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Abstract: Bedload grains in consecutive meandering bends either move longitudinally or across
the channel centerline. This study traces and quantifies the grains’ movement in two laboratorial
sine-generated channels, i.e., one with deflection angle θ0 = 30◦ and the other 110◦. The grains
originally paved along the channels are uniform in size with D = 1 mm and are dyed in various
colors, according to their initial location. The experiments recorded the changes in the flow patterns,
bed deformation, and the gain-loss distribution of the colored grains in the pool-bar complexes.
We observed the formation of two types of erosion zones during the process of the bed deformation,
i.e., Zone 1 in the foreside of the point bars and Zone 2 near the concave bank downstream of the
bend apexes. Most grains eroded from Zone 1 are observed moving longitudinally as opposed to
crossing the channel centerline. Contrastingly, the dominant moving direction of the grains eroded
from Zone 2 changes from the longitudinal direction to the transversal one as the bed topography
evolves. Besides, most building material of the point bars comes from the upstream bends, although
low- and highly curved channels behave differently.

Keywords: bedload transport; meandering channels; experiments

1. Introduction

Point bars and scouring pools are typical geometric characteristics of meanders, whose
formation is strongly related to longitudinal and transverse sediment transport. A deeper
understanding of the bed deformation and bedload movement can significantly benefit
both river engineers in river restoration, flood control, navigation, etc., and ecologists in
protecting aquatic communities, e.g., macrozoobenthic species.

Transverse bedload transport refers to the “crossing-centerline” sediment movement
in consecutive meandering bends. Otherwise, it is longitudinal transport [1]. Observation
in both field and laboratories has evidenced that the curved channels often orientate the
bedload with significant deviation from the general flow direction [2–4], and the transport
rates are neither homogenous nor isotropic [5]. According to Zeng et al. [3], the angle
between trajectories of flow and sediment is a function of threshold velocity of sediment,
transverse slope of riverbed and sectional averaged velocity. Dietrich et al. [2] took measure-
ments at a bend of Muddy Creek; they observed that the topography-induced longitudinal
and transverse bedload transport prevail at the first two-thirds and at the downstream
end of the bend, respectively. Leopold [6] emphasized the role of the secondary circulation
and argued that the transverse bedload transport could be significant even in straight
channels, resulting in alternating bars and in meanders’ initiation. In contrast, laboratory
experiments by Friedkin [7], Rui [8], and Wang [9] indicated that most grains eroded near
a concave bank are transported longitudinally and deposited at the downstream point
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bar on the same side of the riverbed, rather than being transported across the centerline
and deposited at the point bar on the opposite side. Wang et al. [10] tested the bedload
transport in a sine-generated flume with the deflection angle at the inflection section θ0
= 60◦ and found that longitudinal and transverse transport dominate alternatively along
the channel; the bedload “belt” tends to cross the channel centerline right after the bend
apexes. He et al. [11] applied a depth-averaged two-dimensional model to evaluate the
influences of flow discharge and particle size on bedload transport trajectories based on
the 110◦ sine-generated flume experiment with wide-and shallow sections [12]; they found
that the shifting of bedload trajectory in the curved channel is not susceptible to particle
size, while it considerably varies with flow discharge.

Although previous studies on longitudinal and transverse sediment transport offer
valuable insights regarding morphological changes in meanders, they could not precisely
identify and quantify the “sources” and “sinks” of bed material during the formation of
pools and point bars. Specifically, tracing the movement of bedload grains in a laboratory
provides a promising way to measure the accurate rates of bedload grains in any arbitrary
directions as well as their destination. Besides, particle tracing technology is able to “tell”
whether the deposited grains come from the concave banks or their convex counterparts,
which is hard to discern in the field. Zhang and Xie [13] have dyed bed materials with
different colors at different locations in a single 180◦ bend in the laboratory. They have
also found that most bed material deposited at the point bar came from the same side of
the riverbed, and this longitudinal sediment transport is more significant when the flow
discharge is higher. The present study builds on Zhang and Xie’s [13] particle tracing
experiment and goes a step further from a single bend to continuous meander loops.
Two sine-generated planforms, i.e., θ0 = 30◦ and 110◦, were selected. The small- and
large-sinuosity flumes represent the planforms of meander channels in the earlier and later
stages, respectively. This study aims to unveil the transport characteristics of bedload in
meandering channels with continuous bends. Our findings could provide an insight into
the evolution processes of meandering channels from low to high sinuosity. Besides, the
outputs may benefit river restoration activities including protecting streambank as well as
riparian infrastructures and habitats.

