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 1 

A two-dimensional double layer-averaged model of hyperconcentrated 2 

turbidity currents with non-Newtonian rheology 3 

 4 

ABSTRACT 5 

Hyperconcentrated turbidity currents typically display non-Newtonian characteristics that 6 

influence sediment transport and morphological evolution in alluvial rivers. However, 7 

hydro-sediment-morphological processes involving hyperconcentrated turbidity currents 8 

are poorly understood, with little known about the effect of the non-Newtonian rheology. 9 

The current paper extends a recent two-dimensional double layer-averaged model to 10 

incorporate non-Newtonian constitutive relations. The extended model is benchmarked 11 

against experimental and numerical data for cases including subaerial mud flow, 12 

subaqueous debris flow, and reservoir turbidity currents. The computational results agree 13 

well with observations for the subaerial mud flow and independent numerical simulations 14 

of subaqueous debris flow. Differences between the non-Newtonian and Newtonian model 15 

results become more pronounced in terms of propagation distance and sediment transport 16 

rate as sediment concentration increases. The model is then applied to turbidity currents in 17 

the Guxian Reservoir planned for middle Yellow River, China, which connects to a 18 

tributary featuring hyperconcentrated sediment-laden flow. The non-Newtonian model 19 

predicts slower propagation of turbidity currents and more significant bed aggradation at 20 

the confluence between the tributary Wuding River and the Yellow River in the reservoir 21 
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than its Newtonian counterpart. This difference in model performance could be of 22 

considerable importance when optimizing reservoir operation schemes. 23 

 24 

KEYWORDS 25 

Double layer-averaged model; Non-Newtonian rheology; Mud flow; Reservoir turbidity 26 

current; Yellow River 27 

 28 

1. Introduction 29 

Turbidity currents are subaqueous sediment-laden flows driven by the difference in density 30 

between the current and the overlying ambient fluid. Hyperconcentrated turbidity currents 31 

carrying fine sediment at concentrations exceeding 200–300 
3kg m  typically demonstrate 32 

non-Newtonian behavior, especially in the ocean and sandy rivers (Cao et al., 2006; Wang 33 

et al., 2009). Examples include submarine sediment slumping on continental slopes and 34 

subaerial sediment-laden flows plunging into reservoirs. Submarine mud flows with 35 

massive momentum may cause severe damage to offshore structures, subsea pipelines, and 36 

communication cables, and even trigger tsunamis (Qian et al., 2020). Reservoir turbidity 37 

currents in alluvial rivers may lead to abnormal hydro-sediment-morphological 38 

characteristics in reservoirs, such as enhanced sedimentation and, consequently, high flood 39 

levels (Wang et al., 2007). In such cases, a mathematical model capable of simulating 40 

hyperconcentrated turbidity currents is essential for river management. Prime examples are 41 

found in the Yellow River and its tributaries in China, where volumetric sediment 42 
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concentration can reach 0.3 or higher during a flood event (Zhang & Xie, 1993).  43 

In practice, it is difficult to measure the hydro-sediment-morphological processes of 44 

turbidity currents with high sediment concentrations in the field (Wright et al., 1988). 45 

Unlike the numerous laboratory experiments concerning dilute turbidity currents that 46 

exhibit Newtonian behavior (Fedele & García, 2009; Lee & Yu, 1997), only a few attempts 47 

have been made to study turbidity currents or mud flows with high sediment concentrations 48 

exhibiting non-Newtonian behavior (Hallworth & Huppert, 1998; Jacobson & Testik, 2013). 49 

Numerical modelling, therefore, provides a very useful means of studying non-Newtonian, 50 

hyperconcentrated turbidity currents. 51 

At present, full three-dimensional models incur excessive computational costs and are 52 

not feasible for large-scale, long-duration simulations (Denlinger & Iverson, 2001; 53 

Georgoulas et al., 2010; Wang et al., 2016). Many one-dimensional models have been 54 

proposed to investigate hyperconcentrated sediment-laden flows (Brufau et al., 2000; Guo 55 

et al., 2008; Imran et al., 2001; Xia & Tian, 2022). Such models neglect interactions 56 

between subaqueous flows and the ambient fluid, and are inherently unable to simulate 57 

lateral spreading. For example, Imran et al. (2001) numerically solved the continuity and 58 

momentum equations for a mud flow incorporating either Herschel–Bulkley or bilinear 59 

rheology, while neglecting the spatiotemporal variation in sediment concentration and the 60 

feedback effect from morphological evolution. Two-dimensional (2D) layer-averaged 61 

models offer a compromise between computational expense and theoretical accuracy, and 62 

thus, are more suitable for the simulation of hyperconcentrated turbidity currents. Even so, 63 
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the majority of such models are limited to a single layer or based on an empirical plunge 64 

criterion, whereby only the subaqueous sediment-laden flow layer is modeled, and 65 

movement of the upper ambient fluid is neglected (Adebiyi & Hu, 2021; Hu et al., 2012; 66 

Hu & Li, 2020; Lai et al., 2015), or differences between incipient and stable plunge criteria 67 

are ignored (Wang et al., 2016, 2018). Those models are restricted to modeling the 68 

propagation of reservoir turbidity currents after their formation, as the upper clear-water 69 

flow is ignored and not modeled at all.  70 

Physically, the vertically sharply stratified flow structure, comprising an upper 71 

clear-water flow layer and a lower sediment-laden flow layer (turbidity currents) explicitly 72 

necessitates a double layer-averaged modeling framework. To the authors’ knowledge, the 73 

coupled 2D double layer-averaged model proposed by Cao et al. (2015) is uniquely capable 74 

of resolving the whole processes of dilute reservoir turbidity currents from formation and 75 

propagation to recession, as well as bed evolution. This model, along with its original and 76 

recent extended versions, has been applied to resolve dam-break floods over erodible beds, 77 

landslide-generated waves, and barrier lake formation and breach processes (Li et al., 2013, 78 

2019, 2020, 2021). However, the model neglects non-Newtonian characteristics of turbidity 79 

currents with high sediment concentrations.  80 

In practice, the viscosity of a hyperconcentrated turbidity current alters according to 81 

the material strain rate, and so its rheology obeys a non-Newtonian constitutive law, which 82 

is quite distinct from that of a dilute flow. Experimental studies have revealed that the 83 

rheology of non-Newtonian flows can be approximately expressed using linear (e.g., 84 
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Bingham), non-linear (Balmforth & Provenzale, 2010; Huang & Garcia, 1997; Imran et al., 85 

2001; O'Brien & Julien, 1988), or bilinear constitutive (Locat, 1997) laws. Among these 86 

viscoplastic models, the Herschel–Bulkley model, which incorporates the effects of both 87 

shear thinning and yield stress, is most generally suitable for expressing the non-linear 88 

characteristics of non-Newtonian flows. Physically, shear thinning and yield stress effects 89 

are fundamentally responsible for the rheological differences between Newtonian and 90 

non-Newtonian flows. The rheological properties of hyperconcentrated turbidity currents 91 

also significantly influence the suspension state of sediment particles, sediment exchange 92 

between the flow and the mobile bed, and sediment transport.  93 

Although numerous studies on turbidity currents have examined dilute mixtures 94 

exhibiting Newtonian behavior (Cao et al., 2015; Fedele & García, 2009; Hu & Li, 2020; 95 

