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Abstract: Alluvial channel has always adjusted itself to the equilibrium state of sediment
transport after it was artificially or naturally disturbed. How to maintain the equilibrium state of
sediment transport and keep the river regime stable has always been the concerns of fluvial
geomorphologists. The channel in the middle and lower reaches of the Yangtze River is
characterized by the staggered distribution of the bifurcated river and the single-thread river.
The change of river regime is more violently in the bifurcated river than in the single-thread
river. Whether the adjustment of the river regime in the bifurcated river can pass through the
single-thread river and propagate to the downstream reaches affects the stabilities of the
overall river regime. Studies show that the barrier river reach can block the upstream channel
adjustment from propagating to the downstream reaches; therefore, it plays a key role in
stabilizing the river regime. This study investigates 34 single-thread river reaches in the mid-
dle and lower reaches of the Yangtze River. On the basis of the systematic summarization of
the fluvial process of the middle and lower reaches of the Yangtze River, the control factors of
barrier river reach are summarized and extracted: the planar morphology of single-thread and
meandering; with no flow deflecting node distributed in the upper or middle part of the river
reach; the hydraulic geometric coefficient is less than 4; the longitudinal gradient is greater
than 12%o, the clay content of the concave bank is greater than 9.5%, and the median di-
ameter of the bed sediment is greater than 0.158 mm. From the Navier-Stokes equation, the
calculation formula of the bending radius of flow dynamic axis is deduced, and then the roles
of these control factors on restricting the migration of the flow dynamic axis and the formation
of the barrier river reach are analyzed. The barrier river reach is considered as such when the
ratio of the migration force of the flow dynamic axis to the constraint force of the channel
boundary is less than 1 under different flow levels. The mechanism of the barrier river reach is
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such that even when the upstream river regime adjusts, the channel boundary of this reach
can always constrain the migration amplitude of the flow dynamic axis and centralize the
planar position of the main stream line under different upstream river regime conditions, pro-
viding a relatively stable incoming flow conditions for the downstream reaches, thereby
blocking the upstream river regime adjustment from propagating to the downstream reaches.

Keywords: barrier river reaches; flow dynamic axis; channel boundary; the middle and lower Yangtze River

1 Introduction

The middle and lower Yangtze River (hereafter MLYR), also known as the ‘Golden Water-
course’, is the chief axis of the “Yangtze River Economic Belts’, whose stable river regime
not only facilitates flood control safety and unobstructed navigation, but also affects the
utilization of water and soil resources, aiding the sustainable development of economy and
society in the both sides of riparian. Thus, the significance of stabilizing the river regime of
the MLYR is very important. Usually, the river patterns included anastomosed channel,
braided channel, single-thread straight channel, and single-thread meandering channel
(Schumm, 1985; Knighton and Nanson, 2001; Nanson ef a/., 2010). However, the river pat-
tern with multiple branches in the Yangtze River differed significantly from the above river
patterns, and was hence classified as a bifurcated channel (Wang et al., 2000).

Studies show that the Shashi-Datong Reach in the MLYR is alternately distributed by the
single-thread river and the bifurcated river, whose lengths are 504.8 km and 486.2 km, ac-
counting for 50.9% and 49.1% of the total length of this reach, respectively. The river re-
gime varies violently because the erosion resistance of the river bank of the bifurcated
channel is weak, making the channel wide and shallow. The basic regularities of the evolu-
tion of the abnormally-curving-bifurcated river are as follows: “the low shoal at the head of
the central island is cut and a new central bar is generated — the new central bar develops
and moves downstream — the new central bar merges with the old one and disappears”.
Reaches that exhibit such evolution regularities are the Luxikou and Luohuzhou reaches
(Liu et al., 2016). The evolution regularities of the straight or curving bifurcated channel are
mainly the alternate translocations between the main branches and the distributaries, such as
the Xinyuzhou, Tianxingzhou, and Daijiazhou reaches (Li et al., 2012). The single-thread
straight channel generally follows the evolution regularity of “with the aggradation or deg-
radation of the staggered point bar, the transition section of the main stream line moves up-
stream or downstream”, but the migration amplitude of the main stream line is not as large
as that in the bifurcated channel. Most of the concave banks of the single-thread meandering
channels have been protected, reducing their susceptibilities to collapse; thus the evolution
regularities of “silting-up at the concave bank and scouring at the convex bank” no longer
pertain to all of the meandering channels. Obviously, the river regime of the bifurcated
channel changes more acutely than single-thread channel and has a greater effect on flood
and navigation management. Accordingly, scholars at the water conservancy and the trans-
port agency have extensively researched the bifurcated channel (Luo, 1989; Li et al., 2012;
Sun et al., 2013; Liu et al., 2014; Liu et al., 2015; Tang et al., 2015).

