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Abstract  26 

Sinkholes induced by long-term internal erosion around defective sewer pipes have been 27 

widely reported. There is a need for an efficient method to understand the influence of pipe 28 

defects on internal erosion and ground settlement. This paper presents an approach to the 29 

investigation of erosion-induced ground settlement and the susceptibility of pipe bedding 30 

materials to internal erosion. A new and efficient erosion test apparatus is introduced, and 31 

aided by controlling most of the key influencing parameters. The corresponding ground 32 

displacement is tracked by image correlation based on particle image velocimetry (PIV). The 33 

basic parameters investigated are: (1) the process of cavity initiation and evolution, (2) the 34 

rate of soil loss, (3) the gradation of eroded soil, (4) the corresponding ground displacement. 35 

The results indicate that particles less than 0.3 mm are highly vulnerable to erosion through 5 36 

mm openings of embedment material with a maximum particle size of 4.75 mm. The 37 

proposed method is beneficial, since it allows measurement of the deformation at any time 38 

and at any location throughout the test and facilitates    checking the resistance to erosion of 39 

pipe embedment materials.  40 

  41 

Keywords: PIV, Sinkholes, Ground subsidence, Physical model, Pipe leakage, Sewer pipe 42 
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Introduction 51 

Over the last few decades, the frequency of sinkhole formation due to internal erosion around 52 

defective sewer pipes has increased (Weil 1995; Tohda and Hachiya 2005; Guo et al. 2013). 53 

Sewer pipes deteriorate with time, resulting in cracks, fractures and openings that allow soil 54 

in the vicinity to migrate into the pipe during ground water infiltration and instantaneous 55 

sewer exfiltration processes (Bertrand-Krajewski et al. 2006; Cardoso et al. 2006; Meguid 56 

and Dang 2009; Karpf et al. 2011). The continuation of this process over a prolonged period 57 

forms a cavity around the defect with an associated low-strength zone, which propagates 58 

towards the ground surface with groundwater fluctuation, finally causing a sinkhole (Zheng 59 

2007; Balkaya et al. 2012; Guo et al. 2013). Sinkholes represent a substantial economic loss, 60 

as they can initiate a series of catastrophic events including interruption to buried service 61 

lines (water, cable, electric, gasoline, and telephone), disruption to traffic, contamination of 62 

nearby natural water bodies by sewer overflow, sewer overflow in residences upstream, 63 

damage to highway profiles and sometimes human fatalities (Galve et al. 2012). Furthermore, 64 

soil erosion from the vicinity of the pipe causes a loss of support from the surrounding soil to 65 

the pipe, which may completely lose its structural integrity and break (Abraham and 66 

Wirahadikusumah 1999; Moore 2008; Balkaya et al. 2012). In addition, soil and ground 67 

water flow into sewer pipes through defects increases the operating cost of wastewater 68 

treatment and pumping stations, especially in rainy seasons. For example, in Australia, 69 

ground water infiltration into waste water systems is 12% of the total collected flow (Institute 70 

of Public Works Engineers Australia 2010). 71 

Kuwano et al. (2006) reported that pipe defects significantly increased in pipes older than 25 72 

years and, importantly, many cities worldwide have a large percentage of pipes that are 25 73 

years or older. For example, in many German systems over 54% of the pipes are older than 74 

25 years and 24% are older than 50 years (Burn et al. 1999). In Australia, the systems are 75 
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generally newer, and a typical system has only 47% of pipes that exceed 25 years of age and 76 

13% older than 50 years (Burn et al. 1999). Therefore, pipe defects can be expected 77 

worldwide which can lead to life-threatening sinkholes, and it is very useful to be aware of 78 

the danger and to find suitable mitigation measures.  79 

This paper introduces a new experimental methodology utilising particle image velocimetry 80 

(PIV) to study the internal erosion process and void formation in the vicinity of pipe defects. 81 

A two-dimensional model ground with an opening at the base is used to represent a defective 82 

sewer and the influence of frequent exfiltration and infiltration of water through a pipe defect 83 

on sinkhole development was investigated.  84 

 85 

Soil Migration through Pipe Defects and Influencing Parameters 86 

Several researchers have studied the mechanism of soil erosion through pipe defects and a 87 

number of parameters have been identified as potentially significant. These include the width 88 

of the defect in a sewer, the particle size distribution, the plasticity and density of backfilling 89 

material, fluctuation of the groundwater table, ground water infiltration and sewer exfiltration 90 

through the defect (Rogers 1986; Fenner 1991; Otani et al. 2000; Mukunoki et al. 2006; 91 

Mukunoki et al. 2007; Sato and Kuwano 2008; Mukunoki et al. 2009; Renuka and Kuwano 92 

2011; Kuwano et al. 2012; Mukunoki et al. 2012; Guo et al. 2013; Sato and Kuwano 2013; 93 

Sato and Kuwano 2015a, b).  94 

Defect size (crack width) is a crucial factor affecting the scale of soil loss (Mukunoki et al. 95 

2012). Specifically, a relationship has been proposed between soil loss and the ratio of B/ D85 96 

for fine sand and gravels under one-way flow, where D85 is the size of sieve through which 97 

85% by weight of a soil sample will pass and B is the crack width (Rogers 1986). A critical 98 

crack width for continuous migration of soil was expressed as 2.5D85 to 4.5D85. More 99 

recently, Mukunoki et al. (2012) presented the critical crack width (B) for the cyclic 100 
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behaviour of water inflow and drainage for a similar type of soil as 5.9Dmax, where Dmax is the 101 

maximum particle size. Both relationships confirm that soil loss is critical when the crack 102 

width exceeds the maximum particle size.  103 

Another key factor that controls the rate and volume of soil loss is the internal stability of the 104 

soil. This factor has been extensively studied (Istomina 1957; Kenney and Lau 1985; 105 

