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Abstract  1 

This study is focused on the prediction of ice scour loads on a cohesionless seabed in saturated and 2 

dry conditions by means of reduced scale physical model testing. The influence of different soil 3 

parameters such as the soil permeability and the relative density have been studied in the laboratory 4 

under 1g conditions over a range of scouring depths, scouring widths and drifting velocities of an 5 

iceberg model. The effect of the drifting speed on the scouring loads was found to be important: a 6 

sandy seabed scoured by an iceberg with a mean drifting speed of 0.2 m/s can generate scour loads 7 

twice as large as the static loads at prototype scale. The methods used currently to predict ice scour 8 

loads consider only the static loads under drained conditions, lower bound, even though some of the 9 

methods have been calibrated or compared against experimental results under saturated conditions. 10 

In order to calculate the upper bound of the scour loads, the model described in this paper is proposed, 11 

which takes into account the undrained (or partly-undrained) responds of a sandy seabed. 12 

Introduction  13 

Marine structures such as subsea pipelines are at risk of being damaged by deep iceberg-keels. The 14 

ice scour process begins when a floating ice mass with a deep keel is driven into shallow water by 15 

environmental forces such as winds, water currents and waves. After contact with the seabed, the ice 16 

continues to scour until the initial kinetic energy and the work done by driving forces is dissipated 17 

through the work done on the seabed, or until the soil resistance exceeds the strength of the ice keel. 18 

In this latter scenario, the ice feature can continue to scour the seabed but it is likely that the part of 19 

the ice feature in contact with the seabed will experience substantial modifications in shape 20 

(Woodworth-Lynas et al., 1991), a process also known as keel degradation. In either case, the scouring 21 

loads have to be determined and the accuracy of the model chosen to predict the maximum scouring 22 

depth will be dictated, partly, by the accuracy of the predicted scouring loads. An ice feature also has 23 

the ability to pitch and heave as indicated in Figure 1. It is also known that during the movement of an 24 

iceberg, the soil below will displace horizontally and vertically, a process known as sub-gouge 25 

deformation, as reported previously by Been et al. (1990) (Figure 1). 26 

 27 

Figure 1. General schematic representation of the ice gouging process. FW: wind, FC: water current, F: seabed 28 
resistance, FG: weight, FB: ice buoyancy, Fi: inertial force. 29 
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 30 

Barrette and Sudom (2012) compiled a database which consists of 487 physical scour simulations from 31 

28 different studies. General information about the test facility, soil and keel type, test conditions and 32 

results are outlined. The database can be utilized to determine if and how any given parameter has 33 

been addressed in previous studies, and whether a knowledge gap exist. For example, the keel 34 

displacement rate, or drifting speed, has received little attention in the past. In the recent years, an 35 

important contribution towards improving the understanding of the ice gouging process and the 36 

interaction with the seabed and subsea structures has been made in the recent years (e.g. Been et al., 37 

2013; Eltaher, 2014; Liferov et al., 2014; Paulin et al., 2014). For example, Paulin et al. (2014) discuss 38 

the issues and challenges surrounding pipeline trenching and burial in ice gouge environments. It is 39 

highlighted that for areas that experience relatively deep ice gouging depths (up to 5 m), burial depth 40 

requirements will exceed the capability of current pipeline burial technologies. Been et al. (2013) 41 

presented a design process for buried pipelines in ice scour environments and Liferov et al. (2014) 42 

developed a numerical model to assess the pipeline response to ice gouging. In this latter study, the 43 

importance of the geotechnical conditions and the rake angle, obtaining deeper gouges with steeper 44 

rake angles or weaker soils was discussed. 45 

An overall perspective of ice-gouging issues is discussed elsewhere e.g., King (2011), Barrete (2011). A 46 

number of physical modelling studies have been undertaken to investigate the ice scour process either 47 

through small scale (e.g. Arnau and Ivanovic, 2015; Kioka et al., 2000; Abdelnour and Graham, 1984; 48 

Barker and Timco, 2002), large scale (e.g. Peek et al., 2013; Liferov and Høyland, 2004) or centrifuge 49 

tests (e.g. Yang, 2009; Hynes, 1998; Allersma and Schoonbeek, 2005; Phillips et al., 2005). A number 50 

of ice scour analytical models exist in the literature which attempt to explain the resistance forces 51 

associated with the movement of the iceberg while in contact with the seabed. These analytical 52 

models are used later to obtain a gouge depth distribution based on the strength of the iceberg keel, 53 

energy dissipation, iceberg geometry and soil properties; the most common models referenced are 54 

those developed by Been et al. (1990), PRISE model (Walter et al., 1998) and Croasdale et al. (2005), 55 

where the scouring event is treated as occurring before undrained conditions.  56 

Background 57 

Current methods for scouring load prediction 58 

The theory of kinematic boundary wedges described by Hettiaratchi and Reece (1975) has been 59 

implemented by other researchers to estimate the ice scour loads in drained conditions (e.g. Been et 60 

al., 1990b; Walter et al., 1998; Croasdale et al., 2005). All these models treat the ice scouring process 61 

as a drained event, even though the mean drifting speed of several icebergs around Grand Banks was 62 

found to be 0.22 m/s (Smith and Donaldson, 1987) which in combination with a low permeability 63 

seabed can develop undrained or party-undrained scouring conditions. The same methodology 64 

described by Hettiaratchi and Reece (1975) was used in the present study to calculate the scour loads 65 

in dry sand (Fstatic) and a detailed explanation of how to compute Fstatic for a range of iceberg geometries 66 

and soil properties can be found in Arnau and Ivanovic (2015) and Arnau (2017). Figure 2 shows the 67 

geometry of the soil failure mechanism created in front of an iceberg model with the frontal face 68 

inclined at an angle α = 150˚, for example. As can be observed, a kinematic wedge is represented in 69 

front of the frontal face of the model and a perfectly rough interface (line AB in Figure 2) is created 70 
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with a rake angle of (90˚-φcrit) as described by Hettiaratchi and Reece (1975). From this type of soil 71 

failure mechanism with kinematic wedges it is concluded that the basal shear component, the 72 

frictional force F2 generated at the base of the kinematic wedge in Figure 2, is the main contributor of 73 

the scour load in dry sand.  74 

 75 

Figure 2. Schematic Diagram of the iceberg soil model with the signs and conventions used in this present study. 76 
D: scour depth, d: height of sand accumulated in front of the model, B: scour width, α: rake angle, W: kinematic 77 
wedge, λ: soil-soil friction angle, ϕcrit: critical state friction angle, ϕ or ϕpeak: peak sand friction angle, δ: wall 78 
friction angle, q: surcharge, F1: passive earth resistance, F2: reaction force at the base of the kinematic wedge, 79 
F: scour load, which can be FTOT, Fstatic or Fdynamic, FH: horizontal scour load, FV: vertical scour load, fs: friction force 80 
on the side walls of the iceberg model, fb: friction force on the base of the iceberg model. 81 