2. Experimental Setup and Measurements

Experiments were conducted in the laboratory of the Institute of Geographic Sciences
and Nature Resources Research, Chinese Academy of Sciences. The centerlines of the
plexiglass meandering flumes under consideration follow the sine-generated curve with
deflection angles (θ0) of 30◦ and 110◦, representing channels with small and large sinuosity,
respectively (Figure 1). The two curved flumes share the same meander wavelength
(Λ = 2π B, where B is channel width), which is approximately 2.518 m, while their
curve lengths are 2.694 m and 9.298 m, respectively. Table 1 summarizes the channel
characteristics and the hydraulic conditions of the experimental runs. The curve lengths
were calculated in curvilinear orthogonal coordinates, i.e., longitudinal (s) and transverse
(n) (Figure 1). The upstream end of each curved flume was connected to a 0.8 m-long
straight approach channel; the downstream end was connected to a 0.6 m-long straight exit
channel. The banks are rigid. The flume widths are constant at 40 cm, and the cross sections
are rectangular. The flumes were installed on a basin equipped with a water recirculating
system. The flow was turbulent and subcritical based on the Re and Fr values (Table 1);
tailgates were used to keep the initial water depths uniform along the channels. The water
temperature was approximately 14 ◦C.
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and 2‰, were set up for the θ0 = 30° and 110° flumes, respectively. Besides, the flow rates 
were designed as 60 and 50 m3/h, respectively, for the two experimental runs. We chose 
these slopes and discharges to maintain moderate sediment transport rates in both 

Figure 1. Experimental setup and the initial distribution of bed materials (unit: mm); inserts (a) and (b) are photos of the θ0

= 30◦ and 110◦ flumes, respectively.

Table 1. Flow and geometry characteristics of the two experiments.

θ0 Run Λ(m) λ(m) δ
Q

(m3 h−1)
B

(cm)
hm

(cm) B/hm S
(‰)

Um
(m s−1) Re Fr

30◦ 30/1 2.518 2.694 1.07 60 40 11.5 3.48 1.12 0.31 35,650 0.29
110◦ 110/1 2.518 9.298 3.70 50 40 10.0 4.00 2.00 0.27 27,000 0.27

Note: θ0 is the deflection angle; Λ is the meander wavelength; λ is the length of a curved channel over one meandering wavelength; δ is the
sinuosity; Q is the flow discharge; D50 is the mean diameter; B is the flow width; hm is the channel-averaged flow depth; S is the bed slope;
Um is the channel-averaged flow velocity; Re is the flow Reynolds number; and Fr is the Froude number.

The channel beds were paved with well-sorted silica sand with a specific density of
2.65 and a mean diameter Dm = 1 mm. We chose relatively coarser grains to avoid sand
waves on the beds as far as possible during bed deformation. The initial thicknesses of the
sediment layer in the two experimental flumes were 5 cm and 8 cm, respectively. The run
started from a bed with zero transverse slope. Specified longitudinal slopes, i.e., 1.12‰ and
2‰, were set up for the θ0 = 30◦ and 110◦ flumes, respectively. Besides, the flow rates were
designed as 60 and 50 m3/h, respectively, for the two experimental runs. We chose these
slopes and discharges to maintain moderate sediment transport rates in both experimental
runs. Too much erosion would result in a scouring of the glass bottom, while too slow
sediment transport rates would unnecessarily expand the experimental time and cost.
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In order to obtain various fluvial regimes (will be discussed later), we designed a steeper
slope for the θ0 = 110◦ flume. As shown in Figure 1, bends B1 and B2 were paved with
colored (nonwhite) grains, and the rest of the flume was paved with white grains with
the same diameter, i.e., 1 mm. Using the channel centerline as a divider, the colors of
grains paved on the left and right half-width parts of bends B1 and B2 were also different.
Thus, the uniform-sized grains initially paved in bends B1 and B2 are distinguished by four
different colors, named D1 (green), D2 (yellow), D3 (red) and D4 (blue). Grains D1 and D4
are initially paved on the concave side and grains D2 and D3 are initially paved on the
convex side. The experiments were designed as closed systems, i.e., no sediment feed at
the inlets.

