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Abstract

Variable sediment supply and widely graded bed materials modify boulder–bar develop-
ment, sediment transport and bar evolution in mountain mixed-size reaches. To elucidate
the evolution characteristics of bars in boulder-strewn mountain river segments, this study
conducted flume experiments. By adjusting parameters including discharge, boulder
position, and boulder protrusion height, the paper analyzes bed scour and deposition
deformations under various conditions. Results show discharge growth intensifies bed
deformation: Both bar area and volume increase with rising discharge, with longer down-
stream bar extension and a positive correlation between bar length–width ratio and velocity.
Higher boulder protrusion height and exposure amplify scour depth, expand bars laterally
and reduce scour pit width–depth ratios. Boulders at bar heads migrate furthest down-
stream; moving boulders toward bar tails increases bar area/volume while bar height
peaks then declines. Bar scale follows mid-channel bar head > bar tail > side anabranches.
Boulder embedding depth linearly rises with exposure, both parameters positively linked
to post-scour bar volume loss. The stable co-evolutionary relationship between scour depth
and extent (R2 = 0.849) confirms their synchronized development under varying flow and
boulder conditions. Boulders limit downstream bar elongation, flat beds boost scour diffu-
sion, and scour pit width–depth ratio positively correlates with flow velocity. This work
offers experimental and mechanistic references for mountain river geomorphic prediction.

Keywords: mountain rivers; boulder bar; scour pits; exposure degree; riverbed evolution

1. Introduction
Mountain rivers are frequently subjected to extreme geological and hydrological

events—including intense rainstorms, floods, landslides, debris flows, glacial activity,
and tectonic disturbances—which introduce vast amounts of coarse sediment and large
boulders into the channel [1]. The size of these boulders can range from several decimeters
to several meters [2], and they exert a first-order control on local hydrodynamics, flow
resistance, channel morphology, and sediment transport [3,4]. Moreover, the transport and
impact of boulders may cause severe local damage to instream structures [5,6]. Therefore,
understanding scour and deposition processes in boulder-affected reaches is of fundamental
importance for river engineering and hazard mitigation in mountainous regions.

In parallel with the widespread presence of boulders, mountain rivers commonly
exhibit numerous bars due to the high sediment supply from their watersheds. Bars are
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recognized as ubiquitous instability features in straight channels: Tubino et al. [7] demon-
strated that almost all instabilities in straight rivers lead to bar formation. In mountain
streams, abrupt fluctuations in discharge and upstream sediment input further amplify
channel instability, promoting rapid bar development at various locations. Gladkov [8]
found that bedload transport intensifies under unsteady flow conditions caused by daily
flow regulation, while Kim [9] described distinct longitudinal riverbed morphodynamics
in boulder-free environments. Church et al. [10] characterized single-bar development as
primarily driven by lateral accretion. In mountain rivers, bars are typically composed of a
mixture of boulders and coarse sand, and field observations indicate that bar heads often
accumulate large pebbles and other coarse particles [11].

Recent studies have begun to explore the role of boulders in bar formation [12,13]. Ye
et al. [11] demonstrated that, under sediment-supply conditions, boulder-dominated local
patches tend to evolve into bars. Li et al. [14] observed that pebble-rich bars exhibit an
upstream-migrating (i.e., reverse) development pattern. Flow downstream of submerged
boulders is characterized by reverse and decelerated currents [15], which promote longitu-
dinal sediment accumulation immediately downstream of the boulders [16,17]. Tsakiris
et al. [18,19] treated boulder intrusions as localized perturbations that alter the surrounding
flow field and shear stress distribution. Montgomery et al. [20] reported significant spatial
variations in near-boulder shear stress; similarly, Hou and Cao [21,22] found that flow
velocity and shear intensity are markedly higher in geometrically steep regions, with trans-
critical bifurcations and fold breakup occurring under specific conditions. Since sediment
transport is strongly dependent on available shear stress, Nitsche et al. [4] concluded that
boulders reduce the effective shear stress available for sediment mobilization, thereby
suppressing bedload transport. Papanicolaou et al. [17,18] also confirmed that boulders
induce substantial changes in local sediment transport rates.

Despite these valuable insights, the existing literature has largely treated boulder
effects and bar dynamics separately. Most previous investigations have focused either
on boulder-induced scour and turbulence [15,18,20] or on bar formation and migration
of alluvial riverbeds [23–32], with limited attention to the coupled interplay between
boulder migration and bar morphodynamic evolution. Specifically, it remains unclear
how boulder position (e.g., bar head, side anabranch, or bar tail) and protrusion height
jointly modulate bar geometry—including area, volume, height, and length–width ratio—
under varying discharges and sediment supply rates. Furthermore, the feedback effect of
boulder displacement on bar evolution has not been quantitatively assessed, and systematic
comparisons with boulder-free baseline conditions are lacking.

The present study conducts a series of controlled flume experiments that systemati-
cally vary discharge, boulder position, and boulder protrusion height. The objectives are
to quantify the individual and interactive effects of these factors on bar morphological
parameters (area, volume, height, and length–width ratio) under both clear-water scour
and sediment-supply conditions, to examine boulder migration behavior and its reciprocal
influence on bar development, and to elucidate the underlying physical mechanisms link-
ing boulder-induced turbulence, flow separation, and sediment trapping to bar evolution.
The novelty of this work lies in its quantitative, integrated analysis of boulder–bar coupling,
which goes beyond previous descriptive or single-factor approaches. The findings are
expected to provide a mechanistic basis for river management, flood control, and disaster
prevention in boulder bar reaches of mountainous rivers.
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2. Experimental Setup
2.1. Flume Experiment

