HEC-RAS Mud and Debris Flow

Mud and Debris Flow

Exported on 10/18/2023



Mud and Debris Flow — HEC-RAS Mud and Debris Flow

Table of Contents

1 Non-Newtonian User's Manual............ccccoooiiiiiiiiiiiiececeeeee e 7
1.1 Introduction (Taxonomy and Rheology of Debris FIOWS)..........c.cccccvevineennee. 7
1.1.1 Incorporating Non-Newtonian Effects into the Hydraulic Equations............... 7
1.1.2 Rheology (Stress-Strain Relationships) of Non-Newtonian Fluids .................. 8
1.1.3 Taxonomy of Mud and Debris FIOWS...........cccooiiiiiiieiie e 9
1.2 Non-Newtonian Transport Editor ..o, 13
1.2.1  Non-Newtonian Methods ..........cccoooiiiiiiiiiecee e 16
1.2.1.1 Bingham USer Parameters ........cc..oooouiiieiieeeeeeeeeee e 16
1.2.1.2 O'Brien Equation (Quadratic) User Parameters...........ccccoovreiiiiiicciecniene. 17
1.2.1.3 Herschel-Bulkley User Parameters ...........c.oooouvviioiiiieiieeeeeeeeee e, 18
1.3 User Inputs and Model Parameters...........ccoveeeieiieiiiieeie e 19
T.3.T  CONCENTIATION......eiiiiiiiiee et e et e e st e e e e e neeeeees 20
1.3.1.71 Converting CONCENTratioN .........coiiiiiiiiiiieeeee et e e 20
1.3.1.2 Concentration Calculator...............oocviiiiieiieceeeeeeee e 22
1.3.1.3 Estimating ConCentration............coooe oo 23
1.3.2 BUIKING OPLIONS ...t 23
1.3.2.1 Incorporate Volume of Solids in Flow Data (Do Not Bulk) ..............c..cocu....... 23
1.3.2.2 Add Solid Volume to Water Flow Data (Bulk Fluid Volume)............c..c........... 24
1.3.3  YIeld SIrESS.. ittt 24
1.3.3.T EXPONENTIAL ... e e 26
1.3.3.2 USEI YI€ld....c. ittt s et e et e e e e enneas 27
1.3.3.3USE COUIOMID ...t 27
1.3.4  Mixture DYNnamicC VISCOSITY .....uuuiiiiiieieiiiiieeee ettt 28
1.3.4.1T EXPONENTIAL ... et 29
1.3.4.2 User Defined Mixture Dynamic ViSCOSItY ......c.cooevuiiieiiiiiciieccee e, 30
1.3.4.3 Maron @nd PIEICE.......ccuuieiuiieiie ettt ettt st e e b e e eeeenneas 31
1.3.4.4 USEI VISC RATIO....ciiiiiiiiiee e e 31



1.3.5
1.3.6
1.3.7
1.3.8
1.4

1.5

1.5.1
1.5.2

2.1
2.2
2.3
2.3.1
2.3.2
2.3.3
2.4
2.41
242
2.5
2.5.1
2.5.2
2.5.3
2.54
2.6
2.6.1
2.6.2
2.7
2.8
2.8.1

Mud and Debris Flow — HEC-RAS Mud and Debris Flow

DYyNamiC TeMPEIatUIe ......ccuvviiieeeeiiee ettt e e e e e e e eraeee s 32
Representative PartiCle Size.........c..vveiooeieeieeeeeeeeeeee e 34
IMAX CV ettt ettt ettt e e ettt e et e e sttt e e et e e e e e e e nteeeanneeas 35
Hershel-Bulkley Parameters...........coooooviiiiciiiieee e 37
Results and OQULPUL .........oooieeeeeeeee e 39
Trouble Shooting a Mud and Debris Flow Model.............cccooeiiiiiiiininne 39
Start with Substantial, "Overbank," n-values..............cccooooieiiiiii 39
Adaptive Time Step Can Generate Instabilities at Low Velocities................. 39
Non-Newtonian Technical Reference Manual..............c.ccooooeeeviiiiiicciiccieeen. 41
Yoo 18 o3 4T} o USRS 41
BUIKING FACTON ... e 42
Non-Newtonian FIow EQUAtiONS...........coooviiiiiiiiec e 42
1D Saint-Venant EQUAtiONS...........oeviiiiiiiieeeeee e 42
2D Shallow Water EQUAtiONS ..........coouvviiiiiieie e 43
2D Diffusion Wave EQUAtioN...........cooviiiiiiee e 44
Classification of Non-Newtonian FIOWS ...........ccccccieiiiiieiienieieeeeee 44
Hyperconcentrated FIOWS ..........oooouiiiioiiiice e 46
Mud and Debris FIOWS ........oooiiiieieeieeee e 47
Rheological MOEIS .........couviiieeeee e 48
BINGRaM ... e 48
(O U= | 7= o PSPSPR 49
HErsChel-BUIKIBY ...........ooieieeeee e 50
VOCIIMY ..ot et et 50
YIEIA SEIESS...eieeeeee e 51
EXPONENTIAL.......eeeeiiie e 51
MORF-COUIOMD ... e e 52
MiIXTUIE DENSITY ..vveeeiiiiee e et e e e e e e e eraeee s 52
Mixture DYNamicC VISCOSITY. ......ccooouiiiiiiiiiiie et 52
2= £ PSP 53



2.8.2
2.8.3
2.9
2.10
2.11

Mud and Debris Flow — HEC-RAS Mud and Debris Flow

EXPONENTIAL.......oeeeiiieee e 54
Maron @Nd PIEICE.......cceiiiieeiie ettt et et ee e e e e 54
ShEAr RATE ...t 55
REFEIENCES ...t re s 55
Report Documentation Page.........c..uviiieeiiiie e 57



Mud and Debris Flow — HEC-RAS Mud and Debris Flow

+ Non-Newtonian User's Manual (see page 7)
+ Introduction (Taxonomy and Rheology of Debris Flows) (see page 7)
+ Non-Newtonian Transport Editor (see page 13)

+ Non-Newtonian Methods (see page 16)
+ User Inputs and Model Parameters (see page 19)

+ Concentration (see page 20)

+ Bulking Options (see page 23)

+ Yield Stress (see page 24)

* Mixture Dynamic Viscosity (see page 28)

+ Dynamic Temperature (see page 32)

+ Representative Particle Size (see page 34)
+ Max Cv (see page 35)

+ Hershel-Bulkley Parameters (see page 37)
+ Results and Output (see page 39)

+ Trouble Shooting a Mud and Debris Flow Model (see page 39)
+ Non-Newtonian Technical Reference Manual (see page 41)

+ Report Documentation Page (see page 57)
+ Bulking Factor (see page 42)
+ Non-Newtonian Flow Equations (see page 42)

+ 1D Saint-Venant Equations (see page 42)
+ 2D Shallow Water Equations (see page 43)

+ 2D Diffusion Wave Equation (see page 44)
+ Classification of Non-Newtonian Flows (see page 44)

+ Hyperconcentrated Flows (see page 46)

*  Mud and Debris Flows (see page 47)
* Rheological Models (see page 48)
+ Yield Stress. (see page 51)
* Mixture Density (see page 52)
* Mixture Dynamic Viscosity. (see page 52)
« Shear Rate (see page 55)
+ References (see page 55)