After the bed deformation reached equilibrium (no measurable bed deformation was
observed), flow velocities and bed topography at each cross section were measured by
Nortek micro-ADV (Vectrino+, Rijeka, Croatia) and a metal probe at 15 equally spaced
verticals. The measuring range of the ADV was 0.01 m/s to 4 m/s, with an accuracy of
±1 mm/s. The sampling frequency is 200 Hz. To monitor the temporal variation of bed
elevation, plastic rulers were also pasted at both sides of each section of the two flumes.
After this, the water in the flume was carefully drained, and the spatial distributions of the
colored grains were estimated by the following procedure. The first step was to identify
the sampling spots. For each section, there were 4 sampling plots and the width of each
plot is approximately B/4. Therefore, the 4 plots almost covered the whole cross section.
Thus, there were a total of 56 and 336 sampling plots in the θ0 = 30◦ and 110◦ flumes,
respectively. All of the grains remaining in each sampling plot were excavated to the flume
bottom, dried, tiled over a white paper, and photographed. Then, the number of colored
grains was counted by the Matlab Image Analysis Toolbox [14,15]. The accuracy of the
automatic image processing method was verified by comparing with manual recognition
(by eyes). Table 2 shows the four test scenarios. In each scenario, a certain amount (5000
or 10,000) of mixed grains (D1, D2, D3, and D4) was counted manually by eyes and tiled
over a white paper. Then, we took a picture of the samples and counted the numbers of
colored grains by the Matlab Image Analysis Toolbox. We repeated this procedure five
times and adopted the average. Verification showed that the recognition rate was ranging
from 91% to 96%, with an average of about 94.35%. The distinguishing of red and yellow
grains was slightly better than blue and green grains. Besides, adding artificial light proved
necessary when taking photos. In this way, we obtained the number ratios of colored
particles to the mix. We can safely assume the volume ratios are the same as the number
ratios. The volume of each sampler could be estimated with dried weight of sampler and its
buck density. Thus, the volume of each colored particle in each sampler could be estimated.
Comparing the initially paved volume and the sampled volume, we obtained the gain
and loss of colored grains in each sampling plot. Finally, particle source for bar deposition
could be estimated.

Table 2. Verification of the accuracy of recognition by Matlab.

Test
Scenarios

Diameter
(mm)

Manually 5-Time Averaged Amount by Matlab Recognition
Rate (%) NoteD1 D2 D3 D4

T1 1 5000 925.8 942.4 963.4 964.4 94.90 N/A
T2 1 5000 967.6 954.4 899.8 1012.8 95.87 *
T3 1 10,000 1725.6 1861 1920.2 1794.6 91.27 N/A
T4 1 10,000 1826.4 1895 1963.2 1944.4 95.36 *

* indicates additional light being added when taking photos.

In this way, we could obtain the gain and loss of color grains D1, D2, D3, and D4 along
the meandering channels, and estimate the longitudinal and transverse bedload transport
in the bends.

3. Results
3.1. The 110◦ Flume

Figure 2a shows the bed elevation change (cm) in the sine-generated flume with
deflection angle θ0 = 110◦. Figure 2b,c show the gain and loss of colored grains (D1, D2,
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D3, and D4) at each cross section along the left and right half-width parts of bends (using
the channel centerline as the divider), respectively. The vertical axes in Figure 2b,c i.e.,
SV, display the sample volume (m3) of colored grains, and positive and negative values
indicate gain and loss, respectively.
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Figure 2. (a) Bed elevation change (Run 110/1, unit: cm, flow from left to right). (b) Sample volume
(unit: m3) of grains D1, D2, D3, D4 at each section along the left bank. (c) Sampling volume (unit: m3)
of grains D1, D2, D3, D4 at each section along the right bank. D1, D2, D3, D4 grains are represented
by green, yellow, red, and cyan colors, respectively.

Figure 2a shows the bed elevation change (cm) in the 110◦ flume. To trace bedload
movement in various fluvial regimes, we designed a closed system for the 110◦ flume in
this study, i.e., no sediment feed at the inlets. Since the bedload transport rates are relatively
low and bed deformation is relatively mild in either B1 or B3, the intermediate scenario
in B2 can be considered to be in quasi-equilibrium. From Figure 2a, one can observe a
continuous deposit along the convex bank (sections 41–57). Relatively severe scouring
occurred near the apex sections 48–49 and the downstream of sections 55–57.

