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Abstract 

 

Understanding the hydrological behaviour of urban surfaces is imperative in the design of 

surface water drainage systems and flood mitigation strategies, as well as for the 

modelling of groundwater recharge and pollution.  This study has examined the 

hydrological behaviour of cracked impervious surfaces through field infiltration testing and 

image analysis of the cracks themselves.  Infiltration tests were undertaken on a section 

of concrete slab pavers paving.  Our results showed that cracks in impervious surfaces 

allow significant volumes of water to infiltrate through them, with infiltration rates 

comparable to those found in sands and gravels.  Using a regression model, infiltration 

rates were related directly to crack characteristics obtained from image processing 

software, thereby enabling the first published quantitative link between percentage 

cracked area and infiltration capacity.  The implications of accounting for this infiltration 

for surface water management systems are estimated to be in the order of £20 million 

annually for the construction industry in England. 
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List of notation 

AC  is the overall crack area 

ACATCH  is the catchment area 

AI  is the inner cylinder area 

AP  is the total pavement area 

d  is the water level 

D  is the storm duration 

DVOL  is the critical storm duration 

i  is the indicator variable 

IR  is the infiltration rate 

p  is the rainfall intensity 

PAC  is the percentage area cracked 

QBARRURAL is the greenfield runoff rate 

t  is the time taken 

V  is the runoff volume 

VD  is the outflow volume 

VS  is the storage volume required 

W  is the average crack width 



 
 

1. Introduction 1 

As cities continue to grow and urban flooding becomes increasingly problematic, improving the 2 

understanding of the hydrology of urban man-made surfaces is an important component in the 3 

design of effective flood mitigation measures (Arnbjerg-Nielsen et al., 2013).  Traditionally, 4 

rainfall-runoff models used for design flood prediction in urban catchments are based on 5 

simplified assumptions regarding the hydrological behaviour of urban and seemingly impervious 6 

areas, for example, assuming fixed runoff rates in the range 70% to 100% (e.g. Kjeldsen, 2009), 7 

but without specific reference to the condition of the urban surfaces.  However, in a review of 8 

published experimental results related to the hydrological performance of common urban 9 

surfaces such as roads, roofs, and pavements, Redfern et al. (2016) found that observed runoff 10 

rates are frequently lower than those adopted in the existing rainfall-runoff models. This effect 11 

was attributed to the existence of preferential pathways caused by cracks and joints, typically 12 

found in aging infrastructure.  A similar conclusion was reached by Davidsen et al. (2017) based 13 

on continuous simulation of historical rainfall time series using an urban rainfall-runoff model. 14 

 15 

A number of experimental studies have attempted to quantify the infiltration through impervious 16 

urban surfaces.  Ragab et al. (2003) focussed on the proportion of rainfall converted to runoff, 17 

infiltration and evaporation and undertook testing at five locations in Wallingford, UK, four of 18 

which were existing road surfaces of a variety of ages and one of which was a grass site.  Soil 19 

moisture content was compared to measured groundwater levels in order to evaluate the 20 

amount of rainfall infiltrating through the surfaces over a period of twelve months. The study 21 

concluded that soil moisture beneath impervious surfaces increased in response to rainfall. It 22 

also found that the ratio of runoff to rainfall varied with the seasons, and that infiltration 23 

accounted for between 6 to 9% of total annual rainfall. 24 

 25 

Wiles and Sharp (2008) investigated in particular the role of fractures in providing a preferential 26 

pathway allowing rainwater to flow through impervious road surfaces. In-situ infiltration testing 27 

was undertaken on cracked road surfaces in Austin, Texas, USA, and it was found that cracks 28 

had a hydraulic conductivity comparable to that of fine-grained sands, sandstones, silts and 29 

loams.  It was concluded that cracks in the surfaces tested increased infiltration rates, although 30 
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a correlation between the hydraulic conductivity and crack width was not found.  Taylor (2004) 31 

undertook infiltration tests on seven sites on the University of Nottingham campus, UK, to 32 

investigate the migration of contaminants through pavements. Six of the test sites exhibited 33 

either area (e.g. alligator-type) or longitudinal cracking, and one was located on an intact 34 

pavement above a service trench. A range of infiltration rates were recorded across the seven 35 

sites and were found to be comparable to those found in sandy soils (CIRIA, 1996). However, 36 

the study did not directly relate these rates to the crack characteristics. 37 

 38 

In contrast to experimental studies, detailed hydrodynamic models have been proposed by 39 