Mud and Debris Flow — HEC-RAS Mud and Debris Flow

Sorry, the widget is not supported in this export.
But you can reach it using the following URL:

http://youtube.com/watch?v=HCk30TkNcnA


http://youtube.com/watch?v=HCk30TkNcnA

Mud and Debris Flow — HEC-RAS Mud and Debris Flow

1T Non-Newtonian User's Manual

Introduction (Taxonomy and Rheology of Debris Flows) (see page 7)
Non-Newtonian Transport Editor (see page 13)

Non-Newtonian Methods (see page 16)
User Inputs and Model Parameters (see page 19)

Concentration (see page 20)

Bulking Options (see page 23)

Yield Stress (see page 24)

Mixture Dynamic Viscosity (see page 28)
Dynamic Temperature (see page 32)
Representative Particle Size (see page 34)
Max Cv (see page 35)

Hershel-Bulkley Parameters (see page 37)
Results and Output (see page 39)
Trouble Shooting a Mud and Debris Flow Model (see page 39)

1.1 Introduction (Taxonomy and Rheology of Debris Flows)

At very high solid concentrations fluids begin to depart from some of the basic hydraulic assumptions in
HEC-RAS. In particular, post-wildfire storm events and mine-tailing dam breaches tend to carry enough
sediment and other solids to change the flow physics and make the “Newtonian” fluid assumptions used
throughout HEC-RAS inappropriate. The Mud and Debris module in HEC-RAS uses DebrisLib (Floyd et al.,
2019) to account for internal losses that affect these high-concentration flows, and applies non-Newtonian
models in HEC-RAS.

There are a range of approaches to simulating non-Newtonian fluids including single-phase and multi-phase
approaches. The current capabilities in HEC-RAS use single phase approaches, which model fluid behavior
with rheological models (i.e. stress-strain relationships).

1.1.1 Incorporating Non-Newtonian Effects into the Hydraulic Equations
The momentum equation is:
aQ aQv 0z

+ +aal—+s.)=0
ot ox I \ax S

(where Sf stands in for all of the dimensionless loss "slopes" in Newtonian simulations including expansion
and contraction and wind). The single-phase approach to mud and debris flow, simply adds another
dimensionless loss slope, a mud and debris slope (Syp):
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80 aQV dz
+ +ygal—+s. +5.-] =0
ot ax I \gx  Of T omp

Casting the non-Newtonian effects as a "friction" slope is the mathematical move that allows us to import
rheological "Rheology"” is simply the study of how materials deform under stress. Here it is just short hand for
“theoretical stress-strain relationships" like those in the right column of Figure 3-1. theory into the
momentum equation, because we can connect this term to the expected stress-strain behavior of different
materials.

The equation for shear stress is:

T = YRS

Where y is the unit weight of the fluid, R is the hydraulic radius and St is the friction slope.

Therefore, the friction slope can be expressed as a function of the shear and two known or specified
variables:

S_T
f_"}/R

We can compute the Mud and Debris slope the same way, so it is proportional to an internal shear stress (by
the ratio of variables known or specified in the model):

Tinternal fluid
YR

If we can express the internal losses of the fluid in terms of an internal shear stress, we can incorporate
those effects into the momentum equation in HEC-RAS. These shear stresses come from Rheological
models.

Sup =

1.1.2 Rheology (Stress-Strain Relationships) of Non-Newtonian Fluids

Rheology is the study of how materials deform under stress. So "rheological models" are often expresses as
simple relationships between stress and strain. Standard hydraulic models already assume a rheological
model for hydrodynamic simulations. They assume that water begins to "deform" (movement or strain)
under any stress (zero intercept on the stress-strain relationship), the strain increases linearly with the stress,
and the water viscosity is the ratio between stress and strain (left pane of the Figure below). These are the
assumptions of "Newtonian" flow.

Non-Newtonian User's Manual — 8
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Figure: Rheological models used to simulate (a) clear water and (b,c) mud and debris flows.

When fluids diverge from these assumptions including a non-zero stress-strain intercept (see center pane of
above Figure) or a non-linear stress-strain relationship, or both (see right pane of figure above).

The Technical Reference Manual includes a detailed description of how the non-Newtonian terms fit into
the unsteady flow equations’ in HEC-RAS. But the basic idea is that HEC-RAS adds an additional
dimensionless "loss slope" to the friction slope that calculates friction losses in the Newtonian momentum
equation in HEC-RAS.

1.1.3 Taxonomy of Mud and Debris Flows

These high-concentration flows do not all depart from the Newtonian assumptions in the same way. As
concentration increases, and particle interactions become more important to the fluid energy losses. But the
size of the solids also affects the rheological properties of the fluid. Because of this complexity, the
categories and taxonomy of natural and anthropogenic non-Newtonian flows can be confusing. The
interacting effects of concentration and grain size are both captured in the taxonomies in Different
practitioners and agencies might use the terms "debris flow," "mud flow," Hyperconcentrated flow," "land
slide" and "avalanche" to refer to different and overlapping processes.

1 https://www.hec.usace.army.mil/confluence/pages/createpage.action?
fromPageld=32702927&linkCreation=true&spaceKey=RAS&title=_Non-Newtonian_Flow_Equations
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Figure: Coussot and Meunier's (1986) taxonomy of Geologic flows.
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Figure: Data sets used to test the HEC-RAS non-Newtonian model plotted on a modified version of the Philip
and Davies (1991) taxonomy (from Gibson et al., 2020 in revision).

The taxonomy of debris flows can be confusing, as different disciplines, agencies, and publications describe
the range of geophysical flows differently.
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SOURCE CONCENTRATION PERCENT BY VOLUME (S,G. = 2,65)
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Figure: Various taxonomies of geopysical flows illustrating the diversity of deffinitions (modified from Philips
(1888) after Bradley and McCutcheon, 1985)).

Because the geophysical flows we would like to model with HEC-RAS have different rheological frameworks,
HEC-RAS follows the taxonomy in DebrisLib (see Figure Below). DebrisLib is a non-Newtonian, mud and
debris flow library that HEC developed jointly with ERDC-CHL. Most USACE models use DebrisLib for these
calculations, including HEC-RAS, HEC-HMS, ADH. As the sediment load increases and gets coarser, the flow
transitions from Newtonian, to hyperconcetrated, mud, debris, and finally clastic "flows". The rheological
models also progress from Newtonian, to Bingham (linear with a Yield Stress) to various non-linear models,
and finally as the dominant internal loss process transitions from inter-particle collisions to inter-particle
friction, DebrisLib includes geotechnical approaches to account for those processes.
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Figure: Non-Newtonian flow taxonomy, with the rheological models and equations used to model them (from
Gibson et al., 2020).