 82 

Barker and Timco (2002,2003) provided empirical equations to estimate the scour loads from small 83 

scale laboratory tests under 1g conditions. Multiple linear regression analysis from laboratory results 84 

were performed in order to gain further insight into the dependence of the measured force on the 85 

iceberg velocity v, scouring depth D and scour width B. The regression analysis yielded the following 86 

relationship represented in eq. [1], where the scour load F in kN is a function of the scour depth D in 87 

meters, scour width B in meters and the iceberg velocity v in m/s. Although Eq. 1 provides some insight 88 

into the measured force’s dependence on some iceberg parameters, it does not provide any link or 89 

relation to geotechnical aspects such the soil friction angle or what aspects and soil properties control 90 

the rate effects (the increase of scour loads with velocity). Note that an aspect ratio (scour width 91 

divided by scour depth) of 2 or below was used in this study. Such low values of aspect ratios are 92 

difficult to find in real ice scour scenarios. For example King et al. (2009) or the Grand Banks Scour 93 

Catalogue (Campbell et al. 2014) report that in which most of the aspect ratios fall within the range of 94 

5 < 
𝐵

𝐷
 < 300. 95 

6.75.283.465.8  BDvF         (1) 96 

Kioka et al. (2000) performed a set of scouring tests with rigid indentors (similar to Figure 3) of varying 97 

rake angle to calibrate a mechanical scour model. The test were performed in saturated sand and with 98 

a seabed slope of 1/50 (1.15°). The drifting speed was varied from 0.01 m/s to 0.2 m/s. Kioka et al. 99 

(2000) observed that for drifting speeds ranging from 0 to 0.05 m/s, the scour loads were practically 100 

constant. However, the scour loads markedly increased when the drifting speed exceeded 0.05 m/s. 101 

It was concluded that the increase of the scour load with drifting speed was mainly due to: an increase 102 
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of effective stresses caused by a reduction of the pore water pressure; and an increase of the sand 103 

accumulated in front of the iceberg model. The mechanical scour model developed by Kioka et al. 104 

(2000) was not able to accurately reproduce the scouring loads when the speed was increased above 105 

0.05 m/s.  106 

Abdelnour and Graham (1984) reported on a series of scour tests in which the drifting speed was also 107 

varied and its effect on the scour loads analysed. Three different soils were tested: sand, a sandy silt 108 

and a silty clay and the greatest impact was observed in sand, where the measured scour loads 109 

increased by 110% as the drifting speed varied from 0.006 m/s to 0.088 m/s. 110 

The increase of scour loads with velocity (rate effects) occurs because the process of sand shearing is 111 

accompanied by a tendency for the particles of sand to move apart and consequently for the void 112 

space between particles to increase. The increased void space is filled by additional pore water. The 113 

pore fluid flows from the surrounding soil governed by a pressure gradient which increases the 114 

effective stresses in the soil (Palmer 1999). The work carried out by Lauder et al. (2012) and Lauder 115 

and Brown (2014), based on the previous work conducted by Cathie (2001) and Cathie and Wintgens 116 

(2001) on the performance of pipeline ploughs, will be used as a basis to analyse the rate effects during 117 

ice scouring (see eq. [2]). Kinematic wedges are not developed in the soil failure mechanism during 118 

ploughing, for this reason, it is thought that the constant C in eq. [2] will differ from that found by 119 

Lauder and Brown (2014). The present study will be focused on changing the geometry of the object 120 

being dragged (rake angle α, scour depth D, scour width B) rather than testing with different soils, 121 

which was the focus of Lauder et al. (2012). 122 

(
𝐹𝑇𝑂𝑇

𝐹𝑣=0
− 1) = 𝐶 ×

𝑣𝐷𝑆

𝐶𝑣
          (2) 123 

          124 

where FTOT is the total measured scour load in saturated conditions; D is the scour depth (associated 125 

with the drainage path length); v is the velocity of the object penetrating the soil; S is the dilation 126 

potential defined as Δe/(1+e0) (where e0 is the initial void ratio and Δe is the void ratio increase from 127 

initial conditions to ecrit ); CV can be calculated with eq. [3] as reported by Finnie (1993) or Haigh et al. 128 

(2012); and C is a constant and is assumed to be a function of the geometry of the object penetrating 129 

the soil. 130 

w

V

kE
C



0            (3) 131 

E0 is the one-dimensional stiffness modulus; k is the soil permeability; γw is the unit weight of water. 132 

Lauder et al. (2012) found that for values of (vDS/CV) < 0.0001 the rate effects are negligible.  In a 133 

similar way, the dimensionless number (vDS/CV) can be used to check whether an iceberg scouring a 134 

cohesionless seabed with a certain drifting speed will induce any rate effects. Based upon the findings 135 

presented later in this paper, a quick estimation indicates that (vS(D+d)/CV) > 0.0001 will generate 136 

undrained or party-undrained conditions, which is true for most of the real scour scenarios in a sandy 137 

seabed with permeability coefficients lower than k < 1·10-3 m/s. This reaffirms the need of considering 138 

the rate effects during ice scouring. However, none of the force scour models found in the literature 139 

capture the rate effects accurately. Thus, this study will attempt to incorporate the influence of the 140 
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drifting speed of an iceberg in a force scour model for a range of soil parameters and iceberg 141 

geometries.  142 

 143 

 144 

Figure 3. Facility for ice scouring tests. (a) Half model and PIV set-up. (b) Full model set-up. 145 