Burenkova 1993; Chang and Zhang 2013). Summarising these findings, Chang and Zhang 106 

(2013) revealed that internal stability depends on geometric conditions (i.e., grain size and its 107 

distribution, pore size and distribution), hydraulic conditions (i.e., hydraulic gradient, 108 

moisture content, flow velocity and flow direction) and mechanical conditions of the ground 109 

(i.e., compaction effort and apparent cohesion).  110 

A number of studies have also suggested that a high relative density provides a massive 111 

advantage against soil loss and cavity propagation in granular material (Sato and Kuwano 112 

2008; Renuka 2012). However, Rogers (1986) and Benahmed and Bonelli (2012) proposed 113 

that the relative density has no significant influence on the erosion resistance of clay material, 114 

but a high percentage of clay in the soil and a low moisture content of the soil do enhance 115 

erosion resistance. 116 

The extent to which soil migration occurs also depends on the type of bedding used around 117 

the pipe. It is well known that if granular material surrounds a pipe, water movement is easier 118 

in the bedding and this may wash fines out of the surrounding backfill. As a result most 119 

specifications (Water Services Association Australia 2002) indicate that migration of fines 120 

into the bedding zone from the backfill must be prevented by surrounding the bedding 121 

material with a geotextile. Furthermore, Fenner (1991) investigated the mechanism of soil 122 

migration in different types of pipe beddings specified by the British Standards Institution 123 

(1987) and recommended class-F bedding (Flatbed) over Class-S bedding (pipe fully 124 

surrounded by granular material) based on the soil loss and the ground settlement.  125 
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Possible methods of minimizing the occurrence of sinkholes are either: (1) avoid the 126 

development of pipe defects (Davies et al. 2001), (2) enhance the internal stability of pipe 127 

embedment material against internal erosion (Sato and Kuwano 2008) or (3) detect  cavities 128 

early by regular geophysical surveys such as ground penetrating radar (GPR) (El-Qady et al. 129 

2005). Of these options, the second is highly effective, since it can be achieved without any 130 

additional construction or maintenance cost.  131 

 132 

Review of Previous Erosion Apparatuses for Soil Erosion through Pipe Defects 133 

A number of studies have investigated the behaviour of soil flow through defective sewers 134 

using experimental procedures (Rogers 1986; Kuwano et al. 2006; Mukunoki et al. 2009; 135 

Sato and Kuwano 2010; Guo et al. 2013). The key features and capabilities of these previous 136 

experimental set-ups are discussed in this section.  137 

Controlled crack width is necessary for the apparatus since it is important to identify the 138 

critical crack size for a particular soil type. Rogers (1986) developed two different test 139 

apparatuses ( small and large) to determine the rate of soil loss. In the small apparatus, the 140 

crack width is gradually increased during infiltration to achieve the onset of soil migration. 141 

However, in reality, internal erosion is a chronic phenomenon and crack width changes very 142 

slowly. Hence, the findings can be misleading. This issue was then considered in the large 143 

apparatus by introducing an actual defective pipe into the model ground. However, 144 

conducting experiments with different pipe sizes and crack widths requires changing the pipe 145 

in the experimental setup. This is expected to be a difficult process and may cause failure in 146 

the setup such as water leakage from wall-pipe interface connections. Mukunoki and 147 

colleagues (Mukunoki et al. 2006; Mukunoki et al. 2009; Mukunoki et al. 2012) introduced a 148 

cylindrical model tank with various crack widths and orientations, and, using this model, it 149 

was revealed that the orientation of the crack is not significant, but rather it is the crack width 150 
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and the area exposed to the ground that is important for soil loss. Other test approaches have 151 

often been based on a single crack width, either rectangular in shape (Mukunoki et al. 2006; 152 

Sato and Kuwano 2008; Renuka and Kuwano 2011; Kuwano et al. 2012; Sato and Kuwano 153 

2013) or a circular orifice (Guo et al. 2013).   154 

Sewer depth is also a crucial factor which determines the possibility of pipe defects and the 155 

scale of erosion (O’Reilly et al. 1989). The minimum and maximum cover required over 156 

sewers are specified by authorities, depending on the type of pipe and the application of 157 

ground surface (e.g. United States Department of the Interior 1996; Water Services 158 

Association Australia 2002; Drainage Services Department 2013). All of the above-159 

mentioned test methods are capable of controlling the surcharge either by means of 160 

compressed air (Mukunoki et al. 2006; Mukunoki et al. 2009; Mukunoki et al. 2012; Ke and 161 

Takahashi 2014), water (Rogers 1986; Guo et al. 2013) or by surcharge weights (Sato and 162 

Kuwano 2008; Renuka and Kuwano 2011; Sato and Kuwano 2013). While accurate and 163 

uniform pressure can be achieved with compressed air using a pressurised air bladder 164 

(Brachman et al. 2000, 2001), it is challenging to use pressurised air bladder in a  small 165 

model tank due to boundary constraints. The problem with a latex bag filled with water is the 166 

danger of leakage caused by sudden damage and the difficulty of representing larger values 167 

of surcharges.  168 

Controlled seepage is another essential requirement to ensure that the most of the actual 169 

ground issues are simulated by the apparatus. Soil loss into defective sewers is possible either 170 

by ground water infiltration or sewer exfiltration (cyclic flow), due to temporary variations in 171 

the sewer system. Most of the previously-introduced methods have been designed for both 172 

monotonic and reversed flow conditions (Rogers 1986; Mukunoki et al. 2006; Mukunoki et 173 

al. 2007; Sato and Kuwano 2008; Mukunoki et al. 2009; Renuka and Kuwano 2011; 174 