1.2 Non-Newtonian Transport Editor

HEC-RAS can incorporate non-Newtonian effects in any unsteady flow simulation including 1D or 2D. But the
current version of HEC-RAS does not include non-Newtonian effects in steady or quasi-unsteady flow.
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Therefore, the non-Newtonian editor is an Option in the Unsteady flow editor.
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Mon-Newtonian Method

=]

| Binghann
Concentration and Bulking

Volumetric Concentration (Cv) (%) IT c(‘-":;:i"t

Selert Bulking Method:

| Do Mot Bulk |
Shear Components
Yield Strength:
g Liser Yield ﬂ T B Pa

Medture Dhynamic Viscocity: |L|ger Defined Viscocity ﬂ il |]_.4G Pars

Representative Grain Ii. = Mz Cv (%) [ o

Size - ds {mnn): 042 (Opt): Bl
Generalized Herschel-Bulkley Parameters: K |: n |:
Clastic Metheds: |Coulomb J i

oK |

1.2.1 Non-Newtonian Methods

The terms, variables, and parameters on the non-Newtonian editor change based on the method selected.
Select the Non-Newtonian Method first to activate the appropriate fields and methods associated with that
option. The default method is Newtonian Assumptions which means that HEC-RAS uses the standard "clear
water" equations and does not apply any Non-Newtonian methods.

The current version of HEC-RAS includes five additional methods:

MNon-Newtonian Method

Bingham lJ

Newtonian Assumptions

Concentration and Bulking

Select Bulking Method: |Generalzed Herschel-Bulkle

The first mud and debris method (Bulking Only) is not — actually -a Non-Newtonian method, because it only
changes the volume of the fluid. The Bulking Only method does not depart from the Newtonian model or
compute internal losses. The other five mud and debris flow methods are non-Newtonian approaches,
computing internal losses from stress-strain models that do not have a zero intercept and/or are not linear.

The models and math behind these methods are described in detail in the Technical Reference Manual (see

page 48). This section will describe use and parameterization.

1.2.1.1 Bingham User Parameters

The Bingham equation is often applied to Hyperconcentrated flows and mud flows. In theory, these lower
concentration flows fit the linear model better. However, its relatively simple formulation makes it easier to

Non-Newtonian User's Manual — 16
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calibrate. Fewer free parameters make it less vulnerable to equifinality issues. So it has been applied
successfully to higher-concentration debris flows in laboratory and field applications.

The Bingham model only requires two user inputs: the yield strength (the intercept of the stress-strain
relationship) and the sediment laden viscosity (the slope of the stress-strain relationship). The options for
these are described in the Yield and viscosity sections below.

Non-Newtonian Method I Bingham LI

Shear

Concentration and Bulking

Volumetric Concentration (Cv) (%)  [71.8 C‘é;;:“ |

Select Bulking Method: [Do Net Buk =]

r Components
Yield Strength: |User Yield L] T Iso— Pa

3{ Modure Dynamic Viscociy: |User Defined Viscocty v | p 148  Pas

Tyield

Shear Rate dVx

(Strain) dz Representative Grain oa3 | peeov (%) o

d-v- Y T R T T ey D K [— = [—

- 3u | OK | Cancel | |
)

1.2.1.2 O'Brien Equation (Quadratic) User Parameters

The O'Brien equation uses a quadratic model to add non-linear impacts of particle collision and turbulence to
the linear yield and viscosity terms in the Bingham model. It is not as flexible as Herschel-Bulkley. The non-
linear effects are always a function of the square of strain, so they are always strong shear-thickening
effects. But the O'Brien model is easier to parameterize than Herschel-Bulkley. The O'Brien equation uses
physical values to develop theoretical quadratic effects. The liability of this approach is that if the theoretical
formulation does not reflect the processes in the geophysical flow, it will introduce errors. But the benefit of
this physical-theoretical approach is that all of the inputs in the non-linear terms are physical parameters that
are either default or relatively intuitive for the user to specify.

In addition to the yield stress Gibson et al. (2020 in revision) demonstrated that lower yield and viscosity
values are often appropriate for the O'Brien approach when compared to Bingham because the O'Brien
equation is explicitly accounting for processes in the quadratic term that Bingham is lumping into the linear
parameters. and sediment laden viscosity that are required for the Bingham model, the O'Brien model only
requires the volumetric concentration (which is already required for bulking and for some yield and viscosity
estimates) and a representative grain size. HEC-RAS has also exposed the default maximum volumetric
concentration in O'Brien’s Bagnold term (0.615 or 61.5%). This term is ok for lower concentration flows
(Cv<50%). But as concentration approaches or exceeds this theoretical maximum (see discussion
associated with this input below) users should increase it to make it larger than the volumetric
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concentration.

Non-Newtonian Options and Parameters (Beta)

Non-Nevdonian Method  |O'Brien Equation (Quadratic)

— Concentration and Bulking

Volumetric Concentration (Cv) (%) ,—71,3 °°c:::'* |

=]

Select Bulking Methed:

| Do Not Bulk -]
— Shear Components
| Yield Strength: |jcer Yield | t Im-l Pa |

rM'otl'ureD'w,/'ﬂm'lic\ﬁsccu:i‘vjf: lUserDlﬁustmdy L] M |1.48 Pa-s

N

beneralzed Herschel-Bulkley Parameters:

Coulomb ;,

Clastic Methods:

1.2.1.3 Herschel-Bulkley User Parameters

Hershel-Bulkley is a flexible, relatively simple, but highly empirical approach. It allows a wide range of non-
linear rheological approaches with a fairly simple formulation. However, estimating these terms can be very

difficult outside of a laboratory (see discussion of these terms below).
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Non-Newtonian Method IGenerafned Herschel-Bulkley ll
Concentration and Bulking

Volumetric Concentration (Cv) (%) Im— ng::d

Select Bulking Method: |D° Net Bulk L]

Shear Components

* Yield Strength: [(cer vied ~] t [0 P

| OK | Clncel |

-=~[n
Idv,;i\
|

T =T —
L dz ) 13z

+ (K

y

Like Bingham and the O'Brien
quadratic models, Hershel Bulkley has a yield stress. This yield stress has the same units and methods as
the other models so it is specified in the same Shear Components location as the other models. However,
the coefficient in front of the strain is no longer a simple Mixture Dynamic Viscosity. Because Herschel-
Bulkley raises the strain to a power, the units of the coefficient diverge from the simple viscosity units for any
power other than 1. Therefore, if n#1, K is not a physical viscosity, but just an empirical coefficient of the
power function. It is not appropriate to use the viscosity equations for this coefficient. Therefore if users
select the Generalized Herschel-Bulkley method the Mixture Dynamic Viscosity options become
unavailable, and the Herschel-Bulkely terms become active.

1.3 User Inputs and Model Parameters

+ Concentration (see page 20)

+ Bulking Options (see page 23)

* Yield Stress (see page 24)

+ Mixture Dynamic Viscosity (see page 28)

» Dynamic Temperature (see page 32)

+ Representative Particle Size (see page 34)
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+ Max Cv (see page 35)
+ Hershel-Bulkley Parameters (see page 37)

1.3.1 Concentration

Volumetric concentration is the first variable the user must estimate. Most of the non-Newtonian models are
very sensitive to the volumetric concentration. Some of the other parameters can even be estimated with
empirical equations with concentration in the exponent, making results even more sensitive to this variable.
Enter the volumetric concentration in percent at the top of the Non-Newtonian editor. The current version of
HEC-RAS uses one volumetric concentration for all time and space. We are working on a time-series of
concentration and, eventually, more sophisticated methods for routing concentration through the model.
Select the single concentration that is most appropriate for the modeling objectives.

