
 

Fig. 1. Top: aerial photograph of the Alpine Rhine River with alternate bar (100 m downstream from the study site). Bottom: morphological 

interpretation of the aerial photograph with low-discharge water flow path. 

 

Quantifying scour depth in a straightened gravel-bed 

river with ground-penetrating radar 

 

Emanuel Huber 

Birte Anders 

Peter Huggenberger 

Applied and Environmental Geology 

University of Basel 

4056 Basel, Switzerland 

emanuel.huber@unibas.ch, birte.anders@unibas.ch, peter.huggenberger@unibas.ch

 

 
Abstract—In straight gravel-bed river reaches, riverbank 

erosion can be induced by alternate bars and their associated 

scours. The maximum scour depth is therefore a key information 

to design reliable flood protections. However, scour depth cannot 

be correctly assessed by bathymetric riverbed surveys if scours 

are filled with sediments at low discharge. In this work, scour 

depths in a straightened, gravel-bed river with alternate bars is 

quantified with ground-penetrating radar (GPR) and the 

riverbed morphology is linked to the subsurface structure. A 

4.5 m deep buried scour with an extent of 30 × 100 m is partially 

imaged by GPR at the front end of the gravel bar next to the 

riverbank. The non-imaged part of the scour is expected to be 

much larger and therefore deeper. Additional research is needed 

to assess how scour location and depth relate with discharge 

magnitude and gravel bar dynamics. 
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I.  INTRODUCTION 

In the last centuries, many rivers worldwide were 
channelized and straightened to prevent lateral erosion of the 
riverbank as well as flooding. The engineers believed that 
straightening river stretches would maintain flat riverbeds 

reducing riverbank erosion [1]. However, alternate bars 
appeared in many rivers with reduced riverbed width [2] and 
specific grain-size – river-width relation [3]. Alternate bars are 
elongated bedforms that emerge at low discharge and 
alternatively occur at the left and right riverbank (Fig. 1). 

Through laboratory experiments on alternate bars, [4,5] 
could demonstrate that each alternate bar is associated with a 
local scour (also called pool) immediately upstream (Fig. 1, see 
also [6-8]). At high river discharge, alternate bars and their 
associated scours are expected to migrate downstream over 
several hundreds of meters [9]. Because the scour depths range 
up to four times the water depth at medium discharge [10], the 
stability of riverbank is therefore threatened by the migration of 
such deep scours close to the riverbank [3]. Furthermore, 
several studies showed that alternate bars in straightened 
channels induce lateral erosion and could initiate channel 
meandering or braiding [5,11-14]. 

In Switzerland, the risk for riverbank erosion was 
underestimated until August 2005, when many riverbanks and 
levees collapsed during a supra-regional flood [15]. This 100-
year flood cost the life of six people and caused damage of 
approximately three billion Swiss francs. Such flood events are 
not unique in history and similar or even larger flood events are 
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Fig. 2. GPR survey (black lines) superimposed on the surveyed 

topography of the gravel bar. 

TABLE I. GPR PROCESSING STEPS 

Processing step Description/literature 

DC-shift removal Remove constant amplitude shift. 

First-breaks picking and 
time-zero adjustment 

E.g., [16]. 

Constant offset correction Compensate for the 1-m-offset between 

transmitter and receiver antennae (the 

acquisition time of the traces is converted into 
the corresponding acquisition time for a 

mono-static antenna GPR). 

Low-frequency trend 
removal (dewow) 

Low-frequency trend estimated with a 
Hampel filter (e.g., [17]). 

Band-pass frequency 
filtering 

Remove the low and high noisy frequencies 
(corner frequencies: 5, 25, 150, 250 MHz). 

Spherical and exponential 
amplitude corrections 

Compensate for geometric spreading and 
attenuation of the GPR signal (e.g., [18-19]). 

2D median filtering Applied over a 3-by-3 neighborhood to 

remove high-frequency noise. 

Topographic Kirchhoff 
migration 

Topographic Kirchhoff migration [20-21] 

with constant GPR wave velocity (0.1 m/ns) 

that leads to results that are accurate enough 
for the purpose of the study. 

Automatic Gain Control Adaptative amplitude correction (e.g., [22]). 

 

expected in the future. Therefore, understanding the 
mechanism of scour formation in the context of gravel bar 
migration during large floods is crucial to designing reliable 
riverbank protection measures as well as to developing 
comprehensive flood protection policies. 

Maximal scour depth is a critical parameter to design 
reliable flood embankment. But the maximal scour depths 
estimated at low to medium discharges from riverbed surveys 
are not necessarily representative of the real maximal erosion 
depths. At high discharge, scours are partly buried by the 
preceding alternate bars while both scours and bars migrate 
downstream. During the flow recession, scours are partly or 
fully filled with sediments and their erosion base lie clearly 
below the riverbed at low discharge [23]. 

