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ABSTRACT 

It is well known that when structures are placed onto an erodible seabed they can experience scour, 

undermining and settlement. In steady current, scour will be largest on the upstream side of the 

structure, and the resulting settlement can be non-uniform, resulting in some rotation and sliding 

of the structure. For sufficiently slender structures, it is possible that the structure will become 

unstable and topple due to undermining. These modes of scour-induced instability represent 

additional failure modes to that which exist on an immobile bed – where hydrodynamic instability 

can be observed, leading to downstream sliding, rotation or lifting of the structure.  Motivated by 

the richness of this variety of failure mode, in this paper a series of experiments are reported in 

which cuboidal structures of various aspect ratio and density have been placed on a mobile seabed 

and subjected to different steady current velocities. The results indicate that six different regimes 

or responses can be observed: (i) the structure and surrounding seabed are stable; (ii) the structure 

experiences scour but is stable; (iii) the structure rotates downstream; (iv) the structure slides 

downstream; (v) the structure rotates and slides upstream due to scour; (vi) the structure topples 

upstream due to scour. Hence, regimes (i) and (ii) are stable structure responses and (iii)-(vi) are 

unstable structure responses. A regime diagram is proposed to summarise these results and the 

boundaries between the different regimes are discussed. The regime diagram is used to indicate 

the likely modes of instability for different offshore structures.  

 

INTRODUCTION 

When a structure is located on a mobile seabed and subjected to a steady current, diversion of flow 

around it can result in an increased capacity to mobilise sediment local to the structure (e.g. 

Whitehouse, 1998). If the structure is deeply embedded (such as a bridge pier) this local 
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amplification can lead to the formation of a scour hole that will grow until it reaches some 

equilibrium profile. If the structure is shallowly embedded (such as a gravity base foundation) 

local amplification can result in scour and undermining of the structure, leading to a reduction in 

bearing area and settlement or toppling of the structure (Cataño-Lopera et al., 2011; Draper et al., 

2015; Inman & Jenkins, 2002; Sumer & Fredsoe, 1994). 

The mechanics observed for shallowly embedded structures is arguably more complicated 

than that for deeply embedded structures both because the movement of the structure is coupled to 

the scour process and because settlement of the structure involves a local failure of the underlying 

soil. However, with new ocean applications emerging, such as artificial reef structures, there is an 

increased need to understand these complicated mechanics.  

During ICSE 8, Friedrichs et al. (2016) synthesised available experimental observations of 

self-burial of horizontal cylinders, spheres, and tapered cylinders in steady current conditions. 

Using regression analysis, they concluded that for all three types of structure the Shields parameter 

is the main factor which influences the burial depth, relative to the diameter of the object; when 

the Shields parameter is increased (e.g., by increasing the current speed) the relative burial depth 

increases, presumably due to an increase in the potential for scour. Despite the dominance of the 

Shields parameter, the analysis undertaken by Friedrichs et al. (2016) also indicated that the shape 

of the object and the density of the object appear to have an influence on burial depth.  

For the case of short, truncated cylinders and spheres Cataño-Lopera & García (2005) and 

Truelsen et al. (2005) have shown that scour occurs preferentially in front of the structure and 

undermines the leading edge. As a result, cylinders and spheres tend to roll forward and fall into 

scour holes, resulting in both settlement and horizontal translation. Alternatively for short, tapered 

(i.e., cigar-shaped) cylinders, Rennie et al. (2017) have shown that the taper of the cylinder tends 

to cause the cylinder to rotate in the horizontal plane so as to become oblique to the incident flow 

direction during the initial stages of the scour process. As a result, the subsequent scour is 

amplified, and the overall settlement is increased relative to a uniform cylinder of equivalent 

length. 