The following sections describe how to compute the volumetric concentration from other concentration

measurements and a few methods to estimate this variable.
Concentration and Bulking

Volumetric Concentration (Cv} (%) £9.2 Cg;::"t
Select Bulking Method: |Dc:- Nat Bulk ﬂ

Warning

One of the most common errors in this editor is defining volumetric concentration as a decimal
instead of a percent. For example, in the previous figure, entering concentration as 0.692 would
register as less than 1% solids, which would produce almost no debris flow effects.

1.3.1.1 Converting Concentration

There are several different ways to report concentration. At low concentrations, like those encountered in
almost all natural, fluvial, sediment transport conditions, the different concentration conventions are close
enough that practitioners use them interchangeably and often without distinction. But as the solid fraction of
geophysical and hyperconcentrated flows increases, the difference between the specific gravity of sediment
and water makes concentration by mass, volumetric concentration, and parts per-million (ppm) diverge.

Concentration by weight (C,,) is greater than volumetric concentration (C,,) because soil is denser than

water. The table below (after a table in Julian 2010) demonstrates how the four primary concentration
conventions interact (with the total mixture density) as the solid content increases.
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Volumetric | Concetraion| Patsper |Goncentration| Derndtyof
Concetraion| byWeight Million mgfL Mixure
C, (% Co (% | Gaom P | Grgl (ML) | T rire (kg 1)
001%: OO x5 &5 LoD
Q0 013 1324 1325 1001
010 02 2,645 2,650 Looe
025 Qe 5,58 BEZ5 Lo
050 1.31% 13,141 13,250 LOB
075 2000 19632 19875 1012
1.00R4 280 0 25500 1017
2.5 4% £3,625 55,250 1041
Hyperconoentration
ECRG 12,24 172,401 132,500 103
FAsr 17.7%% Tieee3 15750 1124
10.CR4 T2 Z27,467 25,000 115
R0 45,90 LiSeTery 2, 500 1413
B0 72680 7T 1325000 LE5
TR0 S atard EEayas 1,587,500 278
103GR% 1036 1,000,000 26300 2650 At low concentrations (<5%)

the differences yields trivial divergence between ppm and mg/L. For example, at C,=5%, C,, is 12.2%, but the

concentration in ppm and mg/L units only differ by about 8%. However, when the half of the volume of the
mixture is solid, 73% of the weight is solid, and the Cy,,/, is almost twice the ppm.

C,= 0.5 = 50%
C,=0.726 = 72.6%

) X10°

me/L = 1,325,000mg/L

Copm = 726,027 ppm

C

The conversion between
concentration by weight and parts-per million is the simplest conceptually. C,,m is six orders of magnitude

greater than Cy, (or Cppm=10°Cy).

Equations for converting (Julian, 2010) between Cv and Cw are:
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Max - 2,650,00 mg/L Max - 2,650,00 mg/L

2,500,000 2,500,000 -
— TR — g
— r — M
2,000,000 2,000,000
— -
S S
oo <14}
5 1,500,000 S 1,500,000
S— S
g‘— M g_
Q1,000,000 ax - 1,000,00 ppm 2 000000 1,000,00 ppm
(] ]
500,000 500,000
0 0
0% 200 A0 [, B0%% 100% 0 200 A40% el 80% 100%
Volumetric Concentration (Cv) Concentration by Weight (Cw)
Cuie X C,
ght sg volume
Coolume = 1 > Cweight = f + (Sg = DCoolume
§g — (Sg - )Cweight

where sg is the specific gravity of the solid (2.65 assumed). Therefore, the concentration by weight for a
mixture that is half solid by volume is:
2.65 X 50%

Couiont = = 73%
M (2,65 - 1)50% ’

A mixture cannot have more than one-million parts per million, but the maximum mg/L concentration is
2,650,000 mg/L. Both of these end cases are solid rock.

1.3.1.2 Concentration Calculator

Because there are at least four concentration conventions, There are actually more, because "concentration”
is often embedded in various density conventions (e.g. density of the solids or density of the mixture), or
water content. these concentrations vary dramatically for non-Newtonian mixtures, and the non-Newtonian
equations are very sensitive to concentrations, it is critical that users identify or compute the Volumetric
Concentration to input into HEC-RAS (see the figure at the top of this page). To help users and project teams
navigate the concentration options, HEC-RAS includes a Concentration Conversion Calculator. Press the

button labeled Convert Conc to launch the Concentration Conversion Calculator.
Concentration and Bulking

Volumetric Concentration (Cv) (%)  |gg.2

Select Bulking Method: ||:;.{:,I Mot Bulk ﬂ

The Concentration Conversion Calculator
requires three inputs. The Concentration the input concentration convention (users can choose from five
options) and the specific gravity of the solids (default = 2.65). Specify these three inputs and press Compute.
The calculator will generate the concentrations in C,, C,,, w Water content by weight. Note, the equation for
water content by weight from Julian (2010) (w=(1-C,)/sg C,) is only useful for significantly
hyperconcentrated mixtures. It reports water contents above 100% for lower concentrations, and the
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calculator caps these at 100%., mg/L and ppm.

5 Concentration Conversion C...  — O * B3 Concentration Conversion C...  — O >
Input Ci tration Uit
|hput Concentration Unlts Valumetric li 5 nput Concentration L mits: Valumetic = 5
[Volumetric Concl®) = | Cancentration |Conc by'wWeightl%2)  «|  Cancentration
[nput Concentration Concentration |72 5 " [rput Concentration Concentration |50 5

IEE‘— . by W eight lsﬂi . b feight
: W ater Content |37 7 5 © Ww/ater Content [100
b feighit [w) = b Wfeight [w]

- Lo |2E5 i iy |2E8 li
Specific Grawvity g/l 1328000 — Specific Gravity madL T2R02T maiL
ppm T2R027 ppm ppm B00000 ppm

Campute | | Compute |

o

1.3.1.3 Estimating Concentration

Estimating the volumetric concentration of a mud or debris flow is difficult, but there are a couple major
approaches. For forensic analysis, estimating the total deposits and pass through load yields the total mass
transported, which can be distributed over a hydrograph to compute a concentration. The total deposits can
be calculated by comparing pre-event and post-event LiDAR or by inferring the mass of the deposits from
maintenance records.

For predictive models, there are several regression equations that estimate post-wildfire debris yields and
estimating the volume of solids in a mine tailings impoundment and making credible assumptions about the
volume of those solids that would be mobilized, the flow that would mobilize them, and how the solids would
be distributed over the hydrograph, will help modelers estimate an approximate C,.

Modeling Note

The post-wildfire debris load equations are included in the recent release version of HEC-HMS.

1.3.2 Bulking Options

At high concentrations the solid component has a significant effect on the volume of the mixture. This can
confound flow conventions if users and modeling teams are not careful. There are two main ways of
incorporating solid volume into mud and debris models, and users should select the appropriate approach
under Select Bulking Method to reflect that decision.