Lee & Yu, 1997), previous layer-averaged models incorporating non-Newtonian rheology 96 

have been confined to a single layer (Hu & Li, 2020; Lai et al., 2015) neglecting the 97 

movement of upper layer. In actuality, both non-Newtonian rheology and inter-layer 98 

interactions are crucial to the evolution of a hyperconcentrated turbidity current. Therefore, 99 

we extend the double layer-averaged model proposed by Cao et al. (2015) from dilute to 100 

hyperconcentrated currents by incorporating two essential non-Newtonian properties.  101 

Herein, the extended model is benchmarked against a portfolio of experimental and 102 

numerical cases, including subaerial mud flow (Wright, 1987), subaqueous debris flow 103 

(Imran et al., 2001), and reservoir turbidity currents (Wang et al., 2020). A field-scale 104 

numerical study also is done for a large-scale, long-duration turbidity current in the Guxian 105 
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Reservoir planned for the Yellow River, to demonstrate the capability of the proposed 106 

extended model. The overall aim of the extended model is to provide insight into the 107 

underlying effects of rheology on hydro-sediment-morphological processes related to 108 

hyperconcentrated turbidity currents in sediment-laden rivers. Such insight is essential for 109 

the optimization of reservoir operation schemes where hyperconcentrated turbidity currents 110 

may occur. 111 

2. Mathematical model 112 

2.1. Governing equations 113 

In this section, an extended double layer-averaged (EDL) model is developed by modifying 114 

the original double layer-averaged (ODL) model proposed by Cao et al. (2015) to include 115 

the rheological effect of a non-Newtonian fluid. Among the many formulations proposed for 116 

non-Newtonian rheology, the most common approximations for the non-Newtonian shear 117 

stress B  are given by the Bingham, Herschel–Bulkley, and bilinear constitutive models 118 

(Locat, 1997). Herein, the Herschel–Bulkley model, which explicitly incorporates primary 119 

non-Newtonian effects, i.e., shear-thinning and yield-stress, is selected: 120 

 
( )B Y Y B Y

B Y

= sgn( ),   

0,

n
      

  

 + 

 = 

 (1) 121 

where Y  is the yield stress; 
u

z



=


 is the shear rate; Y  is the fluid consistency; and 122 

the power index 1n =  denotes a linear Bingham model, 1n   denotes a shear-thinning 123 

model, and 1n   denotes a shear-thickening model. 124 

The EDL model comprises: (i) an upper clear-water flow layer; (ii) a lower 125 
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sediment-laden flow layer (i.e., turbidity current); and (iii) an erodible bed with vanishing 126 

velocity (see Fig. S1 in the Supporting Materials). In the derivation of governing equations 127 

of the proposed model, a mild slope assumption and shallow water approximations are 128 

utilized, while the diffusion effects are tentatively neglected (Wu, 2007) (see Supporting 129 

Materials for the detailed derivation). The governing equations of the EDL model are the 2D 130 

shallow water equations comprising the mass and momentum conservation equations for 131 

the upper clear-water flow layer, respectively, and the mass and momentum conservation 132 

equations incorporating the Herschel–Bulkley model for the lower sediment-laden flow 133 

layer, and also the mass conservation equations for sediment in the sediment-laden flow 134 

layer and bed sediment, respectively. These equations are as follows. 135 

For the upper clear-water flow layer: 136 

 w w w w s
w

h U h V
E

t x y t

   
+ + = − +

   
                  (2)137 

 ( ) ( )2 2w w w s
w w s w w w w w

w

0.5 2 xh U
h U g h U V g E U

t x y x

 
  



  
 + + − + = − − −
    

    (3) 138 

( ) ( ) w2 2w w s
w w w w w s w w

w

0.5 2
yh V

h U V h V g g E V
t x y y

 
  



  
 + + + − = − − −
    

    (4) 139 

For the lower sediment-laden flow layer-turbidity currents: 140 

 s s s s s
w

hU hV
E

t x y

  
+ + =

  
      (5) 141 

( ) ( )

( )( )

( )

( ) ( )

b

2 2s s b w w
s s s s b s s s s s

c

2

0 c s s w s s w s w sw w w s

c c c c

1w N B Y
N Y

c c c

0.5 2

1 2

+ +
nx x

x x

x
z z

h U z g h
h U g z h U V g h

t x y x x

E D U c U E ghE U c

p x


  



     

   

   
   

   

−

=

   
 + + − + = − −
     

− − − − 
− + + −

− 

  
− −    

   

 (6) 142 
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( ) ( )

( )( )

( )

( ) ( )

b

2 2s s b w w
s s s s s s s b s s

c

2

0 c s s w s s w s w sw w w s

c c c c

1w N B Y
N Y

c c c

0.5 2

1 2

+ +
ny y

y y

y
z z

h V z g h
h U V h V g z g h

t x y y y

E D V c V E ghE V c

p y


  



     

   

   
   

   

−

=

   
 + + + − = − −
     

− − − − 
− + + −

− 

  
  − −
  
  

 (7) 143 

 s s s s s s s sh c hU c hV c
E D

t x y

  
+ + = −

  
  (8) 144 

For bed sediment: 145 

 b

1

z E D

t p

 −
= −

 −
 (9) 146 

where t  is time; g is the acceleration due to gravity; x  and y  are the horizontal 147 

coordinates; wh  is the thickness of the upper clear-water flow layer; sh  is the thickness 148 

of the lower sediment-laden flow layer; sc  is the volumetric sediment concentration; 149 

wU and wV  are clear-water flow layer-averaged velocity components in the x- and 150 

y-directions, respectively; sU  and sV  are the sediment-laden flow layer-averaged velocity 151 

components in the x- and y-directions, respectively; bz  is the bed elevation;   is the 152 

elevation of the water surface above a fixed horizontal datum; s  is the elevation of the 153 

interface between the clear-water and sediment-laden flow layers above the same datum; 154 

w  is the density of water; s  is sediment density; c w s s s(1 )c c  = − +  is the density 155 

of the water–sediment mixture in the turbidity current layer; p  is the bed sediment 156 

porosity; 0 w s (1 )p p  = + −  is the density of the saturated bed; wx  and wy  are the 157 

shear stresses at the interface between the clear-water and sediment-laden flow layers in the 158 

x- and y-directions, respectively; wE  is water entrainment flux across the interface 159 

between the two layers; B  and N  are the coefficients introduced to control the 160 
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Newtonian or non-Newtonian behavior according to sediment concentration; Nx  and Ny  161 

are the shear stresses due to Newtonian rheology in the x- and y-directions, respectively; 162 

x  and y  are the near-bed shear rates in the x- and y-directions, respectively; E  and D  163 

are the sediment entrainment flux and sediment deposition flux, respectively.  164 

The effective shear stress is defined as ( )eff B B N N    = − + . In practice, 165 

hyperconcentrated flows with non-Newtonian rheology may eventually transform into 166 