Due to the characteristics of the alternate distribution of the single-thread and bifurcated
river reaches, plenty of measured analyses showed that the channel adjustments of some
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bifurcated reaches would continue to propagate downstream (Schuurman et al., 2016)
through the single-thread reaches, such as the Ma’anshan Reach (Tang et al., 2015) and
Tianxingzhou Reach (Sun et al., 2013), which means that the downstream river evolution is
also affected by the adjustment of the upstream river regime. Without a doubt, it makes
more difficult to predict the evolution trend of the channel and to design the river regulation
works. However, in other bifurcated reaches, the channel adjustments will not continue to
propagate downstream through the single-thread reach, such as in the case of Longkou
Reach (Li et al., 2012), resulting in that the influencing factor of its channel evolution re-
mains relatively unitary, and the layout of river regulation works remains relatively simple.
Therefore, it is necessary to study the single-thread river reaches, especially the ones that
can block the upstream channel adjustment from propagating downstream.

Based on the systematic summaries and in-depth analyses of the long-flow-path and
long-term fluvial process regularities in the MLYR, You (2016) proposed a barrier river
reach that can prevent the upstream channel adjustment from propagating downstream, and
analyzed the basic characteristics of the barrier river reach. Regrettably, the previous study
(You et al., 2016) emphasized less on the control factors of the barrier river reach, identify-
ing the barrier river reach with strong empirical bias. At the same time, the mechanism
blocking the upstream channel adjustment from propagating downstream was not deep
enough; this limited its application in the formation and maintenance of the barrier river
reach. Based on this premise, this study further analyzes the control factors in the formation
of the barrier river reach by deducing the theoretical formula of the bending radius of the
dynamic axis of the flow (the line connecting the point of the maximum vertically averaged
flow velocity of each cross-section, which can also be called ‘the main stream line’), clari-
fying the role of each control factor on the formation of barrier river reach and dissecting its
mechanism. This could provide an important reference for the river regulation works in the
MLYR.

2 Study methods and data sources
2.1 Study methods

The Shashi-Datong Reach of the MLYR was investigated. The river bed is mainly composed
of fine sand (Zhang et al., 2017). Most of the river banks are typical two-layer structures,
some of which have protruding nodes with strong erosion resistance. As shown in Figure 1,
at the south bank of the Shashi-Datong Reach, there are three separate diversion branches at
Songzikou, Taipingkou, and Ouchikou, whose water flows and sediment loads return to the
Yangzte River at the confluence of Chenglingji after being stored in and dispatched from the
Dongting Lake. The Dongting Lake also has four main confluence branches; they are the
Xiangjiang River, Zijiang River, Yuanjiang River, and Lijiang River. The Hanjiang River
converges at the north bank of the Chenglingji-Wuhan Reach, and the Poyang Lake con-
verges at the south bank of Wuhan-Hukou Reach. The Shashi, Jianli, Luoshan, Hankou,
Hukou, and Datong hydrological stations are located in sequence along the flow path.

Two main research methods were used in this study. First, the measured hydrological, to-
pographical, geological, and remote sensing data were systematically analyzed to acquire the
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Figure 1 The Yangtze River Basin and the study area

control factors. The detailed method was as follows: using the latest aerial photos, the cur-
vature radius of the river bend was directly measured, and the location and the protruding
length of the node could also be measured. The hydraulic geometry of the typical
cross-section and the channel longitudinal gradient were calculated using the observed
channel topography data of 2011 or 2013. According to the data of riverbed material in
2003-2009, the median diameter of bed sediment of each river reach can be obtained to in-
dicate the erosion resistance factor of riverbed. The geological structure of the concave bank
of each river reach from the bankfull water level to the thalweg (the connection line of the
lowest point of each topographic cross-section) elevation was systematically summarized,
and the clay content of each soil layer was acquired from the test results of physical and
mechanical properties. The river bank erosion resistance factor was determined by the
weighted average calculating of the thickness of each soil. Through the above methods, the
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similarities and differences between the barrier and non-barrier river reach were compared
and analyzed from the planar, cross-sectional, longitudinal profile, and riverbed and river
bank perspectives; thus the control factors of barrier river reach could be dissected.

Secondly, the formula of the bending radius of flow dynamic axis was derived using the
mathematical method, starting from the NS equations, which was half experiential and half
theoretical. Then, the contrast relationship between the migration force of the main stream
and the constraint force of the channel boundary was stretched out. Consequently, the
mechanism of barrier river reach was clarified by verifying the effect of the above control
factors on the barrier river reach, combining the observed hydrological, topographical, and
geological data.

2.2 Data sources

Aerial photographs from the Landsat satellite digital products of 2016 could be available at
the U.S. Geological Survey website (Attps://www.usgs.gov/ The Chinese mirror website is:
http://www. gscloud.cn/). The fielded channel topographical data came from Wuhan Univer-
sity. The data on geological structures and clay contents of the river bank came from the
Geological Survey Reports of various embankment sections in the MLYR, and were com-
piled by the Hubei Provincial Water Resources and Hydropower Planning Survey and De-
sign Institute. The riverbed material data were provided by the Tianjin Research Institute for
Water Transport Engineering. The 34 investigated river reaches are distributed in Shashi-
Chenglingji Reach, Chenglingji-Wuhan Reach, Wuhan-Hukou Reach, and Hukou-Datong
Reach respectively, whose river patterns include both the straight and meandering rivers
with single-thread channels, and thus having strong representativeness. Their basic situation
and the control factors of barrier are shown in Table 1.