 146 

Experimental setup 147 

Scaled models of an iceberg keel were tested in a 4.8 m long, 0.8 m wide and 0.3 m deep sand channel, 148 

based within the University of Aberdeen, and the scour loads (also scour force) and the associated soil 149 

disturbance measured (Figure 3). A fine siliceous sand (HST95) was utilized to carry out the tests under 150 

both saturated conditions and dry sand and a summary of the physical properties is found in Table 1. 151 

This sand is the same utilized by Lauder et al. (2012) and it also very similar to the sand utilized during 152 

the PRISE studies (e.g. Hynes, 1996; Winsor and Parson, 1997; Phillips et al., 2005), which will allow 153 

the comparison of the results with this present study. Unlike tests in 1g conditions, centrifuge model 154 

tests can be performed on undisturbed soil samples, if the effective stress conditions in the sample 155 

are representative of the prototype. Macro-fabric present in the undisturbed model sample, such as 156 

structure, fissures, inclusions and potential drainage paths, may not scale to be representative of the 157 

conditions in the prototype (Phillips, 1995). In order to study the scalability of the results obtained in 158 

the present study, three model scales (e.g. different scour width) were tested in 1g conditions. 159 

Scaled iceberg models were pushed along the full channel width (Figure 3b). As described by Barrete 160 

and Sudom (2012), two possible set-ups can be used to simulate an ice scouring test in the laboratory: 161 

keel heaving prevented (pre-set scour depth) or keel heaving allowed. For this study the former was 162 

used. It was assumed that the heave (upward movement) of an iceberg during gouging would be small 163 

compared to that of an ice ridge due to the large weight (Mt) of an iceberg. In a real gouging scenario, 164 

a small part of the iceberg’s weight will be transferred to the soil through the base of the kinematic 165 

wedge created in front of the keel. Sand ‘pluviation’ was used before each test undertaken in dry 166 
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conditions to ensure a uniform relative density across the full channel length. A custom-made load 167 

cell, with a maximum load capacity of 1000 N, was used to obtain the reaction force in both vertical 168 

and horizontal directions as described in Figure 2. Further information on the load cell arrangement 169 

and general equipment set-up can be found in Arnau (2017). The carriage on which all the electronic 170 

devices were mounted and to which the iceberg model was attached can travel at different speeds 171 

ranging from 0.27 to 0.01 m/s. This range of speeds is very similar to that reported by Smith and 172 

Donaldson (1987) on the iceberg drifting speeds. In order to measure the horizontal displacement of 173 

the trolley and displacement rate as it moves along the channel, a draw wire sensor was used. All of 174 

the instrumentation used were monitored using a USB data acquisition system with data sampling at 175 

0.1 s intervals. 176 

In order to monitor the shearing zones of the sand as the iceberg model is moving, the channel was 177 

divided into two parts by means of a plexiglass wall (Figure 3a). Particle Image Velocimetry (PIV) 178 

technique was used to study the sand deformation pattern (e.g. Niedostatkiewicz et al., 2011; 179 

Leśniewska et al., 2012; Jackson, 2010) and the GeoPIV software (White et al., 2003, Stanier et al., 180 

2016) was employed to perform the PIV analysis. A high-speed digital camera with a resolution of 3648 181 

× 2736 pixels was used in the study and the patch size was set to 40 × 40 pixels, which offered a good 182 

compromise between precision and detail (number of measurement points). Depending on the 183 

drifting speed of the iceberg model, the camera was set at 10 or 30 fps (frames per second). The 184 

number of fps had to be increased as the drifting speed increased in order to keep the search patch 185 

small. A camera frame was manufactured to guarantee perpendicularity between the camera (camera 186 

lens) and the Plexiglas wall and two halogen lamps were used to guarantee continuous illumination. 187 

A constant scale factor of 12.588 pixels/mm was used to transform the displacement field in image-188 

space to object-space. The accuracy associated with this type of transformation was assessed with a 189 

chessboard and further information of the experimental set-up can be found in Arnau (2017). For the 190 

PIV set-up used in this study, the standard deviation between the true value and the measured 191 

quantity was found to be 0.15 mm. This error is in line to that reported by White et al. (2003) in which 192 

a constant scale factor and a thick layer of Perspex was used. 193 

 194 

 195 

Parameter This study PRISE study 

Mean grain size (D50) 
Effective grain size (D10) 
Specific gravity 
Uniformity coefficient 
Maximum unit weight (γ) 
Minimum unit weight (γ) 
Critic friction angle (ϕcritc) 
Peak friction angle (ϕpeak)  
(at prototype scale, σn = 250 kPa) 
Peak friction angle (φpeak)  
(at model scale, σn = 1 kPa) 
emin (min. void ratio) 
emax (max. void ratio) 
Potential dilation (S)  

0.177 mm 
0.126 mm 
2.66 
1.43 
17.2 kN/m3 
14.6 kN/m3 
32˚ 
38˚ 
 
48˚ 
 
0.53 

0.140 mm 
0.100 mm 
2.66 
1.50 
17.4 kN/m3 
13.8 KN/m3 
32˚ 
36.5˚ 
 
- 

 
- 
- 
- 
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(at model scale) (e0 = 0.55) 
E0 loose (σn = 2 kPa, e0 = 0.77) 
E0 dense (σn = 2 kPa, e0 = 0.565 ) 
E0 loose (σn = 250 kPa, e0 = 0.77) 
E0 dense (σn = 250 kPa, e0 = 0.565) 
k loose (e0 = 0.7) 
k dense (e0 = 0.55) 