For the 110◦ flume, sand grains of D1 and D2 are initially paved along the left (concave)
and right (convex) bank of the B1 bend (sections 13–37, as shown in Figure 1). The general
bed topography shown in Figure 2a indicates the formation of alternate erosion/deposition
areas whose localization along the bend is similar to that obtained by Termini (13, 19) in
a meandering flume characterized by the same planimetric configuration as that of the
110◦ flume considered in this work. Figure 2b indicates a large quantity of D1 grains (total
volumes of 34.9 × 10−4 m3) were eroded from the left (concave) bank. Within the B1 bend,
most of those eroded D1 grains (72%) were longitudinally transported to the next bend
B2 and only a small proportion (28%) crossed the channel centerline and contributed to
the point bar deformation (as shown in Figure 2c). The evacuating amount of D2 in the
B1 bend is relatively small (18.1 × 10−4 m3) compared to the scouring near the concave
bank (about 52% in volume). About 86% of the D2 grains eroded from the B1 bend were
longitudinally transported to the next bend B2, i.e., the transverse transport of D2 grains
accounts for only 14% (as shown in Figure 2c).

Therefore, in the B1 bend of the 110◦ flume, bed degradation occurred, and the
longitudinal bedload transport prevailed along both sides of the banks. As D1 and D2
grains moved into the next bend B2 (sections 37–61, as shown in Figure 1), the longitudinal-
transverse sorting continues. From Figure 2b,c, we measured the volumes of 15.9 × 10−4

m3 and 11.3 × 10−4 m3 of D1 grains in the left (longitudinally transported) and right
(transversely transported) half-width, respectively. The ratio of longitudinal to transverse
transport for D1 in the B2 bend is about 1.4, while for D2 grains, we measured the volumes
of 2.0 × 10−4 m3 and 5.0 × 10−4 m3 in the right (longitudinally transported) and left
(transversely transported) half-width, respectively. The ratio of longitudinal to transverse
transport for D2 in the B2 bend is about 0.4.
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Sand grains of D3 and D4 are initially paved along the left (convex) and right (concave)
bank of the B2 bend of the 110◦ flume (sections 37–61, as shown in Figure 1). On the
contrary, to the bend of B1, the B2 bend presents a quasi-equilibrium regime. Figure 2c
indicates a large quantity of D4 grains (total volumes of 28.4 × 10−4 m3) were eroded
from the right (concave) bank. Within the B2 bend, most of those eroded D4 grains (75%)
were longitudinally transported to the next bend B3, and only a small proportion (25%)
crossed the channel centerline and contributed to the point bar deformation in the same
bend, i.e., the B2 bend (as shown in Figure 2b). The ratio of longitudinal to transverse
transport of D4 in the B2 bend is about 3.0, even larger than the longitudinal-transverse
ratio of D1 in the B1 bend (about 2.6). In contrast to the traditional bend theory [16,17],
which assumes that the point bar is mainly composed of the other-bank sediment moved
by laterally asymmetrical longitudinal flow pattern, the observed behavior suggests that,
especially in highly curved channels, the point bar is composed by the combination of a
dominant longitudinal transport and a cross-sectional motion. The evacuating amount of
D3 in the B2 bend is relatively small (14.0 × 10−4 m3) compared to the scouring near the
concave bank (about a half in volume). About 73% of the D3 grains eroded from the B2
bend were longitudinally transported to the next bend B3, i.e., the transverse transport
of D3 grains accounts for 27% (as shown in Figure 2c). The high ratio obviously resulted
from the direction of near-bed flow, which constrains the bedload from moving toward the
concave bank.

White-color grains are initially paved along the entire area of the B3 bend of the 110◦

flume (sections 61–85, as shown in Figure 1). In contrast to the bends of B1 and B2, the B3
bend presents a mild aggradation regime. As D3 and D4 grains moved into the B3 bend, the
longitudinal-transverse sorting continues. From Figure 2b,c, in the B3 bend we measured
the volumes of 4.1 × 10−4 m3 and 2.8 × 10−4 m3 of D3 grains in the left (longitudinally
transported) and right (transversely transported) half-width, respectively. The ratio of
longitudinal to transverse transport for D3 in the B3 bend is about 1.5, while for D4 grains,
we measured the volumes of 12.5 × 10−4 m3 and 10.4 × 10−4 m3 in the right (longitudinally
transported) and left (transversely transported) half-width channel, respectively. The ratio
of longitudinal to transverse transport for D4 in the B3 bend is about 1.2.