1.3.2.1 Incorporate Volume of Solids in Flow Data (Do Not Bulk)

One way to account for the volume of the solids is to include it in the flow. With this approach, the flow
(Volume/Time) is the flux of the mixture. This will be a common approach for measured flows, because field
measurements (or estimates) will not separate the fluid and solid components. If the flows include the total
volume of the mixture, the mud and debris calculations should not bulk them. Increasing the volume based
on the concentration would double count the influence of the solids.
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Concentration and Bulking

Volumetric Concentration (Cv) (%) |78 Cg;:zrt
The model still requires a concentration for

the non-Newtonian equations. But if the flow includes the volume of the solids, select Do Not Bulk under
Select Bulking Methods.

Modeling Note

Volumetric Concentration is often a calibration parameter (because it is often uncertain and sensitive).
However, the result will be less sensitive to Cv if the volume is incorporated in the flow, rather than
computed from Cv and a base water flow.

1.3.2.2 Add Solid Volume to Water Flow Data (Bulk Fluid Volume)

In the second approach users define only the water flow in the unsteady flow file, and then HEC-RAS adds the
volume of the solids during the non-Newtonian simulation. This approach is common if the flows come from
a hydrologic model (or a runoff model like HEC-HMS that computes separate hydrographs and sedigraphs), if
Cv is a calibration parameter, or if the modeling team wants to quantify the effect of the mud or debris (by

comparing the result to a clear water flow with the same flow file).
Concentration and Bulking

Volumetric Concentration (Cv) (%) |71 Cg; :Ert
TelEziEl i)l ]Bulk Fluid Volume ﬂ
If the flow data only account for the water,

select Bulk Fluid Volume under Select Bulking Method. HEC-RAS will increase the volume of the boundary
flows to account for the solid components based on the user-specified volumetric concentration using the
relationship describe in the Bulking (see page 42) section of the Technical Reference Manual.

1.3.3 Yield Stress

All of the linear and non-linear rheological models require a yield stress. Mathematically, the yield stress is
the y-axis intercept of the stress-strain relationship. Conceptually, it is the range of stresses over which the
mixture does not move.
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Bingham:
3u
T =|Ty [t Um T
O’Brien Quadratic: -2

1
31 (31’ 0.615) /3 , (37"
v

Herschel-Bulkley:

—\n
3u
T=Ty+k’(7)

Shear
Thickening
1 1 (tT=>pT)
Shear Shear
Nyg>1
Stress Stress
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2
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Strength W Strength
Linear: Newtonian 4Vx train) Non-Linear: %[suam;
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& Bingham Plastic Quadratic

This
is one of the important differences between Newtonian and Non-Newtonian fluids. Newtonian fluids have a
zero stress-strain intercept, which just means that they deform (move) at under the slightest stress. Water
has no internal strength, so very small stresses move it. It is only at rest under no-stress conditions.

Non-Newtonian mixtures often have internal strength, however. They resist motion under a range of stresses.
The driving forces have to exceed this internal strength before the material moves (deforms or strains). The
rheological models account for this with a Yield Strength. This y-intercept in the stress-strain relationship is a
motion threshold. As long as t<ty the fluid is at rest.

This yield strength drives one of the most important processes in mud and debris flows that Newtonian
models cannot simulate: run out. Water will flow downslope indefinitely. Even if flow attenuates and slope
decreases, as long as the flow has some slope or momentum it will stay in motion. Mud and debris flows can
come to rest, even on a relatively steep slope. As driving forces decrease, the strength of the particle
interactions can exceed the stress of the slope and momentum of the fluid, causing it to stop or "run out."
The Yield Strength drives this process.

Yield stress is difficult to measure. Laboratory measurements like tilt tests can estimate yield strength when
solid particles are small enough to sample and if the fluid can be sampled or reconstituted. But sampling
mud and debris flows is difficult and modelers have to make some assumptions in predictive models.
Therefore, HEC-RAS includes three approaches to Yield Strength.
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1.3.3.1 Exponential

Because direct measurements of yield strength are rare, the Exponential empirical method is the default
approach. Several researchers have found that yield strength is an exponential function of the volumetric
concentration. Therefore, the Exponential method incorporates two empirical parameters into an exponential

function of the volumetric concentration:
_ bC
Ty, =ae"

where a and b are calibration coefficients, and Cv volumetric concentration between 0 and 1.

Shear Components
Yield Strength: Exponantil *| 5 [o.005 b 17 |

Midure Dynamic Viscocity: |U55r Defined Viscocity ﬂ i |-:| Pa-s

Convert Viscosity Units |

Figure 3-20: The exponential equation for yield strength embed two empirical coefficients in an exponential
function of volumetric concentration.

e

0'Brien and Julien (1988)?published values for these empirical parameters. These coefficients vary widely,
so they are often calibration parameters. But these values can serve as a starting point for a calibration.

Table 3-2: Yield stress parameters for the O'Brian equation from Julien (1995) (converted to the
exponential form used in HEC-RAS)

Liquid
Limit Cv
Typical Soil 65-80% 0.005 17.2 375-5,000
Kaolinite 40-50%  0.05 20.7 200-1,600
Sensitive Clays  35-60% 0.3 23.0 950-300k
Bentonite 5-20%  0.002 230.3 200-2E+17

2 https://www.engr.colostate.edu/~pierre/ce_old/resume/Paperspdf/0%27Brien-Julien-ASCE88.pdf
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Note: HEC-RAS parameters are not necessarily the same as similarly named parameters in FLO2D. For a
useful description of how to convert parameters between FLO2D and HEC-RAS see Dimas, et al (2023)
"Comparison of mudflow simulation models in an ephemeral mountainous stream in Western Greece using
HEC-RAS and FLO-2D%", Euro-Mediterranean Journal for Environmental Integration.

1.3.3.2 User Yield

The user specified Yield Strength is the most direct way to input the yield strength. Just select User Yield and
define the Yield Strength (in Pa - the initial release of the Non-Newtonian editor uses Sl units but is
compatible with Sl and US customary simulations).

Shear Components —
|| Yield Strength: 1 User Yiekd - r |77 Pa

Mixture Dynamic Viscocty: | User Defined Viscocty v | o [4.1 Pa-:

Representative Grain [T Max Cv (%) [T c
Size - ds (inm) e (Opt) T

1.3.3.3 Use Coulomb

In the rheological models the yeild stress is — conceptually - an internal property of the single-phase fluid
mixture. However, there is another way to think about Yield and runout. As the concentration increases (or as
the mixture dewaters) the particle interactions transition from collision to inter-particle friction. In this
transition from collision to friction, the dominant processes transition from fluid mechanics to geotechnical
processes. The third approach to yield strength takes this approach. Selecting Coulomb under Yield Strength
activates the Coulomb model (see page 24) under Clastic Methods even if a Rheological model (i.e. Bingham,
O'Brien, HB) is selected for the Non-Newtonian Method. In this mode, HEC-RAS will use geotechnical
Coulomb theory to compute a Yield Strength (t,) in the rheological model. With this approach, the Yield

Strength will be the stress required to initiate motion along the friction plane.

This approach differs from selecting Clastic Methods and Coulomb because applying the Coulomb approach
as a clastic method only considers the geotechnical threshold stress. Selecting Coulomb as a Yield Strength
method in conjunction with the Rheological Non-Newtonian methods (i.e. Bingham, O'Brien, HB) uses the

3 https://link.springer.com/article/10.1007/s41207-023-00409-8
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Coulomb method to compute the threshold of motion by using it for yield stress (ty in each equation at the
top of this page) but then adds the viscous and/or non-linear components.