3 Analysis of control factors of barrier properties
3.1 Planar control factors

As can be seen from Table 1, the Tiepu, Luoshan, Zhuankou, Wugqiao, Bahe, and Datong
reaches are the single-thread straight reaches. Owing to the wider channels, it is difficult to
restrict the changes of the incoming flow directions caused by the adjustments of upstream
river regime. Along with the periodically repetitious evolution of the staggered point bar,
their flow dynamic axes move upstream or downstream drastically. In contrast, the sinuosi-
ties of the Tiaoguan, Tashiyi, and Fanzui reaches are relatively greater; the variation ampli-
tudes of the outflow directions of these river reaches caused by the different incoming flow
directions or different flow levels can be limited to a smaller extent, so that these river
reaches are effective for restricting the dynamic axes. In the 34 single-thread reaches of
Table 1, only the single-thread meandering reaches may have barrier properties, yet the sin-
gle-thread straight reaches do not have barrier properties, showing that the planar morphol-
ogy of single-thread meandering is one of the control factors shaping the barrier river reach
and blocking the river regime adjustment further downstream.

The nodes in the middle and lower Yangtze River include the rocks protruding from the
river bank, cement nozzle, and several years-old aggradational clay layers. The unilateral
node distributed in the upper or middle part of the river reach alters the continuities of the
planar and transversal morphologies, causing a violent mutation of the bending radius of
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Table 1 Barrier control factors of single-thread reaches in the middle and lower Yangtze River

Reach name Reach Distance Presence Hydraulic Presence of
Reach  No. . length  from Yi- River pattern  location of flow geometric ~ barrier
(Abbreviation) (km) chang (km) deflecting nodes coefficient property
1 Douhudi (DHD) 9.9 175 Single meandering  Non 2.55 Yes
2 Shishou (SS) 8 234 Single meandering  In the middle 2.86 No
3 Nianziwan (NZW) 15 242 Single meandering  Non 4.76 No
4 Hekou (HK) 7 257 Single meandering  Non 3.19 No
5 Tiaoguan (TG) 13 264 Single meandering  Non 2.61 Yes
6 Laijiapu (LJP) 12 277 Single meandering  Non 3.32 No
fingjiang 7 Tashiyi (TSY) 14 289 Single meandering  Non 2.98 Yes
8 Damazhou (DMZ) 10.5 330 Single meandering  In entrance 6.68 No
9 Zhuangiao (ZQ) 9 338 Single meandering ~ Non 3.66 Yes
10 Tiepu (TP) 12 347 Single straight Non 431 No
11 Fanzui (FZ) 6.5 356 Single straight Non 3.11 Yes
12 Qigongling (QGL) 7.8 380 Single meandering  In the middle 3.29 No
13 Luoshan (LS) 11 419 Single straight In entrance 6.25 No
14 Shitouguan (STG) 9 456 Single meandering  In export 5.08 No
15 Longkou (LK) 9.6 483 Single meandering  In export 342 Yes
CJE%}%EZE' 16 Hanjinguan (HIG) 10.9 519 Single meandering ~ Non 3.25 Yes
17 Paizhouwan (PZW) 15 542 Single meandering ~ Non 2.14 No
18 Zhuankou(ZK) 12 610 Single straight In the middle 5.79 No
19 Wugiao (WQ) 13 628 Single straight In entrance 4.47 No
20 Yangluo (YL) 15 658 Single meandering  In entrance 3.46 No
21 Huguang (HG) 10 679 Single meandering  In entrance 3.93 No
22 Bahe (BH) 9.4 723 Single straight In entrance 4.52 No
Wuhan 23 Huangshi (HS) 15.5 753 Single meandering  In export 2.70 Yes
Hukou 24 Guniusha (GNS) 17 773 Single meandering  In entrance 4.07 No
25 Gepaiji (GPJ) 15 802 Single meandering A&ZEESbOth 0.79 Yes
26 Wuxue (WX) 13 830 Single meandering  In entrance 4.87 No
27 Jiujiang (JJ) 16 853 Single meandering  Non 3.17 No
28 %:(;i’;?;;l;;:ﬂm 6 938 Single meandering  In export 2.05 Yes
29 ?ﬁg?ggi? ongliu 8 972 Single meandering  Non 2.96 Yes
30 Dongliu-Guanzhou 9 995 Single meandering  In the middle 347 No
(DL-GZ2)

gl;l(;?g_ 31 (Cglzafli}g)u-Anqing 16 1023 Single meandering  In the middle 271 No
32 é:lgi_r}gz—};aizij i 8.4 1054 Single meandering  In export 1.71 Yes
33 (Tl‘:“zz]”ég;“h‘ 10.5 1078  Single meandering Non 4.16 No
34 Datong (DT) 16 1101 Single straight In entrance 4.29 No

the flow dynamic axis. After the upstream channel adjustment, the angle of the incoming
flow exerting on the node will change, and the proximity degree of the flow dynamic axis to
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the node will also change (Liu ef al., 2015), altering the intensity of the node deflecting flow,
resulting in a great variation of the direction of the dynamic axis of outflow.