0.80 
0.16 
 
4,500 kPa 
8,000 kPa 
23,000 kPa 
34,500 kPa 
3 · 10-4 m/s 
6.2 · 10-5 m/s 

- 
 
- 
- 
- 
- 
- 

Table 1. Summary of soil properties 196 

 197 

Table 2 presents a summary of the parameters employed during experiments. For example, the range 198 

of scour depths that were tested in dry sand and saturated conditions are indicated in Table 2. The 199 

iceberg models shown in Figure 4 were used to simulate the scouring process in the laboratory. A total 200 

of five different iceberg models were used in this study. Different angles of the frontal face, i.e. the 201 

rake angle, were imposed (90°, 120° and 150°) to represent the wide range of shapes of an iceberg 202 

keel with a scour width of 150 mm. The smallest iceberg model shown in Figure 4 has a rake angle α 203 

= 150°, a scour width of 150 mm and is made of steel. Furthermore, two more iceberg models with a 204 

width of 250 mm and 500 mm and a rake angle α = 150° were utilized for this research (see Figure 4). 205 

They were made of PVC to make them lighter and easier to handle. It was found that the difference in 206 

the construction material had little effect in the resulting scour force as a consequence of the wall-207 

friction angle modification caused by the kinematic wedge (Arnau, 2017). Since the iceberg models 208 

tested in the laboratory have walls on the sides (see Figure 2), the frictional effects (fs) on the lateral 209 

walls of the model were also studied in order to check if these could have affected the results. A 210 

300x200x1 mm PVC sheet, which minimizes the frontal passive resistance, was dragged along the test 211 

bed at a depth of 30 mm and the scour force of 7 N measured. When the side friction fs and the base 212 

friction fb were compared with the measured scour loads obtained from an iceberg model, it showed 213 

an error of less than 5% and hence fs and fb were not considered in this study. 214 

 215 

Figure 4. . Scaled iceberg models with three different scour widths: 150 mm (steel), 250 mm (PVC) and 500 mm 216 
(PVC). The rake angle for the three models is α = 150°. 217 

In saturated conditions, the sand bed was prepared using a vibratory probe allowing the preparation 218 

of samples at relative densities ranging from 45% to 90% (Arnau, 2017). This allowed the examination 219 

of scour tests at different values of sand permeability and dilation potential. In addition, three pore 220 
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water pressure transducers PT1, PT2 and PT3 (24 PC series from Honeywell), with a pressure range of 221 

34 kPa, were buried in the sand bed at different depths to capture the pore water pressure reduction 222 

near the dilating shear band (see Figure 122). The pressure transducers were positioned at 223 

approximately 2.5 m from the starting position of the experiment to allow for a steady state to be 224 

achieved. The transducers (PT1, PT2 and PT3) were placed at three different depths to capture the 225 

change of pore pressure below the scour depth, see for example Figure 5 where each marker 226 

represents a pressure transducer. Based on Figure 5, the pore pressure drop ΔP at the base of the scour 227 

(z = 0 m) was calculated assuming that the pore pressure reduces linearly with depth.  228 

 229 

 230 

Figure 5. Reduction of pore water pressure with depth. 231 

Figure 6 shows how the pore water pressure changed with the position of the iceberg model during a 232 

scour test. The plot presented in Figure 6 has been zeroed in order to better reflect the reduction of 233 

pore water pressure ΔP. In general, the pore pressure response was characterized by a pronounced 234 

reduction as the model ice keel approached the relevant PT followed by a small increase with the 235 

passage of the model ice keel over the buried pore pressure transducer. Figure 6 also shows the 236 

importance of the position of the transducer, where it can be seen that a larger pressure drop is 237 

obtained for transducers closer to the shear band (base of the trench). The data used in Figure 6 238 

corresponds to PT1 and PT2 separated a few millimetres from each other along the sand channel’s 239 

length. 240 
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 241 

Figure 6. Example of the change in pore pressure below the ice model keel at two burial depths. 242 

 243 

Experimental results and observations 244 

Tests are designed to study the significance of different parameters such as, scour depth D, scour 245 

width B, rake angle α, drifting speed v and different soil conditions (e.g. initial void ratio, permeability). 246 

Table 2 presents a summary of the tests conducted in this study. The test I.D. is constructed as follow: 247 

(seabed type)-(rake angle)-(scour width)-(scour depth)-(relative density)-(speed). For example, the 248 

test S-A150-B150-D20-DR75-V27 has been conducted in saturated sand at α = 150°, B = 150 mm, D = 249 

20 mm, Dr = 75% and v = 0.27 m/s. 250 

Table 2. Summary of tests conducted in this study.  251 

  Dry sand Saturated sand 

Rake 
angle 

(α) 

Scour 
width 

B 
(mm) 

Construction 
material 

Scour 
depth D 

(mm) 

Relative 
density 

(%) 

Scour depth    
D (mm) 

Speed  
v (m/s) 

Relative 
density 

(%) 

150° 

150 steel 3 to 45 60-75 10, 20 and 30 0.01 – 0.27 45 to 90 

250 PVC 3 to 45 60-75 10 0.01 – 0.21 75 to 90 

500 PVC 3  to 45 60-75 10 0.01 – 0.11 75 to 90 

120° 150 steel 
15  to 

45 
30 - 90 10, 20 and 30 0.01  – 0.25 75 to 90 

90° 150 steel 
15  to 

45  
60-75 10, 20 and 30 0.01 – 0.25  45 to 90 

 252 

A typical behaviour of an iceberg scale model scouring the seabed can be described as follow: after 253 

the initial contact with the seabed, the forces increase as the sand is accumulated in front of the 254 

model. It is assumed that this transient process ends when the amount of sand moved to the sides 255 

equals the sand being accumulated in front of the model, after which the force becomes steady and 256 

starts to fluctuate as the successive rupture surfaces are formed and overridden by the next rupture 257 
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surface. The consequence of this process is best observed in Figure 7. The fluctuating force has a peak 258 

that is thought to occur when a new rupture surface is created and is at its full length (see for example 259 

Figure 8). The peak load will be described in this paper as Fstatic in the case of dry conditions and FTOT in 260 

the case of saturated conditions, where FTOT = Fstatic + Fdynamic. The peak load is obtained by taking note 261 

of all the peak loads registered during a test and calculating the average value. For example, in Figure 262 

7 once the steady state is reached, six peaks were recorded from which the average value was 263 

calculated. 264 

 265 

Figure 7. Typical scour load fluctuation during a scour test in saturated and dry conditions. 266 