Due to the complex and variable nature of boulder bars in mountainous river areas,
their scouring and deposition patterns directly influence navigation capacity, flood control
safety, and ecological stability. Therefore, investigating these processes is of significant en-
gineering significance. However, field investigations of boulder bars are often constrained
by factors such as heterogeneous particle sizes, unsteady flow conditions, and complex
local topography, making it difficult to conduct systematic studies or reveal the underlying
mechanisms of boulder bar bed deformation. To isolate the governing mechanisms from
the complexities of the natural environment, physical modeling experiments are necessary.
In this study, flume experiments were conducted in an acrylic flume (10 m long, 1.5 m wide,
and 1.2 m deep, made in Shangshui Information Technology Co., Ltd., Beijing, China) at the
Port and Coastal Engineering Comprehensive Laboratory of Jimei University. The flume
had a fixed cement bed. To ensure stable and uniform flow in the test section, measurements
were taken at the center of the flume. A 5 m long, 0.15 m thick erodible bed was formed
using uniform sand (d50 = 1.5 mm).Three representative discharge levels of 40, 60 and
80 L/s were selected to cover a wide range of flow intensities. The total sediment feeding
mass was fixed at 60 kg for all test cases. Sediment was intermittently added at a mass of
2 kg every 30 s, corresponding to a constant sediment supply rate of 4 kg/min. To ensure
a smooth transition of flow into and out of the erodible section, 0.5 m-long gravel transi-
tions were laid at both ends. The boulder samples used in the experiment were collected
from the Baisha River, a tributary of the Minjiang River, with a representative diameter of
D = 15.2 cm. The origin of the measurement coordinate system was set at the center of
the test section, serving as a reference point for subsequent observations of bed elevation
and flow velocity. To ensure the accuracy of the experimental results, each experiment was
conducted for more than 24 h until scour equilibrium was attained. The test was terminated
when both the water depth and bed elevation remained stable for four consecutive hours.

2.2. Test Conditions

The experimental setup is shown in Figure 1. The physical model in this study is
constructed based on the Froude similarity law and geometric scaling, with a scale ratio of
1:30 adopted for the flume. The relative submergence of the boulder protrusion (defined
as the ratio of water depth to protrusion height, E = h/Ds) is a key parameter governing
the intensity of local flow acceleration and vortex generation. To investigate the regulatory
effect of boulders on the evolution of the local riverbed morphology in mountainous areas,
and the influence mechanism of different sediment supply conditions on scouring and
deposition processes, a total of 17 experimental runs were designed and are summarized in
Table 1. These runs were categorized into three series: (R1–R2) clear-water scour over a
bed without boulders; (R3–R9, R12–R17) clear-water scour over a bed with boulders placed
at different position (as shown in Figure 2); and (R10–R11) experiments with upstream
sediment feed over a bed with boulders. The study focused on the impact of boulders
on flow structure and bed morphology, as well as the effects of clear-water scour versus
sediment supply on riverbed deformation and upstream sediment input on the riverbed
morphology of the boulder riverbed. For the sediment feed runs (R10–R11), uniform
sand with a particle size range of 1–2 mm (d50 = 1.5 mm) was continuously supplied
at the upstream boundary. To capture the dynamic evolution characteristics of the bed
morphology under each condition, a 3D underwater ultrasonic topography system was
used to survey the bed surface throughout the experiments.

https://doi.org/10.3390/w18141720
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(a) The boulders are located at the head of the bar 

 
(b) The boulders are located at the tail of the island 

 
(c) The boulder is located at the midpoint of the left anabranch 

Figure 1. Schematic diagram of the experimental setup.

This laboratory study has inherent scale limitations. Experiments were conducted
in a 1.5 m-wide flume with 15.2 cm-diameter boulders and uniform bed sediment
(D50 = 1.5 mm). These dimensions inevitably differ from those of natural mountain rivers,
where boulders can reach several meters in diameter and bed sediment is typically poorly
graded, ranging from fine sand to large cobbles. As such, the absolute values reported
in this paper (e.g., bar area, scour depth, sediment volume) are not suitable for direct
extrapolation to prototype scale without proper scale conversion. Nonetheless, the ex-
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perimental design ensures key dimensionless parameters stay within the typical ranges
of natural boulder rapid reaches. Specifically, the Froude number (Fr ≈ 0.4–0.8), relative
submergence (h/D ≈ 0.3–1.2), relative exposure height (p/D ≈ 0.5–1.0) and boulder-to-bed
sediment size ratio (Dboulder/D50 ≈ 110) all lie within the ranges representative of typical
mountain rivers [11,14–18,33]. Hydraulic parameters of experimental conditions shown in
Table 2 With similarity maintained for these dimensionless parameters, the qualitative and
mechanistic relationships revealed in this study—including amplified scour with rising ex-
posure height, boulder position effects on bar morphological parameters, and the coupling
between boulder transport and bar evolution—are expected to remain valid across scales.

Table 1. Summary of experimental conditions for all runs.

Operating
Condition

Discharge
Q/L/s

Boulder Size
D/mm Boulder Position

Boulder
Protrusion
Height/mm

Slope
Sediment

Supply
Ms/kg

Sediment
Size d/mm

R1 40 — — — 2% 0 —
R2 60 — — — 2% 0 —
R3 40 152 bar head 152 2% 0 —
R4 40 152 bar head 76 2% 0 —
R5 40 152 bar head 152 0 0 —
R6 40 152 bar tail 152 0 0 —

R7 40 152 the midpoint of the
left anabranch 152 0 0 —

R8 60 152 bar head 152 2% 0 —
R9 60 152 bar head 76 2% 0 —
R10 40 152 bar head 152 0 60 1.5
R11 60 152 bar head 152 0 60 1.5
R12 80 152 bar head 152 0 0 —
R13 80 152 bar head 152 2% 0 —
R14 40 152 bar tail 152 2% 0 —
R15 40 152 bar tail 76 2% 0 —

R16 40 152 the midpoint of the
left anabranch 152 2% 0 —

R17 40 152 the midpoint of the
left anabranch 76 2% 0 —

Note: Q—discharge; D—Boulder size; d—The size of sand; Ms—sediment supply.