Chen et al. (2004), Hou and Luo (2013) and Dan et al. (2016) directly relating infiltration to crack 40 

characteristics. Both Chen et al. (2004) and Dan et al. (2016) determined that a quadratic 41 

relationship exists between crack width and infiltration rates, however Hou and Luo (2013) 42 

found that the width of the crack, whilst increasing flow rates, had less influence than other 43 

factors.  These theoretical studies did not validate their models against experimental data. 44 

 45 

Although it is commonly accepted that cracks increase infiltration rates (e.g. Hollis, 1988, and 46 

supported by the scientific evidence summarised above), a relationship between crack 47 

characteristics and infiltration rates has yet to be proven experimentally; previous experimental 48 

studies investigating infiltration through urban surfaces have either not recorded crack 49 

characteristics (e.g. Taylor, 2004), or have relied upon manual measurements (e.g. Wiles and 50 

Sharp, 2008). 51 

 52 

In order to develop the findings of experimental studies into a more generic modelling system 53 

which represents the hydrological response of urban surfaces where no runoff data exists, it is 54 

necessary to predict infiltration rates based on crack characteristics that can be easily obtained 55 

from field studies.  In order to address this aim, a method of computerised image processing 56 

was developed as part of this study. This provided a more accurate and efficient method of 57 

determining crack characteristics such as width and length, as well being able to determine 58 

overall crack area. This information was used to derive the percentage of impervious surface 59 

which exhibited cracking, the percentage area cracked.  Specifically, the aim of this study is to 60 
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investigate the rate of infiltration through cracks in a pedestrian pavement and to relate the 61 

infiltration rate to easily derived crack characteristics visible from images, such as crack area 62 

and width, and overall percentage area cracked.  This will enable a new predictive model of 63 

infiltration rates through cracked pavements to be developed, which will in turn lead to an 64 

improved understanding of the hydrological behaviour of impervious surfaces and therefore 65 

potential cost savings to the construction industry. 66 

 67 

2. Methodology 68 

 69 

2.1 Infiltration measurement 70 

In this study infiltration is defined as the rate (mm/hour) at which water flows through a crack in 71 

a pavement and into the underlying strata.  Different experimental procedures for measuring 72 

infiltration have been proposed in the literature, including constant head tests (e.g. Taylor, 2004) 73 

and falling head tests (e.g. Bean, 2005; Wiles and Sharp, 2008).  A falling head test was 74 

adopted for this study as it was considered by Wiles and Sharp (2008) to work well for both high 75 

and low infiltration rates and to take less time than a constant head test.  Bean (2005) also 76 

noted that this method reduced water usage. 77 

 78 

The methodology followed in this study used a double-ring infiltrometer consisting of an inner 79 

and outer cylinder, similar to the set-up used in the ASTM C1701 Method for pervious concrete 80 

(ASTM International, 2009).  The purpose of the outer cylinder was to reduce any horizontal 81 

flow through the pavement and cracks which extend beyond the test cylinder, as described by 82 

Bean (2005) and Wiles and Sharp (2008).  This experimental set-up is shown in Figure 1 and 83 

Figure 2.  Both cylinders were filled with water and water depth measurements taken within the 84 

inner cylinder using digital callipers at intervals of between one and two minutes, or longer 85 

where draining of the cylinder was slow. The water in the outer cylinder was topped up 86 

throughout the test to maintain a constant depth (head) and therefore flow.  The duration of 87 

each test was two hours, or until all of the water had drained out of the inner cylinder, whichever 88 

occurred first.  Recorded water levels were plotted as a function of time for each test; an 89 

example of the test data is shown in Figure 3. 90 
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 91 

FIGURE 1 92 

 93 

FIGURE 2 94 

 95 

FIGURE 3 96 

 97 

Infiltration rates (IRs) were initially determined using three different methods.  Method 1 involved 98 

fitting a linear regression line to the water level-time profile using the ordinary least square 99 

estimation technique, as shown in Figure 3.  The fitted linear of the model for the test shown in 100 

Figure 3 is of the form: 101 

 102 

𝑑 =  −15.77 𝑡 + 40.03    [1] 103 

 104 

where d is the water depth (mm) and t is the time taken (hour). 105 

 106 

The absolute value of the slope of this line was taken from equation [1] and used as the IR, 107 

similar to Bean (2005).  For the regression line reported in equation [1], the IR is thus estimated 108 

to be 15.77 mm/hour. 109 

 110 

Method 2 involved calculating the total change in water level observed during the test and 111 

dividing by the total time taken, as shown in equation [2]. 112 

 113 

𝐼𝑅 =  
∆𝑑

∆𝑡
     [2] 114 

 115 

For the data in Figure 3 the IR was estimated using Method 2 to be 15.49 mm/hour. 116 