 267 

Stress level and soil failure mechanism 268 

Direct shear box tests were performed at very low effective stresses to provide representative 269 

information of the angle of friction developed during the scale model scouring tests under 1g 270 

conditions. It is assumed that the mean normal stresses at the shear band for a test in the laboratory 271 

are in the range of 1 – 3kPa. Shear box tests undertaken on dry silica sand were carried out for three 272 

different relative densities (90% 65% and 5%). As expected, for the samples prepared in dense state, 273 

dilation was always present which increased the shear resistance of the samples (ϕp). The soil friction 274 

angle (ϕc) at critical state was found to be 32⁰. The dilation angles (Ψ) were found to reduce linearly 275 

with normal effective stresses on a logarithmic scale, similar to that found by Bolton (1986). For a 276 

normal stress of 1kPa a dilation angle, a Ψ of 19˚ was found, implying a peak friction angle (ϕp) of 47.2˚ 277 

(ϕp = ϕc +0.8·Ψ) during the experiments. 278 

During the plane strain tests in the sand channel, the PIV results indicated a shear plane that originated 279 

from the tip of the kinematic wedge and extended to the sand’s surface (see Figure 8). This shear plane 280 

is inclined at an angle of approximately 21⁰ from the horizontal and formed a sand wedge that can be 281 

regarded as a Rankine wedge. The major principal stress in the passive Rankine state is horizontal and 282 

shear planes are expected to rise at (45⁰ - ϕp/2) to the horizontal. This results in an estimated value 283 

of the peak friction angle of 48⁰, which is approximately the same ϕp found during the direct shear 284 

box tests at low stress levels. 285 
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 286 

Figure 8. PIV displacement field during the plane strain test (D-A150-B150-D20-DR65-V01), where W indicates a 287 
kinematic wedge. 288 

 289 

Analytical prediction of ice scour loads in dry sand (Fstatic) 290 

Figure 8 and Figure 9 represent the geometry of the soil failure mechanism created in front of an iceberg 291 

model with the frontal face inclined at an angle α = 150˚. As can be observed, a kinematic wedge 292 

labelled [W] is represented in front of the frontal face of the model. The wall friction angle δ between 293 

the fontal face of the iceberg model (line OA in Figure 9) and the soil cannot be considered to be fully 294 

mobilised and its value will remain between +δmax< δ< -δmax. As discussed by Arnau and Ivanovic (2015), 295 

the wall friction angle δ was determined experimentally for a range of rake angles with good 296 

correlation with the theoretical values proposed by Hettiaratchi and Reece (1975). For the analysis 297 

presented herein, the soil-soil interface angle (line A’B’ in Figure 9) will be assumed to be λ = φcrit as 298 

suggested by Hettiaratchi and Reece (1975). It was possible to capture the inclination of the shear 299 

plane (β) for three different rake angles α (90⁰, 120⁰ and 150⁰) during plane strain tests and it was 300 

found to be around 21⁰ for all three cases. However, it was not possible to capture the soil interface 301 

A’B’. There is experimental evidence indicating that θ matches with the theory of Hettiaratchi and 302 

Reece (1975); in Figure 8 an assumed kinematic wedge with an angle θ = 90˚-φcrit is superimposed on 303 

the real shear plane observed under PIV for a rake angle of 150⁰. This was repeated for the two other 304 

rake angles (90⁰ and 120⁰) and the superimposed kinematic wedge with an angle of θ = 90˚-ϕcrit 305 

matched with the real failure mechanism. 306 
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 307 

Figure 9. Forces acting on the kinematic wedge and force equilibrium diagram during ice scouring in dry 308 
conditions. 309 

The polygon of forces acting on the kinematic wedge is obtained with the information described 310 

above, which allows the calculation of the reaction force (Fstatic) acting on the fontal face of an iceberg 311 

(see Figure 9). In addition to the graphical solution, the sum of forces in the horizontal and vertical 312 

direction gives that: 313 

𝐹𝑠𝑡𝑎𝑡𝑖𝑐 = 𝐶1 ∙
1

2
𝛾𝐵(𝑑 + 𝐷)2 + 𝐶2(𝑃𝑝 + 𝑃𝑞)       (4) 314 

where, 315 

𝐶1 =
tan𝜑𝑐

sin(180−𝛼−𝛿)−tan𝜑𝑐 cos(180−𝛼−𝛿)
· (

1

tan(180−𝛼)
+

1

tan𝜃
)       (5) 316 

𝐶2 =
cos(𝜑𝑐−λ)+tanφc sin(𝜑𝑐−λ)

sin(180−𝛼−𝛿)−tan𝜑𝑐 cos(180−𝛼−𝛿)
        (6) 317 

𝑃𝑝 = 𝐾𝑃∙𝛾 ∙ 𝐵 ∙ 𝐷2 and 𝑃𝑞 = 𝐾𝑞 ∙ 𝑞 ∙ 𝐵 ∙ 𝐷, where q is approximated as 𝑞 = 𝛾𝑠𝑜𝑖𝑙 ∙ 𝑑 2⁄ .   318 

The passive earth pressure coefficients KP and Kq for a rough interface can be calculated using the 319 

charts presented by Hettiaratchi and Reece (1974). B is the scour width, d is the height of sand 320 

accumulated in front of the iceberg model at the end of each scour test and γ is the soil unit weight. 321 

In order to compare the scour loads measured by the load cell with those obtained by Eq. 4, the 322 

following adjustments shown in Eq 7 and 8 were required, where δ (Table 3) can adopt positive and 323 

negative values (e.g. +δmax< δ < -δmax) as discussed in Arnau and Ivanovic (2015). 324 