Figure 2. Typical hypsographic map.

We also acknowledge that using uniform sediment may mask the sorting transport and
hiding effects present in naturally graded sediment. To address this limitation, the grain
size ratio is included as a relevant dimensionless parameter, and future studies with graded
bed sediment are recommended to further validate the generalizability of our conclusions.
Despite these simplifications, this work provides a controlled, systematic experimental basis
for understanding the fundamental physical processes of boulder–bar interactions, and
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offers useful mechanistic insights for the regulation and disaster prevention of mountain
boulder rapid reaches.

Table 2. Hydraulic parameters of experimental conditions.

Operating
Condition h/m v/

m/s

Incipient
Velocity u*/

m/s

Shields
Number h/Ds Fr

R1 0.541 0.492 0.323 0.123 — 0.676
R2 0.773 0.517 0.343 0.121 — 0.593
R3 0.682 0.390 0.336 0.072 0.449 0.478
R4 0.633 0.420 0.332 0.085 0.834 0.534
R5 0.526 0.506 0.322 0.131 0.346 0.705
R6 0.505 0.528 0.320 0.144 0.332 0.750
R7 0.531 0.502 0.322 0.128 0.349 0.695
R8 0.826 0.484 0.347 0.103 0.544 0.538
R9 0.808 0.494 0.346 0.108 1.123 0.555
R10 0.520 0.512 0.321 0.135 0.342 0.718
R11 0.741 0.539 0.341 0.133 0.487 0.633
R12 0.898 0.593 0.352 0.151 0.591 0.632
R13 0.845 0.631 0.348 0.174 0.555 0.693
R14 0.585 0.455 0.328 0.102 0.385 0.602
R15 0.541 0.492 0.323 0.123 0.712 0.676
R16 0.516 0.516 0.321 0.137 0.339 0.726
R17 0.542 0.491 0.324 0.122 0.714 0.674

2.3. Definition and Extraction Method of Bar Morphological Parameters

To avoid discrepancies in parametric calculation, unified definitions of bar geometric
parameters are provided as follows.

2.3.1. Definition of Bar Characteristic Parameters

Bar boundary: Regions where the post-scour bed elevation is at least 5 mm higher
than the initial flat bed surface. This threshold is approximately three times the precision
of the topographic measurement system, which eliminates tiny topographic fluctuations
induced by measuring noise [14,33].

Bar area: Horizontal projected area enclosed by the defined bar boundary.
Bar volume: Total sediment deposition volume above the initial bed elevation within

the bar boundary, calculated via the trapezoidal integration method based on the digital
elevation model (DEM).

Bar height: Maximum vertical distance from the initial bed surface to the top of the
deposited bar.

2.3.2. Extraction Workflow of Bar Morphological Parameters

An elevation threshold method is adopted to identify the planar outline and quantify
geometric indicators of gravel bars. Based on the geomorphic principle that bars are
continuous positive depositional landforms elevated above the base bed, a critical elevation
threshold is set to separate bar deposits from the natural bed. The detailed procedures are
illustrated below:

(1) Construction of underwater DEM

The Kriging interpolation method is applied to gridding the 3D scattered topographic
data measured in flume experiments, generating a uniform underwater digital elevation
model (DEM) with a grid resolution of 1 mm × 1 mm. This interpolation scheme fully
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retains fine geomorphic features such as bar crests and troughs, while removing random
noise of raw measuring points and minor local undulations on the bed.

(2) Determination of critical elevation threshold

The global unified threshold is comprehensively determined by typical topographic
profiles and statistical characteristics of bed elevation:

1⃝ Representative cross-sectional profiles perpendicular to the bar extension direction
are extracted, and inflection points where bar slopes transition to flat base beds are identified
to preliminarily constrain the elevation range of bar toes;

2⃝ A constraint criterion is introduced: the average elevation of the initial bed plus
twice the standard deviation of bed roughness.

Combining the above two conditions, the unified elevation threshold is finalized. This
criterion can eliminate pseudo-deposition areas caused by natural undulations of flat beds,
and accurately match the actual physical boundary at bar toes.

(3) Bar range segmentation and parametric extraction

Binary segmentation is performed on DEM raster layers using the critical elevation
threshold. All connected raster cells with elevation higher than the threshold are extracted
to represent the planar distribution of individual gravel bars.

On this basis, continuous lines connecting the maximum elevation values within each
bar region are extracted as bar crests. A series of morphological indicators are further
calculated, including bar longitudinal length, transverse width, bar height (difference
between crest elevation and threshold elevation), and planar deposition area.

3. Results
3.1. Sedimentation and Scour Phenomena in Boulder Bar Riverbed

For cases without boulders, the initial bed surface was relatively smooth. During
clear-water scour, erosion initiated at the upstream end of the bar, specifically at the leading
edge of the bar head and along the lateral interfaces between the flow and the bar margins.
As the bar width increased, flow velocity in the side channels intensified, further eroding
the bar flanks. The bar gradually flattened as sediment was entrained and transported
downstream, depositing laterally. Flow velocity at the bar tail was significantly lower than
at the bar head, reducing sediment transport capacity. When sediment-laden flow bypassed
the bar and converged at the tail, the flow dynamics changed: the channel narrowed,
velocity increased, and sediment transport capacity rose, leading to renewed scour at the
downstream end.

For cases with boulders placed at the bar head (as shown in Figure 3), the boulders
induced complex local scour patterns. Upstream of the boulders, flow deflection caused
local scouring, while a vortex formed in the lee of the boulders, creating a distinct scour
hole. Ye et al. [34] found that in the near-wake region (∆x ≤ 1.5D), both turbulence intensity
and dissipation increased sharply. This turbulent flow impacted the bar head, causing
erosion and collapse. The eroded sediment was subsequently transported and deposited in
the downstream central area. Under the combined effects of flow deflection, local scour
around the boulders, and wake-induced scouring, the scour holes expanded and deepened.
In some cases, this undercutting led to boulder instability, causing the boulders to settle into
the scour holes, which further exacerbated local scour. As flow was diverted around the
boulders and scour holes, flow velocity along the bar margins increased, incising channels
on both sides of the downstream bar and forming gullies.

https://doi.org/10.3390/w18141720
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Figure 3. Bar scour processes with and without a boulder.

