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Abstract

Obstacle marks are instream bedforms, typically composed of an upstream frontal

scour hole and a downstream sediment accumulation in the vicinity of an obstacle.

Local scouring at infrastructure (e.g. bridge piers) is a well-studied phenomenon in

hydraulic engineering, while less attention is given to the time-dependent evolution

of frontal scour holes at instream boulders and their geometric relations (depth to

width, and length ratio). Furthermore, a comparison between laboratory studies and

field observations is rare. Therefore, the morphodynamic importance of such scour

features to fluvial sediment transport and morphological change is largely unknown.

In this study, obstacle marks at boulder-like obstructions were physically modelled in

30 unscaled process-focused flume experiments (runtime per experiment ≥

5760 min) at a range of flows (subcritical, clear-water conditions, emergent and sub-

merged water levels) and boundary conditions designed to represent the field setting

(i.e. obstacle tilting, and limited thickness of the alluvial layer). Additionally, geome-

tries of scour holes at 90 in-situ boulders (diameter ≥ 1 m) located in a 50-km seg-

ment of the Colorado River in Marble Canyon (AZ) were measured from a 1 m-

resolution digital elevation model. Flume experiments reveal similar evolution of local

scouring, irrespective of hydraulic conditions, controlled by the scour incision,

whereas the thickness of the alluvial layer and obstacle tilting into the evolving fron-

tal scour hole limit incision. Three temporal evolution phases—(1) rapid incision,

(2) decreasing incision, and (3) scour widening—are identified based on statistical

analysis of spatiotemporal bed elevation time series. A quantitative model is pres-

ented that mechanistically predicts enlargement in local scour length and width

based on (1) scour depth, (2) the inclination of scour slopes, and (3) the planform area

of the frontal scour hole bottom. The comparison of field observations and labora-

tory results demonstrates scale invariance of geometry, which implies similitude of

processes and form rather than equifinality.
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1 | INTRODUCTION

Obstacle marks are bed features related to topographic obstructions

exposed to a current (Hargitai, 2014; Karcz, 1968; Richardson, 1968).

Typically, obstacle marks are composed of an upstream crescentic

frontal scour hole that laterally surrounds the obstacle in the

downstream direction, and a dune-like sediment accumulation in the

downstream wake of the obstruction, termed ‘sediment ridge’
(Oliveto & Hager, 2014). Obstacle marks emerge due to three-

dimensional flow structures and turbulence in the vicinity of an obsta-

cle, even when the threshold velocity for general sediment movement

is not exceeded (Euler & Herget, 2012). Obstacles may be large
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natural bed elements such as solitary boulders or deadwood with a

diameter greater than the mean diameter of the surrounding alluvium

(Judd & Peterson, 1969; Laronne et al., 2001; Lisle, 1981; Thompson,

2008), or instream infrastructure (i.e. bridge piers, spur dikes)

(Breusers & Raudkivi, 1991; Hoffmans & Verheij, 1997; Melville &

Coleman, 2000). Thus, the flow structures around instream obstacles

and the formation of obstacle marks are relevant to various scientific

disciplines in Earth science and hydraulic engineering.

In geomorphology and sedimentology, depositional patterns

around isolated small boulders or cobbles in gravel-bed rivers are well

documented as particle clusters (Carling & Reader, 1982; Cin, 1968;

Papanicolaou et al., 2018; Storm & Papanicolaou, 2007). However, in

contrast to an obstacle mark, local scouring at the stoss side of parti-

cle clusters is inhibited because individual grains are large relative to

the cluster and dissipate energy (Lee & Sturm, 2009). Instead of initi-

ating erosion, particle clusters tend to trap incoming sediment that is

transported as bedload sheets or in suspension, either on its stoss side

or its wake, depending on the submergence ratio (ratio of approaching

flow depth to size of the obstacle) (Ghilardi et al., 2014; Papanicolaou

et al., 2011, 2012) and the turbulent flow structure (Lawless & Robert,

2001). Deposits of finer material form frequently in the low-energy

wake of large bed obstructions, presumably during waning flows

(Carling & Reader, 1982; Thompson, 2008).

Obstacle mark formation at boulder-like obstructions has been

described in relatively few empirical laboratory studies (Boyer &

Roy, 1991; Euler et al., 2017; Fisher & Klingman, 1984; Shamloo

et al., 2001). The submergence ratio is a particularly important

boundary condition, as boulder-like instream obstructions are

affected by different water levels. During lower flows, the obstacle

might be emergent (some portion of the obstacle protrudes above

the water surface) and the flow is affected by localized flow struc-

tures (e.g. hydraulic jumps) as it becomes a function of the Froude

number. Meanwhile at higher flow, the obstacle occupies only the

lower portion of the flow depth and is submerged, while the flow

is subcritical (Boyer & Roy, 1991; Papanicolaou et al., 2010;

Shamloo et al., 2001).

Moreover, obstacle mark formation at boulder-like instream

obstructions in the field is influenced by specific boundary conditions

that limit scouring (Schlömer et al., 2020). For instance, scour incision

at a solitary instream boulder causes the boulder to tilt into the frontal

scour hole once a critical depth is crossed, resulting in self-burial of

the obstacle (Euler et al., 2017). Consequently, this process changes

the boulder’s exposure to flow and alters the scouring processes

(Rennie et al., 2017). In contrast, the alluvial layer in which the boulder

is embedded might be depth-limited, so that only a thin alluvial cover

is present over bedrock (Hodge et al., 2011), or an armour layer is

developed in the scour hole due to non-uniformity of alluvial material.

In both cases, ongoing scour incision is restricted due to these mor-

phodynamic feedback mechanisms.

In summary, these specific limiting boundary conditions that con-

trol local scour around boulders in the field have been insufficiently

investigated via systematic laboratory studies, while integration

between laboratory results on obstacle mark geometry with field evi-

dence has rarely been carried out. Improved understanding of the

geometry of obstacle marks is needed to (a) refine existing procedures

to estimate the magnitude of past flood events (Herget et al., 2013),

and (b) estimate the spatial extent of countermeasures for local scour

protection at technical infrastructure. Consequently, the aims of the

present contribution are:

i. To analyse the processes of enlargement and the resulting geom-

etry of evolving frontal scour holes at boulder-like obstructions

under various hydraulic conditions via a systematic laboratory

flume study.

ii. To evaluate local scouring at boulder-like obstructions in consid-

eration of limiting boundary conditions of obstacle mobility and

in the presence of a depth-limited alluvial layer via a systematic

laboratory flume study.

iii. To investigate possible scale invariance and geometric similitude

of frontal scour holes by comparing laboratory results to in-situ

obstacle marks at boulders in the Colorado River documented in

a digital elevation model (DEM) derived from bathymetric map-

ping in Marble Canyon (Arizona) (Kaplinski et al., 2017a).

1.1 | Geometry of obstacle marks

The morphology (i.e. frontal scour hole and downstream sediment

ridge) is characterized by certain morphometric variables, including

scour hole depth at the obstacle front (ds), measured from the

undisturbed upstream bed; scour hole frontal length (ls) in the plane of

symmetry to the incoming flow, measured from the obstacle frontal

face to the upstream edge of the scour hole; and scour hole frontal

width (ws), measured perpendicular to the direction of incoming flow

from the lateral edges of the scour hole at the obstacle frontal face

(Figure 1a). A corresponding definition can be applied to the sediment

ridge, including sediment ridge height (hr), sediment ridge width (wr),

and sediment ridge length (lr), measured from the downstream end of

the obstruction (Euler & Herget, 2012).

