-bridging sample is examined using 136 
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scanning electron microscopy (SEM, Zeiss Evo 50, variable pressure mode, gas pressure in 137 

the chamber =21 Pa, beam current = 500pA, acceleration voltage = 11.69 kV). Using the 138 

SEM in variable pressure mode allows observations without coating the sample. Additionally, 139 

continuous degassing of the large-sized porous, crack-bridging sample counteracts the 140 

stability of the high vacuum configuration. However, the spatial resolution is somewhat 141 

reduced in the variable pressure mode. In order to circumvent these problems, stretched 142 

samples of just the waterproofing membrane (5 mm by 2 mm, no substrate) are coated by 143 

gold and studied under high-vacuum SEM conditions (beam current = 250pA, acceleration 144 

voltage = 6kV). Note that all optical investigations were performed to image the deformation 145 

evolution prior to failure of the waterproofing membrane. 146 

3. Results 147 

3.1 Crack-bridging samples 148 

3.1.1 Sample’s surface 149 

Using the time-lapse photographs, four important moments during the sample’s surface 150 

evolution are identified (Fig. 4). (i) Discontinuous-Strain-Whitening marks the moment at 151 

which a first strain whitening spot occurs on the sample’s surface. (ii) Continuous-Strain-152 

Whitening marks the moment at which a first line of strain whitening spans over the entire 153 

sample width. (iii) First Failure marks the time at which the waterproofing membrane is not 154 

watertight anymore, i.e. the occurrence of a fracture dissecting the entire membrane 155 

vertically [47]. (iv) Final Failure marks the displacement at a vertical continuous crack spans 156 

across the entire width of the waterproofing membrane. This defines the end of the 157 

experiment. Close-up pictures show an initially homogeneous surface of the waterproofing 158 

membrane with only air pores and quartz grains as heterogeneities (Fig. 5a). From early 159 

stages of strain whitening onwards, the whitening domains preferentially bend around quartz 160 

grains (orange rectangle in Fig. 5b) and run perpendicular to pore rims (blue rectangle in Fig. 161 

5b). Additionally, elliptical holes start to form in polymer matrix. The long axes of the elliptical 162 

holes are parallel to the tensile loading direction (red arrows in Fig. 5b). During a late stage 163 
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of the strain whitening, aligned arrays of elliptical holes appear along strain whitening lines 164 

(red rectangle in Fig. 5c). Some of the former individual elliptical holes laterally connect with 165 

each other forming a crack with a lobate boundary (red dashed rectangle in red rectangle in 166 

Fig. 5c). This connection often starts from pore rims highlighting the role of the pores for 167 

crack initiation (pink arrow in Fig.5c). Subsequently, cracks propagate progressively into the 168 

membrane by connecting either individual or already connected elliptical holes preserving 169 

the lobes in the perimeter (green arrow in Fig. 5d). Time-lapse photography also allows 170 

mapping the evolution of the zone in which the strain whitening occurs with increasing 171 

opening of the substrate gap. This Strain Whitening Width (SWW) starts to evolve (Fig. 6a), 172 

i.e. deviate from 0, with the Discontinuous Strain Whitening (grey line in Fig. 6). As prior to 173 

the Continuous Strain Whitening the white spots appear only locally on the membrane’s 174 

surface, a continuous evolution is possible from the Continuous Strain Whitening (pink line in 175 

Fig. 6) onwards. From there, the SWW grows linearly with a steep slope (purple shaded area 176 

in Fig. 6). The growth rate decreases at a displacement around 950 µm (green shaded area 177 

in Fig. 6). This moderate slope is steady until the Final Failure (black line in Fig. 6) of the 178 

sample. Additionally to the growth behaviour of the zone of strain whitening, the number of 179 

strain whitening spots and their respective width change with increasing substrate gap 180 

opening and is linked to the slope of the SWW. As long as the slope is steep i.e. from the 181 

Continuous Strain Whitening onwards, the number of strain whitening spots increases while 182 

their respective width is constant (Fig. 6b). This characteristic of the individual strain 183 

whitening spots changes with the change in the slope of the SWW evolution. From there 184 

onwards, the number of strain whitening spots is constant but they increase in their 185 

respective width (Fig. 6c). 186 

3.1.2 Microstructures in 2D along the membrane’s thickness (Optical microscopy) 187 

Optical microscopy of thin sections reveals an alternating arrangement of stretched polymer 188 

fibrils and elliptical shaped voids in between the individual fibrils (Fig. 7). Both, the fibrils and 189 

the long axes of the voids show an orientation subparallel to the direction of the tensile load 190 
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(Fig. 7). This fibril-void microstructure (FVM) represents straining of the polymer film; and 191 

therefore, mapping of film-related deformation structures (FVM and cracks) on photos of 192 

thin-sections (Fig. 8a-d) is crucial to understand the film-related deformation structures and 193 

evolution. The triple junction between membrane-substrate interface and artificial fibreboard 194 

crack represents the starting point for both straining (Fig. 8e) and subsequent cracking (Fig. 195 

8f, g). With increasing opening of the substrate crack, both migrate towards the surface of 196 

the upper and lower membrane (Fig. 8g and h). FVM initiate and propagate (i) in front of 197 

crack tips (Figs. 7, 8f-h) and (ii) randomly at heterogeneities (air pores or quartz grains) 198 

inside a corridor of ca 2.5 mm to each side of the position of the substrate crack. Note that 199 

this distance coincides excellently with the strain whitening widths measured at the sample’s 200 

surface (Fig. 6a). Contrarily to the randomness regarding the appearance inside the corridor, 201 

the position of the FVM at the respective heterogeneity is systematic and is revealed by 202 

observing the thin-sections in detail (red, dashed rectangle in Fig. 8c). The presence of 203 

quartz grains deviate the FVM towards the polar region (explained in discussion, see Fig. 204 