3.2. Local Scour and Deposition Characteristics of Boulder Bar Riverbed

To comprehensively and systematically analyze the characteristics and patterns of
riverbed deformation and to elucidate the intrinsic mechanisms and spatial differences
induced by boulder presence, this study investigates the effects of three key factors—
flow discharge, boulder position, and boulder protrusion height—on the local scour and
deposition characteristics of boulder bars. Longitudinal topographic profiles were extracted
along the transects of maximum scour depth to compare and analyze the variations in
scour and deposition under different conditions.

3.2.1. Scour and Deposition Characteristics of the Bar Under Different Flow Conditions

As shown in Figure 4, under the conditions of Q = 40 L/s and a bed slope of i = 2%,
the boulder-free bed exhibited downstream scouring, with sediment accumulating laterally
and at the bar tail. The overall sediment transport direction was downstream, and the
bed surface remained relatively flat, with the bar extending in the downstream direction.
When the discharge was increased to Q = 60 L/s (with other conditions held constant), the
overall scour and deposition pattern remained similar, but the bed elevation decreased
more significantly, and the bar extended further downstream.

When boulders were placed at the bar head (Q = 60 L/s, i = 2%), distinct scour holes
formed around the boulders. The bar head retreated considerably, and the overall bed
elevation was lower compared to the boulder-free case. While the bar area decreased,
accumulation intensified at the bar tail. The maximum bar height increased with discharge:
from 0.118 m at Q = 40 L/s to 0.195 m at Q = 60 L/s. However, in the presence of boulders
at Q = 60 L/s, the maximum height was reduced to 0.13 m.

The bar area also increased with discharge. After scouring, the bar area increased
by approximately 2.42 m2 at Q = 40 L/s and 2.71 m2 at Q = 60 L/s, suggesting a positive
correlation between flow discharge and lateral deposition under the tested conditions.
However, when boulders were present at Q = 60 L/s, the post-scour area increased by only
0.45 m2, indicating that boulders suppressed the areal expansion of the bar.

Bar volume followed a trend similar to that of area, increasing with discharge due
to areal expansion and a wider distribution of deposition heights. At Q = 40 L/s, the
post-scour volume increased by approximately 0.07 m3 compared to the initial volume; at
Q = 60 L/s, it increased by 0.27 m3. In contrast, with boulders present at Q = 60 L/s, the
post-scouring volume increased by only 0.01 m3.

In summary, under the same bed slope, increasing discharge enhanced scour and
promoted downstream extension and lateral expansion of the bar, as reflected by increased
area and volume. However, the presence of boulders significantly altered this response:
boulders induced localized scour, reduced downstream bar extension, and suppressed
overall areal and volumetric increases compared to the boulder-free case. Higher discharges
tended to redistribute sediment, potentially reducing the peak bar height while expanding
the bar footprint.

https://doi.org/10.3390/w18141720
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(a) 

 
(b) 

(c) 

Figure 4. Bar topography under varying discharge conditions. (a) Q = 40 L/s, i = 2%, without a
boulder; (b) Q = 60 L/s, i = 2%, without a boulder; (c) Q = 60 L/s, i = 2%, with a boulder placed at the
bar head, protrusion height Ds = 15.2 cm.
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3.2.2. Sedimentation and Scour Characteristics of Bars Under Different Boulder Position

Figure 5 illustrates the influence of boulder position on riverbed morphology under
the conditions of Q = 40 L/s, i = 0, and a boulder diameter of Ds = 15.2 cm. When the
boulder was placed at the bar head, it obstructed the incoming flow, resulting in relatively
uniform scouring. When the boulder was positioned at the midpoint of the left anabranch,
sediment was diverted into the left anabranch, forming a wider bar with notable variations
in bed elevation. When the boulder was located at the bar tail, sediment accumulated on
both sides, causing the bar to extend downstream. These observations indicate that boulder
position plays a key role in regulating the overall migration trend of the bar.

(a) 

(b) 

Figure 5. Cont.
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(c) 

Figure 5. Bar topographic map for different boulder positions. (a) Q = 40 L/s, i = 0, with a boulder
placed at the bar head, protrusion height Ds = 15.2 cm; (b) Q = 40 L/s, i = 0, with a boulder placed
at the midpoint of the left anabranch, protrusion height Ds = 15.2 cm; (c) Q = 40 L/s, i = 0, with a
boulder placed at the tail of the bar, protrusion height Ds = 15.2 cm.

The maximum bar height varied with boulder position: 0.18 m at the head, 0.21 m
at the midpoint, and 0.19 m at the tail. This non-linear pattern may be attributed to
flow dispersion at the bar tail, which reduced peak deposition. As the boulder position
shifted from the head to the midpoint to the tail, the plan-view bar morphology transi-
tioned from a compact, concentrated form to a more laterally expanded and downstream-
extended shape. This reflects the influence of boulder position on the flow field and its
regulation of sedimentation patterns: boulders at the head promote local accumulation,
boulders at the midpoint enhance lateral expansion, and boulders at the tail encourage
downstream extension.

The bar area increased progressively as the boulder moved downstream: 0.5 m2 at
the head, 0.7 m2 at the midpoint, and 0.9 m2 at the tail. This suggests a strong correla-
tion between boulder position and downstream bar development. Bar volume followed
a similar increasing trend: 0.06 m3 at the head, 0.12 m3 at the midpoint, and 0.15 m3

at the tail. This positive correlation indicates that as the boulder position shifts down-
stream, its influence on sedimentation transitions from localized to reach-scale, promoting
overall deposition.