The erosional surfaces of buried scours can be portrayed by 
ground-penetrating radar (GPR), a high-resolution, non-
destructive geophysical device to image subsurface. Many 
studies focused on the use of GPR to assess bridge scour holes 
[24] or to characterize the subsurface structure of gravel 
deposits (e.g., [25-26]). The near-surface morphological and 
depositional elements were intensively described in the 
literature ([9] and references therein). However, there is little 
knowledge on the formation and migration of scours at high 
discharge and on their footprints left in the subsurface deposits. 

This contribution aims to quantify scour depths in a 
straightened, gravel-bed river with alternate bars and relate 
riverbed morphology to subsurface structure based on GPR 
measurements. 

Because this study focuses on the dynamic interaction of 
scour and bedform development, the sedimentological term 
‘gravel sheet’ ([25,27]) is preferred over the morphological 

term ‘bar’ (see [28], p.149). The former is more adequate to 
relate GPR reflection patterns to the interplay scour-gravel 
sheet development. 

A series of GPR data were collected on a 200 × 60 m gravel 
sheet of the Alpine Rhine River up to Lake Constance 
(Switzerland). Lower bounding surfaces of scours were first 
identified and delineated on the GPR data. Finally, the 
interpretation lines were interpolated into surfaces from which 
the erosion depths are quantified. Furthermore, the propagation 
direction of gravel sheets and scours formation were inferred 
from the orientation of the reflections within the erosion 
surfaces. 

II. METHODS 

A. GPR data acquisition 

GPR data were acquired with a PulseEkko Pro GPR device 
(manufactured by Sensors and Software, Inc., Mississagua, 
Ontario) with a pair of unshielded 100-MHz antennae 
separated by 1 m. The recording of the GPR waves at regular 
intervals along the survey lines was triggered by an odometer 
every 0.2 m. The GPR survey was conducted on top of a 200 × 
60 m emerged gravel sheet. There, the riverbed (i.e., the 
channel) is about 100 m wide (Fig. 2).  Furthermore, a smaller 



 

Fig. 3. a) Top view of the gravel bar with two perpendicular GPR profiles (green lines), the small red arrow indicates the direction of the foresets of the 

gravel sheet observed in b). b) Surface and base of the gravel sheet. On the two perpendicular GPR profiles, foresets are clearly visible within the gravel sheet 

(indicated by a series of black arrows). 

 

grid of 4 × 4 GPR lines (40 × 50 m) was recorded downstream 
the gravel bar. Two common mid-point (CMP) data were 
recorded to estimate the mean electromagnetic wave velocity 
[29-31]. The position of the GPR lines, the topography of the 
survey area and the edge of the water surfaces were surveyed 
with a total station (South, NTS 355L). The GPR profiles 
parallel (perpendicular, respectively) to the general flow 
direction within the survey area are called along-flow (across-
flow, respectively) profiles. 

B. GPR data processing 

GPR data processing aims to increase the signal-to-noise 
ratio without introducing artefacts in the data. The data are 
processed with the R-package RGPR [32] (see processing 
workflow in TABLE I). The processed GPR data are then 
imported in GOCAD (Paradigm) for interpretation and surface 
interpolation. 

C. GPR data interpretation 

The interpretation of the GPR profiles is based on (i) 
continuity of the dominant reflections within and between the 
profiles, (ii) differences of reflection patterns, and (iii) angular 
unconformity between the reflections that can indicate an 
erosion surface or the superposition of two sedimentary 
structures with different sedimentary textures [33-34]. 

Erosional lower bounding surfaces (i.e., scour surface) are 
first identified and delineated on the along-flow profiles. Then, 
the across-flow profiles are used to control and correct the 
interpretation. Finally, the interpretation lines are interpolated 
into surfaces corresponding to lower-bounding erosion 
surfaces. Only non-ambiguous structures are interpreted. For 
each surface, the maximum erosion depth is estimated. Because 
some of the erosion surfaces are not entirely preserved, the real 
maximum erosion depth can be larger than the estimates. 
Furthermore, the direction of sediment deposition is inferred 
from the orientation of the reflections within the erosion 

surfaces. 

III. RESULTS AND DISCUSSION 

A. Alternate gravel sheets 

The gravel sheet is up to 2 m thick with a sharp avalanche 
face at its downstream end toward the riverbank (Fig. 2). The 
orientation of the avalanche face indicates the direction of the 
most recent gravel sheet migration. The area downstream the 
gravel sheet, called stoss-side platform by [35], is rather flat 
and its surface consists in fine sediments, mainly sand. 