16) of the respective quartz grain (Fig. 5b orange rectangle, Figs. 8f-h 9b, c black arrows). 205 

After approaching the respective quartz grain, the FVM propagates along the quartz grain-206 

polymer matrix interface (Fig. 9b,c black arrows). Contrarily, air pores cause FVM 207 

propagation towards the equator (explained in discussion, see Fig. 16) of the respective air 208 

pore (Figs. 8f-h, 9d, e). When connecting two air pores, the FVM runs in the straightest 209 

possible way in between their respective equatorial region. As a function of increasing 210 

fibreboard displacement, the number of spots of strained polymer film increases (Fig. 8e-g) 211 

but decreases from the moment on once a continuous crack is present (Fig. 8h). The 212 

detailed investigation of the thin sections also shows that the perimeter of the cracks shows 213 

straight and convex parts (Fig. 9a).  214 

3.1.3 Microstructures at high resolutions (Scanning Electron Microscopy) 215 

Using scanning electron microscopy (SEM) reveals the deformation structures which form in 216 

a strained waterproofing membrane which macroscopically shows strain whitening (Fig. 217 
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10a). Overview images (Fig. 10a, b), show a rough morphology in non-strained areas. This 218 

topography is caused by quartz grains on a large scale (Fig. 10a, b) and by cement grains 219 

on a small scale (Fig. 10d, e). The topography significantly flattens in those parts of the 220 

waterproofing membrane being affected by strain whitening, i.e. the strained membrane (Fig. 221 

10a, b). Present quartz grains govern the path of the strain whitening as the strain whitening 222 

bends around the quartz grains (Fig. 10a). The strain whitening evolves gradually from non-223 

strained areas (Fig. 10c) over white (Fig. 10a blue arrow, d, e) to transparent (yellow arrow 224 

in Fig. 10a). The white part shows the strained polymer matrix of the waterproofing 225 

membrane still containing remnant structures of primary latex particles and cement grains 226 

incorporated in the strained matrix (Fig. 10d and e). Non-strained areas also contain 227 

remnant structures of primary latex particles (Fig. 10c). In the transparent part, the strained 228 

polymer film is smooth and free of cement particles (Fig. 10e). Additionally, the transparency 229 

of the membrane indicates a strong thinning of the film. Furthermore, voids initiate and grow 230 

inside the high strain zone. Voids initiate and terminate at heterogeneities (here cement 231 

grain, Fig. 10e-g). At initiation, voids are in the range of 150-300 nm and roundish (Fig. 10g). 232 

Very soon after initiation, their shape changes to elliptical with the long axis being oriented 233 

parallel to the tensile load direction (Fig. 10g). Mature voids show large ranges in size and 234 

are strongly elliptical with the same orientation of their respective long axis (Fig. 10b, f). 235 

Some of the mature voids are vertically continuous (blue dot in Fig. 10f) while others still 236 

show an intact polymer film beneath the voids (green dot in Fig. 10f). The mature voids are 237 

separated by strained polymer matrix. Based on these observations, we claim that the white 238 

part of the strained membrane represents an early deformation stage while the transparent 239 

part equals to a late deformation stage. At the rim of the zone representing the late 240 

deformation stage, the strained polymer film changes gradually from thin, smooth particle-241 

free and void-containing to a strained polymer film containing latex and cement particles 242 

(Figs. 10e, 12). A SEM profile (red dot in Fig. 10a indicates the profile line in planar view) 243 

along the thickness of this strained waterproofing membrane reveals the formation of 244 

deformation structures in the third dimension. Deformation, expressed in form of an FVM, 245 



11 
 

takes place in vicinity of an air pore (Fig. 11). The FVM occurs in the equatorial region of the 246 

air pore relative to the tensile load direction, which is in agreement with the orientation of the 247 

FVM relative to air pores in the thin section (Fig. 8g and h). The size of the voids decreases 248 

with increasing distance from the pore rim which indicates that the FVM initiated at the pore-249 

membrane interface and propagates into the polymer matrix (Fig. 11b and c). SEM of the 250 

surface of a deformed and fixed crack-bridging sample shows similar features (Fig. 12). On 251 

this surface, local FVMs oriented parallel to the tensile load direction indicate deformation. 252 

First of all, the area around the FVM is brighter than the rest of the waterproofing membrane 253 

(white ellipse in Fig. 12a) which indicates a high local straining of the polymer matrix. 254 

Second, highly-stretched parts of the polymer matrix in between the voids are smooth are 255 

thin, particle-free and show zones of darker colour which appear to be thinner and indented 256 

(black arrows in Fig. 12b). These latter features probably represent spots in which new voids 257 

will form. Zones of low-strained polymers film contain latex and cement particles and 258 

increasingly appear towards the rim of the FVM (white arrows in Fig. 12b). The alternating 259 

sequence of mature voids and strained polymer film found on a planar view, combined with 260 

the FVM found in the cross-section views in thin-sections and in the SEM profile along the 261 

thickness of the strained membrane, indicates that deformation structures in general and the 262 

FVM in particular are three-dimensional (Fig. 13). 263 

3.2 Dog bone samples 264 

The stress-strain data, recorded by the tensile rig, define the bulk material’s mechanical 265 

response in terms of elastic and plastic deformation. As soon as a deviation from linear 266 

stress-strain behaviour occurs, the material reaches its elastic yield strength. On average, 267 

the dog bone samples yield elastically at 2 % strain and at 2.8 MPa stress (red arrow in Fig. 268 