Mukunoki et al. 2012; Sato and Kuwano 2013). 175 
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Apart from the flow direction, a controlled flow rate is also essential to maintain a similar 176 

hydraulic pressure throughout the test and to accurately predict the volume of the total water 177 

flow. Earlier studies used a fixed volume of water inflow per cycle or per test (i.e. head is not 178 

constant), whereas later studies used a constant-water-head tank to achieve a constant flow 179 

rate throughout the test. One common issue with the constant-water-head tank is the 180 

dissolution of air which flows into the model tank through the main supply when the full flow 181 

is not maintained (Kenney and Lau 1985). The same can be observed at the flow outlet which 182 

disturbs the surrounding ground close to the entrance. Therefore, full flow in both the main 183 

feeding pipe and the outflow pipe is advised to minimise disturbance by aeration. This can be 184 

further reduced by introducing a porous plate to the base of the tank, which reduces the 185 

turbulence caused by inflow or outflow.   186 

Most of the apparatuses described previously were designed to collect the eroded mass by flat 187 

end, box type devices connected to the pipe defect. Nevertheless, eroded soil particles can 188 

easily clog at the flat base or around the surface of tube-shaped devices, leading to incorrect 189 

measurement of soil loss corresponding to each cycle. To overcome this issue, Indraratna et 190 

al. (1996) proposed a device with a conical base which increased the accuracy of 191 

measurements.  192 

Displacement tracking close to the ground surface is an essential requirement, since it is very 193 

useful in understanding the extent of the impact on structures. Installing displacement 194 

transducers into the model ground may disturb the soil migration patterns, as the transducers 195 

have a reinforcing effect on the soil (Ng et al. 2002). Moreover, it is hard to achieve a 196 

deformation profile with a higher resolution, since it requires a greater number of sensors, 197 

which makes the disturbance even greater. Therefore, there remains a need for an effective 198 

method for non-intrusive displacement tracking around defective sewers.  199 
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Based on this review of previous test approaches, the crucial features required for an effective 200 

erosion test apparatus can be identified. An effective approach should be able to: (1) control 201 

the seepage direction, flow rate, crack width and surcharge, (2) minimise the scale and 202 

boundary effects, (3) track the ground deformation close to the defective pipe and the ground 203 

surface, (4) measure the eroded soil mass and analyse the particle size distribution, (5) 204 

identify the extent of loosening, (6) measure the properties of eroded mass and (7) minimise 205 

sidewall leakage. At present, there is no single apparatus that has been designed considering 206 

all above features. Therefore, after carefully reviewing the strengths and weaknesses of 207 

previous methods, an economic, convenient, repeatable and accurate methodology was 208 

designed, as described in the next section.  209 

 210 

Proposed Erosion Test Apparatus  211 

This study introduces a new approach to the investigation of the erosion susceptibility of pipe 212 

embedment materials and the related ground deformation induced by defective sewers using a 213 

laboratory model test that closely simulates field conditions. A number of previous 214 

experimental approaches were carefully studied, and the disadvantages of these methods were 215 

clearly outlined and a new method was developed to address the primary concerns associated 216 

with these approaches.  217 

The new method directly investigates not only the characteristics of internal erosion through 218 

various sizes of pipe defects, but also the ground deformation around both the pipe defect and 219 

the ground surface at any stage of the process. However, the method is highly applicable for 220 

coarse-grained soil. A diagram and a photograph of the model apparatus are shown in Figure 221 

1 and Figure 2 respectively. The apparatus consists of six main parts (Figure 2): a central soil 222 

chamber, additional side chambers for excess water to develop uniform boundary conditions, 223 
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an eroded soil collection unit (Figure 3), a crack width control unit (Figure 4), a surcharge 224 

application unit and a constant-flow rate-control unit. 225 

In order to minimise the boundary issues with small-scale tests, the central soil chamber is 226 

designed to be 800 mm long, 400 mm high, and 100 mm wide. The sidewalls are fabricated 227 

with 12 mm thick clear acrylic plates, which are stiff enough not to deflect laterally and thus 228 

at-rest lateral earth pressure is expected to be generated within the soil (Brachman et al. 229 

2000). The front and back wall are permanently glued to other cross walls to avoid 230 

unnecessary water leakage, and transparent walls allow observation of the internal erosion 231 

and settlement from outside. To assist with the control of subsequent layers during model 232 

preparation, horizontal lines are marked on both sides of the wall at 50 mm intervals. In 233 

addition, vertical lines at 50 mm intervals are marked to assist image analysis by following a 234 

grid of 50 mm x 50 mm on each wall. Two side chambers 60 mm in length, 400 mm in height 235 

and 100 mm in width are provided on either side of the soil chamber, which is separated from 236 

the main chamber by vertical perforated walls. These perforated walls permit water from the 237 

main soil chamber to seep into side chambers without carrying soil particles. Therefore, a 238 

more precise simulation of real ground condition is achieved by extending the ground-water 239 

table in either direction.  240 

A 100 mm diameter circular shaped interchangeable plate is placed at the base to facilitate 241 

the change of crack width by replacing the plate with the required size of crack. The top 242 

surface of this interchangeable plate with the opening is then fixed level with the base of the 243 

soil chamber and this allows the representation of a pipe defect close to its crown. This crack 244 

width control unit and eroded soil collection unit are assembled as a single unit. The 245 

maximum diameter of the conical shape eroded soil collection device is exactly harmonized 246 

with the interchangeable crack width plate which is placed over it and screwed to the base 247 

plate of the tank as a unit (Figure 3). To ensure that no water or fine soil particles leak 248 
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through this connection, an O-ring is embedded along the circumference of the interface of 249 

the soil collection unit. A drainage plug is located at the lower end of the conical device 250 

which remains closed during water inflow and is opened when drainage is required.  251 