 117 

Method 3 was based on the Building Research Establishment (BRE) Digest 365: Soakaway 118 

Design method (BRE, 2016).  First, a second-order polynomial regression line was fitted to the 119 

water level-time profile, as shown in Figure 3.  The time elapsed at 75% and 25% of the initial 120 
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water depth was determined using the equation of this line (equation [3] for Figure 3) and the IR 121 

calculated using equation [2]. 122 

 123 

𝑑 =  1.20 𝑡2 − 18.12 𝑡 + 40.73   [3] 124 

 125 

For the data in Figure 3, the IR was calculated using Method 3 to be 15.05 mm/hour. 126 

 127 

For some datasets the recorded drop in water level was less than 25% of the total water depth, 128 

and in such cases Method 3 involved extrapolation of the water level-time graph in order to find 129 

the 75% and 25% water depths. This lead to a higher risk of introducing errors.  In addition, for 130 

some tests where the data needed to be extrapolated, the second-order polynomial regression 131 

line plotted did not produce time values for the water depths required, which lead to this method 132 

of calculation only being suitable for half of the tests.  In contrast, methods 1 and 2 were able to 133 

be applied to all datasets.  Method 2 was chosen to be used in the analysis of results as it was 134 

applicable to all of the datasets and provided a reliable, simple and consistent approach.  It is 135 

worth noting that all three methods resulted in relatively similar infiltration rates across all tests. 136 

 137 

2.2 Characterising pavement cracks 138 

Developing a predictive model of infiltration rates requires the development of a set of crack 139 

characteristics that can be used for describing each individual crack and extracted relatively 140 

easily.  Rather than relying on manual measurements, a method of computerised image 141 

processing was developed, providing a more accurate and consistent method of determining 142 

crack characteristics, specifically: crack area (AC), width (W) and length (L), as well as 143 

percentage area cracked (PAC).  The open-source Image processing software ImageJ 144 

(Schneider et al., 2012; Schindelin et al., 2012) was used to analyse images of the tested 145 

pavement surfaces and extract the characteristics. 146 

 147 

The image processing sequence developed was as follows: 148 

 Import image of tested pavement (including crack) into the ImageJ software. 149 

 Convert image scale from pixels to mm by scaling to a known distance on the image. 150 
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 Crop image to the size of the inner cylinder to represent the tested area. 151 

 If required, manually adjust the image to “remove” soil or vegetation in the crack or 152 

surrounding pavement which could result in a lower contrast between the two; a lower 153 

contrast was found to result in difficulty in determining the true crack extents. 154 

 Adjust the colour intensity threshold such that areas of lower intensity (the crack) are 155 

converted to white pixels. 156 

 Use the software to calculate the number of white pixels, and therefore calculate the 157 

total crack area, AC. 158 

 Draw along the centreline of the crack using the segmented line tool and use the 159 

software to calculate the length of the line representing the crack (L). 160 

 Determine the average crack width, W: 161 

𝑊 =
𝐴𝐶

𝐿
      [4] 162 

 Determine the percentage area cracked, PAC: 163 

𝑃𝐴𝐶 =
𝐴𝐶

𝐴𝐼
     [5] 164 

 where AI is the inner cylinder area. 165 

 166 

The crack characteristics obtained from the ImageJ processing method were validated against 167 

manual measurements of crack width and length, and it was concluded that the ImageJ method 168 

gave a more accurate representation of actual crack characteristics.  This was largely due to 169 

only five manual measurements of crack width being taken along the length of each crack, when 170 

the actual crack width varied in between each measurement; the average of these 171 

measurements taken therefore did not necessarily accurately represent the average crack 172 

width.  In addition, the manual measurement of the crack length was taken as a direct line 173 

between the ends of the crack, when in reality the cracks changed direction along their length; 174 

ImageJ could account for these changes in direction.  It was therefore anticipated that ImageJ 175 

measured lengths would be longer than the measured lengths, which was found to be the case 176 

in all tests. 177 

 178 

3. Case study 179 
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 180 

A total of eight distinct infiltration tests were undertaken on a section of concrete slab pavers on 181 

the University of Bath campus, along the northern boundary of South (A) car-park, as detailed in 182 