𝐹𝐻_𝑠𝑡𝑎𝑡𝑖𝑐 = 𝐹𝑠𝑡𝑎𝑡𝑖𝑐 ∙ sin[(180° − 𝛼) − 𝛿] (7) 325 

𝐹𝑉_𝑠𝑡𝑎𝑡𝑖𝑐 = 𝐹𝑠𝑡𝑎𝑡𝑖𝑐 ∙ cos[(180° − 𝛼) − 𝛿] (8) 326 

 327 

 328 
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Figure 10 shows the height of sand d measured in front of an iceberg model with α = 150⁰, three 329 

different scour widths (150, 250 and 500 mm) and a range of scour depths at the end of each scouring 330 

test. The mound height d increases when the scour depth or scour width is increased. Tests conducted 331 

at other rake angle (e.g. 90⁰, 120⁰) indicated that d increases when α is decreased. It is often assumed 332 

that the parameter controlling vertical stresses is the scour depth only, however, Figure 10 indicates 333 

that both D and B are important.  334 

 335 

Figure 10. Mound height for three different scour widths (150, 250 and 500 mm), rake angle α = 150⁰ and a 336 
range of scour depths at Dr = 55-65%. 337 

 338 

 339 

Investigation of the rate effects in the presence of kinematic wedges during ice scouring 340 

If two identical scour tests are compared, one with dry sand; the other with saturated sand at a 341 

displacement rate that is low enough to generate a fully drained response in the saturated sand, 342 

technically, both would be under drained conditions. Figure 11 shows two identical scour test 343 

conducted in dry sand and saturated sand. The test in saturated sand is conducted at the lowest 344 

possible scouring speed (0.01 m/s) in order to generate a fully drained response in the saturated test 345 

bed. As observed, the scour loads from the two tests are almost identical. There is a tacit assumption 346 

in this analysis where FTOT = Fdynamic + Fstatic and throughout this paper Fstatic can also be referred as FV=0 347 

although they are not the exact same thing as discussed later. 348 
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 349 

Figure 11. Comparison of two identical scour tests in dry sand and saturated sand at a very low displacement 350 
rate. 351 

 352 

Pore pressure reduction near the dilating shear band 353 

The same tests as were carried out in dry conditions were repeated in saturated conditions so that 354 

Fdynamic and the drop in pore water pressure ΔP could be studied. The rate effects during saturated 355 

conditions are caused by a reduction of the pore water pressure within the shear band which causes 356 

an increase in the effective stresses. It is assumed that the drop in pore water pressure ΔP will be 357 

concentrated mainly in the shear band A and B, as indicated in Figure 12. During the plane strain tests 358 

the creation of the successive shear bands occurs and every time a new kinematic wedge is created, 359 

pore water will have to flow into the shear band B first and thereafter into shear band A. The changes 360 

of the pore pressure were measured with pressure transducers as indicated in Figure 12. 361 

 362 

Figure 12. Simplification of the assumed drainage paths during ice scouring. 363 
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As a general observation, as the rake angle decreases (e.g. from 150° to 90°), the sand accumulated in 364 

front of an iceberg model increases and as the scour width increases the frontal mound also increases. 365 

As the sand accumulates further in front of the iceberg model and the shear plane B is formed, a larger 366 

pressure gradient is required as water will have to flow through a thicker layer of soil and so longer 367 

drainage path as indicated in Figure 12. The drop in pore water pressure measured during saturated 368 

tests for a range of scour depths and two different rake angles has been represented against 369 

(𝛾𝑣𝑆𝐷 𝑘)⁄  in Figure 13, where the dilation potential (S) is introduced as suggested by Palmer (1999). 370 

Figure 13 shows a common trend line for the tests carried out on models of the same rake angle 371 

positioned at different depths. However, when the rake angle decreases from 150⁰ to 120⁰ and the 372 

height of sand d accumulated in front of the model increases, it produces an increase of the pore 373 

pressure drop (solid line in Figure 13). The drop in pore pressure was also found to increase with the 374 

scour width. 375 

 376 

Figure 13. Drop in pore water pressure ΔP vs. (vS/k)·γD for three different scour depths D (10 mm, 20 mm and 377 
30 mm) and two rake angles α (150⁰ and 120⁰). 378 

Figure 14 contains the same data as Figure 13 but the height of the sand accumulated in front of the 379 

model (D+d) has been added on the horizontal axis. The data obtained with a scour width of 250 mm 380 

has also been added in the analysis. It can be seen that all the data from the tests undertaken at 381 

different scour depths, scour widths and rake angles collapse onto the same trend line. This finding 382 

reafirms the assumtion that water has to flow into shear band B, as shown in Figure 12, through a 383 

thicker layer of soil. 384 
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 385 

Figure 14. Grouping the drop in pore water pressure in a common trend after introducing the height of sand 386 
accumulated in front of the model (d) for different scour depths, scour widths and rake angles. 387 

From the analysis shown in Figure 14, Eq. 9 is obtained, which allows the estimation of the pore water 388 

pressure drop ΔP during small scale testing in 1g conditions for a range of soil properties and iceberg 389 

geometries.  390 

𝛥𝑃 = 4.7 · 10−5
𝑣𝑆

𝑘
· 𝛾𝑤𝑎𝑡𝑒𝑟 · (𝐷 + 𝑑)       (9) 391 

Where ΔP is the pore pressure drop in the shear band; v is the drifting speed; S is the dilation potential; 392 

γwater is the unit weight of water; D is the scour depth; d is the mound height.  393 

Rate effects 394 

Figure 15 to 18 show the influence of the scour depth D, scour width B, drifting speed v, permeability 395 

k and initial void ratio e0 on the FTOT and Fdynamic. The aim is to obtain a general relationship that 396 

describes the ice scour loads at different drifting speeds for a range of iceberg geometries and seabed 397 

conditions. Figure 15 shows the influence of the scour velocity v (or drifting speed) on the scour load 398 

for different scour depths in dense sand (Dr > 75%). Figure 15 shows both the raw experimental data 399 

and best straight line fits for each depth. Furthermore, FV=0 which is the scour load measured at a 400 

velocity near 0 m/s, can be obtained by evaluating the intersection of the trend lines with the vertical 401 

axis in Figure 15 and Figure 16. The values of FV=0 obtained with this methodology are then used to 402 

obtain Fdynamic (Fdynamic =FTOT - FV=0). 403 

ΔP = 4.7·10-5 [vSγ(d+D)]/k
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 404 