The Coulomb method requires a friction angel to compute the threshold of motion.

Mon-MNewtonian Method ]B’lng ham L]

Concentration and Bulking

Volumetric Concentration (Cv) (%) Ir c(‘-":;:i"t

Select Bulking Method: |Dg Mot Bulk ﬂ

Shear Components
Yield Strength: 1Llse Coulomibs - ] |

Mecture Drynamic Viscocity: |r-1.am.n and Pierce ﬂ

Representstive Grain [ Mazzx Cw (%)

Size - ds (mnn): oz [Opt): 61.5 |

Generalized Herschel-Bulkley Parameters: K |0 n [o |

Clastic Methods: | Coulomb L] b 'lu— ‘
OK | Cancel |

1.3.4 Mixture Dynamic Viscosity

The Mixture Dynamic Viscosity (sometimes called the "Sediment Laden Viscosity") is the viscosity of the
mixture. HEC-RAS and DebrisLib use "single phase" models to simulate mud and debris flows. Single phase
models do not compute separate fluid and solid mechanics. They assume that the mixture is a
homogeneous fluid. Single phase models account for the impacts of the solid fraction by changing the
properties of the fluid, including the viscosity.

Two of the rheological models incorporate the impact of the solids, in part, by using a Mixture Dynamic
Viscosity, which is the apparent viscosity of the mixture, including the influence of the solid phase on the
liquid phase. Mud and debris flows are more viscous than water. The Mixture Dynamic Viscosity includes
the impacts of the solid phase on the stress-strain relationship of the mixture. In the Bingham model (see page
28) this mixture viscosity is the slope of the stress-strain relationship and the O'Brien methods adds quadratic
terms for other processes, but still uses a Mixture Dynamic Viscosity to compute linear, internal, viscous
losses.

Use Realistic Viscocities \
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Unlike shear strength or some of the non-linear (e.g. HB) rheological parameters, viscosity is a
physical property with an intuitive range in the Bingham Model. Consider the viscosity ranges
associated with familiar materials (e.g. this chart*). While viscosity is a heuristic in the Bingham
model, accounting for processes that are not strictly viscous, good conceptual reference points
for this parameter are ketchup (~100 Pa-s) and Peanut Butter (250 Pa-s). 1,000 Pa-s is a pretty
good conceptual maximum for this parameter.

Also note, viscosity is reported in a wide range of units. The latest version of HEC-RAS includes
a conversion calculator to convert these units to Pa-s, which are the units required in HEC-RAS.

HEC-RAS includes four methods to compute the Mixture Dynamic Viscosity. These are described in detail in
the Technical Reference Manual (see page 52). The four methods include:

Shear Components
Yield Strength: |User Yield ﬂ r |7 Pa
Micture Dynamic Viscocy': |Llser Defined Viscocity ﬂ 1} |4-1 Pa-s
R.Ep-rs;sr'tst";_‘a G| Exponentizl £1.5
Size - ds (mm}i |User Defined Viscocity

User Visc Ratio

1.3.4.1 Exponential

Like Yield Strength, multiple investigations have found that Mixture Dynamic Viscosity has an exponential
relationship with volumetric concentration.

Non-Newtonizn Method |B’|ngham ﬂ

Concentration and Bulking

Volumetric Concentration (Cv) [96) Iﬁi C::’::ﬁrt

Select Bulking Methad: |D,€, Mot Bullk ﬂ
Shear Components
| Yield Strength: | £ nengial ﬂ - |n:|,-;):5 b |]_}'.1
| | Micture Dynamic Viscocity: ]Expnnenﬁal L] B ]]-5-4

Represantative Grain [ Max Cv (%) [T o
| 5':.2 - ds {imim): i [Opt): =he
| The form used by O'Brien (1998) and
documented in Julian (1995) has an empirical "multiplier” in the exponent like the Yield Stress Equation but a
fixed coefficient in front of the exponential function (0.001). Therefore, the exponential Viscosity equation
only has one parameter (compared to the exponential Yield equation that has two):

4 https://www.thinkymixer.com/en-us/library/topic/about-viscosity-difference-in-viscosity-seen-with-your-own-eyes/
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u, = 0.001eB

Common values for B are include in the table below. However, because this parameter is in the exponent, the
computed viscosity is very sensitive to this value, which has a broad observed range. This is often a
calibration parameter.

1.3.4.1.1 Coefficients for the viscosity exponential multiplier for different soil types from Julian
(1995) (converted to the exponential form).

Type Liquigvli mit Range (Pa-s)
Typical Soil 65-80% 18.4 160-2,500
Kaolinite 40-50% 18.4 1.6-10
Sensitive Clays 35-60% 11.5 0.1-1
Bentonite 5-20% 230.3  100-1E+17

Modeling Note

Because the exponential equations (for both Yield Strength and Viscosity) include an empirical
parameter and the volumetric concentration in the exponent, they can introduce equifinality issues (e.g.
compensating errors, increasing one to compensate for setting the other too low) if modelers vary both
of them during calibration. When a model has multiple sensitive parameters like this, making the
calibration process a non-unique, multi-vitiate solution space, it is often good practice to fix the
parameter with the lowest uncertainty and vary the less certain parameter.

1.3.4.2 User Defined Mixture Dynamic Viscosity

Like the Yield Strength, users can enter the Mixture Dynamic Viscosity directly (in Sl viscosity units Pascal-
seconds). Also like Yield Strength, there are laboratory methods to measure the mixture viscosity, but these
tend to be difficult to transfer to the field (and in situ) measurements of debris flows are rare because the
events tend to be unexpected and dangerous. But laboratory experiments often have defined Mixture
Dynamic Viscosity and some users may find that calibrating the viscosity directly is more intuitive that
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calibrating an empirical power multiplier in the exponential approach.
Shear Components

Yield Strength: |User Yiald ﬂ . 7 Pa

|| Mocture Dynamic Viscocity: | User Defined Viscocity | @ [4.1 F"a'ﬁl

1

Repressntative Grain li_ . Max Cw (%) [
Size - ds {mnn): o (Opt): el

Modeling Note

Because the current version of HEC-RAS has uses a single, users specified, Volumetric Concentration
(C,) for all time and space, both the User Defined and Exponential methods compute constant

viscosities throughout the simulation. However, in future versions, which will vary C, in time (and
eventually in space) the Exponential Method will become dynamic, adjusting with C,, while the User
Defined method will remain static.

1.3.4.3 Maron and Pierce

Maron and Pierce is the default method. This method is popular because it does not require user input or
parameters. However, it does compute the Mixture Dynamic Viscosity based on the ratio of the Volumetric
Concentration (C,) to a maximum possible concentration (Max C,). Max C, is not a fixed value. It can vary

with the gradation (particle size distribution) of the material. HEC-RAS uses the default Max C, from the
Bagnold packing assumption in the O'Brien quadratic (see more discussion of this parameter in the Max C,

section below). However, if you select Maron and Pierce the interface will make this parameter editable
whether the O'Brien method is selected or not. Make sure that Max C, is always greater than Cv.
Shear Components

Yield Strength: |Llser Yield ﬂ t I Pa
Medure Chynamic Viscocty: | Maron and Pierce hd

Representative Grain [ - Mz Cv (%)
Cize - ds {mnn): o {Opt):

615

Viscosities computed with this equation tend to be substantially lower than those computed with the
exponential equation.