In summary, under identical hydraulic conditions, boulder position influences the
flow field and local scour and deposition intensity, thereby controlling bar area, volume,
and height. Increases in velocity amplify these effects, promoting accumulation at the bar
head and downstream development of the entire bar structure. As the boulder moves from
the head to the tail of the bar, both bar area and volume increase progressively, while bar
height peaks at the midpoint position.

Figure 6 shows changes in riverbed elevation under constant-flow conditions
(Q = 40 L/s, i = 0) with boulders placed at different position within the channel. Al-
though bed elevation decreased significantly after scouring in all cases, the magnitude of
this elevation drop exhibited distinct spatial differences depending on boulder location.

https://doi.org/10.3390/w18141720
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(a) 

(b) 

 
(c) 

Figure 6. Cont.
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(d) 

 
(e) 

Figure 6. Longitudinal midline profile map of bar with different boulder positions. (a) Boulder
placed at the bar head, along the central longitudinal section of the bar; (b) boulder placed at the bar
tail, along the central longitudinal section of the bar; (c) boulder placed at the midpoint of the left
anabranch, along the central longitudinal section of the bar; (d,e) boulder placed at the midpoint of
the left anabranch, the longitudinal section of the bar centerline, and the centerline section of the
left anabranch.

When the boulder was placed at the bar head (Ds = 15.2 cm), a small depression
appeared near the centerline (X ≈ 50 cm) due to local flow diversion around the boulder.
Bed elevation then gradually increased to Z ≈ 0.10 m at X ≈ 100 cm, before decreasing
to Z ≈ 0.05 m further downstream. Overall, the bed elevation was lower than the initial
state, indicating that the boulder induced localized scour at the bar head. At the bar tail,
elevation increased to nearly 0.12 m, promoting downstream deposition. Compared to
other boulder position, the scour effect was most pronounced when the boulder was at
the bar head. This may be attributed to the higher hydraulic head from upstream, which
increases turbulence and deepens the scour hole.

When the boulder was placed at the midpoint of the left anabranch, the scour depth at
the boulder location reached approximately 0.06 m in the left anabranch, while deposition
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of about 0.06 m occurred at the bar tail. In the right anabranch, deposition of approxi-
mately 0.03 m was observed. This indicates that a boulder placed at the midpoint of the
left anabranch indirectly affects the right anabranch, creating an asymmetric flow field
that promotes lateral bank development, although the deposition intensity in the right
anabranch is lower than that in the left anabranch.

When the boulder was placed at the bar tail, the scour hole around the boulder was
less pronounced, with no significant bed lowering. Deposition at the tail was limited,
approximately 0.02 m. This may be because the boulder at the bar tail partially blocks the
flow, thereby reducing flow velocity at the tail and resulting in relatively shallow scour
holes. Moreover, bar stability was enhanced under this configuration, and the boulder itself
exhibited little displacement during scouring.

Thus, the spatial distribution of boulders in the channel significantly influences the
scour and development characteristics of bars. The scouring effect is most pronounced
when boulders are located at the bar head, while boulders in the side anabranch create
asymmetric flow fields that affect both anabranches, and boulders at the bar tail have the
least impact on bed elevation but may enhance bar stability.

3.2.3. Scour and Deposition Characteristics of Bars Under Different Boulder
Protrusion Heights

Figure 7 illustrates the effect of boulder protrusion height on riverbed morphology
under constant-flow conditions (Q = 60 L/s, i = 2%) with the boulder position fixed at
the bar head. After scouring, sediment accumulated locally around the boulder due to
its blocking effect, with limited lateral diffusion. The elevation at the bar head exhibited
a clear dependence on protrusion height: under Ds = 15.2 cm, the post-scour elevation
was 0.12 m, compared to 0.14 m under Ds = 7.6 cm. Correspondingly, the elevation drop
at the bar head was 13 cm under Ds = 15.2 cm, approximately 1.86 times the 7 cm drop
observed under Ds = 7.6 cm. These results indicate that a greater protrusion height enhances
local scour.

In addition to enhanced scour, a larger protrusion height also promoted boulder dis-
placement. All boulders migrated downstream, with greater migration distances observed
under Ds = 15.2 cm. This suggests that a higher protrusion height subjects the boulder to
greater drag force, making it more susceptible to downstream movement. This finding
is consistent with Zi [35], who reported that microtopography induces significant spatial
variations in critical shear stress on gravel beds.

The morphological response of the bar further reflects the influence of protru-
sion height. Both bar area and volume increased with protrusion height. Under
Ds = 7.6 cm, the post-scour bar area was approximately 0.4 m2, increasing to 0.8 m2 under
Ds = 15.2 cm. Similarly, bar volume increased from 0.04 m3 under Ds = 7.6 cm to 0.10 m3

under Ds = 15.2 cm. These positive correlations suggest that a greater protrusion height
promotes downstream sediment diffusion and bar expansion.

In summary, as the boulder protrusion height increased from 7.6 cm to 15.2 cm, the bar
expanded laterally, with both area and volume increasing by approximately 100%, although
much of the newly deposited area exhibited lower elevations. The greater protrusion height
enhanced flow disturbance, thereby promoting downstream deposition and bar extension.

3.2.4. Morphological Changes of Boulder Bars After Scouring

As shown in Figure 8, under the condition of Q = 60 L/s, the length-to-width ratio of
the bar was the largest among all tested cases. This relatively high discharge, combined with
the absence of boulders, resulted in effective scouring and pronounced bar development,
thereby yielding the maximum length-to-width ratio.
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(a) 

(b) 

(c) 

Figure 7. Longitudinal profiles of the bar at different boulder protrusion heights. (a) Boulder placed
at the bar head, protrusion height Ds = 7.6 cm; (b) boulder 15.2 cm, along the central longitudinal
section of the bar; (c) boulder placed at the bar head, protrusion height Ds = 7.6 cm, along the central
longitudinal section of the bar.
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Figure 8. Bar length-to-width ratio under different operating conditions. (a) Boulder protrusion
height varies; (b) different boulder positions.