There are also a large number of bilateral nodes distributed in the middle and lower
Yangtze River. As a river channel boundary has greatly resistance to the erosion of water
flow, the bilateral nodes are favorable for limiting the channel widening and controlling the
integral morphology of the channel (Luo et al., 1987; Qian et al., 1989). However, due to
that the different nodes have different deflecting flow strengths, if the upstream river regime
changes, there will be a strength difference when the bilateral nodes deflect flow alternately.
The geological compositions of the both banks in downstream river are also different, thus
the main stream line will migrate and the river regime will be altered. For example, the
YangLin Node and the Longtou Mountain are distributed bilaterally at the entrance of the
Luoshan Reach. Due to the different strengths of deflecting flow of the two nodes (Leng,
1993), the downstream main stream lines migrate frequently, and taking into account the weak
erosion resistance of the river bank of the downstream Jiepai Reach, both the broadening of
the channel and the amplifying of the migration amplitude of the main stream line may oc-
cur (Liu et al., 2014). This kind of river reach does not have barrier properties. The Wugqiao
Reach with the Turtle and Snake Mountains at its entrance also has similar characteristics.

Some river reaches with bilateral nodes at the entrance are relatively stable, such as the
Bailuo and Daoren Nodes distributed in the Nanyang Reach, and the Shamao and Tieban
Nodes distributed in the Tieban Reach. The stabilities of their river regimes are dependent
on the long-term stabilization of their upstream river regimes, such as in the case of the
Guanyin and Meitan reaches, which respectively provides stable planar locations for the
incoming flow of the downstream Nanyang and Tieban reaches, resulting in only minor
changes in the deflecting flow strengths of the nodes. Therefore, the stabilization of their
river regimes depends on the stabilization of their upstream river regimes. Once the up-
stream river regime is adjusted by the artificial and natural disturbances, the river regime of
this reach will be adjusted accordingly. However, it is difficult to maintain the narrow and
deep cross-section to restrict the migration of the main stream line after the river regime ad-
justment at the entrance which is caused by the difference in the deflecting flow strengths of
the bilateral nodes (Leng, 1993) or the difference of the geological and geomorphological
conditions of both bank sides of downstream (Yu, 1984). Thus, the river reaches with bilat-
eral nodes usually do not have barrier properties.

3.2 Cross-sectional control factors

It is difficult to prevent the flow dynamic axis from migrating in the wider channels, and
floodplains are generally known to occur in their vicinity (Ramos and Gracia, 2012; Clerici
et al., 2015). When water overflows from the deep channel and enters the floodplain, the

channel width increases abruptly, and the hydraulic geometric coefficient { (where (= JB / h,

B is river width, /4 is river depth) also increases significantly (Regalla et al., 2013), providing
sufficient migrating space for the flow dynamic axis. At this time, the upper river regime
adjustment is bound to cause the migration of the flow dynamic axis and propagate down-
stream.

Figure 2 depicts the typical cross-sections of each river reach, in order to be more obvious,
the thalweg of the narrow and deep cross-sections are drawn on the left side of the dividing
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Figure 2 The configurations of the typical cross-section of the single-thread reaches in the middle and lower
Yangtze River
Note: BR means barrier river reaches, and N-BR means non-barrier river reaches in the above figure.

line in this figure, and other cross-sections are drawn on the right side of the dividing line. It
is seen that on the left side of the dividing line, the river reaches with narrow and deep
cross-sections, including the Douhudi, Tiaoguan, Tashiyi, Zhuanqiao, Fanzui, Longkou,
Hanjinguan, Huangshi, Gepaiji, Shangxiasanhao-Madang, Madang-Dongliu, and An-
qing-Taiziji reaches, all of which have barrier properties. Their average hydraulic geometric
coefficients {under different flow levels are all smaller than 4. With the increase of the flow
level, the river width increases less but the water depth increases more, thus maintaining the
flow dynamic axis stable and preventing the upstream channel adjustment from transferring
downstream. Besides the straight reaches and the reaches with nodes, the Nianziwan,
Damazhou, Shitouguan, and Taiziji-Guichi reaches, whose average hydraulic geometric co-
efficients under different flow levels are greater than 4, have no barrier properties. Thus, (<4
is also one of the control factors in the formation of barrier river reaches and in the blocking
process of the upstream channel adjustments propagating downstream.

3.3 Longitudinal profile control factors

For the river reaches with the positive slopes, whose thalweg elevation at the entrance is
higher than at the export, the steeper the river longitudinal profile, the greater the channel
longitudinal gradient. The strong suction effect at the export of river reach concentrates the
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flows from different upstream directions and prevents the flow dynamic axis from migrating.
There are two kinds of manifestations: One is the scour holes at the export of the river reach
caused by the nodes deflecting flow, such as in the Longkou, Huangshi, and Gepaiji reaches.
The other is the scour holes formed by the circulation effect of the concave bank of the river
bend, such as in the Tiaoguan, Fanzui and Hanjinguan reaches. The river reaches with nega-
tive slopes, or the reaches having backwater effects caused by tributaries confluences at the
exports, usually do not possess barrier properties. Statistics show that (Figure 3), except for
the reaches with straight morphologies, or the flow deflecting nodes, or { >4, in the remain-
ing 17 single-thread reaches, only the Qigongling, Paizhouwan, and Jiujiang reaches have no
barrier properties because their channel longitudinal gradients are less than 12%o, while all
the other 14 reaches have gradients greater than 12%o. This shows that the channel longitu-
dinal gradient greater than 12%o is also one of the influencing factors in the formation of
barrier river reach and in the blocking process of the upstream river regime adjustments
propagating downstream.
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Figure 3 The channel longitudinal gradients of the single-thread reaches and the longitudinal profile of the middle
and lower Yangtze River