The applied engineering practice focuses on physical modelling to

determine predictive equations for equilibrium ds, defined as the maxi-

mum depth of the frontal scour hole that is likely after prolonged

exposure to steady flow. Equilibrium ds is used as a design parameter

for foundation depth (Pizarro et al., 2020; Simarro et al., 2011), or as a

proxy in risk assessment procedures (Tubaldi et al., 2017). The evolu-

tion of ds is an asymptotic process in time (Kothyari et al., 1992; Lu

et al., 2011; Mohammadpour et al., 2017; Oliveto & Hager, 2002,

2005). From laboratory data at clear-water conditions (flow velocity <

threshold velocity for sediment mobilization), it is well established that

80% of equilibrium ds is developed within only 5–40% of the time to

equilibrium that is obtained after several days, mainly depending on

flow velocity and grain size (Melville & Chiew, 1999).

Although recent studies have examined the evolution of scour-

hole geometry for different types of obstacles and sediment sizes, by

utilizing a range of measurement methods (Bouratsis et al., 2013,

2017; Diab et al., 2010; Link et al., 2008; Poggi & Kudryavtseva,

2019; Rogers et al., 2020; Sarkar et al., 2015), these studies have

focused on ds, while ignoring ws and ls. Nevertheless, there is general

agreement that the geometry of frontal scour holes can be approxi-

mated as an inverted frustum cone with an elliptical shape in plan

view (ls < ws) (Figure 1a) (Mia & Nago, 2003), whereas the longitudinal

shape (i.e. in the flow direction) is quite symmetrical (Schalko et al.,

2019; Schlömer, 2020). However, considering a longitudinal profile

from the obstacle frontal face to the upstream edge of the scour hole
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at equilibrium condition, different segments are distinguishable. These

segments consist of: (1) a flat semi-circular scour hole bottom (Sb) that

is closely attached to the obstacle base with radius < ls; (2) an inner

frontal scour hole (lower slope) that is characterized by an inclination

≥ critical angle of repose (Φcrit); and (3) an outer frontal scour hole

(upper slope) that is characterized by an inclination ≤ Φcrit (Figures 1b

and c). The transition between both slopes is marked by a knickpoint

(berm) in the cross-sectional profile.

1.2 | Morphodynamic processes at instream
obstacles

Obstacle marks originate from deformations of the approaching flow

in the vicinity of the obstacle that result in the following processes:

(1) contraction of streamlines lateral to the obstacle, causing higher

flow velocities; (2) a vertical jet-like downflow towards the bed that

emerges due to the pressure gradient at the obstacle frontal face;

(3) formation of a turbulent vortex structure at the obstacle base,

resulting from the deflection of the downflow against the main flow

direction—because the vortex structure wraps laterally past the sides

of the obstacle in the downstream direction, it is commonly referred

to as a horseshoe vortex (HV); and (4) a decelerated region of flow in

the wake of the obstruction, including a wake vortex system of

detached shear layers with a vertical axis of rotation (Bauri & Sarkar,

2016; Dargahi, 1990; Escauriaza & Sotiropoulos, 2011a; Hunt et al.,

1978; Launay et al., 2017; Papanicolaou & Tsakiris, 2017; Pattenden

et al., 2005; Schlömer et al., 2020; Shamloo et al., 2001; Sumner,

2013) (Figure 2).

Processes (1) to (3) amplify the bed shear stress above the critical

bed shear for sediment mobilization, inducing local scouring in front

and lateral to the obstacle in non-cohesive and cohesive sediment

(Allen, 1982; Sonia Devi & Barbhuiya, 2017).

The enlargement of the frontal scour hole and its geometry are

closely related to the HV as the main driver of sediment mobilization

(Dargahi, 1989; Li et al., 2018; Radice & Tran, 2012; Radice et al.,

2009). The HV actually consists of several interacting and unsteady

vortices (Chen et al., 2017; Escauriaza & Sotiropoulos, 2011b; Kirkil &

Constantinescu, 2010; Kirkil et al., 2008). The largest and most stable

vortex is denoted as the primary horseshoe vortex (HV1) and is

F I G UR E 1 (a) Plan view of a typical obstacle
mark at a cuboid obstacle generated in a flume
defining characteristic morphometric variables of
frontal scour hole (red isolines) and sediment ridge
(blue isolines) (scale is in centimetres, large arrow
indicates direction of flow). (b) Longitudinal cross-
section in the plane of symmetry. (c) Upstream
cross-sectional profile of the frontal scour hole
indicating internal differentiation and positions of
primary horseshoe vortex (HV1) in back-flow
mode, and secondary horseshoe vortex (HV2) (not
to scale) [Colour figure can be viewed at
wileyonlinelibrary.com]
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located close to the obstacle base. During incision, HV1 sinks into the

frontal scour hole and extends down to Sb, where it promotes sedi-

ment mobilization by saltation and rolling (Chen et al., 2019; Dargahi,

1990; Dey & Raikar, 2007). Upstream of HV1, a smaller and less

coherent vortex (HV2) is located within the outer region of the frontal

scour hole (Figures 1c and 2). HV2 can completely lose coherence,

while HV1 exhibits aperiodic bimodal oscillations that cause changes

in the position and shape of the vortex core, from circular (zero-flow

mode) and closely aligned to the obstacle, to elliptical (back-flow

mode), where the core is situated away from the obstacle (Kirkil &

Constantinescu, 2015; Paik et al., 2007). In back-flow mode, the verti-

cal extent of HV1 coincides with the knickpoint in the slopes, differ-

entiating the outer and inner frontal scour hole (Muzzammil &

Gangadhariah, 2003; Unger & Hager, 2007). Although the rotation of

the HV generally stabilizes the lower slope at an angle greater than

Φcrit (Hoffmans, 1993), the aforementioned temporal oscillations

(HV1) and occasional disappearance (HV2) destabilize the slopes and

result in collapse characterized by gravitational movements into Sb. In

shallow flow (flow depth <<< channel width) and emergent conditions

at the obstacle, a surface standing wave at the junction between the

upstream frontal face of the obstacle and the free surface is formed

(Boyer & Roy, 1991; Shamloo et al., 2001). This bow wave can affect

HV1 as the vortices have opposite direction of rotation (Gazi & Afzal,

2020). With decreasing flow depth, the bow wave dominates and

HV1 is less capable of entraining sediment (Melville & Coleman,

2000). Schlömer et al. (2020) have documented that the dimensions

of the frontal scour hole are reduced if submergence ratio ≤ 0.55.