Newtonian fluids in cases where the current is sufficiently dilute (Pierson & Scott, 1985). 167 

Experimental studies have collectively shown that B 0 =  and N 1 =  for a “Newtonian” 168 

water–sediment mixture with low sediment concentration (less than the threshold 169 

concentration transformed from the Newtonian fluid to non-Newtonian fluid, which is 170 

defined in Section 2.2). When the sediment concentration is higher than the threshold 171 

concentration, the lower sediment-laden flow layer acts as a non-Newtonian fluid, such that 172 

B 1 =  and N 0 = .  173 

2.2. Model closure 174 

To close the governing equations, a set of relations is introduced to determine the water 175 

entrainment, wE , sediment exchange fluxes (i.e., entrainment flux E , minus deposition 176 

flux D ), interface shear stress, and bed boundary resistance, as per Cao et al. (2015). 177 

Following Parker et al. (1986), the water entrainment mass flux, wE , is calculated from  178 

 wsw wE e U=   (10) 179 

where 2 2
ws w s w s( ) ( )U U U V V= − + −  is the magnitude of the resultant velocity difference 180 

between the two layers; and the water entrainment coefficient we  is estimated from 181 
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 w

0.00153

0.0204
e

Ri
=

+
  (11) 182 

in which the Richardson number 
2

wss s /Ri sgc h U=  and the specific gravity of sediment 183 

s w/ 1s  = − . Eqs. (12) and (13) are used to calculate the sediment entrainment and 184 

deposition fluxes:  185 

 ( )s s1
m

D c c= −   (12) 186 

 sE E=   (13) 187 

where s(1 )mc −  is the hindered sediment settling velocity in Eq. (12), using the relation 188 

determined by Richardson and Zaki (1997). The power m is estimated from 0.1

p4.45m R−= , 189 

in which pR d =  is the particle Reynolds number, where ω  is the settling velocity of 190 

a single sediment particle in tranquil clear water, calculated using the formula of Zhang and 191 

Xie (1993) as  192 

 

2

13.95 1.09 13.95sgd
d d

 


 
= + − 

 
  (14) 193 

where d is the sediment particle diameter and   is the kinematic viscosity of water.  194 

It is noted that, an appropriate formula for the sediment entrainment flux for cohesive 195 

sediment has, to date, remained missing in line with non-Newtonian rheology. In evaluating 196 

Eq. (13), the empirical formula in Eq. (15) proposed by Zhang and Xie (1993), which is 197 

well-tested and widely used for suspended sediment transport, including for the Yellow River, 198 

China, is tentatively applied:  199 

 

3
1.5

s s
s 3

1.15
s s s

( )1

20 1 ( 45 )

U gh
E

U gh



 
=

+
  (15) 200 

Manning's formula is used to calculate resistance relations between the upper layer 201 
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clear water flow, the lower layer sediment-laden flow, and the erodible bed as Eqs. (16)–(20) 202 

(Cao et al., 2015): 203 

 
2 1 3( ) wswx w i w s wgn U U U h = −  (16) 204 

 
2 1 3( ) wswy w i w s wgn V V U h = −  (17) 205 

 
2 1 3

sNx c b s sgn U U h =  (18) 206 

 
2 1 3

sNy c b s sgn V U h =  (19) 207 

where in  is Manning’s coefficient representing friction at the interface between the 208 

sediment-laden flow layer and clear-water flow layer; bn  is Manning’s coefficient 209 

representing bed roughness; and 2 2
s s sU U V= +  is the resultant velocity of the 210 

sediment-laden flow layer. 211 

The equation derivations involve a rheological model that represents non-Newtonian 212 

fluid characteristics through the effective bed shear stress eff . One of the pivotal issues in 213 

non-Newtonian fluid simulation is the estimation of the yield stress Y , and viscous stress 214 

( )V Y

n  = , which are determined either by calibration against measured data or by using 215 

empirical relations, such as the formulae proposed by Fei et al. (1991): 216 

 s v0
Y

vm

0.098exp 8.45 1.5
c c

c


 −
= + 

 
 (20) 217 

 ( )
2.5

Y 0 s vm1 k c c 
−

= −  (21) 218 

where the sediment limiting concentration ( )( )vm 0.92 0.02log 1c d= + , with a correction 219 

coefficient   to account for the limited number of sediment samples used in devising the 220 

original relation; the threshold concentration from the Newtonian fluid to non-Newtonian 221 

fluid, 
3.2

vo vm1.26c c= ; the coefficient ( ) ( )
0.3 4

s vm s vm1 2.0 1k c c c c= + − ; and 0  is the 222 
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dynamic viscosity of water. 223 

Based on an assumption of a non-linear velocity distribution over the depth (Johnson 224 

et al., 2012), 225 

 

1

1
b

s s

s

( ) (2 ) 1 1 , ,  
n

i n i

z z
u z U i x y

h




−

 
 − = − − − =  
   

 (22) 226 

where s ( )iu z  is the vertical velocity distribution; z  is the vertical coordinate; n  is the 227 

profile shape parameter; siU  is the depth-integrated velocity. Thus, the velocity gradient 228 

components of sediment-laden flow at the basal surface (i.e., near-bed shear rates) are 229 

approximated by 230 

 )
b

s s

s

2
, 0,  1

1

n
x n

z z n

u U

z h


 

=

 −
= = =  −

 (23) 231 

 )
b

s s

s

2
, 0,  1

1

n
y n

z z n

v V

z h


 

=

 −
= = =  −

 (24) 232 

2.3. Numerical algorithm 233 

The governing equations for the lower sediment-laden flow layer are taken as a 234 

nonhomogeneous hyperbolic system, with bed shear stress for non-Newtonian rheology 235 

expressed as a source term, thus, preserving hyperbolicity (Li et al., 2015). The two 236 

hyperbolic systems of governing equations for the two layers are solved separately and 237 

synchronously. Each hyperbolic system is solved by a quasi-well balanced numerical 238 

algorithm involving drying and wetting, using a second-order accurate, finite volume 239 

Godunov-type approach in conjunction with the Harten–Lax–van Leer contact wave 240 

(HLLC) approximate Riemann solver (Toro, 2001) on a fixed rectangular mesh. Assuming 241 

Jo
urn

al 
Pre-

pro
of



 

13 

 

that bed deformation is entirely determined by local entrainment and deposition fluxes in 242 

accordance with the non-capacity model of sediment transport, Eq. (9) is solved separately 243 

from the remaining equations. A detailed description of the numerical algorithm is given by 244 

Cao et al. (2015). 245 

3. Benchmark tests 246 

A series of experimental and numerical benchmark tests is used to validate the proposed 247 

EDL model for subaerial mud flow (Wright, 1987) (see Section S2 in the Supporting 248 

Materials), subaqueous debris flow, and reservoir turbidity current. In all cases, fixed 249 

uniform meshes are applied, and refined to ensure mesh independence. The Courant 250 

number is set to 0.4, bed porosity 0.4p = , and the profile shape parameter 0n = . To 251 

quantify discrepancies between computational results and experimental data, the coefficient 252 

of determination (
2R ) is calculated as Eq. (25): 253 

 
( )( )

( ) ( )