3.4 Riverbank and riverbed control factors

Julian and Torres (2006) considered the erosion resistance to be proportional to the silty clay
content. Figure 4 shows the clay contents of the concave banks and the median diameters of
the bed materials. Out of the remaining 14 river reaches, only the clay contents of the con-
cave banks of the Hekou and Laijiapu reaches are lower than 9.5%, having no barrier prop-
erties, while the other 12 river reaches are higher than 9.5%. Only the median diameter of
the bed material of the Hekou Reach is finer than 0.158 mm, having no barrier property,
while the other 12 river reaches are coarser than 0.158 mm. It is thus clear that only the river
bank having stronger erosion resistance can block the collapse or the broadening of the
channel. The river reach itself can maintain a stable river regime and make the meandering
morphology and the narrow and deep cross-section unchanged, so as to restrict the migration
of flow dynamic axis. Only when the riverbed sediment is coarser, the erosion resistance is
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stronger, and the moving bed resistance is larger; the configuration of the point bar and pool
in this reach will be difficult to change (Wohl, 2015), and it will be difficult for the flow dy-
namic axis to migrate drastically. Thus the control factors on the formation of the barrier
river reach also include that the clay content of concave bank is higher than 9.5%, and the
median diameter of bed sediment is coarser than 0.158 mm. It is worth noting that the ac-
cumulated bank protection volume is, on average, 189.1 m’/m in barrier reaches, but only
126.9 m*/m in non-barrier reaches, illustrating that the natural geological conditions of the
river banks in some barrier reaches have relatively weaker erosion resistances, such as in the
case of the Tiaoguan, Tashiyi, Zhuanqiao, and Fanzui reaches. To counteract the weaker ero-
sion resistances of their river banks, their volumes of bank protection are greater, so as to
ensure the overall stronger resistances to the erosion of water flow.
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Figure 4 The river bank clay content and the median diameter of bed sediment of the single-thread reaches in
the middle and lower Yangtze River

4 Analysis of mechanism of river reach barriers

Studies (You et al., 2016) showed that the essence of the downstream propagating of the
river regime adjustment is the downstream propagating of the change of planar position of
the main stream line. The above analysis showed that only the single-thread river bend could
have barrier properties, and the bending radius of the flow dynamic axis can reflect the pla-
nar position of the main stream line of the natural river bend very well. Thus, the migration
of the main stream line is reflected by the change of the bending radius of the flow dynamic
line. Based on this, in this section, the bending radius of the flow dynamic axis is deduced,
the effects of the above control factors on the barrier properties are analyzed, and the me-
chanism of the barrier river reach is also clarified.

4.1 The theoretical solution for the bending radius of the flow dynamic axis

4.1.1 Formula derivation

The expression for the three-dimensional flow dynamic equations such as the Navier-Stokes
equation (Domenichini and Baccani, 2004) is as follows:
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Neglecting the turbulent diffusion term and non-constant term, and the bottom resistance

. . gn2 2 2 . .
term commonly using the item of Wu\/u +v”, the two-dimensional steady flow dy-

namic equation under the polar coordinate can be deduced as follows:
u Ou ou uv 1 op an’ > 2
——tVv—+—=————"+gJ —=—u\u" +v 2
Rog @R R pRop 5 @
where ¢ and R are the sinuosity of the bend (in radians) and the bending radius at the per-
pendicular line, respectively. u and v are the average velocity of the perpendicular line at
(99, Ry) , respectively. J, is the water surface longitudinal gradient, / is the water depth at
the perpendicular line, p is the hydrodynamic pressure, g is the acceleration due to gravity,
and p is the density of water. Then, the Manning Formula and the Chezy Coefficient are

taken into the bottom resistance term:
2

2
&u\nﬁ 2 =5 3)

h4/3 hC2

Considering that the transverse flow velocity is much smaller than the longitudinal flow
velocity, the terms with v are ignored. Given that the hydrodynamic pressure is generated by
the wall shear stress, p can be expressed as the integral form of the wall shear stress T (NV?/m)

along the perpendicular line, p= —I:g 7dz = —h, then Eq. 3 can be transformed into:

Lo 1 oh)
2Rg d¢p pgR b9 ° hC?

“)

Yin (1965) summarized a better relationship between the riverbed roughness and the
downstream limit particle size of the coarsening layer as n=d /e / 21=0.0484"° , according
to the measured data and flume test data. Xu (1997) believed that the relationship between
the critical scour shear stress of the riverbed 7, and the clay content of the bed material
M, was basically proportional, 7, =0.254M 8‘99, according to the 16 groups of test data of

Dunn (1959). But Lane (1959) discovered that the shear stress near the river banks is close
to 0.76 times the shear stress near the riverbed, so the wall shear stress is expressed as

7=0.193M%% , where M is the clay content of the bank.
Taking the Chezy coefficient C = R/ /'n into account, C = 21(h/ d)l/ 6. Eq. 5 shows the

substitution of the above results into Eq. 4:
Lad 6(0.193M°'99h)+J 4V
2Rg ¢  pgR op 7 anp?