1.3.4.4 User Visc Ratio

It may be more intuitive for modelers to think about the relative viscosity of the mixture, compared to water,
instead of the absolute mixture viscosity. The User Visc Ratio computes the Mixture Dynamic Viscosity with
a simple, user specified, multiplier of the dynamic viscosity of the water. This approach also incorporates
dynamic effects of temperature on the Dynamic Temperature. (see page 32)
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1.3.5 Dynamic Temperature

Some of the mixture dynamic viscosity methods compute the viscosity of the mixture relative to the water
viscosity, which is a function of temperature. The mud and debris equations will vary both the water and
mixture viscosity with temperatures if these methods are selected and if the user defines a temperature time

series. By default, HEC-RAS assumes a temperature of 50° F (10° C). To define a temperature time series,
select the Options menu in the Unsteady Flow editor. Select Water Temperature (just above the Non-

Newtonian option).
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A Unsteady Flow Data - 1a-Wa-SW-Mix — | *
File ' Optiens Help

Dezo Delete Boundary Condition(s) ... -~ J apply Data |
Bons D55 Pathname Summary Table ..
- Boundary Condition Mames ... —
L Internal RS Initial Stages ... it | Rating Curve
Flow Minimurm and Flow Ratic Table ... iy | Groundwater Interflow
_1 Observed (Measured) Data * b | 16 Stage/Flow

N B

Mon-Mewtonian Parameters (Betal...

AddRS ... | "AddsA/zDFow Area ... | add sa/20 Area conn ... || Add Pump Station ... |
Select Location in table then select Boundary Condition Type
River Reach RS Boundary Condition
Storage /2D Flow Areas Boundary Condition
1|Parson 1a BCLine: US Flow Hydragraph
2|Parson 1a BCLine: DS Mormal Depth

Mud and debris
flows are usually rapid events, so seasonal temperature changes (like the one in the do not tend to affect the
simulations). However, users can define a new, non-default, constant temperature time series editor or use
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more detailed mixture temperature data if available.

ater Temperature
! Water Temperature
|
| " Read from DS5 before simulation Select 0SS file and Path |
File: I
Path: |
% Enter Table Data time interval: |1 Year ;I
Select/Enter the Data's Starting Time Reference
% |ze Simulation Time: Date: EUU|19T5 Time: 0000

™ Fixed Start Time: Date: I ﬂﬁme: I

No.Drdinatesl Interpolate Missing Values I Del Row | Ins Row I

Hydrograph Data

Date Simulation Time Water Temperature
(haours) c)

i 30Jun1975 2400 00:00 72
I 2 291un1976 2400 a760:00 72,000

3 291un1977 2400 17520:00 72,000

o 291un1978 2400 2628000 72,000

3 291un1979 2400 3504000 72,000

6 28Jun1980 2400 43300:00 72,000

ri 281un1981 2400 52560:00 72,000 il

Plot Data Ok Cancel

1.3.6 Representative Particle Size

The representative grain size is only used in the dispersive term of the O'Brien equation, and only becomes
active if that method is selected.
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|
Mon-Newtonizn Method O'Brien Bquation [Quadratic) - | |

Concentration and Bulking |

Volumetric Concentration (Cv) (%) Ir c(‘-":;:i"t

Select Bulking Method: Do Nt Bulk |
Shear Components
Yield Strength: [ |oor yicld ﬂ T [ Pz
| | Midure Dynamic Viscocity: |User Defined Viscocity ﬂ ) |]--5 Pars

Representative Grain ]_ Mazzx Cw (%)
Size - ds (mmn): 0.5% {Opt): B4

| ©enerslized Herschel-Bulkley Parameters: K |: n |:

| Clastic Methods: |C:L. ok J g [0

[ OK | Cancel |

However, the value is squared in one of
the quadratic terms of the equation, so results can be sensitive to this user decision.

-2

_ _ 1/5 _\ 2
3u 3u 0.615 5 3u
)7

— 12, — 0.01 — -1

T = Ty+ Uy

Various sediment transport analyses that collapse the particle size effects of a particle-size distribution into
a representative grain size use the median grain size (dsg) or geometric mean of the distribution. However, it
can be difficult to determine the median particle size of an event with substantial clay components that also
moves car-size boulders. It is also an open question whether the median particle size is appropriate for the
dispersive process Bagnold was describing (in a single particle-size theoretical model) under transport
conditions that include substantial grain class fractions between 0.004 mm and 4,000 mm. Evaluate the
uncertainty and sensitivity of this value in the simulation and determine if it should be a fixed parameter or a
calibration parameter.

1.3.7 Max Cv

The Bagnold term in the O'Brien quadratic (the same term that includes the representative particle size (see
page 32)) estimates losses from particle collisions. The term approximates the relative frequency of these
collisions, in part, from the density of particles in the fluid relative to the maximum packing density.
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|
Mon-Newtonizn Method O'Brien Bquation [Quadratic) - | |

Concentration and Bulking |
: - Conwert

Volumetric Concentrat (Cv) (%

'olumetric Concentration (Cv) (%)  [zzo e

Select Bulking Method: |Dcu Mot Bulk ﬂ

Shear Components

Yield Strength: [ |oor yicld ﬂ T |68 Pz

| | Midure Dhynamic Visoooity: |Llser Defined Viscocity ﬂ il |]_.5 Pa-s

Representative Grain I— Mz Cv (%)
Size - ds {mnn): 0.5% (Opt): B4

| Generalized Herschel-Bulkley Parameters K |: n |:

[ Clastic Methods: | Coulomb J i) l—

i OK | Cancel |

If the solids were not in motion and/or dry,
they would still have a volumetric concentration less than 1 (<100%). The solids are a porous media, so even
at rest they have porosity. The maximum volumetric concentration of the solids is the inverse of the porosity
of the solids in their highest density packing configuration. Porosity (void volume divided by total volume) of
natural materials roughly vary between 0.35 and 0.45. Larger particles tend to have larger porosities but well
graded (poorly sorted Engineers and geologists (unhelpfully) use opposite conventions to describe particle
size distributions. Uniform distributions with very little particle-size diversity are poorly graded (in
geotechnical terminology) and well sorted (in geologic terminology). Debris flows tend to be extreme
examples of the opposite phenomenon, porous media that include a wide range of particle sizes. Soil and
sediment that include significant components of a wide variety of grain classes are well graded or poorly
sorted.) tend to have smaller porosities as the finer particles fill the interstitial space between the larger
particles.

QO’Brien Quadratic

-2
— — 2 — 2

3u , (3u , [3U
T=TY+HmT +pmlmT ds ?
Maron and Pierce Mixture Viscosity Ratio

-2
_ Hm Cy
pr="—=\1-5
Hy max| T

he O'Brien equation uses the maximum volumetric concentration from the Bagnold equation — which is the
theoretical packing maximum for uniform spheres: 0.615 or 61.5% which corresponds to 39.5% porosity.
Debris flows can have higher volumetric concentrations than this default while in motion. Users must be
careful that the volumetric concentration is never higher than the maximum packing concentration.
Therefore, if modelers select either of the methods (O'Brien or Maron and Pierce) that use Max C,, the Max C,
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field will become active and editable. It will populate with the Bagnold default (61.5% - like C,, this variable is
always in percent) and will use this value or a user specified value for both methods if both are selected.