1.3 | Boundary conditions of obstacle mark
formation

The formation of marks at natural obstacles is impacted by different

extrinsic and intrinsic environmental boundary conditions that com-

prise (1) flow conditions, (2) sediment characteristics, (3) properties of

the obstacle, and (4) time. Recently, Schlömer et al. (2020) have pro-

posed a functional relationship of scale-invariant parameters that con-

trol local scouring at solitary boulder-like obstructions located in a

straight, moderately sloped channel and cohesionless alluvial sedi-

ment. The non-dimensional control parameters, derived on principles

of the Buckingham Π theorem (e.g. Barenblatt, 2003), result in an

expression for local scour incision ds/Lo:

ds=Lo = f dw=Lo,Um=Uc,Reo,Lo=B,Sh,Mb,Lo=D50,σG,dsed=Lo,t=teð Þ ð1Þ

where dw/Lo is the submergence ratio (dw = flow depth [L] and Lo

= effective obstacle size ho
2/3wo

1/3 [L], with ho = obstacle height

[L] and wo = obstacle width [L], Um/Uc is flow intensity (Um = mean

approach velocity [LT−1] and Uc = critical mean approach velocity for

entrainment of sediment [LT−1]), Reo is the obstacle Reynolds number

(UmLo/ν, with v = kinematic viscosity of water [L2T−1), Lo/B is the

blockage ratio (with B = channel width [L]), Sh [−] is an indicator for

the hydrodynamic shape of the obstacle, Mb [−] is an indicator for the

mobility of boulder-like obstruction due to tilting into the local scour

hole, Lo/D50 is the relative sediment coarseness (D50 = median diame-

ter of the bed sediment [L]), σG is the sorting of sediment (D84/D16
1/2

[−]), dsed/Lo is the relative thickness of the alluvial layer (dsed = thick-

ness of the alluvial layer in which the obstacle is embedded [L]), and t/

te is the time scale of local scouring.

Each term in Equation (1) is measurable or readily simulated with

the current state-of-the-art technology for measuring or modelling

three-dimensional flows and time-dependent riverbed elevation

evolution.

1.4 | Obstacle marks at different spatial scales

Field evidence of obstacle marks has been described for a range of

conditions, including overland flow at rock fragments (Jomaa et al.,

2012; Poesen et al., 1994) and around solitary boulders in flash floods

in ephemeral streams (Euler et al., 2017; Karcz, 1972). Among the

largest measured obstacle marks (dimensions up to 102 m) are those

associated with large boulders and bedrock hills, hypothesized to have

formed during Quaternary megafloods (Baker & Bunker, 1985; Carling

et al., 2002; Herget, 2005). The dominant morphology (cf. Figure 1a)

is thereby consistent over a range of spatial scales.

Contrary to the dominant morphology, local scour holes in the

wake of boulders located in high-gradient step-pool streams

(e.g. Comiti et al., 2005) and rock sills (e.g. Pagliara & Palermo, 2008,

2018) are reported. This plunge pool scour occurs as a result of an

F I GU R E 2 Schematic flow field in the
vicinity of a submerged cuboid obstacle.
Flow direction from right to left (modified
after Schlömer et al., 2020)
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overtopping jet-stream motion that differs from the HV-induced mor-

phodynamic processes.

Nevertheless, field measurements of frontal scour hole geometry

are extremely limited. Although bridge pier scour is frequently moni-

tored in the USA, only ds is considered among candidate morphomet-

ric variables (Mueller & Wagner, 2005; USGS National Bridge Scour

Database, 2020). To the authors’ knowledge, only the study by Butch

(1991, 1999) has measured in-situ frontal scour hole geometry (ds and

ws according to the definition in Figure 1a) at 128 bridge piers. The

analysis of field measurements of ds is complicated, owing to the diffi-

culty in connecting scour hole measurements with the formative flow

conditions (e.g. Link et al., 2019; Pizarro et al., 2020), exacerbated by

uncertainty in the maturity of ds at the time of measurement

(Sheppard et al., 2014). In general, laboratory estimates of ds tend to

overestimate the actual dimensions of ds in the field (Johnson et al.,

2015; Pizarro & Tubaldi, 2019).

2 | MATERIALS AND METHODS

2.1 | Facility for laboratory studies

Physical modelling was conducted in a 5 m long, 0.32 m wide, 0.27 m

deep straight, rectangular flume with fixed slope (0.003 m m−1)

entirely filled with a layer of uniform (σG < 1.3) sand with median grain

diameter (D50 = 0.75 mm). Φcrit of the sediment when dry is �33�

(Dey, 2014). Discharge (Q) was controlled by a recirculating pump,

while flow depth (dw) was adjusted by a tail-gate at the downstream

end of the flume to enable pseudo-uniform flow within the working

section of the flume (�270 cm downstream of the inlet) (Hager &

Hutter, 1984). The water surface profile was measured using an ultra-

sonic distance meter (Mic +25, Microsonic®, accuracy ±0.1 mm). The

unscaled flume experiments are interpreted as a process-focused

physical model (Baynes et al., 2018) that attempts to reproduce pro-

cesses and resulting morphologies, but does not represent a specific

natural prototype.

Two obstacles of identical size (Lo = 3 cm) but different shape

(cube, Sh ≥ 0.8 and sphere, Sh ≤ 0.6) were used to mimic boulder-like

obstructions (i.e. angular and rounded). The obstacles were placed in

the working section of the flume in the plane of symmetry to minimize

sidewall effects (Nakagawa & Nezu, 1993). Blockage ratio (Lo/B, with

B = flume width) and relative sediment coarseness (Lo/D50) were

designed to satisfy critical thresholds for the onset of local scouring:

Lo/D50 > 8 (Lee & Sturm, 2009) and Lo/B < 0.6 (Chou & Chao, 2000;

Williams et al., 2019).

The flume was used for a total of 30 individual runs, comprised of

three different experimental configurations (Figure 3a).

In series A, the obstacles were mounted to the flume bottom such

that the entire obstacle (Lo = 3 cm) was above the initial bed (dsed =

5.5 cm), and exposed to 10 different hydraulic conditions by varia-

tions in dw/Lo (0.67–4) and Um/Uc (0.49–0.81).

In series B, the obstacles were mounted to the flume bottom with

Lo above the initial bed (dsed = 2 cm) and exposed to hydraulic condi-

tions of series A.

In series C, the obstacles were loosely placed on the bed with Lo

above the initial bed (dsed = 5.5 cm), but the obstacles were free to

move and were exposed to hydraulic conditions of series A and B.

2.2 | Working hypotheses for experimental series

By neglecting constant boundary conditions of the experiments (Lo/B

= 0.09, Lo/D50 = 40, σG < 1.3), scour depth incision can be functionally

formulated as

ds=Lo = f dw=Lo,Um=Uc,Reo,Sh,Mb,t=teð Þ ð2Þ

By assuming shape similitude of the local scour hole, non-

dimensional scour depth (ds/Lo) in Equation (2) can be replaced by

non-dimensional scour length (ls/Lo) or non-dimensional scour width

(ws/Lo).

Furthermore, it is hypothesized that for given sediment size and

obstacle size, ls/Lo and ws/Lo will scale with ds/Lo, obstacle shape (Sh)

and elapsed time of the experiments (t/te), and only indirectly with the

actual flow conditions. The same hypothesis is required for the

F I G U R E 3 (a) Side view of experimental setups within the
working section of the flume; FB = flume bottom. (b) Definition of
subsequent cross-sections for the estimation of the sediment
transport rate (qb) exemplified for the upstream cross-section of the
frontal scour hole in non-dimensional form. (c) Point measurements of
upstream horizontal cross-section in non-dimensional form for run A6
displaying calibrated measurements while flume was operating (cyan)
and drained (red) [Colour figure can be viewed at wileyonlinelibrary.
com]
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methodology proposed by Chreties et al. (2008). Each experiment

lasted 5760 min, which for given Um/Uc and Lo/D50 is two to five

times larger than the estimated time scale to attain equilibrium ds pro-

posed by Melville and Chiew (1999). The long-duration experiments

were chosen, because no empirical values for equilibrium ls and ws are

reported. Hence, te is interpreted as the absolute runtime of individual

experiments.