3.2. The 30◦ Flume

Figure 3a shows the bed elevation change (cm) in the sine-generated flume with the
deflection angle θ0 = 30◦. The most profound scouring-deposit was observed around the
inflection points of the sine-generated curve rather than the apexes. Similar to Figure 2,
Figure 3b,c show the gain and loss of colored grains (D1, D2, D3, and D4) at each cross
section along the left and right half-width of bends (using the channel centerline as the
divider), respectively.

The 30◦ flume is also a closed system in this study, i.e., no sediment feed at the inlets.
Compared with the 110◦ flume, the channel slope for the 30◦ flume decreases from 2% to
1.12‰; however, the inflow discharge increases from 50 to 60 m3/h, which results in a 15%
increase in sectional-averaged velocity (see Table 1).

For the 30◦ flume, sand grains of D1 and D2 are initially paved along the left (concave)
and right (convex) bank of the B1 bend (sections 5–13, as shown in Figure 1). Figure 3b
indicates a quantity of D1 grains (total volumes of 3.5 × 10−4 m3) were eroded from the
left (concave) bank. Similar to the 110◦ flume, within the B1 bend of the 30◦ flume, most
of those eroded D1 grains (71%) were longitudinally transported to the next bend B2, and
only a small proportion (29%) crossed the channel centerline and contributed to the B1
bend point bar deformation (as shown in Figure 3c). Differing from the 110◦ flume, the
evacuating amount of D2 in the B1 bend of the 30◦ flume is relatively large (5.5 × 10−4 m3)
compared to the scouring near the concave bank (about 1.6 times in volume). For the 30◦

flume, about 90% of the D2 grains eroded from the B1 bend were longitudinally transported
to the next bend B2, i.e., the transverse transport of D2 grains accounts for only 10%
(as shown in Figure 3c).



Appl. Sci. 2021, 11, 6560 8 of 13

Appl. Sci. 2021, 11, x FOR PEER REVIEW 7 of 13 
 

contrary, to the bend of B1, the B2 bend presents a quasi-equilibrium regime. Figure 2c 
indicates a large quantity of D4 grains (total volumes of 28.4 × 10−4 m3) were eroded from 
the right (concave) bank. Within the B2 bend, most of those eroded D4 grains (75%) were 
longitudinally transported to the next bend B3, and only a small proportion (25%) crossed 
the channel centerline and contributed to the point bar deformation in the same bend, i.e., 
the B2 bend (as shown in Figure 2b). The ratio of longitudinal to transverse transport of D4 
in the B2 bend is about 3.0, even larger than the longitudinal-transverse ratio of D1 in the 
B1 bend (about 2.6). In contrast to the traditional bend theory [17,18], which assumes that 
the point bar is mainly composed of the other-bank sediment moved by laterally asym-
metrical longitudinal flow pattern, the observed behavior suggests that, especially in 
highly curved channels, the point bar is composed by the combination of a dominant lon-
gitudinal transport and a cross-sectional motion. The evacuating amount of D3 in the B2 
bend is relatively small (14.0 × 10−4 m3) compared to the scouring near the concave bank 
(about a half in volume). About 73% of the D3 grains eroded from the B2 bend were longi-
tudinally transported to the next bend B3, i.e., the transverse transport of D3 grains ac-
counts for 27% (as shown in Figure 2c). The high ratio obviously resulted from the direc-
tion of near-bed flow, which constrains the bedload from moving toward the concave 
bank. 

White-color grains are initially paved along the entire area of the B3 bend of the 110° 
flume (sections 61–85, as shown in Figure 1). In contrast to the bends of B1 and B2, the B3 
bend presents a mild aggradation regime. As D3 and D4 grains moved into the B3 bend, 
the longitudinal-transverse sorting continues. From Figure 2b,c, in the B3 bend we meas-
ured the volumes of 4.1 × 10−4 m3 and 2.8 × 10−4 m3 of D3 grains in the left (longitudinally 
transported) and right (transversely transported) half-width, respectively. The ratio of 
longitudinal to transverse transport for D3 in the B3 bend is about 1.5, while for D4 grains, 
we measured the volumes of 12.5 × 10−4 m3 and 10.4 × 10−4 m3 in the right (longitudinally 
transported) and left (transversely transported) half-width channel, respectively. The ra-
tio of longitudinal to transverse transport for D4 in the B3 bend is about 1.2. 

3.2. The 30° Flume 
Figure 3a shows the bed elevation change (cm) in the sine-generated flume with the 

deflection angle θ0 = 30°. The most profound scouring-deposit was observed around the 
inflection points of the sine-generated curve rather than the apexes. Similar to Figure 2, 
Figure 3b,c show the gain and loss of colored grains (D1, D2, D3, and D4) at each cross 
section along the left and right half-width of bends (using the channel centerline as the 
divider), respectively.  