Table 3 presents the boulder characteristics and the resulting changes in bar volume
and height after scouring. Both bar volume and height increased with increasing boulder
protrusion height and burial depth. A larger protrusion height and greater burial depth
intensify the turbulent region and wake deposition zone generated by flow around the
boulder. This enhances local scour while promoting sediment accumulation in the wake
zone, ultimately leading to bar expansion and aggradation.

Table 3. Bar volume and height in relation to boulder characteristics and discharge.

Relevant
Parameters Protrusion Height Boulders Embedded

to a Certain Depth Boulders Location Discharge

bar volume after
scouring Positive correlation Positive correlation

the midpoint of the
left anabranch > bar

head > bar tail
Positive correlation

bar height after
scouring Positive correlation Positive correlation

the midpoint of the
left anabranch> bar

head > bar tail
Negative correlation

https://doi.org/10.3390/w18141720

https://doi.org/10.3390/w18141720


Water 2026, 18, 1720 17 of 25

The influence of boulder position on bar morphology is also significant. When the
boulder was placed in the side anabranch, the post-scour bar volume and height were
substantially greater than when it was placed at the bar head or bar tail. This difference
arises because the side anabranch is a flow division zone characterized by a high velocity
gradient, where the boulder enhances water–sediment exchange and promotes substantial
sediment accumulation. In contrast, the flow dynamics at the bar head (upstream scour
zone) and bar tail (wake zone) differ markedly from those in the side anabranch; however,
the magnitudes of sediment accumulation at these two position are comparable, resulting
in similar post-scour heights.

Bar volume and height exhibit opposing correlations with flow discharge. Bar volume
is positively correlated with flow discharge: higher discharges increase sediment transport
capacity, leading to horizontal bar expansion and thickening. In contrast, bar height is
negatively correlated with flow discharge: larger flows exert stronger shear stress on the
bed, promoting vertical scour and lowering the overall bar elevation. This contrasting
behavior reflects a pattern of “horizontal expansion and vertical reduction” in response to
increasing flow discharge.

Table 4 summarizes the effects of discharge, boulder characteristics, and boulder
position on bar elevation reduction. In the absence of boulders, increasing the discharge
from 40 L/s to 60 L/s resulted in an elevation reduction of approximately 67%. Under the
same discharge (Q = 60 L/s) with boulders placed at the bar head, increasing the protrusion
height from 7.6 cm to 15.2 cm increased the elevation reduction by approximately 85.7%,
which was substantially greater than the reduction observed in the boulder-free case
(0.038 m under Q = 60 L/s). This indicates that highly exposed boulders intensify local
turbulence and significantly enhance bed lowering at the bar head. Under the same
discharge (Q = 40 L/s) and protrusion height (Ds = 15.2 cm), the elevation reduction varied
with boulder position: it was greatest at the bar head (0.05 m), where the upstream scour
zone develops; smaller at the midpoint of the left anabranch (0.02 m); and slightly higher at
the bar tail (0.03 m) due to sediment deposition in the wake zone.

Table 4. Bar height reduction in relation to boulder characteristics and discharge.

Elevation
Reduction Amount Discharge Protrusion Height

(m) Boulders Position

0.115 40 / /
0.038 60 / /
0.131 60 0.152 bar head
0.070 60 0.76 bar head
0.050 40 0.152 bar head

0.020 40 0.152 the midpoint of the left
anabranch

0.060 40 0.152 bar tail
0.103 80 0.152 bar head

0.010 40 0.76 the midpoint of the left
anabranch

4. Discussion
4.1. Characteristics of the Boulder-Induced Scour Hole

As shown in Figure 9, the geometry of scour holes varies considerably with boul-
der position, discharge, and protrusion height. When the boulder is placed at the bar
head under conditions of R9 (Ds = 7.6 cm and Q = 60 L/s), the scour hole exhibits the
smallest width-to-depth ratio. The high discharge imparts greater kinetic energy to the
incoming flow, and the presence of a bed slope further promotes deeper scour. These
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conditions typically produce deep, narrow scour holes characterized by a minimal width-
to-depth ratio. In contrast, when the boulder is placed at the bar tail under conditions of R6
(Ds = 15.2 cm and Q = 40 L/s), the tail corresponds to a low-energy region with lower flow
velocities. This observation is consistent with Qiu [36], who demonstrated that damage
caused by jet dynamic pressure decreases with increasing impingement distance. Conse-
quently, scouring is weak, and the scour hole remains extremely shallow. Additionally,
scouring of the bar transports sediment downstream, providing sediment replenishment to
the scour hole formed by flow obstruction around the boulder. As a result, the scour hole
becomes relatively wide and shallow, leading to a larger width-to-depth ratio under such
conditions. Periodic vortex sweeping intensifies sediment transport, resulting in the imme-
diate formation of a deep local scour hole immediately downstream of the boulder. Further
downstream (1D–1.5D), a recirculation zone with substantially diminished longitudinal
flow velocity functions as a sediment trap: suspended and bedload sediments entrained by
the main flow lose their transport capacity and accumulate continuously, thereby driving
the formation of boulder-associated sand bars. A larger protrusion height Ds corresponds
to a greater upstream-facing projected area of the boulder and higher scour intensity at
the boulder leading edge. This both amplifies local scouring and elevates the sediment
trapping efficiency in the wake zone, which accounts for the observed increase in sand
bar volume.

Figure 9. Scour hole width-to-depth ratio under different operating conditions. (a) Boulder protrusion
height varies. (b) When Q = 40 L/s, the position of the boulders is different.
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Furthermore, boulder protrusion height also influences scour hole geometry. As
protrusion height increases, the boulder is subjected to greater hydrodynamic forces,
resulting in increased scour depth. However, sediment transport capacity on both sides of
the boulder decreases simultaneously, leading to a reduction in the width-to-depth ratio of
the scour hole.