®)

Then, u” is solved using a first order ordinary differential equation, assuming that all the
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hydraulic factors in the curve do not change significantly within a certain flow pathway. The
flow velocity average along the perpendicular line at the entrance of the river bend is ap-
proximated as u = Q/(Rh-In(R,/R,)) (Zhang, 1984). Considering that the river width (B) is

R
smaller than the curvature radius of the curve (R+) in most cases, In—=2= 2 , U= ﬂ ,
R R RBh =0
and u can be expressed as:
2 2gRpd"
R, - 3
u= |N.s+|[BL) _n.gle an® 6)
RBh

0.193M"h 441"

where N =J+ , S = . Given that the water flow velocity, the water
ng dl/3
depth, and the water surface longitudinal gradient, all achieve their maxima at the flow dy-
namic axis, —| =0, 6_] =0, % =0. The hydraulic geometric coefficient
OR R=R, OR R=R, OR R=R,

is introduced by ¢ = JB / h, accordingly, B-h=Ch.
Taking the derivative of R in Eq. 6, the mathematical expression directly describing the
variation in the bending radius of the flow dynamic axis can be derived:

(R*QT i [R*QJZ | gpd®  Mgpd"

—+ -gJyp=0 (7
SEn ) RO\ 2K ) R amnl® pnll? Elo®

where M’ =0.0009M %% . The theoretical equation of Ry at the flow dynamic axis line can
be solved by Eq. 7:
13
R20?
R, { A J ®)

gy (pJhg” + Md"?
The middle and lower Yangtze River, where the Dongting Lake, Poyang Lake, Hanjiang

River and other tributaries converge into the trunk stream of the Yangtze River along the
flow pathway, is largely alluvial; thus the annual and interannual variation amplitude of flow

Qmax B Qmin

max

is very large (Xia et al., 2016; Mossa, 2016). Therefore, is added to represent

the role of the variation amplitude of the flow rate on the flow dynamic axis.

Secondly, the larger the relative length of the node protruding from the river bank line,
the greater the constriction degree of the river width, the stronger the deflecting flow capac-
ity of the node, and the larger the migration magnitude of the flow dynamic axis. Thus

Bbankﬁdl - Lnade

A= is taken to indicate the influence of the deflecting flow strength of the

B bankfull

node. For the same node, the strength of deflecting flow changes when the flow level
changes. Under different flow levels, the proximity degree of the flow dynamic axis to the
node is usually different; thus the deflecting strength of the node is different too. The smaller
the value of 4, the more sensitive the node’s response to the change of incoming flow level,
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so 1/4 is taken as the coefficient of the variation amplitude of the flow.

5 13
R*2 {Q . Qmax — Qmin J P
A Ornax
42,5 2/3 /3
Pgs " hy (PJho +Md )

)

where Onax and O, are the maximal and minimal flow rates of the river reach, respectively;
Bpanipnr is the bankfull river width, and Lyeqc is the protruding length of the node from the
river bank line. It should be noted that although Eq. 9 is deduced from the NS equation, the
empirical formulas are also used in the derivation procedure, making Eq. 9 a semi-empirical
semi-theoretical formula.

4.1.2 Analysis of the formula rationality

Numerous scholars (Zhang et al.,1983; Zhang et al.,1984; Qian, 1987) have done extensive
researches on the formulas of the bending radius of the flow dynamic axis in the river bend,
and put forward many semi-empirical semi-theoretical or empirical formulas. All of them
considered that the bending radius of the flow dynamic axis was positively correlated with
the flow rate, which was consistent with the general regularity of “the flow dynamic axis
went straight during floods, but bent during the dry season”. It can be seen that the bending
radius of the flow dynamic axis derived in Eq. 9 was also positively correlated with the flow
rate, which was in accordance with the existing researches.

At the same time, the existing research (Yu et al., 1987; Luo et al., 1989; Leng et al.,
1993; Li et al., 2012; Liu et al., 2015; You et al., 2016) gradually recognized the important
role of the flow deflecting node on the fluvial process. Based on this, Eq. 9 considers the
effect of the node, which is the main difference comparing with the existing research results.
In order to verify the rationality of Eq. 9, taking the Guniusha Reach as an example, the
bending radii of the flow dynamic axis at several typical cross-sections under different flow
levels are calculated using both Eq. 9 and the existing other formulas. The comparisons of
their results with the measured values are shown in Table 2 and Figure 5. It can be seen that
the results from Eq. 9 are more consistent with the measured values, indicating that Eq. 9 is
more suitable for the calculation of the bending radius of the flow dynamic axis when there
is flow deflecting node distributed at the entrance of the river reach, as in the case of the
Guniusha Reach.