14). Afterwards, the bulk samples exhibits permanent deformation. Further important 269 

material parameters are the maximum stress the bulk material can withstand and the strain 270 

at which the sample fail. The average maximum stress is 4 MPa and appears at 26% strain 271 

(blue arrow in Fig. 14). Sample failure occurs at 29.9% strain (green arrow in Fig. 14) Due to 272 
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the constant monitoring of the dog bone’s surface during the experiment, identification of 273 

surface features is possible. Noticeable features occurring on the dog bone surface are the 274 

Discontinuous Strain Whitening and the First Failure. The definition of these two features is 275 

the same as for the crack-bridging samples (Fig. 4a, c). The knowledge of the displacement 276 

of every recorded image allows the integration of the two observed features into the stress-277 

strain behaviour of the bulk dog bone. The Discontinuous Strain Whitening appears after the 278 

elastic yield, i.e. the bulk membrane is already in a state of permanent deformation (Fig. 14). 279 

The First Failure, i.e. the lack of water tightness appears shortly after peak stress (Fig. 14). 280 

Post first failure deformation leads to growth of the first crack to complete sample rupture. 281 

4. Discussion 282 

4.1 Crazing as deformation mechanism in waterproofing membranes 283 

The evolution of deformation structures in tension is best known and described for 284 

amorphous, glassy polymer films. Plastic deformation initiates at heterogeneities (scratches, 285 

dust particles, imperfections, artificially induced) by the formation of nanovoids [51,52]. With 286 

ongoing deformation, the nanovoids grow resulting in a microstructure of stretched polymer 287 

fibrils with intercalated voids [28,30,31,37,39,53]. The diameter of the individual features 288 

inside one craze ranges between 5 and 50 nm [54,55]. Both, the fibrils and voids are 289 

oriented parallel to the tensile load direction [28,30,31,37,39,53]. This microstructure is 290 

known as crazes and its formation process is called crazing. With further deformation, the 291 

fibrils stretch and elongate plastically [31,38,51,53]. The highly strained fibrils grow by 292 

drawing in material from the rim surrounding the craze microstructure [51,54]. This rim 293 

represents a locally low-strained polymer film. Outside of this structure, the polymer film is 294 

under bulk strain conditions. The fibrils rupture when their maximum stretching capacity is 295 

reached and from that moment onwards, a crack initiates and follows the craze 296 

microstructure [27,28,31,37–39]. The craze microstructure itself propagates perpendicular to 297 

the tensile load direction as nanovoids form at the craze tip [30]. Figure 15 summarises this 298 

described evolution of the deformation structure. Although well-known from amorphous, 299 
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glassy polymers, crazing occurs not exclusively in this material but craze-like microstructures 300 

form also in amorphous and semi-crystalline polymers above their glass transition 301 

temperature (Tg) [54,56,57] and in polymer composites [13]. The FVM observed in our 302 

experiments in both light and scanning electron microscopy (i) initiates as microvoids at rigid 303 

particles which act as heterogeneities in a pure polymer film (Fig. 8f and g), (ii) develops to 304 

fibrils and voids being oriented parallel to the tensile load direction (Figs. 8f,g, 9, 10), (iii) 305 

shows internal zonation from a high strained centre to a low strained rim in the deformation 306 

structure (Figs. 10e, 12) and (iv) ruptures in a brittle manner by breakdown of the individual 307 

fibrils. All these evolutional steps of the FVM occur in a polymer matrix above its Tg. These 308 

observations lead to the claim that, on a micron-level, the plastic deformation in the 309 

investigated waterproofing membranes is a craze-like microstructure starting with (i) 310 

microvoid formation leading to (ii) FVM initiation and propagation and ending with (iii) brittle 311 

fibril rupture, i.e. cracking. However, the size range of the individual fibrils and voids inside 312 

the FVMs correlates better with size ranges for fibrils and voids occurring in semi-crystalline 313 

polymers than in amorphous polymers [55]. Strain-induced orientation is a known plastic 314 

deformation mechanism occurring when stretching originally amorphous polymers at 315 

temperatures above their Tg [56,58–61]. Furthermore, the strain-induced orientation can 316 

cause macroscopically observable whitening [62]. Hence, the occurrence of strain-induced 317 

whitening on the membrane’s surface (see 4.3) provides another hint to a strain-induced 318 

orientation of the polymer matrix. Therefore, strain-induced orientation may precede 319 

microvoid formation and forms the very first plastic deformation structure on a sub-micron 320 

level. However, the presence of strain-induced orientation is solely based on indirect 321 

observations. 322 

 4.2 From incipient strain localisation to sample failure 323 

Crazing requires overcoming a threshold in stress [38,51,63] or strain [64,65], so its 324 

formation appears at spots of localised plastic deformation. Hence, the mapped FVM is a 325 

proxy to investigate the initiation and propagation of plastic deformation inside the 326 
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waterproofing membrane. Most FVMs are found in a central corridor inside the waterproofing 327 

membrane (Fig. 8g) but also randomly distributed FVMs are present. Nevertheless, all FVMs 328 

form between two heterogeneities present in the polymer matrix (Figs. 8f-h, 16a). This 329 

implies that the incorporated particles govern (i) the spots at which microvoids and hence 330 

also the craze-like microstructures initiate and (ii) their propagation pathway. Stress 331 

concentration fields forming around the incorporated particles in polymer composites during 332 