As explained in the previous section, to simulate the overburden pressure acting on a sewer 252 

pipe, it is advised to apply the surcharge by compressed air or water. However, utilising the 253 

best available resources, the required additional load is transferred to the ground by means of 254 

steel weights placed on a solid, horizontal timber plate placed on the ground surface.  Exactly 255 

half of the required load is suspended by steel rods connected to the loading plate and the rest 256 

is placed over it to reduce the impact on the acrylic walls of the tank. Steel plates are placed 257 

symmetrically from the centre of the tank and vertically aligned in order to achieve a uniform 258 

load distribution, assuming that the density of the timber plate and steel weights are 259 

uniformly distributed. Different sewer depth conditions can be simulated by changing the 260 

load.  261 

As a controlled flow rate is essential, a constant-head water tank was used in this study. To 262 

assist the proper function of the tank, the diameter of the main water inflow pipe from the 263 

water main, the overflow pipe and the constant-head outflow pipe from the tank is selected as 264 

5 mm, 10 mm and 4 mm, respectively. Relatively high stiff, clear pipes are used to ensure 265 

that the full flow is maintained in both the main water pipe and the outflow pipe. This also 266 

minimises the formation of air bubbles in the constant-head outflow pipe, since it can disturb 267 

the full flow condition and these air bubbles can clog around the potential pipe defect 268 

affecting the test results. In addition, the water flow rate is calibrated for the specific water 269 

head and volume is measured with time. 270 
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 271 

Figure 1: Schematic diagram of the proposed testing apparatus: (a) Front view; (b) Side view; 272 

(c) Bottom view 273 

 274 

 275 

Figure 2: Annotated image of the actual erosion test apparatus 276 
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 278 

Figure 3: Soil/Water Drainage Unit 279 

 280 

 281 

 282 

Figure 4: Interchangeable crack width plate 283 
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range of the particle size distribution of the Dromana sand and the approved embedment 294 

material type 360 and 361 in the Water Services Association guidelines (2002) is shown in 295 

Figure 5. Dromana sand consists of clean, coarse-grained, poorly-graded sand particles with 296 

angular and sub-angular shapes. It is light yellowish-brown in colour and is derived from 297 

brown granite, hence it is also known as granitic sand. Dromana sand can be classified as 298 

“SP” according to the Unified Soil Classification System (Corps of Engineers 1953). Other 299 

important engineering properties are given in Table 1. The material was prepared for testing 300 

by sieving through a 4.75 mm sieve to remove any larger particles and it was then oven-dried 301 

for 24 to 48 hours. 302 

 303 

 304 

Figure 5: Particle size distribution of Dromana sand 305 

 306 

Testing procedure  307 

This study was mainly intended to simulate the reversed flow condition corresponding to 308 
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the eroded soil collection unit was placed next to the crack width plate, as the crack width 313 

plate is eventually supported by this unit. The soil collection and drainage unit were then 314 

connected to the base plate of the tank with screws. In order to avoid initial soil loss through 315 

the opening during the preparation of the soil box, icing sugar was placed against the 316 

opening, which gradually dissolves when the first water cycle flows into the tank. Dromana 317 

sand with an optimum moisture content of 11% was then placed in the box and compacted to 318 

70% of relative density. An electric drum mixer was used to mix the soil uniformly without 319 

particle segregation. The soil was uniformly placed into the tank by the air-pluviation 320 

technique, as described in relative density tests by Standards Australia (1998), and compacted 321 

into 50 mm thick layers. The layer height was accurately controlled by horizontal lines 322 

marked on the front, back and side walls at intervals of 50 mm and also with the help of the 323 

tamper, which can control the maximum drop with respect to the top edge of the tank. The 324 

bonding between each layer was achieved by roughening the top surface of each layer of 325 

about 3 mm before proceeding to the next layer.  326 

Surcharge loads were then applied on the loading platform that was placed horizontally on 327 

the ground surface to simulate 7.5 kPa of vertical earth pressure on top, which developed 328 

around 14 kPa at the tank base. After preparing the model ground and applying the required 329 

surcharge, the model ground was left for 12 to 15 hours to remove any creep effect. The 330 

interface friction between the sidewall and the soil in such experiments is one of the 331 

boundary effects which needs to be eliminated or minimised (Tognon et al. 1999; Brachman 332 

et al. 2000, 2001). However, in this experiment, the friction effect was considered to be 333 

negligible, because the friction between the sand and the Perspex sidewall was deemed to be 334 

inconsequential. Liu et al. (2011) reported a friction angle of 14º for coarse sand on 335 

Plexiglass. Based on this value, the maximum interface friction generated at the bottom 336 

sidewall constitutes approximately 5% of the total overburden pressure, assuming a Poisson’s 337 
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ratio of 0.3 previously demonstrated for sand backfill in a laboratory model test (Brachman et 338 

al. 2001). The presence of water in this experiment probably reduced the interface friction 339 

well below 5%, as for most of the time the soil was saturated during the infiltration and 340 

exfiltration cyclic process. In addition, side wall friction has been considered insignificant in 341 

similar laboratory model tests in previous studies (Tsutsumi et al. 2010; Guo et al. 2013; Sato 342 

and Kuwano 2015a).  343 

 344 

For the present study, the experimental setup simulated a ground with a defective pipe 345 

containing a 5 mm wide, 60 mm long crack in the crown. Water passed into the model as a 346 

reversed flow pattern where the water was moved back and forth through the defect causing 347 