Figure 15. Scour loads (FTOT_H) measured in saturated conditions for a range of towing speeds (v) and 405 
scouring depths (D) with fixed scour width B= 150 mm and α = 150⁰ in dense sand (Dr > 75%). 406 

 407 

 408 

Figure 16. Scour loads (FTOT_H) measured under saturated conditions for a range of towing speeds (v) and 409 
scouring widths (150, 250 and 500 mm) with fixed scour depth (10 mm) in dense sand (Dr > 75%). 410 

 411 
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The gradient of the rate effects, dF/dv defined by the trend lines in Figure 15 is presented in Figure 415 

17, which shows that for an iceberg model with an inclined frontal face of α = 150°, the increase in 416 

force can be modelled as linear to (D+d)2. 417 

 418 

Figure 17. Rate effects (dF/dv) vs (D+d) for α = 150˚. 419 

 420 

When the same analysis was carried out for the three different scour widths (150, 250 and 500 mm), 421 

shown in Figure 16, it was found that the rate effects (dF/dv) increased, with reasonable accuracy, 422 

linearly with the scour width B. Equation 1 derived by Barker and Timco (2002) shows that scour loads 423 

increased linearly with the scour width too. Furthermore, the present analysis shows that scour loads 424 

increased proportional to (D+d)2. The height of sand accumulated in front of the iceberg model was 425 

not included in the model presented by Barker and Timco (2002) and for that reason, both models 426 

cannot be compared directly. Eq. [1] was derived by (Barker and Timco, 2002)  from laboratory studies 427 

where two different scour widths of 100 and 200 mm were considered, whereas in this present study 428 

three different widths (150, 250 and 500 mm) were used. In order to examine the influence of the 429 

differences between the two models, scour loads obtained from Eq. [1] can be compared against the 430 

scour loads measured in this present study and also with those obtained from the PRISE studies 431 

(shown in the next section).  432 

The usefulness of the analysis shown until this moment is best observed in Figure 18, which shows the 433 

exact same data as Figure 15 and 16, where, now, the scour loads FDynamic in the vertical axis were 434 

normalized by B·(D+d)2. The data obtained from different soil conditions tested at different scour 435 

depths and scour widths collapses into the same trend line in contrast to Figure 15 and 16. The 436 

dimensionless group (v/k) was used in the horizontal axis of Error! Reference source not found. to 437 

compare tests conducts at different initial soil conditions (e.g. loose and dense state). The same type 438 

of analysis was carried out for other rake angles (e.g. 120° and 90°), showing very similar results to 439 

those obtained in Figure 18.  440 
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 441 

Figure 18. Scour loads FDynamic normalized by B·(D+d)2 vs. (v/k) in loose and dense sand for D = 10, 20 442 
and 30 mm, B = 150, 250 and 500 mm and α = 150˚. 443 

 444 

Scaled up Forces and Comparison with other experimental results 445 

The forces shown in Figure 18, for example, require the consideration of scale effects of some form.  446 

Lauder et al. (2012) and Arnau (2017) showed ecrit reducing linearly with normal effective stresses on 447 

a logarithmic scale. Lauder et al. (2012) also indicated that the dilation potential S should be 448 

determined at the same level of stresses of the prototype, which reduces S at higher stress levels. The 449 

soil stiffness modulus Eo (see Table 1) is another parameter that needs to be obtained at the required 450 

level of stresses, as previously discussed by Lauder et al. (2012), Lauder and Brown (2014) and Arnau 451 

(2017).   452 

Lauder and Brown (2014) proposed that the form of rate correction may be more appropriate as 453 

multiplicative correction rather than the additive one used in Lauder et al. (2012) and the one used in 454 

the previous section, Figure 18. This results in a normalized scour load as indicated in Error! Reference 455 

source not found., where the scour load normalized by Fv=0 is plotted against vS(D+d)/CV. This causes 456 

the data from tests conducted at different rake angles to collapse onto the same line. Thus, a general 457 

relationship that relates the scour force, FTOT_H, with the scour depth D, mound height d, scour width 458 

B, scour velocity v, initial void ratio eo, potential dilation S, permeability k and soil stiffness modulus 459 

Eo can be found.  460 
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 461 

Figure 19. Normalized scour force (FTOT_H/FV=0)-1 vs. (vS(D+d)/CV). 462 

The trend line plotted in Figure 19 can be used to predict the total scour loads FTOT_H, which produces 463 

an upper bound, and combines the static and dynamic components. This is shown in Eq. 10 and Eq. 7, 464 

Eq. 8 and Table 3 can be used to obtain FTOT_V. 465 

𝐹𝑇𝑂𝑇_𝐻 = 𝐹𝑠𝑡𝑎𝑡𝑖𝑐_𝐻 (179 ∙
𝑣𝑆(𝐷 + 𝑑)

𝐶𝑉
+ 1) Equation 10 

Hynes (1996), Winsor and Parson (1997) and Phillips et al. (2005) reported on centrifuge test results 466 

in saturated sand undertaken as part of PRISE programme and in particular those related with the 467 

scour loads for different ice scour scenarios. Hynes (1996) conducted a total of 8 centrifuge scour tests 468 

at a drifting speed of 0.03 m/s. At this drifting speed the rate effects were hardly appreciable. Five of 469 

these tests were aimed to simulate a 15 m scour width with a rake angle of 150° and the results are 470 

plotted in Figure 20 (triangles). Under these conditions, equation 10 can be used to estimate the scour 471 

loads which then can be compared with the results obtained by Hynes (1996). This is shown in Error! 472 

Reference source not found. by dashed line.  473 

Winsor and Parson (1997) and Phillips et al. (2005) reported 4 more centrifuge scour tests (PRSA01, 474 