Table 1. 183 

 184 

TABLE 1 185 

 186 

Each test was conducted as described in Section 2 and each IR estimated using Method 2, 187 

while Methods 1 and 3 were used to check that the results were consistent and reasonable. 188 

 189 

Soakage tests had previously been carried out by others less than 100m from the section of 190 

pavement tested, within soils understood to be of similar conditions to that underlying the 191 

pavement tested. Infiltration rates were calculated using Method 3, at between 2081 mm/hr and 192 

2765 mm/hr (Mann Williams, 2016), within the range exhibited by gravels (CIRIA, 1996). 193 

 194 

3.1 Uncontrollable factors 195 

The tests in this study were conducted on existing pavement slabs, and thus an intrusive test 196 

was considered impractical.  As such, there were a number of factors which are considered to 197 

potentially effect the infiltration through pavement surfaces which were unfeasible to control or 198 

measure.  Dan et al. (2016) concluded that the infiltration rate is dependent on the pavement 199 

layer permeability and thicknesses, and Hou and Luo (2013) also concluded that the 200 

permeability of asphalt caps was influenced by the permeability of sediment which had built up 201 

within cracks.  Infiltration through pavements is also considered to be affected by the properties 202 

of the soil underlying the surface (Redfern et al., 2016).  These factors were impractical to 203 

measure in this study without doing intrusive testing, however, given that the test sites were 204 

located on the same section of pavement, it was anticipated that both the underlying geology 205 

and lower layers of the pavement structure at each test location were relatively similar.  It is also 206 

acknowledged that the damage within the pavement structure may differ from that exhibited on 207 

the surface, especially in older constructions, and that this may influence the infiltration rate 208 

(Taylor, 2004).  This is a factor which would have been impractical to measure and this study 209 
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has focussed on whether a relationship can be established between the damage exhibited on 210 

the surface and the infiltration rate.  Finally, pavements with shallow gradients were selected, as 211 

sloping ground could influence the infiltration measurements by introducing a differential head 212 

within the test cylinder. 213 

 214 

All tests were undertaken within a five-week period in February and March 2017 (see Table 1).  215 

Infiltration can also depend on seasonal variations, with freeze-thaw weathering opening cracks 216 

and pore spaces within the surface course and potentially increasing the infiltration rate in winter 217 

months (Taylor, 2004).  It should be noted that temperatures were above freezing for all tests 218 

undertaken.  Finally, as recommended by Bean (2005), no infiltration testing occurred within 24 219 

hours of measurable rainfall.  This enabled each test to be undertaken under similar antecedent 220 

pavement and soil saturation conditions. 221 

 222 

4. Results 223 

Table 2 shows the infiltration rate (IR), crack area (AC), width (W), length (L) and percentage 224 

area cracked (PAC) for each of the locations tested, alongside images of the cracked pavement 225 

itself.  The rates calculated are comparable to those exhibited by sands, and the low end of 226 

gravels (CIRIA, 1996) and are also within the ranges found in previous road surface infiltration 227 

studies, namely Taylor (2004) and Wiles and Sharp (2008). 228 

 229 

TABLE 2 230 

 231 

The infiltration rates calculated were plotted against crack area, width and percentage area 232 

cracked for each test, as shown in Figure 4, Figure 5 and Figure 6 respectively.  Due to the 233 

limited number of data points, linear least squares regression lines were considered most 234 

appropriate and were fitted through the data points in each figure.  An intact slab is considered 235 

to completely prevent infiltration through its surface and therefore the y-intercepts for the 236 

regression lines were set to zero in order to represent this, thereby reducing the complexity of 237 

the model to a single parameter; the slope of the lines. 238 

 239 
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FIGURE 4 240 

 241 

FIGURE 5 242 

 243 

FIGURE 6 244 

Inspection of Figures 4, 5 and 6 indicates that Test 8 may represent an outlier, with a higher 245 

infiltration rate than expected.  As discussed previously, the infiltration through pavement 246 

surfaces can be affected by a number of factors which were considered impractical to control 247 

and were beyond the scope of this study.  It was noted that the slab tested in Test 8 was 248 

smoother and lighter in colour than other slabs tested and it is possible that it could have been 249 

newer and / or of different construction.  It was also observed that the crack contained less 250 

sediment than found in other cracks tested.  It could also be possible that leakage from the inner 251 

test cylinder could have occurred undetected during the test, leading to a higher rate than 252 

anticipated. 253 

 254 

This aspect was investigated further by fitting linear regression lines through the dataset 255 

including and excluding Test 8, and extrapolating these trendlines to find the y-intercept in each 256 

case.  As mentioned previously, the infiltration rate through an intact slab is expected to be 257 

close to or equal to zero, thus the y-intercept of the linear trendlines is also expected to be close 258 

to or equal to zero.  Inclusion of the Test 8 data point gave y-intercepts of around 10 mm/hour.  259 