=
X
Jiubian Node
NV Fengbogang

- Measured on August 13, 20
N\ Q=31220 m%/s

isai Mountain

Fengbogang

\
Measured on February 26, 2007
Q=10750 m¥s

—> Calculated flow velocity (m/s)
—> Measured flow velocity (m/s)
~—— Calculated flow dynamic axis
~—— Measured flow dynamic axis
Weiyuan tributary

Figure 5 The verification of the flow dynamic axis calculated by Eq.9 in the Guniusha Reach
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Table 2 The comparison of the formula results with the measured values in the Guniusha Reach

Q (m¥/s) 2# 3# 2# 3# 2# 3#
) . 0=10750 0 =31220 0=10750 0 =31220 0 =10750 O =31220
Measured values Bending radii of flow m’/s m¥/s m’/s m/s m/s m/s

dynamic axis /m

Formulas 2530 2900 2820 3940 3090 3750

2
Rf[%_QmaxQ_QminJ p
Eq. 9 R, = max 2498 2976 2782 3997 3133 3771

o255 (pIh” + Md")

/3

Lvtai Ouyang B 1208
(1987) R748.1(QJ ) 2390 3771 2390 3771 2390 3771
0.73 ..
Zhang (1983)  R=026R" (VB[] (0" )0 ®gs1 890 1549 1919 1814 2246
1 (ROY
Zhang (1984) Ry =3 —— 2204 3597 2056 3531 2163 3446
pJg\ 4

4.2 Analysis of mechanism of river reach barriers

4.2.1 Mechanisms of various control factors barriers

Eq. 9 could be transformed as:

2 (5-42) v
Q Qmax - Qmin S
R \/E ﬂ’Qmax 4 F. . F
0 _ ~ migration —__m (10)
R* ’ 1/3 1/3 F'convtraint F'c
gB”? (thﬁ S MAT J ‘
0
p

where the term of Ry/R- on the left side can be used to indicate the constraint effect of
curvature radius of the river bend on the bending radius of the flow dynamic axis. Obviously,
the smaller this value, the greater the constraint effect of the curvature radius of the river
bend on the bending radius of the flow dynamic axis. Then the smaller the migration ampli-
tude of the main stream line, the more likely for the river reach to have barrier properties.

If the flow process is constant, the planar position of the flow dynamic axis will not
change with the temporal and spatial variation, and there will be no adjustment for the river
regime. Thus, the change of the flow process is a dynamic factor which promotes the migra-
tion of the flow dynamic axis. Analyses of Chapter 3 of Qian’s work (1987) show that the
flow deflecting nodes distributed in the upper or middle parts of the river reaches exacer-
bates the migration amplitudes of the flow dynamic axes under different flow levels. For the
straight river reach with an undersized sinuosity, in which the difference between the
curvature radius of the river bend and the bending radius of the flow dynamic axis is large,
the concentrating action of the river reach on the flow dynamic axis will be weakened (Qian,
1987). The wide and shallow cross-section with an oversized hydraulic geometric coefficient
often provides a larger migration room for the flow dynamic axis, while the smaller altitud-
inal difference between point bar and pool will also be beneficial for the chute cutoff. Thus,
the variability of the flow process, the existence of the flow deflecting node, the small sinu-
osity of the river bend, and the large hydraulic geometric coefficient all promote the migra-
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tion of the flow dynamic axis. The numerator on the right side of Eq. 10 can be taken as the
migration force of the flow dynamic axis.

Analyses of Chapter 3 show that, when the channel longitudinal gradient magnifies, the
stream power per unit width will increase, leading to the erosion and deposition of the deep
channel, thereby facilitating the restriction of the lateral shift of the flow dynamic axis. The
river bank with the higher clay content has stronger resistance to the erosion of water flow,
and thus is beneficial in shaping the cross-section with narrow and deep configuration and in
reducing the lateral moving space of the flow dynamic axis. When the riverbed sediment is
coarser, the riverbed has greater resistance to the erosion of the water flow, and to a certain
extent, resulting in the reduction of the migration amplitude of the flow dynamic axis.
Therefore, a large channel longitudinal gradient, with the strong erosion resistances of the
river bank and the riverbed can restrict the migration of the flow dynamic axis. The de-
nominator item on the right side in Eq. 10 can be seen as the constraint force of the channel
boundary.

In the above analysis, the right side of Eq. 10 approximately reflects the contrasting rela-
tionship between the migration force of the flow dynamic axis and the constraint force of the
channel boundary, and macroscopically, manifests the contrasting relationship between the
bending radius of the flow dynamic axis and the curvature radius of the river bend. It is thus
evident that the above formula structure is reasonable. The function of the control factors on
promoting or restricting the migration of the flow dynamic axis that is analyzed in Chapter 3
is reasonable too.

In order to further analyze the influence degrees of different control factors on the migra-
tion of the flow dynamic axis, sorting out the variation ranges of each control factor is done
as follows: the flow level is in the range of 4000—80,000 m?/s, the curvature radius of the
river bend is 2000—-16000 m, the hydraulic geometric coefficient is 0.8—6.7, the relative
length of the node protruding from the river bank line is 0.67—1.0, the channel longitudinal
gradient is 4%o0—82%o, the median diameter of bed material is 0.112—-0.251 mm, and the clay
content of the concave bank is 6.9%—-22.8%. Therefore, making any control factor in the
above-mentioned range relatively changed and other control factors in their own average
value unchanged, the sensitivity of the W to the relatively change of the each control factor
can be analyzed and shown in Figure 6.