The working hypothesis for series A is:

A. The dimensions of ls/Lo and ws/Lo in time are dependent on ds/Lo

and essentially unaffected by flow conditions.

Therefore, Equation (2) reduces to a form more amenable to empirical

evaluation:

ls=Lo,ws=Lo = f ds=Lo,Sh,t=teð Þ ð3Þ

In series B experiments, frontal scour hole incision into a depth-

limited alluvial layer was evaluated by reducing dsed such that dsed/Lo <

1 limits scour incision.

The working hypothesis for series B is:

B. In the presence of a depth-limited alluvial layer, the time evolution

of ds/Lo depends solely on dsed/Lo.

Thus, Equation (2) reduces to

ds=Lo = f dsed=Lo,Sh,t=teð Þ ð4Þ

The working hypothesis for series C is:

C. Obstacle tilting into the frontal scour hole alters the process

dynamics of scour incision in time and impacts the geometric rela-

tions (i.e. ds/ls, ds/ws). Thus, Equation (2) reduces to

ds=Lo, ls=Lo,ws=Lo = f Mb,Sh,t=teð Þ ð5Þ

2.3 | Hydraulic boundary conditions of
experimental series

Steady and subcritical flow conditions at clear-water conditions (Um/

Uc < 1) were designed by choosing different values of Um (16.5,

20 and 24 cm s−1) and different flow depths (2, 3, 6 and 12 cm) to

mimic emergent (dw < Lo) and fully submerged conditions (dw >> Lo) at

the obstacles. For given D50 and different values of dw, Uc was com-

puted by a procedure given in Melville and Coleman (2000) (see anno-

tations to Table 1).

2.4 | Experimental procedure

The dimensions of ds, ls and ws were measured with two LED distance

meters (Welotec® OWRB series, accuracy ±0.5 mm), measuring x-

and y-coordinates in a local Cartesian coordinate system, with x =

longitudinal, streamwise direction and y = horizontal, perpendicular to

streamwise direction; and a laser distance meter (Baumer Electric®

ODAM S14C, accuracy ±1.5 mm) measuring the vertical coordinate

(z). The sensors were mounted on a traversing system on top of the

flume operating in the x/y plane. The elevation of the initial flat bed in

front of the obstacle was used as reference (i.e. x0/y0/z0 = 0/0/0). For

individual runs, measurements of ds, ls and ws were sampled at t =

1, 2.5, 5, 7.5, 10, 12.5, 15, 17 and 20 min (start of the experiment at

t = 0 min). Irrespective of time, the spatial extent of ls and ws was

obvious and determined by z0 < 0. For t ≤ 480 min, the measuring

interval was relaxed to 10 min. For t > 480 min, measurements were

randomly sampled, while for t ≥ 1000 min, morphometric variables

were measured only once in 1440 min up to the total runtime of

experiments (5760 min).

The geometry of the frontal scour hole was measured by two-

dimensional cross-sectional profiles in the longitudinal

(i.e. streamwise) and horizontal (i.e. perpendicular to streamwise)

T AB L E 1 Non-dimensional hydraulic boundary conditions of all
experimental series

Run Type dw/Lo Um/Uc
† Fr

A1 C 0.67 0.67 0.37

A2 C 1 0.62 0.3

A3 C 2 0.55 0.22

A4 C 4 0.49 0.15

A5 C 0.67 0.81 0.45

A6 C 1 0.75 0.37

A7 C 2 0.66 0.26

A8 C 4 0.6 0.18

A9 C 2 0.79 0.31

A10 C 4 0.71 0.22

A11 S 0.67 0.67 0.37

A12 S 1 0.62 0.3

A13 S 2 0.55 0.22

A14 S 4 0.49 0.15

A15 S 0.67 0.81 0.45

A16 S 1 0.75 0.37

A17 S 2 0.66 0.26

A18 S 4 0.6 0.18

A19 S 2 0.79 0.31

A20 S 4 0.71 0.22

B1 C 4 0.6 0.18

B2 C 2 0.66 0.26

B3 C 1 0.75 0.37

B4 S 4 0.6 0.18

B5 S 2 0.66 0.26

B6 S 1 0.75 0.37

C1 C 2 0.66 0.26

C2 C 2 0.79 0.31

C3 S 2 0.66 0.26

C4 S 2 0.79 0.31

C = cube, S = sphere.
†Uc = 5.75 log (5.53 dw/D50) uc*, with uc* = 0.015+0.0125 D50

1.4 (0.1 < D50

< 1 mm).
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directions according to the definition in Figure 1a (solid lines). Profiles

were surveyed at t = 30, 60, 120, 240 and 480 min, while for t >

480 min profiles were randomly sampled once in 1440 min.

Measurements of morphometric variables and profiles are inter-

preted as quasi-dynamic observations, because they were measured

while water was flowing (Rogers et al., 2020). A systematic error was

present for measurements of the z-coordinate due to refraction of the

laser beam within the water column. Therefore, a simple calibration

(i.e. compensation for the travel time of light in water) was applied to

the raw data. The compensation procedure yielded sufficiently accu-

rate results when compared to measurements at drained condition

with the same measurement system (Figure 3c). The test reproducibil-

ity was successfully evaluated for repetitions of runs A6, A9, A10,

A16 and A17, producing an average standard error of ds � 3%, ls �
6% and ws � 4%.

Considering two consecutive frontal scour profiles, the volumetric

bed load transport rate (qb [L2T−1]) out of the frontal scour in absence

of sediment suspension was estimated by calculating the line integral

(Figure 3b)

qb lsP vwsP ,tð Þ≈ cb=t i+1ð Þ– t ið Þ ð6Þ

with lsP = longitudinal scour hole profile, wsP = horizontal scour

hole profile, cb = depth-integrated frontal scour hole area, i = 1, …, N,

with N the total number of measured profiles in time.

For the subsequent analysis, qb in Equation (6) is replaced by the

dimensionless bed load q* [−]:

q� = qb= ρs=ρ–1ð ÞgD50
3

� �1=2
ð7Þ

with ρ = water density [ML−3] and ρs = sediment density [ML−3].

For comparison, frontal scour hole profiles were scaled with the

corresponding dimensions of ds, ls and ws, in order to preserve collin-

earity of distances and angles (i.e. three or more points initially lying

on a line still lie on a line after the transformation) (Tregnaghi et al.,

2007).

2.5 | Field data

Field observations of obstacle marks at boulders were derived from a

DEM of a 50-km segment of the Colorado River within Grand Canyon

National Park (Figure 4). The DEM is the result of a field survey in

May 2009 in which bathymetric (multi-beam and single-beam sonar),

topographic (ground-based total-station surveys) and grain size data

were surveyed in order to monitor the status and trends of sediment

storage along the Colorado River (Grams et al., 2019; Kaplinski et al.,

2017a). Surveys were not conducted in rapids and riffles (Kaplinski

et al., 2017a), thus all obstacles and associated obstacle marks were

submerged (dw > Lo) during the survey. The DEM has 1 m resolution

and is projected to Arizona Central Zone of the State Plane Coordi-

nate System of 1983, while elevations are ellipsoid heights

(i.e. relative to the NAD83 ellipse). Bed-sediment maps were con-

structed using the methods reported in Buscombe et al. (2014a,b,

2017) at 0.25 m resolution and classify sediment into the Wentworth

classes of sand, gravel and undifferentiated cobble/boulder/bedrock.