deformation are the reason for this dominance [66–68]. In theory, a polymer film containing a 333 

single heterogeneity deforms in uniaxial tension. The position of the stress concentration 334 

depends whether the heterogeneity is empty [13,63,64,68], mechanically softer [13,69,70] or 335 

harder [13,63–65,69] than the matrix. Around pores and soft particle the stress concentration 336 

will form at the equator of the particle [13,66,67] (Fig. 16b1). If the particle is harder, the 337 

stress concentration will form around the pole of the particle [13,19,67] (Fig.16b2). The 338 

investigated waterproofing membranes contain both, hard inclusions (quartz grains and 339 

cement particles) and air pores. Hence, the FVMs should form at and run towards the 340 

equators of air pores and form at and run towards the poles of any hard inclusion. Slight 341 

mismatches occur between the theoretical positions and positions and propagation 342 

directions in reality (Figs. 9, 16a). This is due to the fact that the individual stress 343 

concentration fields around two heterogeneities which are in close vicinity interact 344 

constructively and form a local stress concentration field at positions away from theoretical 345 

positions [15]. As the plastic deformation (microvoids and FVM) form and propagate along 346 

the maximum stress concentration deviations from ideal conditions occur (Fig. 9). Mapping 347 

of the FVM propagation shows the influence of the respective heterogeneity. Quartz grains 348 

cause a deviation towards their polar region (Fig. 5b orange rectangle, 9b, c black arrows) 349 

along the grain-matrix interface. Around cement particles, microvoids form close to the polar 350 

region. These observations indicate: (i) microvoids form at positions of maximum stress 351 

concentrations, (ii) crazes propagate towards the spot of maximum stress concentration 352 

around a rigid particle and (iii) the adhesion between quartz grains and polymer matrix is 353 

weaker compared to the intrapolymer matrix strength. Contrarily, crazes propagate towards 354 
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the equator of an air pore (Figs. 5b blue rectangle, 9d,e white arrows) and terminate once 355 

reaching the pore’s interior (Fig. 9d, e). Here, (i) crazes propagate towards the maximum 356 

stress concentration present around an air pore, (ii) the interfacial tension at the pore rim 357 

between the polymer matrix and the air pore is weaker compared to the intra-polymer matrix 358 

strength leading to a propagation of localized deformation into an air pore, where (iii) the 359 

propagation stops because of dissipation of the deformational energy. This behaviour results 360 

from the inverse relation between crack tip radius and crack energy [71–73]. Practical 361 

applications of this behaviour is found, for example, by crack retardation in ceramics via 362 

artificial incorporation of air pores, since there they decrease the crack tip energy by 363 

increasing the crack tip radius [74]. A continuation of the FVM at the opposite pore rim is 364 

possible as soon as the stress concentration at this point accumulates the energy needed for 365 

the initiation and propagation of the FVM. The understanding of the FVM initiation and 366 

propagation is also crucial to understand failure as cracking follows the FVM. Similar to 367 

organic coatings [40], the initial crack in the waterproofing membrane starts at the substrate 368 

membrane interface (Fig. 8f). With ongoing deformation several further cracks form and 369 

grow (Fig. 8g, h). As the individual cracks are not connected and their start and end points 370 

do not match up, these cracks must form at individual initiation spots contemporaneously at 371 

sites where the fibrils of the FVM are stretched to their maximum. Neither the pathways nor 372 

the perimeter of the cracks are straight. The deviation from a straight pathway occurs due to 373 

the bending of the FVM around quartz grains. As crack propagation follows established 374 

FVMs and these FVMs bend around quartz grains, therefore the cracks also bend around 375 

them. The perimeter of the cracks is not straight due to the incorporation of air pores in the 376 

crack. The FVMs run straight in between air pores, blunt in them and continue. Hence, any 377 

crack following this FVM blunts in an air pore, splits the air pore and continues its 378 

propagation along the FVM. The splitting up incorporates the air pore in the crack causing a 379 

trace in the crack’s perimeter in form of a lobe (pink dashed ellipse in Fig. 9a).   380 

4.3 Macroscopic deformation evolution 381 
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Strain whitening is the macroscopic visual expression of plastic deformation in polymer-382 

modified mortars [42,43] as well as thermoplasts [75]. Changes in the microstructure cause 383 

the whitening in polymer films [62,76,77]. These changes are either changes in the crystal 384 

structure [62] or the formation of voids [62,76,77]. One possible structural change is strain-385 

induced crystallinity in originally amorphous polymers [56,58–60]. When taking voids into 386 

account, studies suggest that Mie scattering causes the whitening [76,77]. Hence, the voids 387 

must be in a size range similar to the wavelength of visible light [76]. In the investigated 388 

waterproofing membrane, strain-induced crystallinity is a suggested deformation 389 

mechanism, based on the size of the individual fibrils and voids inside the FVMs (see 4.1), 390 

whereas the existence of microvoids in a suitable size range is observed (Fig. 10g). 391 

Therefore, the observed strain whitening represents latest the stage of microvoid formation. 392 