Removal of Test 8 from the dataset results in values just below 0 mm/hour.  It was therefore 260 

considered appropriate to remove Test 8 from the data analysis. The linear regression lines 261 

plotted on Figures 4, 5 and 6 therefore exclude Test 8. 262 

 263 

Figure 4, 5 and 6 indicate that infiltration rates increase as crack area, width and PAC increase 264 

and these relationships are summarised in Table 3. The p-values reported in the Table shows 265 

that the estimated slope coefficients are significantly different from zero, thus supporting the 266 

hypothesis that infiltration rates can be estimated using crack characteristics. This was 267 

anticipated as cracks provide a preferential pathway for water ingress into pavements. 268 

 269 
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TABLE 3 270 

 271 

As a similar study has not been attempted before which defines a relationship between these 272 

parameters, there is no benchmark to which a comparison can be made.  However, given the 273 

variability in measurements expected due to uncontrollable factors, the R2 values reported in 274 

Table 3 are considered reasonable for this study, with deviation of data points from these 275 

trendlines attributed to the uncontrollable factors already discussed. 276 

 277 

Comparison of Figure 4 and Figure 5 shows that the IR-AC and IR-W relationships are very 278 

similar and are therefore both influencing factors on the amount of infiltration, as expected.  279 

Their similarity can largely be attributed to the strong correlation between crack width and area.  280 

Similarly, the IR- AC and IR-PAC relationships are correlated due to the method of calculation of 281 

PAC.  282 

 283 

5. Discussion 284 

 285 

Given that the linear regression models without the set intercept at 0 mm/hour gave negative y-286 

intercepts, this suggests that a more curved relationships could potentially be more appropriate, 287 

similar to the quadratic relationships proposed by Chen et al. (2004) and Dan et al. (2016) 288 

derived from their theoretical models, where the rate of infiltration rate growth increases after a 289 

certain crack width.  The results of these studies are plotted approximately on Figure 5, by using 290 

the graph given by Chen et al. (2004) and the equation given by Dan et al. (2016) in their 291 

respective studies.  From inspection of Figure 5, these models suggest significantly higher rates 292 

than those obtained in this study by field experiments.  However, these models are not validated 293 

against field studies and therefore the disparity noted may be due to the models not accounting 294 

for real-life conditions, such as build-up of sediment within cracks, and also only considering 295 

infiltration through the crack itself, not the effect of the surrounding impervious pavement. 296 

 297 

A comparison of the findings from this study can also be made to the experimental studies of 298 

Wiles and Sharp (2008) and Taylor (2004).  Infiltration rates calculated in this study are within 299 
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the ranges of those found in these studies, and are most similar in range to those reported by 300 

Taylor (2004).  This may be due to similarity in experimental set-up and calculation of infiltration 301 

rates, and the tests being undertaken under broadly similar climatic conditions and on 302 

pavements of similar construction.  This study found a higher average rate than Taylor (2004) 303 

and Wiles and Sharp (2008), which could be due to the selection of test locations in this study 304 

for their crack characteristics.  In particular Wiles and Sharp (2008) tested some joints, which 305 

commonly contain some form of sealant, intact pavements, and cracks with narrower widths 306 

than tested in this study, which could account for the lower average rates found.  Wiles and 307 

Sharp (2008) also found some infiltration rates that were significantly higher than those found in 308 

this study, which could be due to the fact that some significantly wider cracks were tested than 309 

in this study, and also as a result of testing different types of pavements, lack of sediment in the 310 

cracks, or the permeability of the underlying soil. 311 

 312 

6. Implications for hydrological design 313 

As demonstrated in this study and others, the presence of cracks in impervious surfaces 314 

increases the amount of water able to infiltrate through the surface.  An assumption commonly 315 

made in some hydrological models that 100% of rainfall is converted to runoff on impervious 316 

road surfaces (e.g. Warhurst et al. 2014) is therefore incorrect, and accounting for this reduction 317 

in runoff volume will lead to the development of more realistic rainfall-runoff models.  318 