In ICSE 10, Draper et al. (2020) presented results for a cuboid structure having variable 

aspect ratios and densities. For the range of structures and flow conditions considered, they showed 

that the scour development generally undermined the front of the cuboid, resulting in forward rotation 

and a combination of progressive sinking and/or sliding of the cuboid into the scour hole. Furthermore, 

once scour-induced settlement started, the rate of settlement and the final equilibrium settlement 

depth depended principally on the aspect ratio of the cuboid, as opposed to the density. The rate 

and extent of settlement were also compared to the rate and extent of scour for deeply embedded 

cuboid structures, indicating that the settlement process for a shallowly embedded structure occurs 

over a much longer timeframe than the scour process for a deeply embedded structure.  

The cuboidal structures investigated by Draper et al. (2020) are a useful analogue for 

offshore infrastructure including artificial reefs, subsea foundations, manifolds, pipeline support 

structures and buckle initiators. However, there is still limited published data available to 

understand what might happen to a structure of this kind when placed on a flat mobile seabed and 

subjected to different flow conditions. Motivated by this knowledge gap, the aim of this paper is 
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to explore this fluid-structure-seabed interaction problem in steady current conditions for a range 

of flow intensities, structure aspect ratios and structure densities. Compared to the earlier work in 

Draper et al. (2020), the range of flow intensities and aspect ratios has been chosen to be 

intentionally larger so as to explore the full variety of failure modes. An advantage of this is that 

it can indicate what combination of flow conditions and structures may experience scour and 

scour-induced undermining leading to settlement or toppling, thereby guiding future research.  

 

PROBLEM DEFINITION 

Experiments were undertaken to explore the fate of a rectangular cuboid with height H, width W 

and length L placed on a mobile sand bed subjected to a steady current as shown in Fig. 1a. Two 

different materials with density of 𝜌𝜌𝑠𝑠 = 1180 kg/m3 (plexiglass) and 𝜌𝜌𝑠𝑠 = 2500 kg/m3 (glass) 

were used in this study. While height and widths were consistent in all cuboids (H = W = 50 mm), 

the length of cuboids varied from 15 mm to 100 mm, allowing a wide range of aspect ratios, from 

0.3 to 1.6.  

 

(a) 

 

 

 

(b) 

 
Figure 1. (a) Schematic of cuboid; (b) side view of the experimental configuration. The 

cuboidal blocks were placed 1.5 m downstream of the flow straightener.  

 

The experiments were conducted in the Small O-Tube (SOT) facility located at the Coastal 

and Offshore Engineering Laboratory (COEL) at The University of Western Australia. The SOT 

is an recirculating water tunnel that is comprised of tube sections, a straight test section, and an 

impeller. The straight test section has 3 m length, 0.3 m width and 0.45 m depth. The bottom 0.15 

m of the working section was filled with a uniform silica sediment with a median grain diameter 

of D50 = 0.24 mm (see Fig. 1b).  
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Table 1. Experimental conditions employed in this study.  

Material 

Plexiglass Glass 

Test  L/H U/Ucr Test  L/H U/Ucr 

P1 

0.3 

0.4 G1 

0.3 

0.4 

P2 0.6 G2 0.6 

P3 0.75 G3 0.75 

P4 0.92 G4 0.92 

P5 1 G5 1 

P6 1.2 G6 1.2 

P7 1.4 G7 1.4 

P8 

0.5 

0.4 G8 

0.5 

0.4 

P9 0.6 G9 0.6 

P10 0.75 G10 0.75 

P11 0.92 G11 0.92 

P12 1 G12 1 

P13 1.2 G13 1.2 

P14 1.4 G14 1.4 

P15 

1 

0.4 G15 

1 

0.4 

P16 0.6 G16 0.6 

P17 0.75 G17 0.75 

P18 0.92 G18 0.92 

P19 1 G19 1 

P20 1.2 G20 1.2 

P21 1.4 G21 1.4 

P22 

1.6 

0.4 G22 

1.6 

0.4 

P23 0.6 G23 0.6 

P24 0.75 G24 0.75 

P25 0.92 G25 0.92 

P26 1 G26 1 

P27 1.2 G27 1.2 

P28 1.4 G28 1.4 

 