PRSA03, PRSA04 and PRSA05) at a drifting speed of 0.1 m/s. PRSA01, also plotted in Figure 20 (circle), 475 

represent a scour width of 15 m and a rake angle of 150° and is therefore comparable with the 476 

centrifuge tests reported by Hynes (1996). Even though PRSA01 was conducted in a sand test bed of 477 

high relative density (Dr= 81%) and scour depth of 4.5m, it showed apparent limited rate effects, which 478 

is contrary to what was expected. Winsor and Person (1997) reported a limitation of the capacity of 479 

the horizontal drive mounted on the centrifuge strongbox which could have been the cause of such 480 

low force measured during PRSA01.  481 

PRSA03, PRSA04 and PRSA05 were conducted on a dense sand testbed (e.g. 55 % < Dr < 82%), with a 482 

scour width of 15 m, a rake angle of 165° and a drifting speed of 0.1 m/s. The increase of the rake 483 

angle, from 150° to 165°, would generally cause 30% increase on the scour loads but not a 60% 484 

(FTOT_H/FV=0)-1 = 179.45·(vS(d+D)/CV)
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increase that Figure 20 suggests. Based on the results presented in this paper, the 60 % increase could 485 

be caused by the rate effects as the drifting speed was varied from 0.03 m/s to 0.1 m/s. Again, Eq. 10 486 

can be used to estimate the scour loads and compare them with the centrifuge results reported by 487 

Winsor and Parson (1997) and Phillips et al. (2005). Most of the PRISE centrifuge test results match 488 

the scour loads calculated using Eq. 10, which was calibrated from the small scale tests under 1g 489 

conditions. Only one test result (PRSA01), marked with a circle in Figure 20 deviates from the trend. It 490 

is clear that Eq. 1 derived by Barker and Timco (2002) underestimates the scour loads by one or two 491 

orders of magnitude as shown in Error! Reference source not found.. The most likely explanation for 492 

this disagreement is that the scour loads estimated by Eq. 1 increased proportionally to D, instead of 493 

(D+d)2 as it was found in this investigation.  494 

 495 

Figure 20. Comparison of measured ice scour loads during PRISE study in a centrifuge and calculated 496 
scour loads in saturated conditions in sand at three drifting speeds, 0.03 m/s, 0.1 m/s and 0.2 m/s and 497 
a scour widths of 15 m for a range of scouring depths (D). 498 
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The soil properties used in Eq. 10 are shown in Table 3. It was found that the soil potential dilation S 499 

at prototype scale reduced drastically; for the calculations presented in Figure 20, a potential dilation 500 

S = 0.006 was used, which is approximately thirty times smaller than that used during small scale tests 501 

in 1g conditions. Such low values of S at prototype scale are in line with the theory of Grinsted (1985), 502 

which defines a limit to the increase in the scouring loads with velocity due to the suppression of soil 503 

dilation. This limit is reached when the reduction of pore pressure causes an increase of effective 504 

stresses to a point which prevents any further soil dilation from occurring, resulting in a potential 505 

dilation approaching zero.  506 

Table 3. Soil conditions used to construct Error! Reference source not found.. 507 

Soil Parameter This study (at prototype scale) 

Effective grain size (D10) 
Submerged weight (γ’) 
eo 

Vertical stress (σV) 
Permeability (k)  
Stiffness modulus (Eo) 
Critic friction angle (ϕcritc) 
Peak friction angle (ϕpeak) 
Wall friction angle δ (α = 90°) 
Wall friction angle δ (α = 120°) 
Wall friction angle δ (α = 150°) 
Wall friction angle δ (α = 165°) 
Potential dilation at prototype scale (S)  
d ( α = 150°) 
d ( α = 165°) 
Kp 
Kq 

0.1 mm 
10.8 KN/m3 
0.62 (dense) 
250 KPa (Arnau, 2017) 
0.0002 (Arnau, 2017) 
35 MPa (Arnau, 2017) 
32˚ 
38˚ 
19 ˚ 
-1 ˚ 
-17 ˚ 
-26 ˚ 
0.006 
D(m)=(B^0.9)*0.6*(B/D)^(-0.32) 
D(m)=[(B^0.9)*0.6*(B/D)^(-0.32)]*0.75 
3 
6.2 

 508 

Conclusions 509 

Reduced scale models of icebergs were used in a large sand channel with carefully prepared sand beds 510 

to investigate the rate effects of an iceberg model scouring a cohesionless seabed at different drifting 511 

speeds. Three different rake angles of 150˚, 120˚ and 90˚ and three different scour width of 150 mm, 512 

250 mm and 500 mm were investigated for a range of scour depths and initial soil conditions (e.g. eo, 513 

k, Eo, Cv). The results were compared with existing methods for rate effects evaluation during 514 

ploughing and the modifications to these methods have been presented here to describe the rate 515 

effects during ice scouring. 516 

It was found that the rate effects increased linearly with (D+d)2 and with the scour width B and Error! 517 

Reference source not found. is presented as a means to normalize the dynamic component of the 518 

scour load (FDynamic). Equally, the pore water pressure drop ΔP increased linearly with (D+d) and eq. 9 519 

represents the change in pore water in the laboratory for a range of initial soil conditions and icebergs 520 

geometries.  521 

An empirical relationship, Eq. 10, has been proposed to determine the scour load (Fstatic + Fdynamic). The 522 

rate effects were studied for different soil parameters, which are stress dependent, and also for 523 
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different scour widths. Thus, Eq. 10 can be used to estimate scouring loads at prototype scale if the 524 

one-dimensional stiffness modulus and dilation potential are obtained at the same level of stresses as 525 

the prototype. Eq. 1 (Barker and Timco, 2002) was used to compute the scour loads at prototype scale 526 

and the computed forces were found to be between one and two orders of magnitude smaller to 527 

those obtained in this present study and in PRISE studies. A possible explanation for this disagreement 528 

is that the scouring loads obtained from Eq. 1 increase linearly with the scouring width and depth 529 

whereas in this present study the scouring loads were found to increase proportionally to (D+d)2. 530 

Current models used to predict scour loads in a cohesionless seabed only take into account the static 531 

component and assume drained conditions (lower bound). In order to calculate the upper bound, the 532 

model described in this paper is proposed, which takes into account the response obtained under 533 

undrained (or party-undrained) conditions of a sandy seabed.  Figure 20 suggests that an iceberg with 534 

a drifting speed of 0.2 m/s can generate scouting loads twice as larger as those reported during PRISE 535 

studies.  536 
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