2
obs obs com com

12

2 2
obs obs com com

1 1

n
i i i

n n
i ii i

E E E E
R

E E E E

=

= =

 − − =

− −



 
  (25) 254 

where obs
iE  represents observed data i , and obsE  is the mean value of the observed values; 255 

com
iE  represents computed data i , and comE  is the mean value of the computed values. The 256 

closer 
2R  is to 1, the smaller the discrepancy. 257 

3.1. Subaqueous debris flow 258 

A numerical case originally examined by Imran et al. (2001) is first used to probe into the 259 

choice of the rheological model on the evolution of subaqueous debris flow. The flow 260 

domain comprises a 7,200 m long rectangular flume, whose bottom slope is 0.05. The 261 
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following parameters are specified according to Run AQ of Imran et al. (2001): initial 262 

profile of slurry thickness is parabolic of length 600 mL =  and maximum thickness 263 

s0 24 mh =  at the centre, corresponding to Fig. S4 in the Supporting Materials; the initial 264 

density of the debris flow is 3
c0 =1,500 kg m ; and the debris flow has Bingham 265 

rheology (i.e., 1n =  in the Herschel–Bulkley model), with yield stress 2
Y 1,000 N m =  266 

and a dynamic viscosity 2
Y 400 N s m =  . Grid spacing is 2 m in both longitudinal and 267 

lateral directions. Solid boundary conditions for the upper clear-water flow layer and the 268 

lower sediment-laden flow layer are implemented through the flux computation approach 269 

suggested by Hou et al. (2013). 270 

3.1.1. Model Comparison 271 

Simulations are done using the proposed EDL model for the same failure volume, yield 272 

stress, and dynamic viscosity as Imran et al.’s (2001) model. It should be noted that Imran 273 

et al.’s model is applicable only to subaqueous debris flows over a fixed bed and does not 274 

account for inter-layer interactions and bed deformation. Hence, water entrainment wE , 275 

interface friction resistance w , and sediment entrainment and deposition fluxes of the 276 

proposed EDL model are all set to zero for the validation test. 277 

Fig. 1 shows the comparison of the computed thickness of the debris flows obtained 278 

with the proposed EDL model (with a Bingham rheological relation) with the numerical 279 

predictions of Imran et al. (2001). The results are presented in non-dimensional form, based 280 

on the following horizontal and vertical scales, 600 mL =  and s0 24 mh = . In the original 281 

numerical case, the initial ambient water depth is difficult to discern, and its effect on the 282 
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debris flow is negligible (see Fig. S5 in the Supporting Materials); herein, the initial ambient 283 

water depth is set to 50 s0h . Fig. 1 shows that the subaqueous debris flows computed using 284 

Imran et al.’s (2001) model and the proposed EDL model yield almost identical profiles. At 285 

2mint = , the thickness of debris flow computed using the proposed EDL model is larger in 286 

the front and smaller in the tail than that calculated with Imran et al.’s (2001) model, whereas 287 

the runout distances are nearly identical (Fig. 1(a)). At 22mint = , the final runout distance 288 

computed using the proposed EDL model is marginally longer than that determined by Imran 289 

et al.’s (2001) model (Fig. 1(b)). From Fig. 1, the computed evolution of the debris flow 290 

obtained from both models shows reasonable agreement. Slight differences between the 291 

computed profiles mainly arise from the distinct physical mechanisms on which the two 292 

models are based. In Imran et al.’s (2001) model, the debris flow is vertically separated into 293 

two zones (i.e., plug layer and shear layer), which requires a series of tuning parameters to 294 

have to be implemented, whereas such treatment is not necessary for the proposed EDL 295 

model. 296 

 297 

Fig. 1. Dimensionless thickness of a debris flow computed using Imran et al.’s (2001) model 298 

and the proposed EDL model. Water entrainment wE , interface friction resistance w , and 299 

sediment exchange fluxes are set to zero in the proposed EDL model. 300 

 301 

3.1.2. Sensitivity analysis 302 

The sensitivity of the computational predictions made using the proposed EDL model to the 303 
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choice of yield stress Y  and power index n  is investigated. Firstly, n  is set to 1 as in 304 

the original numerical case, and spatiotemporal variation of the debris flow is computed for 305 

Y  = 0, 500, and 
21,000 N m . Then, the yield stress Y  is set to 

21,000 N m , the same 306 

as in the original numerical case, and n  is altered by ±0.5.  307 

As the yield stress Y  decreases from 
21,000 N m  to zero, the debris flow 308 

progressively acts as a Newtonian flow. Fig. 2 shows the Bingham flow and Newtonian flow 309 

profiles at time t = 2 and 22 min. The following differences between the two flow profiles 310 

may be discerned. First, the Bingham flow propagates more slowly than the Newtonian 311 

flow. Second, the thickness of the Newtonian flow decreases more rapidly with time than 312 

that of the Bingham flow, and its surface has a maximum thickness at the front and zero 313 

thickness at the tail. Third, the Bingham flow only propagates a finite distance downstream 314 

with its front velocity asymptotically falling to zero, whereas the Newtonian flow 315 

propagates further downstream. This is primarily because the yield stress of the Bingham 316 

flow causes its velocity to decay more rapidly with time than the corresponding Newtonian 317 

flow. 318 

The power index n  reflects the shear-thinning ( 1n  ) or shear-thickening ( 1n  ) 319 

behavior of a non-Newtonian fluid. Initially, the flow passes through a high shearing rate 320 

range, with the power index n  representing the extent to which the behavior is non-linear. 321 

Here, the viscous stress is higher for larger n , leading to increased thickness and slower 322 

propagation of debris flow (Fig. 2(a)). The fluid experiences a low shear rate range during 323 

the final period, when the runout distance of the debris flows varies slightly with n , 324 
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indicating that the evolution of a debris flow due to a low shear rate is almost insensitive to 325 

the choice of n. The debris flow simulated with 0.5n =  propagates furthest downstream 326 

(Fig. 2(b)). 327 

Briefly, the dimensionless flow thickness is more sensitive to the yield stress Y .  328 

With increased Y , the propagation of the debris flow slows down and the dimensionless 329 

flow thickness increases. Moreover, the computed results demonstrate that the empirical 330 

parameters involved in the proposed model only affect the computed results to a reasonable 331 

extent rather than fundamentally alter the results. Therefore, the choice of the parameters 332 

does not affect the current findings. 333 

 334 

Fig. 2. Sensitivity of computed dimensionless thickness of debris flow to choice of yield 335 

stress Y , and power index n , at time: (a) 2 mint =  and (b) 22 mint = . Note that 1n =  336 

denotes a linear Bingham model, 1n   represents shear-thinning behavior, and 1n   337 

denotes shear-thickening behavior.  338 

 339 

3.1.3. Effect of interaction between two layers on debris flow evolution 340 

The subaqueous debris flow is vertically stratified, characterized by a double-layer flow 341 

structure composed of a subaqueous sediment-laden flow layer immediately above the bed 342 

and an upper clear-water flow layer. However, Imran et al.’s (2001) model neglected the 343 

effect of inter-layer interactions between the two layers, including water exchange wE , 344 

from the upper layer to the lower layer, and interfacial resistance w , both of which are 345 
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critical for the evolution of a subaqueous debris flow. Fig. 3 shows the effect of interactions 346 

between two layers on the evolution of a debris flow. It can be seen that the thickness of the 347 

debris flow decreases as it propagates downstream, owing to current spreading and water 348 

entrainment. Initially, the debris flow spreads rapidly, and its thickness decreases with 349 

distance. When the effect of water entrainment is included, the interface area between the 350 

debris flow and the ambient water increases with time, and so the total amount of water 351 

entrained increases. Hence, cases accounting for water entrainment exhibit a larger 352 

thickness of debris flow at the front and a longer final runout distance than those without. As 353 