A range of flow conditions ranging from U = 0.4Ucr – 1.6Ucr (with U being the average 

flow velocity and Ucr the threshold velocity for the sediment motion) were examined and the water 

depth was kept constant at 0.45 m in all experiments. In each experiment, the target velocity was 

reached by ramping up from still water conditions at 0.08 m/s/s. The velocity measurements were 

taken at mid-width and mid-depth, 0.5 m upstream of the test section, using a Nortek ADV 

(Acoustic Doppler Velocimetry) Profiler. Two video cameras were used to record cuboid 

responses, one from the top and one from the side (Fig. 1b). The video recordings were also used 

to track the rate of scour and embedment in each experiment. Table 1 provides an overview of the 

experiments conducted here.  

 

RESULTS AND INTERPRETATION  

In general, the cuboid responses (or regimes) observed across the full set of experiments could be 

classified into two types: stable and unstable. These included (i) the structure and surrounding 
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seabed are stable; (ii) the structure experiences scour but is stable; (iii) the structure rotates 

(topples) downstream (Fig. 2a); (iv) the structure slides downstream (Fig. 2b); (v) the structure 

rotates and slides upstream due to scour (Fig. 2c); (vi) the structure rotates (topples) upstream due 

to scour (Fig. 2d). Hence, regimes (i) and (ii) are stable and regimes (iii)-(vi) are unstable. 

 

(a) Regime (iii): Toppling downstream (b) Regime (iv): Sliding downstream 

 

(c) Regime (v): Sliding upstream 

 

(d) Regime (vi): Toppling upstream 

 

Figure 2. Schematic views of unstable regimes that can be experienced by shallow 

embedded structures; i.e. (a) toppling (rotating about point A) and (b) sliding downstream 

as well as (c) sliding and (d) toppling upstream. 

Figure 3 presents the different regimes observed across the parameter space examined in 

the experiments for the plexiglass and the glass blocks. For the lighter plexiglass all the regimes 

except toppling upstream (regime vi) were observed, whilst for the glass all regimes except sliding 

downstream were observed (regime iv).  

Several clear trends in the regimes can be seen across both block densities. Firstly, when 

the flow is sufficiently fast (high 𝑈𝑈/𝑈𝑈𝑐𝑐𝑐𝑐) the likelihood of regime (iii) and (iv) (sliding or rotating 

downstream, respectively) increases. In these scenarios, the structure is hydrodynamically 

unstable, with the regime (toppling or sliding downstream) depending on the aspect ratio; for larger 

aspect ratio sliding is observed instead of toppling. Secondly, when the flow is sufficiently slow 

(specifically U < 0.4 Ucr in the present experiments) the structure and the surrounding sediment 

are both stable and there is no change to the initial condition (i.e. regime (i), which is indicated by 

the grey area in Fig. 3). Thirdly, for intermediate flow intensities scour is observed and may result 

in toppling upstream for sufficiently small aspect ratio, or sliding upstream for larger aspect ratio 

and sufficiently large flow intensity. Alternatively, if the aspect ratio is large and the flow velocity 

is not sufficient to cause scour-induced settlement of the structure then regime (ii) is observed.  

The black dashed lines in Fig. 3(a) represent the threshold conditions for occurrence of 

regime (iii) and the grey dashed lines represent the threshold conditions for occurrence of regime 
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(iv). These lines are further explored in the following subsections, which describe each of the 

regimes in more detail.  

 

 

Figure 3. Response to the flow and sediment conditions for (a) plexiglass and (b) glass. 

Black dashed lines represent hydrodynamically unstable conditions resulted in regime (iii) 

and gray dashed lines represent conditions resulted in regime (iv). 

Regime (i): The structure and surrounding seabed are stable 

This regime was observed when U < 0.4 Ucr. This result was indifferent to aspect ratio (which is 

likely to be because the frontal area of the structures were identical for all aspect ratios) and implies 

a velocity amplification factor of 1/0.4 = 2.5 or a shear stress amplification factor of approximately 

5 (assuming shear stress is proportional to the square of velocity). This amplification factor is 

similar to that cited in the literature for a range of subsea structures (see, e.g. the review by 

Whitehouse, 1998).  