 
(a) Bed elevation change (cm). 

Appl. Sci. 2021, 11, x FOR PEER REVIEW 8 of 13 
 

 
(b) Sampling volume (m3) along the left half-width. 

 
(c) Sampling volume (m3) along the right half-width. 

Figure 3. (a) Bed elevation change (units are cm, Run 30/1, flow from left to right). (b) Sample vol-
ume (unit: m3) of grains D1, D2, D3, D4 at each section along the left bank. (c) Sample volume (unit: 
m3) of grains D1, D2, D3, D4 at each section along the right bank. D1, D2, D3, D4 grains are represented 
by green, yellow, red, and cyan colors, respectively. 

The 30° flume is also a closed system in this study, i.e., no sediment feed at the inlets. 
Compared with the 110° flume, the channel slope for the 30° flume decreases from 2% to 
1.12‰; however, the inflow discharge increases from 50 to 60 m3/h, which results in a 15% 
increase in sectional-averaged velocity (see Table 1). 

For the 30° flume, sand grains of D1 and D2 are initially paved along the left (concave) 
and right (convex) bank of the B1 bend (sections 5–13, as shown in Figure 1). Figure 3b 
indicates a quantity of D1 grains (total volumes of 3.5 × 10−4 m3) were eroded from the left 
(concave) bank. Similar to the 110° flume, within the B1 bend of the 30° flume, most of 
those eroded D1 grains (71%) were longitudinally transported to the next bend B2, and 
only a small proportion (29%) crossed the channel centerline and contributed to the B1 
bend point bar deformation (as shown in Figure 3c). Differing from the 110° flume, the 
evacuating amount of D2 in the B1 bend of the 30° flume is relatively large (5.5 × 10−4 m3) 
compared to the scouring near the concave bank (about 1.6 times in volume). For the 30° 
flume, about 90% of the D2 grains eroded from the B1 bend were longitudinally trans-
ported to the next bend B2, i.e., the transverse transport of D2 grains accounts for only 10% 
(as shown in Figure 3c). 

Figure 3. (a) Bed elevation change (units are cm, Run 30/1, flow from left to right). (b) Sample
volume (unit: m3) of grains D1, D2, D3, D4 at each section along the left bank. (c) Sample volume
(unit: m3) of grains D1, D2, D3, D4 at each section along the right bank. D1, D2, D3, D4 grains are
represented by green, yellow, red, and cyan colors, respectively.

Similarly, in the B1 bend of the 30◦ flume, bed degradation occurred, and the longi-
tudinal bedload transport prevailed along both sides of the banks. As D1 and D2 grains
moved into the next bend B2 (section 13–21, as shown in Figure 1), the longitudinal-
transverse sorting continues. As shown in Figure 3b,c, we measured almost identical
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volumes of 0.9 × 10−4 m3 of D1 grains for both the left (longitudinally transported) and
right (transversely transported) half-width channel in the B2 bend. In other words, the ratio
of longitudinal to transverse transport for D1 in the B2 bend is about 1.0. For D2 grains.
We measured the volumes of 2.3 × 10−4 m3 and 2.9 × 10−4 m3 in the right (longitudinally
transported) and left (transversely transported) half-width channel, respectively. The ratio
of longitudinal to transverse transport for D2 in the B2 bend is about 0.8.

Sand grains of D3 and D4 are initially paved along the left (convex) and right (concave)
bank of the B2 bend of the 30◦ flume (Figure 1). Figure 3b indicates a quantity of D4 grains
(total volumes of 3.1 × 10−4 m3) were eroded from the left (concave) bank. Within the B2
bend, most of those eroded D4 grains (81%) were longitudinally transported to the next
bend B3, and only a small proportion (19%) crossed the channel centerline and contributed
to the point bar deformation (as shown in Figure 3c). The ratio of longitudinal to transverse
transport of D4 in the B2 bend is about 4.3, much larger than the ratio of D1 in the B1 bend
(about 2.4). The evacuating amount of D3 in the B2 bend is about 5.2 × 10−4 m3. About 90%
of the D3 grains eroded from the B2 bend were longitudinally transported to the next bend
B3, i.e., the transverse transport of D3 grains accounts for only 10% (as shown in Figure 3c).