The study area is located in Lower Marble Canyon (Figure 4) between

river mile (RM) 30 and 61, which is the distance downstream from

Lees Ferry, Arizona (RM 0) along a digitized channel centreline (Grams

et al., 2019). The upstream extent of the study area is located 75 km

downstream from Glen Canyon Dam. The river flows in a bedrock-

walled canyon with an average channel width of 100 m at low dis-

charge (�225 m3 s−1), except for segments where tributary debris

fans constrict flow and create rapids (channel width < 30 m) (Grams

et al., 2019). Downstream of the debris fans, lateral flow recirculation

zones (eddies) form (channel width up to 150 m) (Grams et al., 2013;

Hazel et al., 2006). The river bed is dominated by sand and gravel, and

the Paria River (Figure 4) is the primary source of fine sediments

(Buscombe et al., 2017). River discharge is controlled by dam releases

for hydroelectric power generation, which varies irregularly (monthly

and seasonally) and regularly (a daily fluctuation with a constant

period). During May 2009, the mean discharge at Lees Ferry was rela-

tively low (�270 m3 s−1) (Grams et al., 2013), and flow variability

around the time of field measurements was likely minimal while the

total sediment load was comparatively small at that time.

The DEM was processed using GIS to measure dimensions of the

obstacle (ho, wo) and the dimensions of ds, ls, ws within the resolution

of the DEM (i.e. ≥1 m). Profiles of the frontal scour hole (cf. Figure 1a)

were drawn equivalent to the processing of the laboratory data. The

profiles began at the lowest bed elevation at the obstacle frontal face,

or at the lowest elevation at the lateral edges of the obstacle (i.e. ds),

and ended where the bed elevation no longer increases with distance

from the obstacle frontal face (Butch, 1999). The elevation of the sur-

rounding bed was therefore considered to be z = 0. The profiles were

scaled and post-processed to estimate local minima (i.e. ds) and max-

ima (i.e. ho and wo).

3 | RESULTS

3.1 | Scour hole evolution at laboratory scale

In runs A1 to A10, two small depressions developed immediately at

the lateral edges of the obstruction and merged rapidly to form a fron-

tal scour hole (t/te ≈ 0.0001–0.0004). The eroded material was depos-

ited downstream in the wake of the obstruction as a sediment ridge

with orientation parallel to the flow direction, forming the typical

obstacle mark morphology. Subsequently, the frontal scour hole deep-

ened as well as lengthened and widened, while the sediment ridge

flattened, widened and elongated in the downstream direction.

Irrespective of time, the scaled scour depth (ds/Lo) was larger for shal-

low flow depth (i.e. dw/Lo = 0.76 to 1) and maximized at dw/Lo =

1 (Um/Uc = 0.75, run A6) (Figure 5 and Supporting Information S1).

Compared to fully submerged flow (i.e. dw/Lo = 4 and Um/Uc = 0.71,

run A10), ds was on average 30% larger irrespective of experimental

duration. For runs with a spherical obstacle (A11–A22), the typical

obstacle mark morphology emerged only for run A16. Compared to

run A6, ds/Lo was on average 20% smaller, irrespective of experimen-

tal duration. For runs A11–A14, a wake-scour morphology composed

of two lateral scour holes downstream of the obstacle emerged, while

a frontal scour hole was absent. For runs A15, A17–A20 the same

wake-scour morphology emerged at the beginning of experimental

runs. However, with ongoing duration the morphology changed
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slightly as a minor frontal scour hole emerged (approx. t/te �
0.25–0.5), after exceeding a critical threshold of ds/Lo (�0.2).

For runs A1–A10, A16, q* showed an asymptotic (limiting) behav-

iour in time (Figure 6). Rapid incision and simultaneous enlargement

of ls and ws occurred at the beginning (i.e. t/te ≤ 0.04), which caused a

high q*. However, q* decreased significantly for later stages of the

experiments and could be approximated by power-law relationships

for (i) longitudinal profiles and (ii) horizontal profiles of the frontal

scour hole:

ið Þq� lsPð Þ=6:0�10−6

� t=te−4:4 coefficient of determination,R2 = 0:60
� �

ð8Þ

iið Þq� wsPð Þ=8:2�10−7

� t=te−5:7 coefficient of determination,R2 = 0:72
� �

ð9Þ

It should be noted that q*(wsP) did not decrease to zero, because

a slight enlargement in width was detected even for late stages of the

experiments (i.e. t/te ≥ 0.7).

3.2 | Influence of depth-limited alluvial layer

For series B, a typical obstacle mark pattern evolved for runs B1–B3

and B6, while a wake-scour morphology emerged for run B4. Due to

the depth-limited alluvial layer, ds/Lo, ls/Lo and ws/L were smaller com-

pared to similar runs of series A (Figure 7a). Equilibrium conditions of

ds were attained earlier in time (for Um/Uc ≥ 0.75 at t/te �
0.0005–0.0008, Figure 7c) as ds reached the channel bottom. How-

ever, the enlargement of ls and ws continued (Figures 6 and 7d). An

ANCOVA test (F-value = 0.67–0.69, p-value = 0.50–0.52) revealed

that q* over t/te for runs B1–B3 and B6 were not significantly differ-

ent from those predicted by Equations (8) and (9). The dimensions of

ls/Lo and ws/Lo were on average 30–40% larger for the angular obsta-

cle (Sh ≥ 0.8) compared to the spherical obstacle (Sh ≥ 0.6).

3.3 | Impact of obstacle mobility

For series C, the typical obstacle mark pattern emerged for runs C1,

C2 (Figure 7b) and C4 (Figure 7e), while the wake-scour morphology

F I GU R E 4 Map of Colorado
River in the upstream portion of
Grand Canyon National Park
(shaded in grey) highlighting
extent of bathymetric and
topographic survey in lower
marble canyon in 2009 (Kaplinski
et al., 2017a). Distance between
black dots in the study segment
is 5 river miles. GIS data are
provided by the U.S. Geological
Survey and the Grand Canyon
Monitoring and Research Center
(GCMRC), while the illustration is
inspired by 1Figure of Grams
et al. (2019) [Colour figure can be
viewed at wileyonlinelibrary.com]

F I GU R E 5 Scaled scour depth (ds/Lo) against submergence ratio
(dw/Lo) irrespective of time exemplified for runs A1, A6, A9 and A10
[Colour figure can be viewed at wileyonlinelibrary.com]
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F I GU R E 6 Scaled sediment transport rate over scaled time scale of all experimental series estimated from (a) upstream longitudinal profiles
of the frontal scour hole and (b) upstream horizontal profiles of the frontal scour hole [Colour figure can be viewed at wileyonlinelibrary.com]