 

Regime (ii): The structure experience scour but is stable 

This regime represents situations where the structure remains stable, with no settlement, translation 

or rotation observed despite scour and undermining. To properly identify this regime, the duration 

of the experiments were run until equilibrium scour conditions were reached. For example, Fig. 4 

shows the nondimensionalized undermining area (i.e. 𝐴𝐴𝑢𝑢 𝐴𝐴𝑡𝑡⁄  , with 𝐴𝐴𝑢𝑢 being the undermining area 

and 𝐴𝐴𝑡𝑡 = 𝐻𝐻𝐻𝐻) for several experiments in regime (ii). It can be seen here that the undermining 

process (much like the scour process) progresses rapidly at the start of the experiment before 

slowing towards a maximum ‘equilibrium’ undermining extent.  

Fig. 5 shows snapshots of undermining growth in Test G24 (shown in Fig. 4) at the start, 

middle and end of the experiment, when the undermining growth reached an equilibrium condition. 

As seen, the structure remained stable during the experiment, despite experiencing scour and 

undermining of about 30% of the contact area. It is also evident in Fig. 5 that the undermining area 

has a distinct shape, with slanted regions adjacent to the contact area resulting from flow streaming 

under and around the structure. These patterns are the same as that reported in Draper et al. (2020). 
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Figure 4. The development of the dimensionless undermining area with time in three 

different cuboids within stable regime; namely, Tests G17, G9 and G24. Here, 𝑨𝑨𝒖𝒖 is the 

undermining area and 𝑨𝑨𝒕𝒕 is the total area in contact with sediment.  

 

 
Figure 5. Snapshots (from top) showing undermining growth in Test G24, at the (a) 

start (b) middle and (c) end of experiment (equilibrium condition). As seen, the cuboid 

remains stable during the experiment despite experiencing up to 30 % of 𝐴𝐴𝑡𝑡(Figure 4). 

 

Regime (iii): Rotating Downstream 

The instability associated with regime (iii); i.e. rotating downstream of a cuboid due to 

hydrodynamic loading, can be analysed by considering the forces acting on the cuboid structure. 

For example, Fig. 6, identifies the key forces: the submerged weight of the block (W′ ) the 

hydrodynamic lift force (𝐹𝐹𝐷𝐷 ) and the hydrodynamic drag force (𝐹𝐹𝐷𝐷 ). At the flow velocity 

coinciding with failure, an equilibrium equation for rotation about point A in Fig. 6 can be written 

as  𝑊𝑊′ �𝐻𝐻
2
� =  𝐹𝐹𝐷𝐷 �𝐻𝐻

2
� + 𝐹𝐹𝐿𝐿 �𝐻𝐻

2
� (1) 

where 𝑊𝑊′ = 𝜌𝜌′ 𝐻𝐻2𝐻𝐻𝐿𝐿 (2) 𝐹𝐹𝐷𝐷 =  
1

2
𝜌𝜌𝐶𝐶𝐷𝐷𝐴𝐴𝑓𝑓𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖2  (3) 
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Figure 6. Schematic view of the force balance in regime (iii); i.e., rotating about 

point A. 