Similarly, white-color grains are initially paved along the entire area of the B3 bend of
the 30◦ flume (sections 21–29, as shown in Figure 1). As D3 and D4 grains moved into the
B3 bend, the longitudinal-transverse sorting continues. Based on Figure 3b,c, we measured
the volumes of 2.7 × 10−4 m3 and 0.5 × 10−4 m3 of D3 grains in the left (longitudinally
transported) and right (transversely transported) half-width channel, respectively. The ratio
of longitudinal to transverse transport for D3 in the B3 bend is about 5.4, while for D4 grains,
we measured the volumes of 0.7 × 10−4 m3 and 1.2 × 10−4 m3 in the right (longitudinally
transported) and left (transversely transported) half-width channel, respectively. The ratio
of longitudinal to transverse transport for D4 in the B3 bend is about 0.6.

Table 3 shows the gain and loss volumes of all the colored grains in the B1–B3 bends
of the two flumes.

3.3. Accumulated Sample Volume of the Colored Grains

In Figure 4, we accumulate the longitudinally and transversely transported colored
grains along the 110◦ channel in the “next” bend (for instance, B2 bend for D1 or D2
grains.) In this way, one can visually see the spatial variation of longitudinal and transverse
transport of the colored grains. Figure 4 indicates that the downstream bends (the B2 or B3
bends) receive sediment supply from both sides of the half-width of the upstream reach
(i.e., from the B1 or B2 bends), and for the highly curved channel most grains come from
the upstream bed near the concave banks. For the D1 and D4 grains, longitudinal transport
is superior. However, it seems that D2 and D3 have opposite behaviors with regard to
sorting in the B1 and B2 bends, respectively: for the D2 grains in the B2 bend, the transverse
transport is stronger than the longitudinal transport, which is a result of the cross-sectional
flow motion; for the D3 grains in the B3 bend, the less transverse transport may be related
to the general aggradation occurring in the B3 bend.
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Table 3. Gain and loss of colored grains in the B1–B3 bends (unit: 10−4 m3, negative values means loss and positive means
gain).

Bend

30◦ 110◦

Section

D1 D2

Section

D1 D2

Left Bank Right
Bank Left Bank Right

Bank Left Bank Right
Bank Left Bank Right

Bank

B1 5–13 −3.5 1.0 0.6 −5.5 13–37 −34.9 9.8 2.6 −18.1
B2 13–21 0.9 0.9 2.9 2.3 37–61 15.9 11.3 5.0 2.0
B3 21–29 0.8 0.4 0.3 0.8 61–85 2.7 2.4 0.2 0.2

Bend

30◦ 110◦

Section

D3 D4

Section

D3 D4

Left Bank Right
Bank Left Bank Right

Bank Left Bank Right
Bank Left Bank Right

Bank

B2 13–21 −5.2 0.5 0.6 −3.1 37–61 −14.0 11.3 5.0 2.0
B3 21–29 2.7 0.5 1.2 0.7 61–85 4.1 2.8 10.4 12.5
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3.4. Point Bar Composition

In our flumes, during the formation of point bars, the B2 bends continuously receive
D1, D2 and D4 grains and lose D3 grains. The white grains are relatively rare; therefore,
they can be neglected. Table 4 summarized the proportions of D1, D2 and D4 grains in
the point bars in the B2 bends of the 30◦ and 110◦ flumes. Our statistics show that there
are 15.9 × 10−4 m3 of D1, 5 × 10−4 m3 of D2, and 7.1 × 10−4 m3 of D4 that contribute
to the B2 bend point bar of the 110◦ flume. It indicates that for the point bars of highly
curved channels, most building material (about 73% in this case) comes from upstream
bend. Compared to D2, D1 (i.e., the material of the outer side of the upstream bend) makes
a much larger contribution (about three times in quantity) to shaping the point bar of the B2
bend. Besides, about 40% D1 and 30% D2 grains were transported toward the concave bank
of the B2 bend, compensating for the local grain loss and maintaining the bed elevation.
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Table 4. Composition of point bars in the left bank of Bend B2.

Bend Section
Volume of

the Sand Bar
(×10−4 m3)

Proportions of D1–D4 (%)

D1 D2 D3 * D4

B2, 30◦ flume 13–21 (Left
bank) 1.44 20.5 66.1 – 13.4

B2, 110◦ flume 37–61 (Left
bank) 13.60 56.8 17.9 – 25.4

* For a sand bar around the convex bank (Bend B2), local grains initially located in the convex bank (D3) may be
removed from the bend, while grains moved from the local concave bank and the upper bend should firstly offset
the amount of grains being moved out.