Manning’s roughness coefficient is altered, the debris flow experiences marginally different 354 

evolution, indicating that the interfacial resistance w , plays a secondary role (Fig. 3). 355 

 356 

Fig. 3. Debris flow profiles predicted using the proposed EDL model for different interface 357 

Manning’s roughness coefficient values in = 0, 0.003, and 0.006 m-1/3·s at time: (a) 358 

2 mint =  and (b) 22 mint = . 359 

 360 

3.1.4. Effect of particle sedimentation on debris flow evolution 361 

Debris flows with high sediment concentration may drive active morphological evolution 362 

featuring intensive, complex interactions between the flow and the bed, which are in turn 363 

significant for debris flow evolution. On the one hand, flow stream characteristics, such as 364 

density, velocity, and depth, are directly altered by sediment deposition and entrainment. 365 

On the other hand, the deformed bed provides morphological feedback to the evolution of 366 
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the debris flow. However, in Imran et al.’s (2001) model bed deformation caused by 367 

sediment deposition or entrainment is ignored; this omission warrants further discussion. 368 

Figs. 4 and 5 show the evolution of the debris flow, bed deformation, and volumetric 369 

sediment concentration sc , profiles along the channel at two instants, computed for 370 

sediment particle diameter values of 9 μmd = , 62.5 μm , and 2 mm. Fig. 4 shows the 371 

dimensionless bed deformation ( )b b 0 s0ẑ z z h= −  and dimensionless interface elevation 372 

s s s0 b
ˆ ˆ+h h z =  (where 0z  denotes initial bed elevation) as functions of distance along the 373 

channel. At 22mint =  (Fig. 4(a)), much of the sediment settles in the tail of the debris 374 

flow obtained for particles of large diameter 2 mmd =  and the deposition thickness 375 

decreases in the direction of the debris flow as it propagates downstream. For finer particles, 376 

sedimentation is not apparent. Accordingly, the volumetric sediment concentration of the 377 

debris flow decreases progressively as the particle diameter increases (Fig. 5). At t = 50 min, 378 

the debris flow for 2 mmd =  slows down. Its sediment particles are all deposited, 379 

corresponding to a state of recession of the debris flow (Fig. 4(b)). This occurs primarily 380 

because bed and interface resistances dissipate the kinetic energy of the debris flow, and 381 

water entrained from the ambient fluid dilutes the water-sediment mixture, thus, reducing 382 

the driving force. By contrast, a debris flow with fine particles produces little sedimentation. 383 

Bed deformation is sensitive to sediment particle diameter, with feedback on the debris 384 

flow as it evolves. Specifically, as d  increases, the sediment deposition thickness grows, 385 

runout distance shortens, and volumetric sediment concentration sc  reduces; and so there 386 

is a smaller driving force for the debris flow. In short, debris flow with larger d  387 
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propagates slower. 388 

 389 

Fig. 4. Dimensionless free surface level s s s0 b
ˆ ˆ+h h z =  and dimensionless bed 390 

deformation ( )b b 0 s0ẑ z z h= −  spatial profiles of debris flow, predicted for three values of 391 

sediment particle diameter d  at time (a) t = 22 min and (b) t = 50 min. 392 

 393 

Fig. 5. Volumetric sediment concentration, sc , spatial profile of debris flow, for three values 394 

of sediment particle diameter d  at time t = 22 min and 50 min. 395 

 396 

3.2. Laboratory-scale turbidity current 397 

As a subaerial sediment-laden flow enters a reservoir, it may plunge under overlying water 398 

to form a subaqueous sediment-laden flow called a turbidity current. In theory, a turbidity 399 

current with high sediment concentration may exhibit non-Newtonian behavior, unlike a 400 

dilute turbidity current which exhibits almost Newtonian behavior. The second set of 401 

validation tests relates to a series of physical experiments on tributary turbidity currents 402 

done by Wang et al. (2020) using a glass flume, which contained a main channel (0.45 m 403 

wide, 30 m long, bed slope bm 0.015i = ) and a tributary (0.3 m wide, 10 m long, bed slope 404 

bt 0.005i = ) joined at 90° to the main channel of a distance of 20 m from the outlet of main 405 

channel, as shown in Fig. S6 in the Supporting Materials. 406 

 407 

Table 1. Selected cases for reservoir turbidity currents (Series E from Wang et al. (2020), 408 
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and series D hypothetical). 409 

Series Case tQ ( )L s  
tC ( )3kg m  ( )si mh  

E E1 1.98 300 0.17 

E2 4 300 0.21 

D D1 4 600 0.21 

 410 

Table 1 lists key flow parameters for two experimental cases, E1 and E2 (taken from 411 

Wang et al., 2020), and one hypothetical case, D1, the last case corresponding to a relatively 412 

highly concentrated sediment-laden tributary inflow. As in the experiments, the numerical 413 

flume is initially full of still clear water with the water depth set at 0.45 m at the 414 

reservoir-tributary confluence. At the tributary inlet, the prescribed discharge tQ , thickness 415 

sih , and mass sediment concentration tC  (Table 1) of the lower sediment-laden flow layer 416 

are kept constant, with no clear-water inflow. At the inlet of the main channel, there is no 417 

inflow. At the outlet, a constant free surface level is maintained using a tailgate. At the 418 

outlet, a free outflow boundary condition is imposed on the lower sediment-laden flow 419 

layer, the thickness of the clear-water flow layer is calculated according to a prescribed free 420 

surface level, and the layer-averaged velocity is determined by the method of characteristics. 421 

The sediment has properties of suspended material taken from the Yellow River, China, 422 

with specific gravity of 2.65 and mean particle diameter of 7 μm. The interface roughness 423 

Manning coefficient is set as 
1 3

i 0.005 mn −= , following Cao et al. (2015). The grid spacing 424 

of Δx and Δy are set to 0.025 m.  425 
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3.2.1. Validation for physical experiments 426 

Fig. S7 in the Supporting Materials and Fig. 6 display the measured and computed interface 427 

elevation, s , profiles along the central axes of the main channel and tributary for cases E1 428 

and E2 with different inflow discharges. The range of the interface elevation, s , was 429 

recorded at two instants, once when the front of the tributary turbidity current arrived at 430 

each cross section and once when it reached a stable state. Because sediment concentrations 431 

of tributary inflow in cases E1 and E2 are close to the threshold concentration, voc , for 432 

transformation from a Newtonian fluid to a non-Newtonian fluid, computational results of 433 

two models, i.e., the proposed EDL model and ODL model, are compared to measured data. 434 