 

 

𝐹𝐹𝐿𝐿 =
1

2
𝜌𝜌𝐶𝐶𝐿𝐿𝐴𝐴𝑠𝑠𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖2  (4) 

Here, 𝐶𝐶𝐷𝐷 and 𝐶𝐶𝐿𝐿 are drag and lift coefficients, 𝜌𝜌 is the density of the fluid, 𝜌𝜌′ is the submerged 

density of the cuboid, 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖 is the threshold velocity for regime (i), and lastly 𝐴𝐴𝑓𝑓 and 𝐴𝐴𝑠𝑠 are the 

frontal and surface areas of the cuboid, respectively. Substituting (2), (3) and (4) into (1):  

𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖 =  � 2𝜌𝜌′𝐻𝐻𝐻𝐻2𝐿𝐿𝜌𝜌𝐶𝐶𝐷𝐷𝐻𝐻2 +  𝜌𝜌𝐶𝐶𝐿𝐿𝐻𝐻2 (5) 

Assuming 𝐶𝐶𝐷𝐷 and 𝐶𝐶𝐿𝐿 of order unity, solving (5) results in the black dashed line in fig. 3; i.e. the 

threshold condition for regime (iii). It can be seen that this line predicts smaller threshold velocities 

for structures with low aspect ratio; slender cuboids can rotate backwards when subjected to 

smaller velocities than less slender cuboids.  

 

Regime (iv): Sliding Downstream 

The instability associate with regime (iv), i.e. sliding downstream, can also be analysed by 

considering the forces acting on the cuboid structure. With reference to Fig. 6, a horizontal force 

balance at the point of instability in sliding can be written as:  𝐹𝐹𝐷𝐷 = 𝜇𝜇(𝑊𝑊′ −  𝐹𝐹𝐿𝐿) (6) 

where 𝜇𝜇 is the static coefficient of friction of the bed. Substituting (2), (3), (4) and (8) into (7), the 

threshold velocity for regime (iv) can be given by: 

𝑈𝑈𝑖𝑖𝑖𝑖 =  � 2𝜌𝜌′𝐻𝐻2𝐻𝐻𝐿𝐿𝜌𝜌𝐶𝐶𝐷𝐷𝐻𝐻2/𝜇𝜇 +  𝜌𝜌𝐶𝐶𝐿𝐿𝐻𝐻𝐻𝐻 (7) 

The dashed grey lines in Fig. 3 represent threshold conditions for regime (iv) again 

assuming drag and lift coefficients of unity and a 𝜇𝜇 =0.4 (determined experimentally by inclining 

the false floor of the O-tube in still water). Importantly, it can be seen that this line crosses over 

the black dashed line at 𝐻𝐻/𝐻𝐻~0.9. Hence sliding occurs at lower threshold velocities than rotation 

for structures with large aspect ratio (and vice-versa). In the present testing program the target flow 

velocity for each experiment was achieved by increasing the velocity zero. As a result, it is 

U 𝐹𝐹𝐷𝐷 

𝐹𝐹𝐿𝐿 

𝑊𝑊′ 
A 
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expected that for hydrodunamically unstable regimes the toppling downstream response will be 

observed at low aspect ratio (because this failure mode is triggered at lower threshold velocity) 

and the sliding downstream response will observed for aspect ratios above unity (because this 

failure mode is triggered at lower threshold velocity).  It can be seen that this result is largely 

consistent with the experimental observations for plexiglass. For glass, insufficient experiments 

were undertaken to properly investigate hydrodynamic instability (this is a topic for future research 

that is currently being investigated by the authors). 

Fig. 7a, 7b and 7c show snapshots of a typical cuboid sliding downstream due to 

hydrodynamic forces (Test P27, Table 1). 

 

 
Figure 7. Snapshots of a block sliding downstream due to the hydrodynamic forces (Test 

P27, Table 1). 

 

Regime (v): Rotating and sliding upstream due to scour 

The bed shear stress and vortex structure around the edges results in the generation of a scour hole 

upstream of the cuboid, leading to undermining. If this undermining is sufficiently large, instability 

of the structure can occur through a combination of translation and rotation as reported in Draper 

et al. (2020). Fig. 2c shows a schematic view of this condition and Fig. 8a, 8b and 8c present 

snapshots of a glass cuboid in regime (v). As seen, the block is stable initially, however as scour 

develops and undermines the cuboid, local bearing failure leads to rotation and translation of the 

block into the scour hole. Experimental observation presented in Fig. 3 (sky blue marker) indicate 

that this regime occurs for higher aspect ratios; namely, L/H > 1, and flow intensities capable of 

causing sufficient undermining but not hydrodynamic instability.  