As E (relative submergence) decreases, the obstruction effect on the incident flow
becomes more pronounced, the horseshoe vortex on the upstream face intensifies, and the
wake recirculation downstream also becomes more prominent [36,37]. This is consistent
with the present observations: a reduction in relative submergence enhances the vertical
turbulent component and deepens the scour hole.

The Froude number also exerts a dominant influence on the scour geometry around
similar rock obstacles. Under relatively low submergence depths, Papanicolaou et al. [37,38]
demonstrated that when Fr < 1, sediment tends to deposit at the leading edge of the boulder;
whereas when Fr > 1, deposition shifts to the boulder sidewalls controlled by local free-
surface wave crests. In this study, higher discharge (Q = 60 L/s vs. 40 L/s, corresponding
to a higher Fr) produces deeper scour pits (a 25% increase in depth), which also confirms
the aforementioned scaling relationship.

Yager et al. [39,40] further showed that under low relative submergence conditions
common in mountain streams, the form drag on large stationary particles reduces the
shear stress available for sediment transport, thereby effectively increasing the apparent
critical shear stress. These findings indicate that in the boulder sand bar reach, the Shields
number exhibits significant spatial variability, and the threshold for sediment motion is
locally modulated by the flow structures formed by the boulder—a mechanism consistent
with the phenomena of scouring at the sand bar head and deposition at the sand bar tail
observed in this experiment. The relative submergence depth (h/Ds) further influences the
scour pattern.

As shown in Table 5, when the boulder was placed at the bar head and the discharge
increased from 40 L/s to 60 L/s, the width of the scour hole increased by 87.5% and the
depth increased by 25%. This finding is consistent with the conclusions of Li et al. [41–43].
Under the same discharge (Q = 60 L/s), when the boulder was placed at the bar head and
the protrusion height increased from 7.6 cm to 15.2 cm, the depth of the scour hole increased
by 25%. The highly exposed boulder enhanced the vertical turbulent component of the flow,
similar to scouring around the upper part of piles [44–46], thereby strengthening vertical
scour and deepening the scour hole. This result is also supported by Tang and Peng [47,48].

Under the same discharge (Q = 40 L/s) and protrusion height (Ds = 15.2 cm), the scour
hole depth varied with boulder position: it was greatest at the bar head (0.04 m), followed
by the midpoint of the left anabranch (0.033 m), and smallest at the bar tail (0.02 m). The
bar head serves as the upstream impact zone, where flow dynamics are strongest and local
scour is most intense. This aligns with Jiang [49], who investigated gully head scouring.
The midpoint of the left anabranch is a flow division zone characterized by weaker flow
velocity and turbulence, resulting in a lower degree of scour hole development.

Turbulent kinetic energy enhances sediment incipient motion and amplifies local
scouring. The turbulent dissipation rate in the wake zone is far higher than that over a
flat bed, and vertical and lateral fluctuating velocities drastically lift near-bed sediment.
When the boulder is located at the front of the sand bar, the incident flow is deflected by the
protruding boulder, forming a well-developed horseshoe vortex at its base and generating
an extended wake region downstream. The downward flow and rotational shear of this
horseshoe vortex significantly intensify the shear stress at the boulder leading edge, which is
the primary cause of the deep scour hole at the sand bar head. This mechanism is consistent
with the classical scour formula for cylindrical obstacles summarized by Dey [15]. In
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contrast, when the boulder is placed in the side branch channel, the flow diversion effect of
the main sand bar body reduces the flow velocity around the boulder, thereby attenuating
the strength of the horseshoe vortex and wake turbulence.

Table 5. Scour hole width and depth in relation to boulder characteristics and flow rate.

Operating
Condition

Width of the
Scouring Hole

L/m
L/H

Depth of the
Scouring Hole

hB/m
hB/H Protrusion

Height/m Boulder Position

R3 0.10 0.223 0.042 0.006 0.152 bar head
R4 0.07 0.084 0.032 0.005 0.076 bar head
R5 0.08 0.231 0.040 0.008 0.152 bar head
R6 0.11 0.331 0.020 0.004 0.152 bar tail

R7 0.13 0.372 0.033 0.006 0.152 the midpoint of the
left anabranch

R8 0.15 0.276 0.050 0.006 0.152 bar head
R9 0.10 0.089 0.045 0.005 0.076 bar head

R14 0.07 0.182 0.022 0.004 0.152 bar tail
R15 0.05 0.07 0.018 0.003 0.076 bar tail

R16 0.08 0.236 0.031 0.006 0.152 the midpoint of the
left anabranch

R17 0.06 0.084 0.026 0.005 0.076 the midpoint of the
left anabranch

Collectively, these observations indicate that discharge, boulder protrusion height,
and boulder position all exert significant control over the development of local scour
holes. To further investigate the quantitative relationships among the relative submergence
(h/Ds), the local scour depth around the boulder (hB) and the longitudinal extent of the
scour hole (L), dimensionless analysis is performed on the experimental data, with the
results presented in Table 5. The results show that h/Ds exhibits a favorable linear negative
correlation with both hB/H and L/H: as h/Ds increases, hB/H and L/H decrease gradually.
Although L/H and hB/H vary in a coupled manner, the magnitude of decrease in hB/H is
smaller than that in L/H. Therefore, the relative water depth exerts a far greater influence
on the longitudinal extent of the scour hole than on the scour depth.