Additionally, dog bone data show that with the occurrence of strain whitening spots the bulk 393 

sample is already in plastic deformation (Fig. 14). On the surface of the waterproofing 394 

membrane, the width of the strain whitening zone grows with increasing opening of the 395 

substrate gap (Fig. 6a) representing the evolution of the plastic deformation. Along the 396 

thickness of the waterproofing membrane, all microscopic deformation structures appear in a 397 

trapezoidal zone. Fringe pattern analysis [78–80] and x-ray microscopy [81] of different 398 

materials covering a substrate show that (i) plastic deformation only occurs inside this zone 399 

and (ii) that the geometry of this deformation zone is strongly dominated by the gap opening 400 

in the substrate these materials cover. Hence, the combination of the trapezoidal geometry 401 

along the membrane’s thickness and the evolution of the strain whitening width define the 402 

volume of the waterproofing membrane in which deformational energy can be dissipated by 403 

the formation of aforementioned microstructures. The crucial parameter of this volume is the 404 

opening angle (α) of the trapeze at the substrate gap. The strain whitening width on the 405 

membrane’s surface provides a first order link to the evolution of this opening angle α (Fig. 406 

17). The changes of α define the evolution of the deformation volume. Plotting α against the 407 

opening of the substrate gap is possible from the Continuous Strain Whitening (CSW) 408 

onwards because prior to the CSW the whitening spots appear dispersal on the membrane’s 409 
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surface. The plot (Fig. 18) shows two domains: (a) a constant increase in α and (b) α being 410 

continuous. Domain (a) correlates with (i) the gap openings during which the number of 411 

strain whitening spots increases on the membrane’s surface while their respective size stays 412 

similar (Figs. 6b, 18) and (ii) the increase of number of FVMs, their propagation towards the 413 

membrane’s surface and the initiation and propagation of cracks establishing the trapezoidal 414 

deformation zone (Fig. 18). The increase in α, in number of strain whitening spots and in 415 

number of FVMs and their propagation suggest that the membrane deforms actively during 416 

this period of the crack-bridging, i.e. the deformational energy is used for the evolution of 417 

microstructures. Along with the domain (b) goes (i) the change of the behaviour of the strain 418 

whitening spots on the membrane’s surface being constant in number and increasing in their 419 

respective width (Figs. 6c, 18) and (ii) the connection of cracks through the thickness of the 420 

membrane and decrease of numbers of FVMs inside the deformation zone (Fig. 8h). 421 

Furthermore, the growth rate of the strain whitening width matches with the tensile 422 

deformation speed of the rig (dashed in in Fig. 19) which indicates that the whitening spots 423 

are stretched by at the rate of the rig’s pulling speed. All these observations indicate that no 424 

deformation-induced microstructures form inside the membrane but existing microstructures 425 

are stretched passively during this period of crack-bridging with simultaneous stress 426 

relaxation inside the membrane around cracks. Studies on pure polymer films verify a 427 

maximum craze density [38] which suggests that the change from active deformation to 428 

passive stretching occurs as soon as the accumulation of localised strain, i.e. number of 429 

FVMs inside the deformation volume reaches its maximum. From that moment onwards, 430 

stretching of existing FVMs provides the only possibility to dissipate additional deformation 431 

energy. The First Failure indicates the moment at which anywhere in the waterproofing 432 

membrane fibril rupture is continuous throughout the membrane’s thickness. As rupture 433 

occurs when the maximum stretch of a fibril is reached, the First Failure must occur after the 434 

change from active deformation to passive stretch (Figs. 6a, 18, 19). Also, as the First 435 

Failure is a local feature, the rest of the membrane is still able to deform with passive 436 

stretching until fibril rupture is continuous throughout the membrane’s thickness along a line 437 
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of the length of the membrane’s width inside the strain whitening zone, the Final Failure 438 

occurs (Figs. 6, 18, 19). 439 

4.4 Three-dimensional evolution of (micro)structures and bulk mechanics 440 

Imaging an infinite number of either thin sections lined-up behind each other or surfaces 441 

stacked on top of each other, shows that the deformation evolution with all its related 442 

structures is three-dimensional (Fig. 20). During the ongoing displacement, the 443 

waterproofing membrane shows several microstructures at different positions inside the 444 

membrane’s volume (Figs. 8, 9, 20a). Hence at a fixed displacement, several deformation 445 

mechanisms and multiple mechanical stages of the material, known from dog bone tests 446 

(Fig. 14) are active simultaneously (Fig. 20a). The active deformation occurs after the elastic 447 

yield up to peak stress (Figs. 14, 20a). Passive deformation lasts from peak stress to the 448 

occurrence of the first failure in the dog bones (Fig. 14) and represents only a short period 449 

during the stress–strain history of the material (Fig. 20). Linking the evolution of the 450 

deformation mechanisms and associated microstructures with the stress–displacement data 451 

from the dog bone tests shows that the mechanical state decreases from the substrate-452 

membrane interface to the membrane’s surface (Fig. 20a) and that peak stress coincides 453 

with the crack initiation at the membrane–substrate interface. From peak stress onwards 454 

failure migrates through the membrane. Slices at fixed displacements and therefore time (t1 455 

to t3 in Fig. 20a) demonstrate the spatial distribution of deformation structures and 456 

mechanism (Fig. 20c). The slices along specific displacements (t1-t3 in Fig. 20c) do not only 457 

confirm the decreasing microstructural maturity towards the membrane’s surface but also 458 

show the progradational behaviour of the respective deformation mechanisms and their 459 

associated structures (Fig. 20c). Both, the passive deformation and the failure, do not 460 

propagate as a straight surface but as a progradational front containing lobes (Fig. 20c). 461 

These peaks and troughs indicate that deformation structures do not initiate and propagate 462 

simultaneously at a specific displacement but at different displacements inside the 463 

membrane. Most likely the ubiquitously present heterogeneities cause this difference in the 464 



19 
 

point of initiation. Furthermore, these heterogeneities can cause spots inside the membrane 465 

which show more mature deformation structures and mechanisms than their surrounding 466 