 

Regime (vi): The structure topples upstream due to scour 

In contrast to regime (v), for sufficiently slender structures, it is possible that the structure will 

become unstable and topple following bearing failure associated with undermining. While regime 

(v) is observed for larger aspect ratios, regime (vi) is observed for smaller aspect ratios (dark blue 

markers in Fig. 3).  
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Figure 8. Snapshots of a cuboid with aspect ratio of 1.6 exposed to steady current with 𝑼𝑼 

= 1.6 𝑼𝑼𝒄𝒄𝒄𝒄 (Test G28, Table 1) after (a) 30 s (b) 4 min and (c) 7 min (equilibrium 

condition). By developing the scour, the cuboid rotates and slides into the scour hole. 

 

DISCUSSION 

Figure 9 presents a regime diagram summarizing the various responses observed in the present 

experiments. The red dashed line in this figure represents the threshold condition for regime (iii) 

using eq. (5) and the pink dashed line represents the threshold condition for regime (iv) using eq. 

(7). These lines indicate hydrodynamically unstable conditions. In other words, structures will 

experience either downstream rotation or sliding as the velocity increases from below the line to 

above the line. For hydrodynamically stable structures, scour can result in instability due to 

toppling or rotation and sliding.  

The dividing dashed lines in Fig. 9 will vary depending on the properties of the structure. 

For instance, the boundary for regime (i) is expected to be sensitive to flow amplification (and 

hence the shape of the structure), while the boundary of the hydrodynamically unstable regimes 

depends on structure density and shape/geometry (as implied by eq. (5) and (7)). Within the 

scouring regimes further work is needed to understand the different boundary lines between 

regimes. Nevertheless, based on the results shown in Fig. 3, these regimes can be seen to change 

in size and location when the density of the structure change, whilst the data synthesized in 

Friedrichs et al. (2016) implies that scour-induced settlement depends on the shape of the structure 

and so these boundaries are also likely to depend on geometry.  

The practical value of the regime map given in Fig. 9 is that it can be used to identify which 

failure modes (and hence underlying mechanics) is likely to be important for different classes of 

structures. As an example, subsea structures used traditionally to support subsea pipeline 

developments, are squat (with 𝐻𝐻/𝐻𝐻 ≫1). These structures are unlikely (except in very shallow 

water) to see velocity sufficient for hydrodynamic instability and so regime (i), (ii) or (v) are 

expected. Understanding which of this set of regimes will occur then becomes the main focus of 

design.  

Finally, it should be noted that the regime map in Fig. 9 is only a representation of the 

experimental results observed in this work. Other modes are possible – for instance at very high 

aspect ratio and velocity, hydrodynamic instability may result due to lift.  
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Figure 9. Schematic map showing different regime that can be experienced by the 

structures on a mobile bed exposed to steady currents. 

 

CONCLUSIONS 

Structures placed on an erodible seabed are prone to a range o0+f failure modes, which is more 

varied than that for a non-erodible seabed. This is because if the structure is shallowly embedded 

on a mobile bed, local scour and undermining can result in a reduction in bearing area and 

subsequent structure settlement and/or toppling.  

To investigate the failure modes in more detail, a variety of rectangular cuboids with 

varying aspect ratios and two different densities were exposed to a range of steady current 

velocities. The fluid-structure-seabed interactions observed indicated six different regimes: (i) the 

structure and surrounding seabed are stable; (ii) the structure experiences scour but is stable; (iii) 

the structure rotates downstream; (iv) the structure slides downstream; (v) the structure rotates and 

slides upstream due to scour; (vi) the structure topples upstream due to scour. A regime diagram 

was proposed to summarise these regimes and to describe the boundaries between them. The 

results obtained here are believed to be helpful in predicting the likely modes of instability for 

different shallowly embedded ocean structures. 
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