Under identical bed sediment conditions, a lower relative submergence corresponds
to a higher degree of boulder protrusion above the bed surface, greater local bed resistance,
stronger flow around the boulder and downcutting effects, and more fully developed
scour holes. When flow passes the boulder, a high-pressure stagnation zone forms on
the upstream face, driving downward flow to erode the bed surface. Meanwhile, the
downstream wake vortices have strong sediment entrainment capacity, resulting in deeper
scour holes with wider longitudinal extents. As relative submergence increases, the propor-
tion of discharge flowing over the boulder crest rises, and the intensity of near-bed flow
around the upstream face weakens. Accordingly, the scale of the horseshoe vortex and the
downcutting driving force decrease, the scour capacity of the downward flow diminishes,
turbulence intensity in the wake zone attenuates, and bed sediment transport intensity
weakens, leading to synchronous contraction of both scour depth and longitudinal extent.
This conclusion is also validated by the results of Schlömer et al. [39,47].

The development of scour depth is more strongly constrained by the incipient motion
threshold of bed sediment, and the scour rate slows down after reaching a certain depth. In
contrast, the longitudinal extent of the scour hole is jointly affected by upstream headward
erosion and downstream depositional extension, and is more sensitive to changes in flow
conditions. Hence, its variation amplitude with relative submergence is more pronounced.
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As shown in Figure 10, further analysis of the internal correlation between hB/H
and L/H reveals a significant linear relationship between the two, with a coefficient of
determination (R2) of 0.849. This indicates that scour depth and longitudinal extent feature
stable co-evolution characteristics. A larger scour depth reflects stronger local flow scour
capacity, a longer extension distance of upstream headward erosion, and a wider influence
range of the downstream wake, driving a synchronous increase in the overall scale of the
scour hole.

Figure 10. Relationship between relative submergence, relative scour depth (hB/H), and relative
longitudinal scour extent (L/H).

4.2. Movement Characteristics of the Boulder

As shown in Figures 11 and 12, the embedded depth of boulders exhibits a positive
linear correlation with their protrusion s, and this correlation shows distinct spatial differ-
entiation. Specifically, embedded depth is greatest when boulders are located at the bar
head, followed by those at the bar tail, and smallest when boulders are placed in the side
anabranch. This observation is supported by Golpira [50], who investigated the influence
of submergence ratio on surrounding flow structures. Additionally, boulder protrusion
height is positively correlated with the post-scour reduction in bar volume and height, from
which it can be inferred that the embedded depth of boulders is also proportional to these
reductions. Furthermore, the scour holes formed around boulders exhibit significant spatial
differences: the widths and areas of scour holes at the bar head and in the side anabranch
are comparable and are significantly larger than those at the bar tail, while both the width
and area of scour holes are also proportional to the protrusion height of the boulders.
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Figure 11. The linkage relationship of the boulders in different positions.

Figure 12. The linkage relationship of the boulder protrusion height.

4.3. Limitations and Future Research

This study not only validates established mechanisms, including hydraulic pressure
attenuation and scouring intensification induced by vertical turbulence, but also quantified
the influence of discharge and protrusion height on the scouring size, and revealed the
spatial differentiation patterns. These understandings have improved the local scouring
theory of riverbed troughs in mountainous areas, and can provide scientific basis and
parameter support for riverbank protection, gully head erosion control, and anti-scour
design of water conservancy projects. However, the experiments were conducted under
specific indoor conditions and did not involve non-steady flow, turbulent fluctuations,
and changes in sediment supply in natural rivers, which may lead to deviations when
the results are extrapolated to the field. Mountain riverbeds feature a broad sediment
size distribution with pronounced sorting and hiding effects. However, constrained by
the scope of this work, no comparative experiments targeting sediment gradation were
conducted. As boulder sizes span a wide range, future studies may incorporate multi-sized
boulders, unsteady flow, variable sediment supply, varied sediment gradations and other
factors to bring experimental conditions closer to natural scenarios, thus further enhancing
the reliability and engineering applicability of the research findings.
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5. Conclusions
Based on field investigations of boulder-bearing rivers and flume experiments, this

paper systematically analyzes the relationships between boulder position, protrusion height,
and the deformation characteristics and development mechanisms of boulder bars under
varying inflow and sediment supply conditions. The main conclusions are as follows:

1. Both bar area and volume increase with rising discharge, with longer downstream
bar extension and a positive correlation between bar length–width ratio and velocity.
The presence of boulders induces localized topographic features and suppresses the
downstream diffusion of the bar, whereas a flat bed facilitates scouring and sediment
diffusion. When boulders are moved from the bar head to the tail, both bar area and
volume increase progressively, while bar height peaks at the midpoint position. A
higher boulder protrusion height intensifies bed scouring and significantly enhances
flow forces, thereby promoting lateral bar expansion.

2. The length-to-width ratio of the bar is positively correlated with discharge. In the
absence of boulders, scouring is more effective and bar development is more complete,
resulting in a marked increase in this ratio. The post-scour volume and height of
the bar are positively correlated with both the protrusion height and the embedded
depth of boulders. Bar scale follows side anabranches> bar head > bar tail. Greater
protrusion and deeper embedding intensify the turbulent zone and wake deposition
zone around boulders, which not only enhance local scour but also promote sediment
accumulation, ultimately contributing to an increase in bar volume and elevation. In
particular, highly exposed boulders significantly increase elevation loss at the bar head
by strengthening local turbulence.

3. Scour hole geometry is governed by discharge, boulder position, and protrusion
height. Higher discharge increases scour hole width to a greater extent than depth,
resulting in a reduced width-to-depth ratio. Scour holes at the bar head are deeper
and narrower than those at the bar tail, where lower flow energy produces wider
and shallower scour features. As boulder protrusion height increases, scour depth
increases while the width-to-depth ratio decreases. The relative submergence (h/Ds)
is negatively correlated with both relative scour depth (hB/H) and relative scour
extent (L/H), with the latter exhibiting greater sensitivity to changes in submergence.
The stable co-evolutionary relationship between scour depth and extent (R2 = 0.849)
confirms their synchronized development under varying flow and boulder conditions.
Increasing discharge widens erosion holes to a greater extent than the depth, thereby
reducing the width-to-depth ratio.
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