As shown in Figure 6, F,,/F, is directly proportional to O and R", but inversely propor-
tional to {, A, M, J and d. The absolute values of the gradients of the correlation curves show a
variation regularity of O9>¢>R .>A>M >J >d . Firstly, the change of Q is bound to

cause the migration of the flow dynamic axis, and only the cross-section with deep and nar-
row configuration can have greater constraint force to restrict the migration of the main
stream line. This is an essential element in the formation of the barrier river reach. Secondly,
the planar morphology of single-thread and meandering without the flow deflecting node in
the upper and middle part of the river reach can form the cross-section which is reciprocally
adaptive to the water flow, thereby restricting the migration of the main stream line. Only
the river reach whose river bank has greater erosion resistance can maintain the long-term
narrow and deep cross-section. Again, the steep channel longitudinal gradient and the coarse
riverbed median diameter are propitious in concentrating the water flow into deep channels
and letting them down, thereby reducing the lateral shift of the main stream line. Therefore,
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the six control factors above-mentioned in the final analysis together shape a narrow and
deep cross-section to constrain the migration of the main stream line. They are all essential.

0.8

—x— Q (Flow rate)
—#— R" (Curvature radius of river bend)

—<— ¢ (Hydraulic geometric coefficient)

—e— M (Clay content of concave bank)

—a— J (Channel longitudinal gradient)

—&— d (Median diameter of bed material)

—o— A (Relative length of node protruding from bank)
0 ! 1 1 1 1 1 1 1 1
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Figure 6 Sensitivity analysis of the influences of various control factors on the barrier river reaches

4.2.2 The ratio of the migration force of the flow dynamic axis to the constraint force of
the channel boundary determines the barrier properties of the river reach

According to Eq. 10, the values of F,/F. of the 34 river reaches were calculated, and their
variation trends with the changes of O values were shown in Table 1. As shown in Figure 7,
the ratios of the migration forces of the main stream to the constraint forces of the channel
boundary magnifies with the increase of QO values. Combining with Table 1, it can be seen
that, the ratios of the migration force to the constraint force are always less than 1 in the
Douhudi, Tiaoguan, Tashiyi, Zhuanqgiao, Fanzui, Longkou, Hanjinguan, Huangshi, Gepaiji,
Shangxiasanhao-Madang, Madang-Dongliu, and Anqing-Taiziji reaches, which have barrier
properties. It is illustrated that under different flow levels, their constraint forces of the
channel boundaries are larger than the migration forces of the main streams; thereby effec-
tively restricting the migration of the main stream line, resulting in the development of bar-
rier properties. However, the non-barrier river reaches whose constraint forces of the chan-
nel boundaries are smaller than their migration forces of the main streams when the flow
rates exceed certain values, cannot restrict the migrations of the main streams effectively,
resulting in the destruction of barrier properties.

In conclusion, the mechanism of the barrier river reach is dependent on the constraint
force of its channel boundary being always greater than the migration forces of the main
stream under different flow levels. Even if the upstream river regime changes obviously and
the direction of the incoming flow changes drastically, the channel boundary of this river
reach can always restrict the planar position of the flow dynamic axis and weaken the
large-scale migration of the flow dynamic axis after the upstream river regime adjusts, help-
ing to centralize the planar positions of the flow dynamic axes, and thereby providing rela-
tively stable incoming flow conditions for the downstream reaches.
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Figure 7 The ratio of the migration force of the flow dynamic axis to the constraint force of the channel boundary in
the middle and lower Yangtze River

Chapter 3 analyzes the control factors like planar, transversal, and longitudinal mor-
phologies, and the erosion resistances of the river bank and riverbed, which are the neces-
sary conditions for the constraint force of the channel boundary to be greater than the migra-
tion forces of the main stream. For the river reaches that do not meet one or more above
conditions, with the changes of the incoming flow direction and the flow level, the con-
straint force of the channel boundary cannot always be greater than the migration forces of
the main stream, resulting in that the planar position of the main stream line changes greatly,
and the downstream river regime adjusting accordingly, thus not having the barrier properties.

5 Conclusions

The 34 single-thread river reaches were investigated on the basis of judging whether they
have barrier properties or not, and the control factors of the barrier properties were con-
trasted and analyzed, the calculation formula of the bending radius of the flow dynamic axis
was deduced, and the action mechanism of each control factor on the barrier properties was
analyzed. The main conclusions are as follows:

(1) The control factors of the barrier river reach include: planar morphology of sin-
gle-thread and meandering, and without flow deflecting node distributed in the upper or
middle part of the river reach. The hydraulic geometric coefficient is less than 4, the channel
longitudinal gradient is greater than 1.2%o, the clay content of the concave bank is greater
than 9.5%, and the median diameter of the bed sediment is greater than 0.158 mm.
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(2) The mechanism of the barrier river reach when the constraint force of the channel
boundary is always greater than the migration forces of the main stream under different flow
levels. Even if the upstream river regime changes obviously, the channel boundary of this
river reach can always restrict the planar position of the flow dynamic axis, and help to cen-
tralize the planar positions of the main stream lines under different conditions of upstream
river regime, thereby providing relatively stable incoming flow conditions for the down-
stream reaches.
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