internal erosion. The initial rate of water inflow was maintained at 11 ml/s and the volume of 348 

water for each cycle was controlled by time. Although a constant head tank was used, the 349 

flow rate may have varied slightly throughout the test since the overall head difference is 350 

affected when the water level rises through the soil tank. The duration corresponding to each 351 

drainage cycle is given in Table 2. Water flow duration was kept constant for three 352 

consecutive cycles and then increased by 30 s. When the appropriate volume of water had 353 

passed into the model tank, the drainage valve was closed and the model was left for 2 354 

minutes to stabilize the water level followed by drainage. To avoid accelerated soil loss 355 

induced by suction in the drainage unit, pressure close to the crack was slowly released by a 356 

small valve before proceeding to complete drainage through the main plug. Subsequently, 357 

eroded soil and drained water in each cycle were collected in separate beakers and sieve 358 

analysis for each cycle was performed separately after the soil was dried in the oven.  359 

 360 

Particle Image Velocimetry (PIV) 361 

Image acquisition and correlation by PIV 362 
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The ground displacement corresponding to each drainage cycle was evaluated using image 363 

correlation. Specifically, two digital single-lens reflex cameras (DSLR) were arranged either 364 

side of the tank at a distance of 1500 mm from the tank, as shown in Figure 6. Setting the 365 

camera in close proximity to the object eventually causes perspective distortion in still 366 

images (Thielicke 2014). Therefore, a maximum possible distance of 1500 mm was chosen. 367 

Nikon D5100 and Nikon D5300 DSLR cameras were used in this study and both cameras 368 

included 23.6 x 15.6 mm, complementary metal–oxide–semiconductor (CMOS) sensors and 369 

an image resolution of 3696 x 2448 pixels was selected. The cameras and lenses were 370 

operated in manual mode to avoid relative movement between the lens and the object which 371 

can be expected in automatic mode while autofocussing. Images were acquired at an interval 372 

of 1 s using the interval timer option. In addition, two black screens were placed behind each 373 

camera to avoid reflection of surrounding objects on Perspex walls that could have triggered 374 

noises during image analysis.375 

 376 

Figure 6: Arrangement of the testing equipment 377 

 378 

The obtained images were analysed using PIVlab (Thielicke and Stamhuis 2014), a graphical 379 

user interface (GUI)-based open-source tool in MATLAB (The Mathworks Inc 2014). Images 380 

1000 mm 

1500 mm 

Model tank 

Camera 

Constant-head 

water tank 

Surcharge Black 

screen 

Black 

screen 

Page 17 of 105

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



Draft

were acquired in JPEG format and two sequential frames are defined as a pair. The ground 381 

displacement corresponding to each drainage cycle was evaluated in the vicinity of the pipe 382 

crack and also close to the top surface of the model ground. The correlation was assessed for 383 

each drainage cycle by considering an image pair. The first image was before water 384 

infiltration into the model ground and the second was after complete drainage of the same 385 

cycle. The horizontal and vertical velocity (u, v) corresponding to each test patch were 386 

calculated using PIVlab, which also allows the mean velocity of a user-defined area of the 387 

image to be obtained. Using this tool, the mean velocity corresponding to each 50 mm x 50 388 

mm grid on the model wall was obtained and hence, a displacement of each 50 mm thick 389 

horizontal layer was evaluated by multiplying each layer by the time gap between images. 390 

Finally, the cumulative displacement was obtained, cross-checked and the method was 391 

validated by determining the correlation between the first image of the first water cycle and 392 

the last image of the 19th cycle.  393 

Validation of PIV 394 

The reliability of displacements measured by the PIV technique was evaluated using a series 395 

of experiments by shifting the soil tank with a known displacement. The same tank filled with 396 

soil under similar conditions (soil type, moisture content, density, etc.) was vertically 397 

displaced at several small translation steps of 0.1 mm, 0.2 mm, 0. 5 mm and 1 mm, using a 398 

hydraulic jack. The true displacement of the tank was considered as the average of three 399 

linear variable differential transformers (LVDTs) mounted on the tank top, symmetrically at 400 

both corners and the centre.  Since there is no relative movement between the tank and the 401 

soil, the displacement evaluated by PIV can be considered as the soil displacement. 402 

Therefore, comparison of the true and evaluated displacement was used to assess the 403 

accuracy and precision of the proposed PIV method. 404 
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The image-space consisted of 3696 x 2448 pixels which correspond to 1.108 x 0.734 m in 405 

object-space. Each pixel represented 0.0003 m in object-space. An interrogation area of 128 x 406 

128 grids was used with a step width of 64 x 64 for image correlation. Accordingly, each 407 

image had 13, 294 data points and the vector distribution of every 5
th

 vector is given in 408 

Figure 7. For this paper, the accuracy and precision for a 1 mm step of movement are 409 

presented. When the true displacement of the tank is 1 mm, the PIV-based evaluated 410 

displacements for 13,294 data points were evaluated and the normalised distribution is given 411 

in Figure 8.  412 

The magnitude of the total error exists in two components as bias ( ɛ bias) and random ( ɛ rms) 413 

error (Raffel et al. 2007) as given in Equation 1 and 2. The bias error defines the trueness of 414 

the estimated displacement and the random error determines the precision of the estimated 415 

displacement (Thielicke 2014).  For this case, the bias error of 0.000149 mm and random 416 

error of 0.0297 mm is determined with the mean measurement for a total of 13 294 data 417 

points of 1.0068 mm. Therefore, considering the requirement of the suggested method, the 418 

accuracy of PIV analysis is sufficient and shows good agreement with the true displacement.    419 