F I GU R E 7 Plan view of frontal scour holes modelled at different stages of evolution and different experimental setups: (a) frontal scour hole
at a mounted cube; (b) frontal scour hole at a moveable cube partially buried in the frontal scour hole and tilted into upstream direction; (c) frontal
scour hole at an alluvial layer of reduced thickness after 5 min runtime indicating that scour incision reached flume bottom; (d) after 1440 min
indicating ongoing enlargement of frontal scour hole in length, width as well as in the extent of scour hole bottom; (e) frontal scour hole at a
moveable sphere partially buried in the frontal scour hole and tilted into upstream direction; (f) wake scour at a moveable sphere [Colour figure
can be viewed at wileyonlinelibrary.com]
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evolved for run C3 (Figure 7f). For runs C1 and C2, the scour incision

undermined the obstacle and induced movement of the obstacle at

ds/Lo � 0.2 with respect to the regularly shaped obstacles used within

this study. The movement was characterized by (i) upstream tilting of

the obstacle relative to its origin position (i.e. x0) against the direction

of flow and (ii) self-burial of the obstacle (i.e. reduction of ho relative

to ho at t/te = 0) (Figures 8a and b). Both processes show stepwise

and asymptotic behaviour in time with rapid activity for t/te < �0.2

irrespective of Sh (Figure 8c). Processes (i) and (ii) altered the obsta-

cle’s exposure to flow due to inclination of the obstacle’s frontal face

into the upstream direction (�20�), and by reducing the height of the

obstacle protruding into the flow. Both processes significantly decel-

erated frontal scour hole incision in time, and reduced ds/Lo by

15–20% on average compared to series A runs. q* over t/te was not

significantly different from Equations (8) and (9) (Figure 6) as ls/Lo and

ws/Lo enlarged further in time.

3.4 | Obstacle marks at field scale

In total, 90 obstacle marks were identified along the study at boulders

embedded in sand. A total of 83% of the boulders were located close

to the channel banks and varied considerably in size relative to the

ambient bed elevation (median ho = 1 m, range ho = 7 m; median wo =

5 m, range wo = 13 m). The boulder shapes ranged from quasi-

rectangular to round. It should be noted that no significant inclination

of the obstacle’s frontal face against upstream direction could be

detected, while the comparably low height of the obstacles in relation

to the ambient streambed elevation suggests that obstacles were on

the point of self-burial. Of the 90 obstacles, 89 obstacle marks were

characterized by a clear definable frontal scour hole (i.e. typical obsta-

cle mark pattern). However, it was challenging to determine the

extent of the sediment ridge, mainly due to the presence of dunes in

some segments of the study reach. For 92% of the identified frontal

scour holes, an armour layer consisting of coarser sediment

(i.e. gravel) in relation to the surrounding bed was present in Sb. The

frontal scour holes were shallow compared to their ls and ws

(Figures 9a–c, statistical properties provided in Table 2 and

Supporting Information S2). Compared to absolute values of ds, ls and

ws for runs A1–A10 and A16, frontal scour hole dimensions are 50 to

100 times larger.

Although frontal scour holes at field scale were not as evenly

developed as in the laboratory, shape similitude across spatial scales is

obvious (Figures 7 and 10). Remarkably, one wake-scour pattern with

only a minor frontal scour hole could be detected, similar to laboratory

observations at a spherical obstacle (Figures 7f and 10b). Besides

these two morphologies, no different spatial patterns of obstacle

marks could be detected in the study section.

3.5 | Frontal scour hole geometry

Series A showed that the actual size of ds/Lo in t/te depends on dw/Lo

and Um/Uc (Figure 5). However, neglecting Um/Uc, dw/Lo and t/te, a

monotonic increase and co-variation of ls/Lo and ws/Lo with increasing

ds/Lo is obvious (Figures 11a and b, Table 3). A co-variation of ls/Lo

and ws/Lo with increasing ds/Lo is also evident for the field data,

although there is a larger range of boulder sizes (Lo) compared to the

experimental series. Lo particularly controls the size of the frontal

scour hole, which is also present for the field data (Figures 11g and h).

F I GU R E 8 Movement (self-burial
and upstream tilting) at a cuboid obstacle
(run C1) for (a) initial phase of
experiments (t/te ≤ 0.05) and (b) for final
phase of experiments (t/te ≥ 0.42).
(c) Trajectory of non-dimensional
obstacle movement and scour depth
evolution over non-dimensional time
observed at run C4 (spherical obstacle)
[Colour figure can be viewed at
wileyonlinelibrary.com]
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However, the estimated ß1 of the relationships ls/Lo and ws/Lo on ds/

Lo (Table 3) indicate long and wide frontal scour holes that are rela-

tively shallow.

The same applies to series B and C. For series B, ds/Lo depended

solely on dsed/Lo, while frontal scour holes were wider and longer in

relation to their shallow depth and a considerable deviation of ls/Lo

and ws/Lo on ds/Lo for t/te = 1 existed (Figures 11c and d). For

series C, obstacle tilting and self-burial caused smaller values of ds, ls

and ws compared to series A (Figures 11e and f).

3.6 | Similitude of frontal scour hole geometry

For series A, the scaled profiles of the frontal scour collapsed into a

narrow band, irrespective of hydraulic conditions and time

(Figures 12a and b).

Superimposed profiles were also present for series B and C exper-

iments, irrespective of hydraulic conditions and time (Figures 12c–f).

However, for series B experiments the scour bottom (Sb) was signifi-

cantly wider compared to series A results (Figures 7c and d), while for

series C experiments Sb could not be detected due to the tilting of the

obstacles.

For the field evidence, scaled profiles of the frontal scour holes

do not properly collapse in a common form (Figures 12g and h), as

considerable differences in slope inclination were present. However,

for the 89 frontal scour holes, the median inclination of the longitudi-

nal scour slope was 23�, and 75% of the slopes were less than 28�.

The median inclination of the horizontal scour slope was 18�, and

75% of the slopes were less than 24� (Figure 12i). Unfortunately, no

differentiation between upper and lower slope could be made based

on the derived profiles.

3.7 | Geometric relations in time at laboratory
scale

Geometric relations (i.e. ds/ls and ds/ws) were not constant over time,

and show a piecewise linear pattern that is composed of a systematic

increase in ds/ls and ds/ws for t/te < 0.04, followed by a decreasing

tendency for t/te ≥ 0.04 (Figure 13).

For series B experiments, ds/ls and ds/ws were on average

19–23% smaller compared to runs A1–A10 and A16, but showed the

F I GU R E 9 (a) Histogram of absolute scour hole dimensions (ds, ls, ws) at field evidence. (b) Histogram of morphometric relation (ds/ls)
including kernel density estimation. (c) Histogram of morphometric relation (ds/ws) including kernel density estimation [Colour figure can be
viewed at wileyonlinelibrary.com]

T AB L E 2 Statistical properties of absolute values of
morphometric variables at field evidence (n = 89)

Parameter Median Mean IQR MAD

ds [m] 1 1.47 1 0.59

ls [m] 3 3.80 2 1.16

ws [m] 8 9.35 4 2.73

IQR = interquartile range, MAD = median absolute deviation.
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same piecewise linear pattern plotted against log10(t/te), while for

series C obstacle tilting in the upstream direction caused a relocation

of the frontal scour hole, producing relatively high values of ds/ls for t/

te < 0.04 as the size of ls was then comparable to ds.

To account for the time-series character of the dataset and in

order to achieve stationarity as a requirement for statistical modelling,

ds/ls and ds/ws of series A, B and C were detrended by subtracting the

mean. Upon application of bootstrapped regression (Davison &

Hinkley, 2009) to the detrended data, three different slope coeffi-

cients ß1 on ds/ls and ds/ws over log(t/te) were estimated (solid lines in

Figure 13):

i. t/te ≤ 0.002–0.003 rapid incision (ß1 for ds/ls = 0.17; ß1 for ds/ws

= 0.09).

ii. 0.003 < t/te < 0.04 decreasing rate of incision (ß1 for ds/ls = 0.01;

ß1 for ds/ws = 0.05).

iii. t/te ≥ 0.04 a significant break-point is present, for which the

frontal scour hole deepening ceases, while slight widening occurs

(ß1 for ds/ls = −0.01; ß1 for ds/ws = −0.03).

