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ABSTRACT 
 

In mountainous gravel-bed rivers, boulders tend to stimulate the development of unique bed morphological 

features in their vicinity due to their effects on local flow structure.  The important role of boulder submergence on 

the location of depositional patches has also been highlighted in recent research.  However, limited studies have 

provided quantitative measurements of turbulence structure upstream of boulders for different submergence 

conditions to help explain this behavior.  This study is motivated by this research gap and provides results from 

new laboratory particle image velocimetry (PIV) measurements focused upstream of an isolated spherical boulder 

in a laboratory flume.  The mean flow velocity results for a fully submerged boulder are presented and may explain 

in part the sediment deposition observations made in previous studies at similar conditions. 
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1 INTRODUCTION 

In mountainous gravel-bed rivers, large and relatively immobile boulders exert a significant influence on 
turbulent flow structure in their vicinity as they cause flow acceleration and deceleration and the formation of 
vortex structures.  As a result, boulders tend to stimulate deposition and erosion of sediment in their vicinity and 
thereby affect the morphology of the surrounding riverbed (Monsalve and Yager, 2017; Schömer et al., 2020).   

A key parameter that has been recently found to affect the characteristics of sediment depositional features 
around boulders is the relative submergence, which is defined as the ratio of the flow depth to the boulder height 
(Papanicolaou et al., 2018).  Specifically, sediment has been observed to preferentially deposit either upstream 
or downstream of boulders depending on the relative submergence.  A clear explanation for this behavior has 
not been developed, however, largely due to the limited amount of quantitative data documenting turbulent flow 
structure upstream of boulders under different submergence conditions.  The present study is motivated by this 
research gap and aims to provide new turbulence measurements in the vicinity of boulders. 

 

2 METHODS 

The experimental setup is developed at the Hydraulics and Sedimentation Lab (HSL) at the University of 
Tennessee by using a recirculating laboratory flume to provide well-controlled conditions for examining 
turbulence structure upstream of an isolated boulder.  The flume bed is covered with five layers of well-packed 
spherical particles (18.5-mm diameter) to represent a porous gravel sediment bed with an idealized geometry.  
The isolated boulder used in this study is a 55-mm diameter sphere, which is mounted and secured atop the 
bed (Papanicolaou et al., 2018). 

Experiments are conducted for a fully submerged flow condition where the ratio of the water depth, Hw, to the 
boulder height, Hb, is equal to 2.18.  The key experimental parameters are summarized in Table 1, which include 
the bed slope, S0, bulk velocity, U, Froude number, Fr, channel Reynolds number, Re, and boulder Reynolds 
number, Reb.  A TSI, Inc. volumetric, three-component particle image velocimetry (PIV) system is utilized to 
document turbulent flow statistics within a control volume located upstream of the spherical boulder. 
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Table 1. Conditions for fully submerged boulder experiments. 
Hw/Hb (-) Hw (m) S0 (-) U (m/s) Fr (-) Re (-) Reb (-) 

       

2.18 0.12 0.0052 0.822 0.76 3.9 x 105 4.5 x 104 
       

 

 

3 RESULTS 

Mean streamwise velocity, 𝑢̅, and mean vertical velocity, 𝑤̅, profiles (with respect to the vertical direction, z) are 
plotted in Figure 1, which are taken from the streamwise-vertical plane along the boulder centerline.  Streamwise 
locations, x, of the profiles are normalized with the boulder width, Wb (and x = 0 is at the spherical boulder’s 
most upstream point).  The 𝑢̅ profiles show a gradual flow deceleration within the region below and just above 
the boulder height as the boulder is approached.  The lowest flow velocities are observed near the stagnation 
point on the boulder (i.e., x = 0 mm at the height indicated in Fig. 1) and no near-bed mean flow recirculation 
region is observed for x/Wb ≤ 0.  The relatively high near-bed velocities may partly explain the limited deposition 
in this region observed by Papanicolaou et al. (2018) for similar conditions.  The 𝑤̅ profiles exhibit inflection 
points at the height of the stagnation point, with upward directed flow above this height and downward directed 
flow below it.  The significant downward flow velocity near the bed at the base of the boulder (𝑤̅/𝑈 ≈ -0.2) may 
also suggest flow intrusion into the porous gravel bed (e.g., Apsilidis et al. 2016). 

 
Figure 1. Mean velocity profiles upstream of the boulder. (a) Mean streamwise velocity, 𝑢̅; and, (b) mean vertical 
velocity, 𝑤̅. 
 

4 CONCLUSIONS 

Laboratory experiments documenting turbulent flow structure upstream of a fully submerged, spherical boulder 
are performed. These measurements can provide improved understanding of flow structure around boulders 
and insights into the characteristics of sediment deposition and mobilization.  
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