����� =	 �	 	∑ ���
,�	��� −	�����        (1) 420 

���� = ��
	 	∑ (	���
�����	��� −	���
,�)�	        (2) 421 

where,  422 

���
– Displacement evaluated by PIV, �����– true displacement measured by LVDT and  423 

���
�����  – The mean displacement evaluated by PIV 424 

 425 
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 426 

Figure 7 Estimated displacement vectors for 1 mm translation (every 5
th

 vector is shown) 427 

 428 

 429 

Figure 8 Normalised distribution of estimated displacements in object -space corresponds to 1 430 

mm true displacement 431 
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Results and Discussion 433 

Process of cavity initiation and evolution  434 

The important stages of some selected drainage cycles (3, 4 and 12) are shown in Figure 9. 435 

Stage 1 is prior to water inflow and Stage 2 is the end of water inflow. Stages 3 and 4 436 

represent the end of water stabilisation (2 minutes from the 2nd step) and the end of water 437 

drainage, respectively. In Stages 2 and 3, the capillary force between soil particles is lost as 438 

the soil becomes saturated, and this action creates potential loosening areas in the soil model. 439 

Then, in Stage 4, the water runs towards the crack as the valve is opened. Therefore, particles 440 

near the crack are drained first and this was evident from the very first drainage cycle. When 441 

the water is draining the system, the capillary force begins to build up due to the decrease in 442 

the degree of saturation. The cavity is only developed during the third cycle when the 443 

effective stress in the most loosened zone becomes zero, as shown by the dotted circle in the 444 

3rd stage of Figure 9 (a).  445 

The initial cavity has a shape of a fan, with a slope on both sides and arching over the top, 446 

and this is shown by the dotted circle in Figure 9. A similar shape was observed in the 447 

laboratory model test conducted by Sato and Kuwano (2010) to investigate the erosion rate 448 

when an underground structure is close to a defective pipe. The cavity size becomes greater 449 

with the number of cycles. However, the propagation of the cavity towards the model ground 450 

is dependent on other factors, such as the height between the existing cavity ceiling and the 451 

model base (Hcc) before water release and the maximum recorded height of the water level 452 

(Hmax). Table 3 presents the measured Hcc and Hmax corresponding to each drainage cycle. It 453 

was clearly noted that for cavity propagation to take place, the volume of subsequent water 454 

cycles must be larger than the previous one. It is essential for the water table to rise above the 455 

cavity to saturate the soil at the upper extent of the cavity. Table 3 depicts that, whenever the 456 

Hmax exceeds Hcc, the existing cavity loses its stability, changes its shape and propagates 457 
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further upwards. This can be observed in Figure 9 (b) and (c) which show the cavity 458 

propagation for the 4th and 12th drainage cycles. During the fourth cycle, water perturbation 459 

exceeds the upper extent of the cavity, making the cavity unstable and triggering it to move 460 

upwards. Conversely, in cycle number 12, the cavity is stable, because the water level does 461 

not exceed the upper extent of the cavity.  462 

 463 

Figure 9: Stages of cavity evolution: (a) 3rd drainage cycle, (b) 4th drainage cycle, (c) 12th 464 

drainage cycle 465 

 466 

Rate of soil loss and grading of the eroded soil 467 

The individual and accumulated dry weights of the eroded soil corresponding to each 468 

drainage cycle are shown in Figure 10. As illustrated in Table 2, the volume of water inflow 469 

was increased after every three consecutive cycles. Therefore, an increment in the eroded soil 470 

mass can be expected for the 4th, 7th, 10th, 13th, 16th and 19th cycles. However, inspection 471 

of Figure 10 indicates that peaks of soil loss were recorded in cycles 3, 5, 7, 8, 12 and 19. A 472 

comparison of Table 2 and Figure 10 shows that it is hard to identify a direct relationship 473 

between the eroded mass in terms of Hcc and Hmax. However, it seems that Hmax/Hcc is always 474 
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greater than or equal to one for cycles with the highest eroded mass, with the exception of 475 

cycle 12.  476 

 477 

Figure 10:  Eroded soil mass in each drainage cycle 478 

 479 

The particle size distribution of the eroded dry mass of soil was obtained for each individual 480 

cycle. The measured soil mass corresponding to each range of grain size is plotted in Figure 481 

11 against the expected mass, which was calculated based on the original grain size 482 

distribution of the material (Figure 5). It is evident from Figure 11 that, compared to the 483 

original material, there is a higher percentage of particles which are smaller than 0.3 mm in 484 

the eroded mass and this size of particle is highly susceptible to erosion. In comparison the 485 

0.3 to 1.18 mm particle range seems to have higher erosion resistance, while the 1.18 to 4.75 486 

mm range follows the original grain size distribution closely.  487 
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 488 

Figure 11: Grain size of eroded mass 489 

Particle movement tracking with PIV 490 

Particle movement tracking corresponding to each stage of the cycle was possible using PIV 491 

analysis. Velocity profiles for the 1st and 2nd stages of cycle 4 are presented in Figure 12 as 492 

examples. The saturated area close to the water inlet had a monotone colour due to the 493 

presence of a greater amount of water and, therefore, deformation in that region is difficult to 494 

track using this method. Figure 12 shows that significant particle settlement occurred in the 495 

upper layers not only during the drainage period but also during the period of water inflow. 496 

The downward arrows refer to the soil particles moving downward from the original position. 497 

Therefore, the method permits the identification of the flow path and the area affected by 498 

large deformation.  499 
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Figure 12: Velocity profile for 4th cycle: (a) During Stage 2 and 3, (b) During Stage 4 502 