The base of the gravel sheet is well identified on the GPR 
data by a strong and continuous reflection that is discordant 
with the reflections below. This reflection presumably 
corresponds to the armor layer found below gravel sheet (e.g., 
[36]). Within the gravel sheet deposits, two concordant layers 
are resolved by GPR suggesting that the gravel sheet consists 
in fact of (at least) two superimposed gravel sheets. In the top 
layer, some foresets directed at -45° to the main flow direction 
are observed at some locations indicating the gravel sheet 
propagation direction toward the riverbank (Fig. 3). This 
propagation direction corresponds to the orientation of the 
avalanche face and suggests that the top gravel sheet climb 
onto a preexisting gravel sheet. The decreasing thickness of the 
top layer toward the left riverbank (i.e., decreasing foresets 
length) can result from the erosion of its upper part. 

The top part of the gravel sheet may have been eroded as 
indicated in Fig. 3 by the decreasing size of the foreset toward 
the left riverbank. 

B. Deep scour close to the riverbank 

A deep erosion surface (Fig. 4) is identified between the 
riverbank and gravel sheet where scours are expected to be 
found (compare Fig. 1 with Fig. 4, see also [37]. The 
interpreted erosion surface is up to 30 m wide, more than 



 

Fig. 4. a) Elevation map of the erosional lower bounding surface of a scour. b) Gravel sheet surface elevation and erosional lower bounding surface of the 

scour shown in a) with GPR data. 

 

100 m long and 4.5 m deep (elevation difference) but the real 
erosion surface is expected to be much larger and deeper, 
especially close to the riverbank. The elevation difference 
between the highest point of the gravel sheet surface and the 
deepest point of the erosional surface is 7.4 m. In comparison, 
[9] estimated the riverbed elevation difference of the Alpine 
Rhine River to range between 2.5 m and 4 m. This estimation 
based on cross-section surveys (average spacing 200 m) clearly 
underestimates the real scour depths. 

Note that the erosion surface already starts to deep below 
the gravel sheet 10 to 15 m upstream the gravel sheet 
avalanche face (Fig. 4.a). This spatial shift between the 
erosional surface and the avalanche face could result from a 
joint migration of the gravel sheet and scour. Furthermore, the 
GPR reflections within the erosion surface show an onion-like 
pattern: a series of curved, concave reflections are observed. 
Such pattern can arise from a net sediment deposition in the 
scour (aggradation). It remains however unclear if the scour 
was filled before the avalanche face was formed. 

This finding corroborates previous research on alternate 
gravel sheets and associated scours [3-4,6-8] and highlights the 
presence of deep, buried scours close to the riverbank. The 
deep scour in Fig. 4 has been only partially imaged by GPR 
and therefore its size is expected to be much larger. 
Furthermore, the scour sizes are presumably related to the 
discharge magnitude: extreme high discharge event can scour 
the riverbed much deeper. 

C. A highly dynamic environment 

Other smaller erosional lower bounding surfaces (up to 3 m 
deep) were identified at lower depths. Their origins remain 
unclear but they can be remnants of scours, either from the 
channelized Rhine River or from the depositional environment 
prior to the channelization. Therefore, their original depths are 
rather uncertain. 

The absence of foresets below the gravel sheet base 
indicates a low preservation potential of the gravel sheets: they 
are not preserved in the deposits as intact gravel sheets but only 
as remnants (i.e., as reworked gravel sheets). The presence of 
scour remnants combined with the absence of gravel sheet 
foresets as well as a large number of short discontinuous 
reflections are the mark of a highly dynamic depositional 
environment characterized by a high rate of erosional 
processes. It is therefore very challenging to provide an 
interpretation of the subsurface structures at lower depths 
without having a direct link to the former morphology or 
depositional system.  

IV. CONCLUSION 

This work demonstrates how GPR studies can contribute to 
better flood protection measures in a straightened river with 
alternate gravel sheet through a deeper appreciation of the 
sedimentological processes. The GPR data showed the 
presence of a more than 4.5 m deep scour close to the 
riverbank, downstream the gravel sheet. Bathymetric survey 
measurements cannot assess the depth of such filled scours and 
therefore they tend to underestimate the maximal scour depth, a 
critical parameter for flood embankment design. Repeated GPR 
measurements on exposed gravel sheets could provide better 
insight into how scour location and depth relate with discharge 
magnitude and gravel sheet dynamics. 

During gravel sheet and scour migration, the hydrodynamic 
processes produce distinct sediment sorting that results in 
contrasting sedimentary textures (e.g., poorly sorted gravel of 
the gravel sheets vs. highly permeable gravel layers within the 
scour fills [28]). These sedimentary textures do not only impact 
bedform stability but also benthic macroinvertebrate abundance 
as well as river water – groundwater interaction. GPR studies 
could contribute to a better understanding of these processes 
that have been not yet fully explored. 
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