(crack tip in the middle of the membrane in Fig. 9). A connection between these spots and 467 

deformation structures propagating to the membrane’s surface may connect and cause 468 

additional lobes. 469 

5. Conclusions 470 

The investigated waterproofing membranes deform in an elasto-plastic manner. During the 471 

plastic deformation, microvoids form and evolve to craze-like fibril-void microstructures 472 

(FVM) with ongoing deformation. These FVMs evolve in the active part of the plastic 473 

deformation, which is macroscopically seen in the appearance of whitening spots. During the 474 

passive part, the now existing spots become stretched, which is macroscopically detectable 475 

by the growth in their width. Plotting the strain whitening width in a width-displacement 476 

diagram allow a macroscopic detection of the active and passive part of the plastic 477 

deformation. The active part coincides with the steep slope in the diagram, while the 478 

moderate slope represents the passive part.  479 

Fibrils inside the FVMs rupture as soon as their maximum capability in stretching is reached. 480 

This induces crack initiation and propagation. Cracking via fibril rupture initiates at the 481 

substrate-membrane interface at peak stress of the crack-bridging test. Crack propagation 482 

follows existing FVMs and a first continuous crack from interface to surface is observed 483 

shortly after the change from active to passive deformation. From this moment onwards, the 484 

membrane does not provide water tightness anymore and water might infiltrate into the 485 

substrate potentially causing degradation. Based on these observations, the evolution and 486 

growth of FVMs and subsequent fibril rupture indicates a ductile-to-brittle deformation 487 

behaviour. 488 

Inside the waterproofing membrane, stress concentrations build up at the incorporated 489 

heterogeneities such as quartz grains, cement particles and air pores. They cause initiation 490 
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of new FVMs and deviation of existing FVMs. The position of the stress concentration, and 491 

therefore the spots where FVMS either initiate or deviate to, depends on the type of 492 

heterogeneity. Particularly, air pores act as an active retarder in crack propagation by 493 

blunting the crack tip when a crack hits an air pore.  494 

On sample scale, the FVMs define a trapezoidal zone spanning from the substrate-495 

membrane interface to the surface. This trapeze is the cross-section of the volume in which 496 

all deformation takes place. Based on the strain whitening width on the membrane’s surface 497 

and the substrate gap opening, the opening angle α can be calculated. This angle is the 498 

crucial parameter that determines the volume in which plastic deformation accommodates. 499 

The change from the active part of the plastic deformation to the passive part possibly 500 

occurs when the maximum FVM density is reached within the trapezoidal deformation 501 

volume. 502 

Further research should focus on the influence of intrinsic and extrinsic parameters on the 503 

crack bridging behaviour of waterproofing membranes. This includes but is not restricted to 504 

polymers of different Young’s modulus, variations in temperature and/or deformation rate of 505 

the tensile rig. Additionally, the influence of changes regarding the heterogeneities requires 506 

closer investigations. The number, size and arrangement of both rigid particles and air pores 507 

may affect the number, the initiation and/or propagation of FVMs and therefore either 508 

prolong the active deformation part and/or retard crack initiation and growth. Furthermore, 509 

the number, size and arrangement of air pores may aid the crack-bridging ability by 510 

influencing the crack retardation effect positively. 511 
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 745 

Fig.1: Sketch of the evolution of the crack-bridging ability (CBA) with time. At t0, the 746 

membrane is in a relaxed state and a flaw is present in the substrate. With time, the flaw 747 

develops into a crack, the membrane becomes stretched and the CBA of the waterproofing 748 

membrane inhibits a cracking of the membrane (t1 and t2). At t3, the CBA of the membrane 749 

is reached and the membrane ruptures. This allows water to infiltrate along a continuous 750 

crack and starts degradation of the substrate. 751 
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 753 

Fig. 2: Sample preparation: (a): Crack-bridging samples: Application of the freshly mixed 754 

slurry on the substrate (steps 1–3). The cured membrane is represented by a darker shade 755 

of grey. Step 4 shows the preparation of the samples for subsequent crack-bridging tests. 756 

(b): Dog bone samples: The fresh slurry is spread out and cured (step 1). Dog bone samples 757 

are punched out of the cured membrane (step 2). 758 
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Fi759 

 760 

Fig. 3: (a): Photograph of the universal tensile rig used for crack-bridging tests and dog bone 761 

tests with a crack-bridging sample placed in the machine. (b): Technical drawing of the 762 

crack-bridging test, the time-lapse photography as well as the geometry of later thin section 763 

plane. (c): Photograph of a thin-section of a sample being deformed up to a displacement of 764 

220 µm (TS-1 in d). Top and bottom layer represent waterproofing membranes which 765 

sandwich the two fibre board plates (dark grey). (d): Stress-displacement curve of a crack-766 

bridging test showing the different displacement positions of the manufactured thin-sections. 767 
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 769 

Fig. 4: (a1-d1) and (a2-d2) show the photos and segmented binary images, respectively, of 770 

the sample’s surface as a function of progressive displacement for four main deformation 771 

stages: (a1) and (a2): Discontinuous-Strain-Whitening; (b1) and (b2): Continuous-Strain-772 

Whitening; (c1) and (c2): First Failure (spots of loss of sealing capacity are magnified in the 773 

orange and blue rectangles in c1); (d1) and (d2): Final Failure. The white arrows in (a1) 774 

show the tensile load direction. The green dashed lines in (a2)-(d2) represent lines along 775 

which the number of the strain whitening spots and their widths were measured. The 776 

respective displacement of images (a1)-(d1) is noted on the right. See text for explanations. 777 
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 779 