 503 

Evaluation of vertical deformation 504 

Using PIVlab, the horizontal and vertical component of the velocity for each test patch was 505 

obtained. This method creates a high vector resolution (vectors per unit area) within the 506 

image. To simplify the interpretation of the deformation profile in model space, the area-507 

mean velocity of a 50 x 50 mm
2
 area in the model space (see Figure 13 (a)) was considered. 508 

Only the vertical component of the mean velocity vector of each 50 x 50 mm
2
 was calculated 509 

and downward movement was considered as settlement. The displacement distribution in 510 

model space is plotted in Figure 13 (b) – (d), based on the mean area velocities calculated 511 

above. 512 

Inspection of Figure 13 (b) reveals that the settlement for all the layers in the 1st cycle had 513 

similar trends in the central region, which is located over the pipe defect. As shown in Figure 514 

12, the initial cavity was formed during the 3rd cycle close to the top edge of the 2nd layer. 515 

Therefore, the settlement of the middle part of the 4th layer of the 3rd cycle was increased 516 

and deviated from the rest of the layers, as shown in Figure 13 (c). This trend is clearly 517 

illustrated in the 4th cycle (Figure 13 (d)) as the cavity was further propagated upwards and 518 

the influence on the 4th layer was greater than that on the 3rd cycle. The settlement of the 8th 519 

layer was almost uniform, but closer to the left and right boundaries. At these two extreme 520 

ends, the highest displacement was always recorded in the 8th layer and the displacement was 521 

gradually decreased with the depth. This trend could be due to the boundary effects and 522 

differential stress distribution of externally-applied overburden pressure.  523 

To more fully understand the influence of cavity depth on ground surface displacement 524 

troughs, the difference in the deformation behaviour close to the cavity and close to the 525 

ground surface were considered. Individual and cumulative displacements over the pipe 526 
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defect at the 4th, 5th, 6th, 7th and 8th layers for all nineteen cycles are plotted in Figure 14. It 527 

can be clearly seen in Figure 14 that each time the period of water inflow is increased after 528 

three consecutive cycles, the recorded layer displacement increased for those cycles, although 529 

comparatively higher settlements were observed during the first five cycles. This may be due 530 

to the initial cavity formation, rapid cavity transformation, and propagation during the 3rd to 531 

5th cycles. In addition, for the first few cycles, when the water enters the tank, the degree of 532 

saturation is increased in the lower layers and hence, settlement occurs throughout the layers 533 

due to the reduction of the pore water pressure which reduces the apparent cohesion of the 534 

partially saturated ground.  Since the 4th and 5th layers are affected by erosion in the 8th and 535 

13th cycles, layer 4 and 5 were discontinued for the rest of the cycles in the plot cycle.  536 

Ground settlement troughs due to ground arching similar to Figure 13  have been observed in 537 

the past using physical and analytical modeling of active trapdoor systems (Terzaghi 1936; 538 

Stone and Wood 1992; Ono and Yamada 1993; Santichaianaint 2002; Costa et al. 2009). 539 

Most previous studies used trap-door tests in dry granular material or clay where the soil had 540 

no opportunity to escape through the trap door. In most cases, soil flows under gravity due to 541 

the loss of support and settlement is a function of trap-door width, the distance of trap-door 542 

movement and the shear strength of the soil. As in this study, settlement is induced by the 543 

water flow and the scale of the settlement is affected by both the hydraulic conditions and the 544 

crack width configurations (Rogers 1986; Mukunoki et al. 2009).  545 
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 546 

Figure 13: Vertical settlement of the model ground at different layers; (a) Defined grid 547 

distribution in model tank; (b) Settlement for cycle 1; (c) Settlement for cycle 3; (d) 548 

Settlement for cycle 4 549 
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 550 

Figure 14: Cumulative and individual settlement of layers along the central vertical line 551 

 552 

Summary  553 

Previous research has documented the effects of defective sewer pipes in the development of 554 

localised sinkholes and the associated consequences. However, these studies have either been 555 

qualitative or focused primarily on the internal stability of the cavity and the ground 556 

displacement in the vicinity of the pipe has not been addressed in detail. During the process 557 

of sinkhole development/formation, the surrounding ground is always subjected to gradual 558 

deformation prior to surface subsidence. Therefore, a reliable method that can describe the 559 

effect of pipe defects and associated internal erosion on ground displacement is essential. In 560 

this study, an efficient internal erosion test apparatus utilising the PIV technique, is 561 

introduced. This technique is capable of directly investigating the eroded soil mass and 562 

graduation under consecutive drainage cycles while monitoring the ground displacement at a 563 

higher resolution than can be achieved using displacement transducers. Preliminary 564 

experiments were performed using a poorly-graded sand which is compatible with a sewer 565 
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pipe bedding material approved by Australian standards (Standards Australia 2002). Soil loss 566 

and the displacement induced by consecutive exfiltration and infiltration through pipe defects 567 

were evaluated based on the laboratory model test results. Images were acquired from both 568 

sides of the apparatus throughout the experiment and the displacement field was generated 569 

based on PIV.   570 

Although the proposed method is convenient and economical, the testing apparatus showed 571 

some limitations, particularly due to skin friction in the first few cycles. As explained in the 572 

previous section, the friction effect is minimal in this particular experimental set-up. 573 

However, complete elimination of the friction effect will improve the test results. The best 574 

option to eliminate the friction would be to apply a lubricant between two polyethylene sheets 575 

inserted between the side wall and the soil (Fang et al. 2004). However, this approach will 576 

affect the images taken for PIV analysis due to reflections of light through multiple objects.  577 