4 | INTERPRETATION OF LABORATORY
RESULTS AND FIELD EVIDENCE

4.1 | Process dynamics of scour hole enlargement

The deepening and sediment mobilization within the inner frontal

scour hole caused an expansion of Sb/Lo with t/te and ds/Lo

(Figures 14a and b). The sediment loss in the inner scour hole des-

tabilized the upper longitudinal frontal scour hole slope and caused

intermittent gravitational movements in time. Considering all exper-

imental series, the inclination (Φ) of the upper longitudinal frontal

F I GU R E 1 0 Examples of obstacle mark morphologies at boulders of different size identified within the study area. (a, c, d) Typical obstacle
mark morphologies; (b) wake scour pattern. Isoline interval is 1 m and arrows indicate direction of flow. Boulders are highlighted in black.
Complete overview field evidence including coordinates is provided as supporting information [Colour figure can be viewed at wileyonlinelibrary.
com]
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F I GU R E 1 1 Linear relationships of non-dimensional morphometric variables of the frontal scour hole. (a) ls/Lo against ds/Lo for series A,
slope ß1 of the relationship is depicted in Table 3. (b) ws/Lo against ds/Lo for series A, slope ß1 of the relationship is depicted in Table 3. (c) ls/Lo
against ds/Lo for series B. (d) ws/Lo against ds/Lo for series B. (e) ls/Lo against ds/Lo for series C. (f) ws/Lo against ds/Lo for series C. (g) ls/Lo against
ds/Lo for field evidence, slope ß1 of the relationship is depicted in Table 3. (h) ws/Lo against ds/Lo for field evidence, slope ß1 of the relationship is
depicted in Table 3 [Colour figure can be viewed at wileyonlinelibrary.com]

T AB L E 3 Statistical properties of linear regression (y = ß1x) for laboratory (n = 231) and field results (n = 89) on non-dimensional
morphometric variables

Model fit R2 ß1

95% confidence
interval for ß1

RMSE of
model fit

ls/Lo = ß1ds/Lo (series A) 0.93 1.72‡ 1.70, 1.75 0.17

ls/Lo = ß1ds/Lo (field evidence) 0.69 2.52‡ 2.39, 2.65 0.44

ws/Lo = ß1ds/Lo (series A) 0.85 4.24‡ 4.14, 4.34 0.63

ws/Lo = ß1ds/Lo (field evidence) 0.63 5.99‡ 5.63, 6.35 1.22

‡Bootstrapped estimates.
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scour hole slope showed a decreasing tendency with Φ > Φcrit for

t/te < 0.04 and Φ ≤ Φcrit for t/te ≥ 0.04 (Figure 14c), while Φ of

the lower slope was by tendency >Φcrit irrespective of time and

experimental series (Figure 14e). Although a decreasing tendency

of Φ with time is also present for the upper horizontal frontal

scour hole slope (Figure 14d), Φ of the lower slope remained con-

siderably steep over the experimental duration (Figure 14f).

4.2 | Quantitative models of enlargement

Two mechanistic models are proposed to assess the enlargement of ls

and ws based on (i) ds, (ii) co-tangent of upper slope inclination

(tan−1(Φ)), and (iii) span of the scour hole bottom (Sb). The models

were constructed upon the log-transformed data of all experimental

series and the field evidence using bootstrapped regression for insen-

sitivity to outliers (Figure 15a for ls; Figure 16c for ws; Table 4 for sta-

tistical properties). Accordingly, ls can be estimated by

log10 lsð Þ=0:88� log10 ds �cotΦ+ Sbð Þ ð10Þ

The analysis of ws with regard to (i), (ii) and (iii) is complemented

by a constant, resulting from the relationship of ls to ws, indicating that

ws is approximately 2.4 times ls (Figures 16a and b). However, for a

conservative approximation of ws, the constant 2 is used:

F I GU R E 1 2 (a) Scaled longitudinal
frontal scour hole profiles exemplified for
runs A1, A6 and A9 at indicated times (a),
runs B2 and B6 (c), and runs C1 and C4
(e). Scaled horizontal frontal scour hole
profiles of runs A1, A6 and A9 (b), runs
B2 and B6 (d), and runs C1 and C4 (f).
(g) Scaled longitudinal frontal scour hole
profiles at boulders of different size.
(h) Scaled horizontal frontal scour hole
profiles at boulders of different size.
(i) Inclination of longitudinal and
horizontal scour hole slopes for all field
evidence (n = 89)
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log10 wsð Þ=1:32� log10 2�ds �cotΦ+ Sbð Þ ð11Þ

Equations (10) and (11) show reasonable agreement in compari-

son to observations on ls and ws for experimental data and field evi-

dence (Figures 15b and 16d).

5 | DISCUSSION OF LABORATORY
RESULTS AND FIELD EVIDENCE

Our findings can be interpreted in light of the experimental hydraulic

data presented by Schlömer et al. (2020), who have attributed the

F I GU R E 1 3 Geometric relations of the frontal scour hole over non-dimensional time in log10 scale for all experimental series (a) ds/ls and
(b) ds/ws [Colour figure can be viewed at wileyonlinelibrary.com]

F I GU R E 1 4 (a) Scaled scour bottom against non-dimensional time (1: T/te < 0.003; 2: = 0.003 < 0.04; 3: ≥ 0.04. (b) Scaled scour bottom
against scaled scour depth. (c) Inclination of upper slope segment (n = 174) of the frontal scour hole estimated from longitudinal profiles grouped
by non-dimensional time (1: T/te < 0.003; 2: = 0.003 < 0.04; 3: ≥ 0.04). (d) from horizontal scour hole profiles (n = 176). (e) Inclination of lower
slope segment (n = 157) of the frontal scour hole estimated from longitudinal profiles grouped by non-dimensional time. (f) From horizontal
profiles (n = 109) [Colour figure can be viewed at wileyonlinelibrary.com]
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F I GU R E 1 5 (a) Log-transformed ls of
laboratory data and field evidence against
log-transformed model values. (b) Log-
transformed ls against log-transformed ds
for laboratory data and field evidence
[Colour figure can be viewed at
wileyonlinelibrary.com]

F I GU R E 1 6 Linear relationships of ls against ws for (a) laboratory data and (b) field evidence. (c) Log-transformed ws of laboratory data and
field evidence against log-transformed model values. (d) Log-transformed ws against log-transformed ds for laboratory data and field evidence

[Colour figure can be viewed at wileyonlinelibrary.com]
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maximization of ds/Lo at dw/Lo to a high vertical pressure gradient at

the obstacle front that creates an intense downflow and efficient HV

system. During scour incision, HV1 and HV2 subside into the frontal

scour hole where HV1 expands in diameter, indicated by an expansion

of Sb/Lo with t/te and ds/Lo. Due to the expansion in diameter, the

shear stress beneath the vortex decreases and equilibrium of incision

is approached (cf. Kothyari et al., 1992). Thus, hydraulic processes and

morphology are connected in time and characterized by feedback

loops that indicate a self-organizing behaviour (Coco & Murray, 2007),

while Sb/Lo can be interpreted as a proxy for the size of HV1.