Hydrological models are used in the design of surface water drainage systems, a key 319 

component of which are storage structures, which are used to reduce flood risk caused by 320 

surface water runoff in new developments.  Reducing the volume of runoff assumed from so-321 

called impervious surfaces in hydrological models therefore has the potential to reduce the 322 

volume of storage required to attenuate surface water flows in urban areas. 323 

 324 

A basic inflow-outflow model has therefore been produced in this study in order to investigate 325 

the effect of allowing for infiltration through impervious pavement surfaces on the volume of 326 

storage required within a surface water drainage system. In this model it has been assumed that 327 

cracks in impervious road surfaces behave in similar way to cracks in impervious pavement 328 

surfaces. 329 



12 
 

 330 

6.1 Method 331 

Rainfall depths for a catchment in Bath, UK have been calculated based on the Flood Studies 332 

Report (FSR) design rainfall model (NERC, 1975).  An arbitrary road catchment area of 1000m2 333 

was used to represents the total area of impermeable road surfacing within a development.  334 

Rainfall depths, R, were calculated using a return period of 100 years, with no allowance for 335 

climate change, for storm durations (D) of 10, 15, 30, 60, 120, 240, 360, 600, 1440 and 2880 336 

minutes. The 100 year return period was chosen as it is the typical design storm used in 337 

industry to size surface water storage (Environment Agency, 2013). A simplifying assumption 338 

that rainfall was constant throughout each storm duration was made in order to convert each 339 

rainfall depth to a rainfall intensity, p (mm/hour). 340 

 341 

Road surfaces degrade over their lifetime, with the percentage of cracking over the surface 342 

increasing over time, thereby increasing the infiltration capacity of the surface.  An existing 343 

model of road surface degradation proposed by Mubaraki (2014) has been used to determine 344 

the PAC for a pavement at yearly intervals between zero (new and intact) and eight years old. 345 

 346 

In order to account for losses due to infiltration, the infiltration rate of the pavement was 347 

calculated at each yearly interval using the IR –PAC relationship found in this study (Table 3). 348 

The rate was assumed to be constant for each storm duration and as such does not account for 349 

pavement or soil saturation during rainfall events.  The infiltration rate was subtracted from the 350 

rainfall intensity, p, for each storm duration in order to determine the impact of this increase in 351 

infiltration on the runoff volume, V, as: 352 

 353 

𝑉 =
1

60 000
 𝐴𝑃 𝐷 𝑖(𝑝 − 𝐼𝑅)    [6] 354 

 355 

where V is runoff volume (m3), AP is total pavement area (m2), D is the storm duration (minutes) 356 

p is rainfall intensity (mm/hour), IR is infiltration rate (mm/hour), indicator variable i is one if 357 

precipitation exceed infiltration (p > IR) and zero otherwise, and 60,000 provides the unit 358 

conversion. 359 
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 360 

The percentage reduction in V from the original value for the initially intact road surface was 361 

plotted in Figure 7 against pavement age for the critical volumetric storm duration for each year.  362 

 363 

FIGURE 7 364 

 365 

The critical volumetric storm duration, DVOL, is defined in this study as that which produces the 366 

largest value of V, which was different for different road ages.  Figure 7 shows that there is a 367 

significant reduction in runoff volume associated with an increase in road cracking of around 368 

40% in the first year of a pavement’s life. 369 

 370 

6.2 Results 371 

The impact of this reduction in runoff volume on the volume of storage required to attenuate 372 

surface water on a development site was assessed by first defining an outflow rate from the 373 

catchment.  A constant discharge rate equal to the mean annual maximum flood representing 374 

greenfield runoff rate, QBARRURAL, for the catchment area was considered appropriate to use for 375 

this simple model.  QBARRURAL was calculated using the IH 124 method (Institute of Hydrology, 376 

1994): 377 

 378 

𝑄𝐵𝐴𝑅𝑅𝑈𝑅𝐴𝐿  =  0.00108 ×  (0.01 ×  𝐴𝐶𝐴𝑇𝐶𝐻)0.89  ×  𝑆𝐴𝐴𝑅1.17  ×  𝑆𝑃𝑅2.17 [7] 379 

 380 

where QBARRURAL is greenfield runoff rate (m3/s), ACATCH is the catchment area (hectares), 381 

SAAR is standard annual average rainfall (mm) and SPR is standard percentage runoff.  As the 382 

catchment area in this model is under 50 hectares, the IH 124 method was applied with 50 383 

hectares in the formula and linearly interpolated using the ratio of the catchment area to 50 384 

hectares (National SUDS Working Group, 2004).  A SAAR value of 819 mm and SPR value of 385 