For the 30◦ flume, the statistics show there are 0.9 × 10−4 m3 of D1, 2.9 × 10−4 m3 of
D2, and 0.589 × 10−4 m3 of D4 that contribute to the B2 bend point bar. It indicates that for
the point bar building material about 87% comes from the upstream bend. In contrast to
case of the 110◦ flume, D2 (i.e., the material of the inner-side of the upstream bend) makes
a much larger contribution (about three times in quantity) to shaping the point bar of the
B2 bend than D1 does.

4. Implication and Discussion

The above analyses are based on our well-controlled flume experiments, in which both
the channel width and the flow discharge are constant. Although channel widening or nar-
rowing is common in fluvial rivers, countless aerial and satellite views indicate a relatively
constant width prevails in a meandering channel with high sinuosity. In addition, bed
deformation is related more to the bankfull discharge or the equivalent effective discharge.
Therefore, it is reasonable to maintain steady and uniform flow in our experiments.

The observed behavior of moving grains in Zone 1 (foreside of the point bars) and in
Zone 2 (near the concave bank downstream of the bend apexes) is in agreement with what
was observed by Termini [18], when she performed an order-of-magnitude analysis of the
momentum equation terms with data collected in a meandering laboratory flume having
similar general bed topography and same planimetric configuration as the 110◦ flume used
in the present work. Termini [18] observed the existence of a good correspondence between
the regions of outward direction of the bed shear stress and the regions of deposition. On the
other side, Termini [18] also verified that there is a strong interdependence between the
downstream velocity and bed shear stress non-uniformity along the channel and the cross-
circulation momentum transport, whose entity depends on the channel’s curvature and on
the aspect ratio. She verified the relative importance of the convective and the circulation
motions with respect to the distribution of the bed shear stress, which determines the
sediment transport along the channel. By comparing the map of positive/negative ratio of
the downstream and the cross-stream components of the bed shear stress (which indicates
the deviation of the bed shear stress vector from the downstream direction) along a bend
with that of the erosion/deposition zones, she observed a good correspondence between
the regions of outward direction of the bed shear stress and the regions of deposition.
The strong mutual interaction between the cross-circulation and the downstream velocity
affects not only the downstream component of the bed shear stress but also the transverse
one and, consequently, the direction of the bed shear stress vector. As the curvature
increases, the convective accelerations also increase, and the downstream velocity and the
bed shear stress, are forced towards the outer bank; as a result, the bed shear stress decreases
along the inner bank and increases along the outer bank. Based on her experimental
results, she observed that the combination of forces along the bend causes the bed shear
stress to shift outwards, i.e., from the inner bank of the upstream bend to the outer bank
of the downstream bend. This further confirms that the combination of the dominant
longitudinal transport and the cross-sectional motion determines the grains’ distribution
along the channel.
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5. Summary and Conclusions

This study conducted two experiments in sine-generated flumes with deflection an-
gles of 30◦ and 110◦, which represent the mildly and highly curved channels, respectively.
Bed grains were dyed with four different colors and paved along two consecutive bends
in order to quantitively trace the same- and opposite-side sediment transport. The experi-
ments recorded the change in flow patterns, bed deformation and the gain-loss distribution
of colored grains in the pool-bar complexes. The longitudinal and transverse transport of
bedload were evaluated in the examined bends of the two meandering flumes. The follow-
ing conclusions can be drawn:

(1) Two types of erosion zone occurred during the process of the bed deformation, i.e.,
Zone 1 in the foreside of the point bars and Zone 2 near the concave bank downstream
of the bend apexes.

(2) Most grains eroded from both Zone 1 and Zone 2 are observed moving longitudinally
as opposed to crossing the channel centerline. The ratios of eroded D1 grains from
the B1 bend who were longitudinally transported to the next bend B2 were 71% for
the 30◦ flume and 72% for the 110◦ flume. The ratios of the D2 grains eroded from the
B1 bend who were longitudinally transported to the next bend B2 were 90% for the
30◦ flume and 86% for the 110◦ flume.

(3) Most building material of the point bars comes from the upstream bends, although
low- and highly curved channels behave differently. For building material of the B2
bend point bars, the contribution ratios of grains coming from upstream bend were
87% for the 30◦ flume and 73% for the 110◦ flume.

The results of this study are appliable to most free meanders which may develop from
low-sinuosity to high-sinuosity meander.
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