Fig. 5: Close-up photos of the surface of the waterproofing membrane for different 780 

deformation stages. (a): The surface of the waterproofing membrane shows quartz grains, 781 

air pores and the polymer-cement matrix. (b): Appearance of first elliptical holes with their 782 

long axes parallel to the tensile load direction (red arrows). Strain whitening lines bend 783 

around the quartz grains (orange rectangle) and run perpendicular to the pore rim (blue 784 

rectangle). (c): Several individual elliptical holes formed (red rectangle) and started to 785 

connect, i.e. form cracks. Cracking often nucleates at air pore rims (pink arrow). (d): Crack 786 

propagates into the cement-polymer matrix (green arrow). (For interpretation of the 787 

references to colour in this figure legend, the reader is referred to the Web version of this 788 

article.) 789 
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 791 

Fig.6: Diagrams show the evolution of microstructural features as a function of displacement. 792 

The vertical lines represent important moments during the crack-bridging. (a): The evolution 793 

of the Strain Whitening Width (SWW). (b): Average number of strain whitening spots along a 794 

profile (Fig. 4) (c): Average width of the individual white spots along a profile (Fig. 4). 795 
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 796 

Fig. 7. Optical microscopy reveals the presence of deformed polymer film in the membrane 797 

represented as stretched polymer fibrils (red arrows) and elliptical voids (blue arrows) in front 798 

of a crack tip. The fibrils and voids are oriented subparallel to the tensile load direction. (For 799 

interpretation of the references to colour in this figure legend, the reader is referred to the 800 

Web version of this article.) 801 
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 803 

Fig. 8. (a)-(d): Photos of thin-sections (cut through the crack-bridging sample). At given 804 

displacement, every first and second image represent the upper and lower membrane, 805 

respectively, of the crack bridging sample (see Fig. 3c). (e)-(h): Corresponding maps show 806 

FVM deformation structures and associated heterogeneities in between which the FVMs 807 

initiate and propagate. The red dashed rectangle is a close up image in Fig. 9. Images were 808 

acquired from the entire thin-section. After the image acquisition, all images were cropped to 809 

show the membrane only and rotated with the substrate to bottom prior to mapping. 810 
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 811 

Fig. 9. (a): Close up view of a part of a thin-section (red dashed square in Fig. 8c) with 812 

probable former air pores (yellow) incorporated in the crack in pink dashed ellipses. (b) and 813 

(c): Crazing microstructures are deflected in close vicinity of quartz grains and follow the 814 

quartz-polymer matrix interface (black arrows). (d) and (e): Straight crazing trail in the 815 

polymer matrix perpendicularly oriented to the air pore boundary (white arrows). 816 
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 818 

Fig. 10. Formation of fibril-void microstructures (surface view): The arrows, top left in all 819 

images, indicate the tensile load direction. All elliptical voids show an orientation of their long 820 

axis parallel to the tensile load direction. (a): Top view on a stretched waterproofing 821 

membrane under reflected light. Strained areas (arrows) bend around quartz grains. The red 822 

dot indicates the position of the profile along the thickness of the membrane in Fig. 11. (b)-823 

(g) SEM investigation. (b): Overview of the area. The strained parts bend around quartz 824 

grains and cause a flat topography. (c): Non-strained polymer with topography caused by a 825 

quartz grain. Inside the polymer film many remnant structures of primary latex particles exist. 826 

(d): SEM view of a low strain part. Present cement grains cause minor topography found 827 

inside the polymer film. Small elliptical voids and few non-redispersed latex particles are 828 

found. (e): SEM view of a low strain area. The polymer film contains cement particles, small 829 

round to slightly elliptical voids and occasional non-redispersed latex particles. The red 830 

dashed line marks the transition to a high strain part. (f): SEM view of a high strain zone. The 831 

polymer film is strongly stretched, shows no topography and is free of cement particles. The 832 

flattened polymer film bends around cement particles. The voids are enlarged compared to 833 

(d) and (e). (g): Close up SEM view of a cement grain in strained polymer film. Voids initiate, 834 

grow and terminate at the cement grain. (For interpretation of the references to colour in this 835 

figure legend, the reader is referred to the Web version of this article.) 836 
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 837 

Fig. 11. (a): Cross view through the thickness of a waterproofing membrane: SEM profile 838 

along the red dot in Fig. 10a. The red dot in Fig. 10a corresponds to the top of the image. 839 

The tensile load direction is indicated by the black arrows. (b): An air pore in the polymer film 840 

with strained polymer film around. (c) The elliptical holes with strings of polymer film in 841 

between run from the rim of the pore into the matrix. Both features are oriented parallel to 842 

the tensile load direction. 843 
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 845 

Fig. 12. Fibril-void microstructures: The double arrow in the bottom right of each picture 846 

indicates the tensile load direction. (a): Inside the white ellipse a FVM is present. A white rim 847 

forms around the fibrils and voids. Inside the white rim, no cement particles, which are 848 

ubiquitous in the unstrained membrane, are present. (b): In the centre of an FVM, the 849 

polymer fibrils are strongly strained and contain nearly no cement grains. Inside these fibrils, 850 

dark areas are found (black arrows). Less strained polymers containing cement particles 851 

surround this highly strained centre (white arrows). The entire FVM is encapsulated in non-852 

strained polymer film, which contains several cement grains. 853 
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 855 