The enlargement of ls/Lo and ws/Lo is directly coupled to ds/Lo as

the scour incision undermines the scour hole slopes and induces gravi-

tational movements. The lower slope is governed by the rotation of

HV1 and by tendency stabilized at Φ > Φcrit, while the upper slope

adjusts to the angle of repose by gravitational movements, indicating

a positive feedback loop between scour incision and enlargement in

ls/Lo. Furthermore, the enlargement of ws can be attributed to the

convection of detached shear layers from the legs of HV1 at the lat-

eral sides of the obstacle, resulting in strong amplification of shear

stress at the bed as shown by Kirkil and Constantinescu (2010) and

Kirkil et al. (2008).

Thus, experimental results support working hypothesis (A), while

similar observations are reported by Bateman et al. (2006) and

Chreties et al. (2008, 2013) for the geometry of frontal scour holes at

emergent bridge piers.

The observed wake scouring has to be attributed to recirculation

of approaching flow and turbulence-induced high shear stress in the

near-wake, while the rounded shape of the obstacle inhibits signifi-

cant downflow at the obstacle frontal face and causes a small HSV. As

described by Schlömer et al. (2020), the wake scouring occurs at

round-shaped obstacles only at high submergence (i.e. dw/Lo > 1.6).

Remarkably, the wake-scouring pattern was also observed for the

field evidence and it is supposed that the same hydraulic processes

were responsible.

For the field evidence, the wider scatter of ls/Lo and ws/Lo for a

given ds indicates long and wide frontal scour holes that are relatively

shallow, in agreement with Butch (1991, 1999), who reported ws to

be 4.7 times ds based on measurements of frontal scour holes at

bridge piers.

The sensitivity of ds was confirmed by series B and C, indicating

that scour depth incision (i) depended on the thickness of the alluvial

layer, supporting working hypothesis (B), and (ii) was damped by

obstacle tilting and self-burial, supporting working hypothesis (C).

The assumption of a depth-limited alluvial layer (dsed/Lo ≤ 1) for

the field data is reasonable based on indications given by Hazel et al.

(2006), who reported an average sediment thickness in the main chan-

nel of �1 m (supported by unpublished 2016 measurements of sand

thicknesses using sub-bottom profiling sonar). Hence, the mean value

of ds (i.e. 1 m) can be interpreted as a conservative estimate for the

thickness of the alluvial layer in Marble Canyon at the time of the sur-

vey, while dsed/Lo ≤ 1 suggests a plausible explanation for the compa-

rable shallow frontal scour holes. However, fluctuations of the

sediment thickness are known, primarily induced by sediment input

from tributaries that is subsequently redistributed during controlled

floods (Grams et al., 2019). Thus, general bedload sediment mobiliza-

tion (Um/Uc > 1) occurs at least intermittently if not under most flows,

indicated by the presence of near-ubiquitous dunes and the low-stage

bedform migration measurements reported by Leary and Buscombe

(2020) in a similar downstream reach. Consequently, regular sediment

transport into the frontal scour hole results in partial filling and reduc-

tion in ds (Hong et al., 2017). Moreover, the armour layer that was

detected in 92% of the frontal scour holes prevents further scour inci-

sion, similar to the physical effects of dsed/Lo < 1.

5.1 | Shortcomings in comparing field evidence
and laboratory results

The frontal scour holes observed in the field must be treated as ‘snap-
shots’ in time that emerged during unsteady hydraulics, while infor-

mation on these hydraulic boundary conditions and the time scale of

the scouring is unknown.

However, even though laboratory studies were conducted at

reduced complexity, the scale-invariance of frontal scour hole geome-

try documented here, in which morphological details (i.e. Sb) are per-

sistent, lends credence to laboratory–field comparisons.

Unfortunately, not every small morphological detail could be identi-

fied (i.e. knickpoint in scour slopes) in the field data, due to the 1 m

resolution of the DEM. However, the comparison of field evidence

and laboratory results revealed similitude of equifinal form. However,

the equilibrium time scale of frontal scouring is reported to be similar

in sub-prototype-scale laboratory studies and prototype field condi-

tions (e.g. Sutherland & Soulsby, 2011), which does not imply equi-

finality of the process. Despite the scatter, likely due to the migration

of bedforms as discussed above, the co-variation of ls/Lo and ws/Lo

with increasing ds/Lo revealed in both laboratory and field results is

reasonably strong evidence that the specific scouring processes iden-

tifiable from the laboratory results also occur at prototype scale,

resulting in similitude of form. The determination of a near-

equilibrium condition is therefore attributed to the sediment transport

rate out of the frontal scour hole, which should average approximately

zero over time. The laboratory results have shown that the sediment

transport rate approaches near equilibrium conditions, while the rela-

tion of ds/ls and ds/ws enabled the determination of temporal evolu-

tion phases.

Although the field evidence implies scour-hole persistence for the

given boundary conditions, statements on the temporal evolution

stage of field evidence are not possible.

T AB L E 4 Statistical properties of model fits (linear regressions (y = ß1x)) on non-dimensional morphometric variables (n = 320)

Model fit R2 ß1

95% confidence
interval for ß1

RMSE of
model fit

log10(ls) 0.88 0.88 (0.85, 0.90) 0.284

log10(ws) 0.95 1.32 (1.30, 1.34) 0.2042
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6 | CONCLUSION AND OUTLOOK

Recalling the aims formulated in the Introduction, the following con-

clusions can be drawn:

i. The enlargement of the frontal scour hole in time is triggered by

depth incision, steepening of slopes and gravitational movements

at the scour slopes, irrespective of hydraulic boundary conditions.

Three temporal evolution phases could be determined based on

the relations ds/ls and ds/ws that are supported by the asymptotic

sediment transport rate out of the frontal scour hole in time. A

quantitative model is formulated that assesses enlargement in

local scour length and width based on scour depth, the inclination

of frontal scour slopes and the span of the scour hole bottom

irrespective of scale, which can be applied to estimate the spatial

extent of countermeasures for local scour protection.

ii. The depth of the frontal scour at boulder-like obstructions is

impacted by limiting boundary conditions that are supposed to

be plausible at field conditions (i.e. boulder tilting and burial, limi-

tations due to the thickness of the alluvial layer, armouring

effects as well as infilling of incoming sediments), making ds a

sensitive morphometric parameter.

iii. Integration of laboratory results and field evidence on obstacle

marks demonstrates a scale invariance that implies similitude of

processes and form.

However, more complex scenarios have to be addressed in upcoming

laboratory research to bridge the gap between simulated obstacle

marks and their real-world counterparts. In particular, the impact of

unsteady discharge, unsteady upstream sediment supply, and the

effects of discharge chronologies and exceedances, to test the consis-

tency of observations on the temporal evolution of geometric rela-

tions (ds/ls, ds/ws) under these conditions, and the quantitative model

presented here for frontal scour hole enlargement.

Field evidence revealed that frontal scour holes at large boul-

ders are distinguishable from other sedimentary structures and

have preservation potential under complex boundary conditions.

However, obstacle marks are ephemeral in the sense that they per-

sist only as long as the obstacle that creates them. Thus, they are

a suitable indicator for the evaluation of sediment supply and net

change in thickness of the alluvial layer (Δdsed). An extremely large

sediment supply (i.e. Δdsed >> Δds) would result in a significant

reduction of ds, burial of the obstacle and complete disappearance

of the obstacle mark.
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