Model calibration is done for the computational results of case E1 (see Fig. S7 in the 435 

Supporting Materials), through which Manning’s roughness coefficient, 1 3

b 0.015m sn −=  , 436 

for both the EDL model and ODL model, and the coefficient 0.85 =  for EDL are utilized. 437 

Using the calibrated coefficients, the computational results for Case E2 with a larger 438 

discharge tQ  agree well with the measured data for the interface elevation, s , as 439 

confirmed by the coefficients of determination 
2

ODLR = 0.982 and 
2

EDLR = 0.981 (Fig. 6(a)). 440 

Comparatively, because the sediment concentration of the tributary inflow in Case E2 is 441 

slightly higher than the threshold concentration, voc , there are marginal differences in 442 

interface elevation, s , between the ODL model and EDL model results, and the final 443 

runout distance in the upstream reach of the main channel (UMC) of the turbidity current 444 

predicted by the EDL model is slightly shorter than that predicted by the ODL model (Figs. 445 

6(b) and 6(c)). These results confirm the EDL model is applicable to dilute turbidity 446 
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currents, which may be assumed to be Newtonian. 447 

 448 

Fig. 6. Case E2 with a tributary discharge t 4 L sQ = . (a) Comparison between measured 449 

and computed ranges of the interface elevation, s , at each cross section, (b) ODL model, 450 

and (c) EDL model predictions and experimental measurements (Wang et al., 2020) of front 451 

elevation and interface elevation profiles along the central axes of the main channel (MC) 452 

and tributary (TR) at four times. The UMC and DMC refer to upstream and downstream 453 

reaches of the main channel. 454 

 455 

3.2.2. Designed cases 456 

Turbidity currents with a high sediment concentration differ substantially from those with 457 

dilute sediment concentration. Therefore, unlike experimental cases E1 and E2 involving 458 

dilute turbidity currents that are almost Newtonian, the hypothetical case D1 is designed to 459 

simulate a turbidity current of relatively high sediment concentration, which exhibits 460 

non-Newtonian behavior. This hypothetical case enables basic understanding of 461 

hyperconcentrated turbidity currents to be obtained, which should translate to large-scale 462 

simulations of hyperconcentrated turbidity currents in natural rivers. 463 

 464 

3.2.2.1. Impact of non-Newtonian rheology on turbidity current propagation 465 

Fig. 7 displays the evolution of the interface elevation, s , in the main channel and tributary 466 

for Case D1 computed using the EDL and ODL models. After sustained, sediment-laden 467 
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inflow from the bottom of the tributary inlet, a turbidity current forms as the turbidity 468 

volume slumps into clear water because of the driving force arising from the density 469 

difference. Upon the arrival of the turbidity current front at the junction (Figs. 7(a) and 7(b)), 470 

the front elevation rises rapidly, and the current propagates simultaneously upstream and 471 

downstream along the main channel. The turbidity current front thickness in the downstream 472 

reach of the main channel (DMC) increases longitudinally because of water entrainment, 473 

while that in the UMC decelerates gradually with time (Fig. 7(c)). By 120 st = , the front of 474 

the turbidity current in the DMC has been vented through the outlet, whilst the turbidity 475 

current front extended in the UMC has stabilized (Fig. 7(d)). 476 

In Fig. 7, pronounced differences are evident in the results produced by the EDL and 477 

ODL models. Even though both models utilize the same initial and boundary conditions, the 478 

EDL model predicts slower turbidity current propagation in the DMC and smaller final 479 

runout distance of the turbidity front in the UMC than the ODL model. This is to be expected 480 

because the turbidity current computed using the ODL model is not controlled by yield stress, 481 

unlike the EDL model, which facilitates a larger flow velocity and a longer runout distance. 482 

 483 

Fig. 7. Distribution of interface elevation, s , for Case D1 computed using the ODL and 484 

EDL models at time: (a) 20 st = , (b) 30 st = , (c) 60 st = , and (d) 120 st = . Abbreviations 485 

UMC and DMC refer to upstream and downstream reaches of the main channel, respectively. 486 

 487 
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3.2.2.2. Impact of non-Newtonian rheology on the velocity field of a turbidity current 488 

The effect of non-Newtonian properties on the magnitude of layer-averaged velocity 489 

(
2 2

s s sU U V= + ) is examined for the sediment-laden flow layer for Case D1 computed using 490 

the proposed EDL model and reference (Newtonian) ODL model at time 20, 30, 60t = , and 491 

120 s. In both simulations, by t = 30 s, the front of the tributary turbidity current has reached 492 

the junction and intrudes into the main channel (propagating upstream and downstream 493 

simultaneously). The layer-averaged speed of the turbidity current decreases both as it 494 

propagates into the UMC and at the corner of the upstream junction where a small 495 

recirculation zone occurs. A second flow separation bubble and a region of maximum flow 496 

speed near the middle of the main channel develop immediately downstream of the junction 497 

as the turbidity current propagates into the DMC (Figs. 8(a) and 8(b)). The speed of the 498 

sediment-laden layer in the UMC is lower than that in the DMC. Arguably, this is because 499 

interface shear stresses are larger when the turbidity current from the tributary propagates 500 

upstream along the main channel. At 120 st = , the turbidity current speed decreases inside 501 

the tributary mouth as the current thickness increases. The turbidity current front extending 502 

along the UMC is stable and almost unchanging (Fig. 7), and its speed decreases 503 

asymptotically to zero because of energy dissipation. A zone of maximum speed is apparent 504 

in the main channel just downstream of the junction. 505 

The EDL and ODL models exhibit similarity in terms of predicted flow structure, even 506 

though their estimates of bed shear stress differ. Apparent differences occur in the velocity 507 

fields predicted by the EDL and ODL models. The turbidity current predicted by the ODL 508 
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model has a larger flow speed inside the tributary mouth than that predicted by the EDL 509 

model. Moreover, the ODL model results contain a zone of maximum flow speed, which is 510 

likely a result of the zero yield stress. Even though the ODL model produces a turbidity 511 

current of excessive flow speed that enlarges local friction stresses, it nevertheless confirms 512 

the impact of yield stress on the modeling of turbidity currents. 513 

 514 

Fig. 8. Velocity fields for turbidity current Case D1 computed using (a, c) the proposed 515 

EDL model and (b, d) the ODL model at time 30 st =  and 120 st = . 516 

 517 

3.2.2.3. Impact of non-Newtonian rheology on sediment transport 518 

Figures 9–11 show the effects of non-Newtonian rheology on volumetric sediment 519 

concentration, and transverse and longitudinal sediment transport rates per unit channel 520 

width for Case D1. As the tributary turbidity current intrudes into the main channel, the 521 

volumetric sediment concentration in the main channel decreases longitudinally, and the 522 

lowest volumetric sediment concentration occurs at the intrusion front (Fig. 9). The 523 

transverse sediment transport rate per unit width s s s(STR )y h c V=  of the turbidity current 524 

decreases as it propagates into the main channel (Fig. 10(a)). It exhibits almost no change 525 

inside the tributary from 30 to 120 s owing to the imposed steady upstream boundary 526 

condition (Figs. 10(b) and 10(c)). The longitudinal sediment transport rate per unit width 527 

s s s(STR )x h c U=  of the turbidity current is negative in the UMC and asymptotically 528 

approaches zero after it is vented through the outlet, whereas it is positive in the DMC, 529 
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increasing in the region of maximum velocity but decreasing within the flow separation zone 530 