0.37 were used in this model, representing conditions found in the geographical vicinity of where 386 

the field data was obtained in this study. 387 

 388 

The total outflow volume, VD, from the storage structure calculated as follows: 389 
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 390 

  𝑉𝐷 = 𝐷 𝑄𝐵𝐴𝑅𝑅𝑈𝑅𝐴𝐿          [8] 391 

 392 

The preliminary sizing of a surface water storage structure can be derived by using the 393 

difference between the inflow (runoff volume, V) into the storage structure and the outflow 394 

(discharge volume, VD): 395 

𝑉𝑆 = 𝑉 − 𝑉𝐷     [9] 396 

 397 

where VS is the storage volume required. 398 

 399 

The percentage reduction in VS required from the value for the intact road surface was plotted in 400 

Figure 8 against pavement age for DVOL for each year.   401 

 402 

FIGURE 8 403 

 404 

The results in Figure 8 show that, as for the runoff volume, there is significant reduction in 405 

storage volume required of around 40% in the first year of a road’s life when considering 406 

infiltration through cracks.  Note that the values of runoff and storage volumes are directly 407 

related as the outflow volume for each storm duration does not change over time; thus Figures 7 408 

and 8 show identical relationships. 409 

 410 

 6.3 Discussion 411 

This reduction in volume of storage could represent both material and cost savings and a simple 412 

calculation has been undertaken to assess this impact.  Cost estimates were based on a study 413 

by Stovin and Swan (2007), which reported that a standard reinforced concrete storage tank 414 

costs between £448.50/m3 and £518.29/m3 to construct, leading to cost savings for the 415 

catchment area defined in this model of between £5,582 and £6,451 (40% of the original price) 416 

if the drainage system were to be designed to a one-year-old road, rather than assumed to be 417 

completely intact. 418 

 419 
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This then allows the cost savings for new housing developments to be assessed on a wider 420 

scale.  The road catchment area of 1000m2 used in this model can be assumed to represent the 421 

total impervious road area within a housing development of approximately 20 dwellings. In 422 

2016, 140,660 new homes were constructed in England (Department for Communities and 423 

Local Government, 2017).  A conservative assumption can be made that 50% of these 424 

developments are either served by roads of pervious construction, are flats or are single 425 

dwellings not requiring access roads.  Extrapolating the road catchment area of 1000m2 per 20 426 

houses, and applying the cost savings made by designing to a one-year-old road, this could 427 

represent cost savings to the construction industry of up to £20 million a year.  This model could 428 

be extended to wider infrastructure, such as trunk roads, and commercial and industrial 429 

developments, thereby further increasing the potential cost savings. 430 

 431 

By accounting for infiltration through cracks and thereby reducing storage tank sizes, a lower 432 

level of flood protection against storm events is provided.  Therefore, these runoff models 433 

should be used in conjunction with an assessment of the joint probability of design storm events 434 

occurring before the pavement has deteriorated to the condition to which the storage structures 435 

have been designed to. 436 

 437 

7. Conclusions 438 

The aim of this study was to investigate the influence of cracks in impervious surfaces on their 439 

hydrological behaviour, using in-situ testing and computerised image analysis.  The field 440 

infiltration tests have shown that cracks in impervious surfaces can allow water to infiltrate 441 

through them, with infiltration rates comparable to those found in sands and gravels (CIRIA, 442 

1996). 443 

 444 

Relationships between crack characteristics and infiltration rates were developed.  As the width 445 

and overall surface area of cracks, and thus percentage area cracked, increased, their 446 

infiltration capacity also increased, as anticipated.  Although a conclusive relationship between 447 

these parameters was not established, a general trend was determined from the test data.  The 448 

lack of definitive trend could be due to the factors which were unable to be controlled or 449 
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measured during the field tests and which may affect the infiltration capacity of the surface, such 450 

as amount and type of sediment within the crack, sub-surface pavement condition and 451 

underlying pavement construction and soil conditions.  Field tests in which some of these 452 

factors could be controlled or measured, such as those incorporating intrusive testing methods, 453 

could eliminate the influence of these factors.  A larger set of test data would also be beneficial 454 

to confirm the trend found in this study, especially in the range width between 0 mm and 2.5 455 

mm, area between 0 mm2 and 1000 mm2 and PAC between 0% and 0.75%. 456 

 457 

The infiltration rate to percentage area cracked relationship established in this study has been 458 

used in a simple inflow-outflow model to evaluate the effect of allowing for infiltration through 459 

impervious surfaces on hydrological models.  This model demonstrated that allowing for this 460 

increase in infiltration capacity could lead to a reduction in runoff volume and surface water 461 

storage volume of around 40% in the first year of a pavement’s life.  This reduction in volume of 462 

storage required represents significant cost savings to the construction industry when designing 463 

surface water storage structures for major development and infrastructure projects, or retrofitting 464 