The other limitation is that the proposed apparatus is not designed to simulate pipe defects at 578 

the invert of the pipes. However, it can be easily modified to study various types of pipe 579 

defects.   580 

Conclusions 581 

The results are promising and the following is a summary of the conclusions. 582 

• The measured displacement of subsequent layers resting on the pipe was more or less 583 

constant above the pipe defect prior to cavity formation. With the entry of water into 584 

the model tank, the soil around the defective pipe was saturated and easily migrated 585 

into the pipe through the drainage process due to the loss of effective stress. 586 

Therefore, a void was formed after a few cycles and a sudden settlement was 587 

observed in the area resting on the cavity roof.  588 
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• Vertical settlement troughs of soil parallel to the pipe were observed due to ground 589 

arching effects and had a cone-shaped distribution that had the maximum 590 

displacement exactly above the pipe defect. 591 

• The soil resting above the water table is partially saturated and the effective stresses 592 

are higher due to negative pore pressure. Therefore, the cavity ceiling is capable of 593 

spanning by itself unless the pipe defect is severe. However, submerged cavities are 594 

not stable since saturation of soil decreases the apparent cohesion, which reduces the 595 

effective stress. If the cavity ceiling is located above the water table, the cavity is 596 

stable and failure is accompanied by submerging the cavity.  597 

• Post-erosion analysis indicated that particles less than 0.3 mm are highly susceptible 598 

to erosion through a 5 mm wide pipe defect. 599 

• The PIV technique was effectively implemented in this study to evaluate the failure 600 

mechanism due to soil migration near to and far from a pipe defect. Ground 601 

displacement troughs due to arching effects can be evaluated at any place and at any 602 

stage of the testing process based on image correlation. As an added advantage, this 603 

also allows effective tracking of the seepage and drainage path, which is very 604 

beneficial for understanding the impact of seepage and drainage path on cavity 605 

progression. The suggested approach provides important information to review the 606 

suitability of pipe bedding materials against internal erosion through defective pipes. 607 

The method is designed with minimal resources and can be easily implemented for 608 

granular soil.  609 

For future work, the relationship between the crack width and the maximum particle size of 610 

the backfill will be studied for a number of Australian pipe embedment materials and the 611 

susceptibility to erosion will be compared.  In addition, an analytical solution which can 612 

explain soil erosion-induced cavity development due to water inflow and soil drainage will be 613 
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proposed. The combination of those results would facilitate the understanding of the 614 

suitability of pipe embankment materials against internal erosion-induced problems.  615 

 616 
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 811 

Tables 812 

Table 1: Basic engineering properties of Dromana sand 813 

Property Value 

Coefficient of uniformity, Cu 3.93 

Coefficient of curvature, Cc 1.016 

Maximum particle size, Dmax (mm) 4.75  

Maximum void ratio, emax 0.96 

Minimum void ratio, emin 0.59 

Specific gravity, Gs 2.52 

Fines content, Fc (%) 0.64  

Optimum moisture content (%) 11 

Maximum (standard proctor) dry 

density (kg/m
3
) 

1931  

 814 

Table 2: Duration and total volume of water inflow 815 

Cycle No Duration of inflow (s) Water inflow (ml) 

1, 2, 3 30 330 

4, 5, 6 60 660 

7, 8, 9 90 990 
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10, 11, 12 120 1320 

13, 14, 15 150 1650 

16, 17, 18 180 1980 

19 210 2310 

 816 

 817 

Table 3: Stability of cavity with respect to maximum water rise 818 

Cycle 

No 

Hcc (mm) Hmax (mm) Hmax > Hcc Stability of the existing cavity 

1  - 6.0 No  - 

2  - 8.3 No  - 

3  - 10.9 No   

4 10.3 14.5 Yes No 

5 14.5 17.4 Yes No 

6 16.9 17.8 Yes No 

7 17.6 19.8 Yes No 

8 19.6 19.7 Coincides  Yes 

9 19.6 19.7 Coincides  Yes 

10 19.4 21.4 Yes No 

11 20.5 20.7 No Yes 

12 20.6 20.7 No Yes 

13 20.4 22.2 Yes No 

14 23.7 21.4 No Yes 

15 23.7 21.4 No Yes 
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16 23.9 23.0 No Yes 

17 23.8 23.2 No Yes 

18 23.6 23.1 No Yes 

19 23.7 24.9 Yes No 

Hcc =  Height between existing cavity ceiling and tank base;  Hmax =  Maximum 

water level 

 819 

 820 

Figure captions  821 

Figure 1. Schematic diagram of proposed testing apparatus: (a) Front view; (b) Side view; (c) 822 

Bottom view  823 

Figure 2. Annotated image of actual erosion test apparatus 824 

Figure 3. Soil/Water Drainage Unit 825 

Figure 4. Interchangeable crack width plate 826 

Figure 5. Particle size distribution of Dromana sand 827 

Figure 6. Arrangement of testing equipment 828 

Figure 7. Estimated displacement vectors for 1 mm translation (every 5
th

 vector is shown) 829 

Figure 8. Normalised distribution of estimated displacements in object -space corresponds to 830 

1 mm true displacement  831 

Figure 9. Stages of cavity evolution: (a) 3
rd

 drainage cycle, (b) 4
th

 drainage cycle, (c) 12
th 

832 

drainage cycle 833 

Figure 10. Eroded soil mass in each drainage cycle 834 

Figure 11. Grain size of eroded mass 835 
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Figure 12. Velocity profile for 4th drainage cycle: (a) During stage 2 and 3, (b) During stage 836 

4 837 

Figure 13. Vertical settlement of model ground at different layers; (a) Defined grid 838 

distribution in model tank; (b) Settlement for cycle 1; (c) Settlement for cycle 3; (d) 839 

Settlement for cycle 4 840 

Figure 14. Cumulative and individual settlement of layers along the central vertical line 841 

 842 

 843 

 844 

 845 
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