Fig. 13. Sketch of the 3D geometry of the fibril void microstructure (FVM): Sketched are only 856 

the voids. FVM initiates at cracks, hard inclusions (cement grains and quartz grains), and air 857 

pores. They can grow vertically through the membrane’s thickness and laterally, e.g. on the 858 

membrane’s surface. The type of inclusion governs the propagation orientation of the FVM. 859 
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 861 

Fig. 14. Dog-bone tests of the waterproofing membrane: Stress-strain data from dog bones 862 

of the waterproofing membrane showing the elastic yield (red arrow), the peak stress (blue 863 

arrow) and the moment of failure of the entire dog bone (green arrow). The Discontinuous 864 

Strain Whitening on the surface of the dog bones appears after the elastic yield and is 865 

therefore a structure of permanent deformation. The First Failure (black spot) appears 866 

shortly after peak stress. (For interpretation of the references to colour in this figure legend, 867 

the reader is referred to the Web version of this article.) 868 
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 870 

Fig. 15. Sketch of permanent deformation structures forming in pure polymer films. Crazes 871 

are expressed by fibrils and voids oriented parallel to the tensile load direction. Crack 872 

propagation is due to fibril rupture. Figure modified from Ref. [30]. 873 
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 875 

Fig. 16. Orientation of craze initiation positions as a function of the type of heterogeneity. (a): 876 

Mapping of air pores, quartz fillers and crazes at a displacement of 440 µm (Fig. 8f). (b1): In 877 

a soft inclusion in polystyrene crazes initiate at the equator and run (sub)perpendicular 878 

relative to the tensile load direction. (b2): In a rigid inclusion crazes initiate with an angle θ to 879 

the polar axis of the inclusion and run out with an angle β relative to the equator of the 880 

inclusion. Figures (b1) and (b2) are modified from Ref. [65]. (c): Sketch of orientation of the 881 

inclusion, its polar axis and equator with respect to the tensile load direction. 882 
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 884 

Fig. 17. Sketch of the relationship between the Strain Whitening Width (SWW) and the 885 

geometry of the zone in which deformation occurs. The activation angle α is the crucial 886 

parameter which defines the area of trapezoidal deformation zone. 887 
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 889 

Fig. 18. Plot of the evolution of the opening angle α calculated from the SWW (Fig. 6a) with 890 

displacement. The opening angle starts to evolve with the Continuous Strain Whitening. The 891 

evolution of α shows a steep increase to ca. 33° at 950 µm. This growth behaviour is 892 

followed by a constant value of α. 893 
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 895 

Fig. 19. Connection between mechanical behaviour of the waterproofing membrane and 896 

deformation structures: The initiation of strain whitening spots on the membrane’s surface 897 

coincides with the Discontinuous-Strain-Whitening and starts during plastic deformation of 898 

the membrane (see Fig. 14). During this stage, the crack-bridging sample is in a stress-899 

increasing part. With the onset of the Continuous-Strain-Whitening (red line), the 900 

individualspots connect to white lines on the membrane’s surface. Mechanically, the crack-901 

bridging sample changes from the stress-increasing part to the stress decreasing part. The 902 

evolution of the Strain Whitening Width subdivides in an active accumulation (purple 903 

shaded), during which new white lines form, and a passive growth part (green shaded), 904 

during which existing white lines stretch. The match of the evolution of the Strain Whitening 905 

Width with the rig speed indicates that the rig speed is the dominant mechanism driving the 906 

passive stretching. 907 
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 908 

Fig. 20. Generalised sketch of the deformation evolution of waterproofing membranes during 909 

crack-bridging. (a): Evolution of (micro)structures (FVM) and deformation mechanisms inside 910 

the membrane’s volume with increasing displacement and time during a crack-bridging test. 911 

During a specific displacement (e.g. 0.6 mm), the membrane shows several different 912 

mechanical stages (red parts of stress-strain curves from dog bone tests). Yellow lines 913 

represent slices through the membrane at fixed displacements and time (see c). (b): Stress–914 

displacement diagram of corresponding crack-bridging test. The peak stress correlates to 915 

the crack initiation at the membrane-substrate interface. From peak stress onwards, cracks 916 

propagate from substrate-membrane interface to the surface. The First Failure (first 917 

connected crack through entire thickness of the membrane) does not influence the stress–918 

displacement curve. (c): Slices through the membrane’s volume at fixed displacements and 919 

time. The crack front forms lobes due to heterogeneities such as air voids and sand grains, 920 

which are not shown in this graphic. Their influence is shown in detail in Figs. 8 and 9. (For 921 

interpretation of the references to colour in this figure legend, the reader is referred to the 922 

web version of this article.) 923 
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Tab. 1: Weight percentage of the respective components in the waterproofing membrane. 924 

Component Quartz sand OPC 52.5 N RPP Water 

Wt.% 56 19 25 19 

 925 

Tab. 2: Composition in weight fraction of the dry mix and volume fraction of the hardened 926 

waterproofing membrane after all water is consumed and air in entrained during the mixing 927 

process. 928 

Component Quartz sand OPC 52.5 N RPP Air 
Wt .% 56 19 25 - 
Density kg/m³ 2650 3100 938 - 
Vol. % 37 11 40 12* 

 929 

* Air pore content is based on point counting of air pores in thin sections 930 

 931 

Tab. 3: Displacements of the prepared thin-sections and the position of sampling on the 932 

stress-displacement curve (Fig. 3d). 933 

Thin-section Displacement [µm] Position at stress-displacement curve 
TS-1 220 After elastic part in stress increasing regime 
TS-2 440 Shortly after peak stress, begin of stress decreasing 
TS-3 800 Mature stress decreasing 
TS-4 1040 First vertically continuous hole present 

 934 