SuDS to existing systems.  Based on several assumptions, this simple model has demonstrated 465 

that accounting for a greater proportion of rainfall being converted to infiltration on road surfaces 466 

which have previously been assumed to be impervious could lead to considerable cost savings 467 

for the construction industry in England, estimated here to be in the order of £20 million 468 

annually. 469 

 470 

Repeating the computerised process for each image was feasible for the relatively modest 471 

number of images analysed in this study.  However, in order to repeat on a larger scale an 472 

automated method of crack detection and characterisation would be advantageous.  Using field 473 

testing alongside improved image analysis techniques could help to develop a model of the 474 

amount infiltration through an impervious surface over its lifetime.  Using this model in 475 

conjunction with an assessment of the joint probability of design storm events and pavement 476 

deterioration could then aid in the development of more realistic rainfall-runoff models, which in 477 

turn leads to an improvement in surface water drainage system design.  It could also be used in 478 

the development of computer software which could automatically analyse images of pavements 479 
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and calculate the proportion of rainfall which will infiltrate, which could then be used to develop 480 

local runoff models. 481 

 482 
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Figure captions 543 

 544 

Figure 1. Schematic diagram of the infiltration test set-up 545 

Figure 2. Image of the in-situ infiltration test equipment 546 

Figure 3. Infiltration test data example: Test No. 3 – Graph of water level against time 547 

Figure 4. Infiltration rate against crack width 548 

Figure 5. Infiltration rate against crack area 549 

Figure 6. Infiltration rate against percentage area cracked  550 

Figure 7. Reduction in runoff volume due to infiltration through impervious surfaces over the 551 

lifetime of the pavement 552 

Figure 8. Reduction in storage volume due to infiltration through impervious surfaces over the 553 

lifetime of the pavement 554 

 555 

Table captions 556 

 557 

Table 1. Details of infiltration tests 558 

Table 2. Crack characteristics summary 559 

Table 3. Summary of regression models linking infiltration rate (IR) to crack characteristics  560 

 561 
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FIGURE 1 564 
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FIGURE 2 570 
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FIGURE 3 575 
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FIGURE 4 580 
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FIGURE 5 585 
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FIGURE 6 590 
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FIGURE 7 595 
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FIGURE 8 600 
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TABLE 1 606 

 607 

Table 1. Details of infiltration tests 608 

Test Number ID Number 
Date 

DD/MM/YY 
Notes 

Trial A 09.02.17 Trial – 30 minute test 

1 A 17.02.17 4 No. 30 minute tests 

2 B 19.02.17 
Aborted after pre-wet 

test 

3 A 24.02.17  

4 C 25.02.17  

5 D 07.03.17  

6 E 10.03.17  

7 F 11.03.17  

8 G 14.03.17  

 609 

  610 
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Table 2: Crack characteristics summary 611 

Test No. 

Overall 

Crack 

Area 

(mm2) 

Average 

Crack 

Width 

(mm) 

Crack 

Length 

(mm) 

Percentage 

area 

cracked 

(%) 

Infiltration 

Rate 

(mm/hr) 

Crack  

Trial 1121.995 3.39 331.352 1.34 18.00 

 

1 1217.215 3.63 335.294 1.45 11.81 

 

2 1480.646 4.47 331.519 1.76 15.46 

 

3 1379.37 3.88 355.525 1.64 15.49 

 

4 1450.32 4.37 331.761 1.73 24.57 

 

5 597.726 1.79 334.310 0.71 1.64 

 

6 1490.292 4.68 318.494 1.77 16.28 

 

7 970.187 2.84 341.776 1.16 16.98 

 

8 626.309 1.87 334.102 0.75 25.01 
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 612 

Table 3. Summary of regression models linking infiltration rate (IR) to crack characteristics 613 

Crack 

characteristics 

Regression 

model 

Range p-value 

Crack area (Ac) IR = 0.0125 AC  0 < AC< 1000 

mm2 

< 0.0001 

Width (W) IR = 4.1788 W 0 < W < 2.5 

mm 

< 0.0001 

Percentage area 

cracked (PAC)  

IR = 10.527 

PAC 

0.75 < PAC < 

1.77 % 

< 0.0001 

 614 
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