(Fig. 11). 531 

During the first 20 s or so, the turbidity current front with low volumetric sediment 532 

concentration reaches the junction and differences between the EDL and ODL model 533 

predictions of STR y  and STR x  are small (Figs. 10(a) and 11(a)). However, from 30 to 120 534 

s, even though high volumetric sediment concentration ( s 0.16c  ) is more widely 535 

distributed in the EDL model than the ODL model predictions, the EDL model estimates of 536 

STR y  and STR x  are smaller than that of the ODL model inside the tributary mouth and 537 

within the maximum velocity zone. This is primarily because the proposed EDL model 538 

rheology facilitates higher bed shear resistance than the ODL model, reducing the flow speed, 539 

and, hence, the sediment transport rate.  540 

 541 

Fig. 9. Contour plots of volumetric sediment concentration, sc , for turbidity current Case 542 

D1, computed using the ODL and proposed EDL models at time: (a) 20 st = , (b) 30 st = , 543 

(c) 60 st = , and (d) 120 st = . 544 

 545 

Fig. 10. Contour plots of transverse sediment transport rate per unit width, STR y , near the 546 

confluence for Case D1, computed using the proposed EDL and ODL models at time: (a) 547 

20 st = , (b) 30 st = , (c) 60 st = , and (d) 120 st = . 548 

 549 

Fig. 11. Contour plots of longitudinal sediment transport rate per unit width, STR x , near 550 
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the confluence for Case D1 computed using the proposed EDL and ODL models at time: (a) 551 

20 st = , (b) 30 st = , (c) 60 st = , and (d) 120 st = . 552 

 553 

3.2.2.4. Impact of non-Newtonian rheology on bed shear stress 554 

It is revealing to investigate differences in bed shear stress computed using the 555 

non-Newtonian EDL and Newtonian ODL models. Fig. 12 shows the bed shear stress 556 

distribution for Case D1 at time t = 20, 30, 60, and 120 s. By t = 30 s, the tributary turbidity 557 

current has reached the junction and intruded into the main channel, and the volumetric 558 

sediment concentration near the confluence is approximately equivalent to the threshold 559 

concentration voc  (Figs. 9(a) and 9(b)). At the junction, the bed shear stress with 560 

non-Newtonian characteristics is similar to that with Newtonian rheology, with the 561 

maximum velocity zone experiencing a high level of bed shear stress (Figs. 12(a) and 12(b)). 562 

Moreover, the volumetric sediment concentration inside the tributary predicted by the EDL 563 

model is higher than that predicted by the ODL model (Fig. 9(b)). Here, the bed shear stress 564 

obtained using non-Newtonian rheology is larger than that using Newtonian rheology 565 

because of the presence of yield stress (Fig. 12(b)). Later, between t = 60 and 120 s (Figs. 566 

12(c) and 12(d)), the bed shear stress predicted by the ODL model is generally below 1 N/m2 567 

in the UMC, but reaches about 3.5 N/m2 in the region of maximum flow speed. The bed shear 568 

stress predicted by the EDL model is quite different in that it reaches approximately 2.5 N/m2 569 

in the UMC, and about 3 N/m2 in the zone of maximum flow speed. This implies that the bed 570 

shear stress magnitude predicted by the proposed EDL model is directly related to the 571 
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sediment concentration distribution when higher than the threshold concentration, voc . 572 

Conversely, the bed shear stress magnitude predicted by the ODL model is only related to the 573 

velocity field of the turbidity current. 574 

 575 

Fig. 12. Contours of bed shear stress, eff , for Case D1 computed using the proposed EDL 576 

and ODL models at time: (a) 20 st = , (b) 30 st = , (c) 60 st = , and (d) 120 st = . 577 

 578 

4. Model application—Guxian Reservoir, Yellow River 579 

4.1. Study area 580 

The Guxian Reservoir, planned for the middle Yellow River, China, is likely to have 581 

tributary sediment inputs that account for more than 40% of the total sediment input (whose 582 

volumetric concentration could exceed 0.3) during extreme flood events and behave as a 583 

non-Newtonian fluid. The Guxian Reservoir was, therefore, selected for a prototype-scale 584 

study. In the proposed computational model, the initial bed topography is estimated from 585 

observed data acquired during April 2017. The domain comprises the main channel of the 586 

Yellow River from Wubu to the Guxian Dam (approximately 200 km long and 300–1,500 m 587 

wide), and a major tributary, the Wuding River, from Baijiachuan to its junction with the 588 

main Yellow River. The study reach of the Wuding River is about 17 km long from the 589 

junction to Baijiachuan, located about 130 km upstream of the Guxian Dam. Accurate 590 

topographic and hydrological data are unavailable for the other tributaries with smaller 591 

discharges and lower sediment concentrations, and so these are neglected herein. 592 
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4.2. Model setup 593 

Under normal operating conditions, the planned water level in the Guxian Reservoir is 627 m 594 

relative to the 1985 National Height Datum, China, corresponding to a total water storage 595 

capacity of 
9 312.94 10 m . A fixed-bed, steady flow simulation first was done for gradually 596 

varied, clear-water inflow discharges specified at Wubu and Baijiachuan, and the resulting 597 

flow hydrodynamics are taken as the initial condition for the present application of the ODL 598 

and EDL models. Table 2 lists the flow discharge and volumetric sediment concentration 599 

input values at the two upstream boundary cross sections (i.e., Wubu and Baijiachuan 600 

stations, Fig. 13). Noting the availability of observed data for input to the model, the 601 

evolution of the turbidity current was simulated for a highly concentrated sediment-laden 602 

flood that entered the Guxian Reservoir in July 2017 (Table 2, Wubu, and Fig. 13, 603 

Baijiachuan station). At the downstream boundary (Guxian Dam), a boundary condition is 604 

not required for the turbidity current before its front arrives. The depth and velocity of the 605 

clear-water flow layer are determined by the method of characteristics according to the 606 

outflow discharge Qout, which is kept constant at 6,067 m3/s, the design discharge for 607 

Guxian Reservoir. 608 

 609 

Table 2. Inflow conditions for the prototype case—Guxian Reservoir.  610 

Wubu station, Yellow River Baijiachuan station, Wuding River 

3

mi (m s)Q  miC  3

ti (m s)Q  tiC  

3,600 0.069 Time series for July 2017 flood, Fig. 13 

 611 

Fig. 13. Guxian Reservoir study: observed data and piece-wise linear approximations of 612 
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flow discharge hydrograph and volumetric sediment concentration time series at 613 

Baijiachuan station for a super-concentrated flood lasting from 0:00 a.m. July 26 to 0:00 614 

a.m. July 29, 2017. 615 

 616 

The following parameters are specified based on data from the middle Yellow River: 617 

mean sediment particle size 25 μmd = , bed sediment porosity 0.4p = , and sediment 618 

density 3

s 2,650 kg/m = . The computational grid is uniform with 35 m spacing in both 619 

longitudinal and lateral directions, and the total number of mesh cells is 3,905,839. The 620 

Courant number is set to 0.4. In the ODL model, the bed roughness Manning’s coefficient, 621 

bn , is set to 
1 30.03m s−  ; in the proposed EDL model the yield stress and dynamic viscosity 622 

are estimated using Eqs. (20) and (21) with 0.7 = . In both models, the interface roughness 623 

Manning coefficient, in , is set to 0.005 m-1/3·s following Cao et al. (2015). 624 

4.3. Results and discussion 625 

Here the influence of the rheological characteristics on the formation and propagation of 626 

reservoir turbidity currents and bed deformation in the Guxian Reservoir domain are 627 

examined based on simulations using the proposed EDL model and the ODL model. In 628 

general, the transition from subaerial open channel sediment-laden flow to subaqueous turbid 629 

flow features the formation of a reservoir turbidity current with unstable plunge points that 630 

propagate forward. Figs.14(c) and 14(d) show that by t = 12 h, the subaerial sediment-laden 631 

flows in the main channel (MC) and Wuding River (WR) have plunged into clear water and 632 

formed turbidity currents, whilst the front of the WR turbidity current has intruded into the 633 

MC and propagated both upstream and downstream simultaneously. By t = 24 h, the front of 634 
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the WR turbidity current has mixed with the MC turbidity current and is propagating 635 

downstream with a high interface elevation at the junction (Figs. 14(e) and 14(f)). At t = 48 h, 636 

as the sediment input from the WR decreases, the thickness of the turbidity current increases 637 

in the WR (Figs. 14(g) and 14(h)). This primarily occurs because Ri reduces progressively 638 

with the lowering sediment concentration, and thus, induces greater water entrainment, wE . 639 

At t = 72 h, the plunge point is located downstream the junction in the MC, and the upper 640 

clear-water layer in the WR disappears (Figs. 14(i) and 14(j)). Moreover, as it is slowing, the 641 

MC turbidity current has not yet arrived at the Guxian Dam. This is because the sediment 642 

input from the WR decreases, and sedimentation occurs within WR and near the river 643 

confluence (Fig. 15), which correspondingly reduces both the density and the driving force of 644 

the turbidity currents. 645 

The EDL and ODL model results display pronounced differences in the 646 

hydro-sediment-morphological processes associated with hyperconcentrated turbidity 647 

currents. When the sediment concentration of the turbidity current exceeds the threshold 648 

concentration, voc , of the non-Newtonian fluid, the bed boundary resistance computed 649 

using the EDL model is larger than that computed using the ODL model (Figs. 16(a) and 650 

16(b)). Hence, the propagation of the turbidity current predicted by the proposed EDL 651 

model is slower than that predicted by the ODL model (Figs. 14(c) and 14(d), Fig. S8 in the 652 

Supporting Materials). However, after t ≈ 12 h, the sediment concentration of the reservoir 653 

turbidity current falls below the threshold concentration, voc  (Fig. S9 in the Supporting 654 

Materials). This means that the turbidity current gradually dilutes, and its behavior 655 
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approaches that of a Newtonian flow. Notably, the proposed EDL model predicts larger bed 656 

aggradation at the confluence than does the ODL model (Figs. 15(a) and 15(b)). In response 657 

to the greater boundary resistance, the decreasing velocity of the turbidity current lowers the 658 

sediment entrainment flux, leading to reduced sediment concentrations and a smaller 659 

driving force for the turbidity current. Therefore, the hyperconcentrated turbidity current 660 

predicted by the proposed EDL model features slower propagation and more significant 661 

sedimentation than that predicted by the ODL model. 662 

 663 

Fig. 14. Guxian Reservoir study: water surface, interface, and bed profiles along the 664 

thalweg of (a, c, e, g, i) the main channel (MC) and (b, d, f, h, j) the Wuding River (WR) 665 

computed using the ODL and proposed EDL models at time t = 0, 12, 24, 48, and 72 h, 666 

respectively. 667 

 668 

Fig. 15. Guxian Reservoir study: contours of bed deformation depth 669 

b b bΔ = ( , , ) ( , ,0)z z x y t z x y−  at time 72 ht =  predicted by (a) the proposed EDL model 670 

and (b) the ODL model. 671 

 672 

Fig. 16. Guxian Reservoir study: distributions of bed shear stress, eff , at time t = 12 and 673 

72 h, predicted using (a, c) the proposed EDL model and (b, d) the ODL model. 674 

 675 
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5. Conclusions 676 

A two-dimensional double layer-averaged model has been proposed that incorporates 677 

non-Newtonian constitutive properties of yield stress and shear-thinning, and resolves the 678 

holistic physical processes behind the formation and propagation of turbidity currents. Both 679 

Newtonian (ODL) and non-Newtonian (EDL) models were applied to simulate 680 

hyperconcentrated subaerial mud flows, subaqueous debris flows, and reservoir turbidity 681 

currents. For hyperconcentrated turbidity currents, it was found that as the yield stress, Y , 682 

decreases to zero, the non-Newtonian flow transforms into a Newtonian flow. The power 683 

coefficient, n , which represents shear-thinning or shear-thickening phenomena, plays a 684 

key role in the large range of shearing rates encountered in non-Newtonian flows. 685 

Increasing power coefficient, n , leads to larger turbidity current thickness and slower 686 

propagation. Interface interactions between the subaqueous non-Newtonian flow underlayer 687 

and ambient water overlayer play a critical part in the evolution of the turbidity current. 688 

Water entrainment causes both the front thickness and final runout distance of a 689 

non-Newtonian turbidity current to increase, whereas interfacial resistance has a secondary 690 

effect. Hardly any sedimentation occurs in a non-Newtonian flow carrying fine particles, as 691 

would be expected. 692 

The proposed EDL model and ODL model predict very similar behavior for dilute 693 

concentrated turbidity currents, confirming that the EDL model is effectively the same as an 694 

ODL model in cases where non-Newtonian behavior is negligible. When sediment 695 

concentration exceeds a threshold value, pronounced differences develop between the 696 
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predictions made using the EDL and ODL models of the evolution of a hyperconcentrated 697 

turbidity current. Unlike the Newtonian model, the proposed EDL model predicts slower 698 

propagation of the turbidity current and more significant bed aggradation, causing a 699 

feedback effect on the evolution of the turbidity current through decreased turbidity current 700 

density and, thus, reduced driving force.  701 

The current findings demonstrate that it is essential to account for non-Newtonian 702 

rheology when modeling a hyperconcentrated turbidity current. This has significant 703 

implications for the simulation of hydro-sediment-morphological processes, and, therefore, 704 

sediment management of reservoirs in sediment-laden river basins. Moreover, in a turbidity 705 

current with uniform sediment, the particle diameter has an inherent impact on bed 706 

deformation. In this regard, more refined entrainment modes of sufficiently fine cohesive 707 

sediment are warranted for incorporation into the proposed model, which will be done in 708 

future investigations. 709 
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