1.3.8 Hershel-Bulkley Parameters

The Herschel-Bulkley method is a two-term non-linear approach to mud and debris rheology. This method
raises the strain to a user-selected power, which can be greater or less than 1. Unlike the Bingham method
that raises strain to the power of 1 or O'Brien that uses a quadratic (raising strain to the powers of 1 and 2)
Herschel-Bulkley can raise strain to non-integer powers greater or less than 1.

i ' n>1

Shear Thickening n>1 Shear Thickening

AV, T
T = T}/ _+_ K B (Shear) n=1

dZ Bingham Plastic

Linear Stress-Strain
Bingham
n=1

dv,
T=71y+ K|—

dz

Tyield —

dv,
v (Strain)

T
his flexibility allows users to define a range of non-linear stress-strain relationships including shear-
thickening and shear-thinning rheologies. A shear-thinning mixture becomes easier to deform under higher
stresses. A shear-thinning viscosity decreases as stress increases. As shear stress increases, the rate of
strain increases non-linearly, so each increment of additional stress causes more strain than the previous
increment. Increased viscosity at higher shear stresses essentially means that the slope of the stress-strain
relationship increases with stress, which can be confusing with plots like the figure above (or most of the
rheological plots in this document with strain on the x-axis). Because depth and velocity are model results,
and DebrisLib uses them to compute an internal stress, the numerical model considers strain the
independent variable and stress the dependent variable. But stress is the independent variable in physical
deformation, so shear thinning and thickening responses are inverted in these plots (e.g. the slope of the
strain-stress curves decrease at higher strains for shear thinning). The "shear-thinning" terminology
illustrates this relationship. As shear increases, the material "thins" or becomes easier to strain. The
Herschel-Bulkley model simulates shear thinning relationships by raising strain to a power less than one
(n<1).

Shear-thickening materials get more viscous under higher stresses. Stress has a negative feedback on strain,
making the material more difficult to deform. The Herschel-Bulkley model simulates shear-thickening by
raising strain to a power greater than 1 (n>1). The O'Brien Quadratic is a de-facto shear thickening model
because it includes squared strain terms (n=2 n>1).

Setting the power of Herschel-Bulkley to one (n=1) collapses the model to the Bingham approach, because a

linear stress-strain relationship with a yield stress is the definition of a Bingham Plastic.
The Herschel-Bulkley model requires three parameters:
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The Yield Stress in Herschel-Bulkley is the same as the previous methods, and can be computed with the
same options. But the linear parameter in front of the Strain term is loses its viscosity units if strain is raised
to a power other than 1. Therefore, K is no-longer viscosity when Herschel-Bulkley diverges from the
Bingham model (n#1). Both K and n are empirical user parameters.

The figure below includes screen shots of shear-thickening and shear-thinning simulations (Gibson et al., in
revision) of Parsons et al's (2000) experiments that displayed these processes.
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Generalzed Herschel-Bulkley Parameters:
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1.4 Results and Output

Non-Newtonian simulations are not distinct from other unsteady flow simulations in RASMapper. You can
view mud and debris depth and velocity in RASMapper like clear water models. Additional non-Newtonian
variables can be selected in the Output Options.

HEC-RAS - Set Output Control Options

Restart File Options ] Detailed Log Output ] Computation Level Output Options ~ HDF5 Write Parameters

Optional HOF Quiput Parameters
[ write warmup time steps to cutput file
[ wirite time sliced steps (in addition to basic time steps)
[ Commit writes (normally writes are buffered, use when computations crash, net go unstable, but crash)

Additional 2D Variables Written to Results File {not used/needed for RAS)
A

Face Mixture Dynamic Viscosity P

Face Point (Mode) Velodties™

Face Shear Stress

Face Tangential Velodty (Both sides of each face)
Face Viscous Stress

Face Water Surface

Face Wind Shear Stress

Face Wind Velocity

Fate Yield Stress s

v Advanced HDF Options ... |

oK Cancel |

1.5 Trouble Shooting a Mud and Debris Flow Model

1.5.1 Start with Substantial, "Overbank," n-values

It can be difficult to strictly separate boundary losses from internal losses in a mud and debris flow, but most
of these events travel overland or include non-alluvial portions of the stream valley. It is common to use n-
values in the 0.15 -to - 0.25 range for steep models that are not stable.

1.5.2 Adaptive Time Step Can Generate Instabilities at Low Velocities

Adaptive time step controls can help optimize time steps limiting the time step to an appropriate range for
the velocities and cell sizes (limiting by the Courant Condition), speeding the model up with larger time steps
at low velocities and increasing temporal resolution at high velocities.

However, velocities associated with mud and debris flows can get very low, as the shear stresses approach
the yield stress, which can invoke the maximum time step in this tool, and lead to instability. To avoid these
issues, set the Computational Interval to the maximum acceptable time step, then set the Maximum Number
of Doubling Base Time Steps to 0.
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General | 2D Flow Options | 1D/2D Options  Advanced Time Step Control | 10 General | 2D Flow Options | 1D/2D Options  Advanced Time Step Control | 11

" Fixed Time Step (Basic method) m " Fixed Time Step (Basic method) m
(¢ Adjust Time Step Based on Courant (¢ Adjust Time Step Based on Courant
Maximum Courant: [ Maximum Courant: [1.
Minimum Courant: 0.45 Minimum Courant: [oas—
Number of s below Minimum before ing: |4 Number of s below Minimum before ing: |4
[ Maximum number of doubling base tme step: ¢ P.00sec | [Meximum number of doubling base tme step: 0 p.00sec |
Maximum number of halving base time step: 13 p-199°‘5 Maximum number of halving base time step: 4 .19 sec
Depth Depth
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Try Constant Time Step if Model is Unstable

Because of mud and debris flows often pass through a wider range of velocities (including 0 or
near 0) than clear water flows, the adaptive time step control can develop instabilities. If your
model is unstable, particularly at the beginning or end, consider using a constant time step.
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2 Non-Newtonian Technical Reference Manual

2.1 Introduction

In Newtonian fluids the relationship between shear rate and shear stress is linear and passes though the
origin. Non-Newtonian fluids have a shear rate vs shear stress relationship which can be nonlinear and/or
does not pass though the origin. A wide range natural flows present non-Newtonian properties including
mudflows, debris flows, lahars, and snow avalanches. The USACE has well established hydraulic hydrologic
tools for simulating Newtonian flows but the tools available for non-Newtonian flows are quite limited.
Hyperconcentrated flows present physical present properties between clear-water and solid mass
movements which complicate their computational modeling. Hyperconcentrations range from approximately
5-60%.

Most hydraulic and sediment transport simulations assume that the transporting fluid has "Newtonian"
properties.

A Newtonian Fluid has two properties,

1. alinear stress-strain relationship and
2. azero stress-strain intercept.

This assumption appropriate for most fluids, including sediment laden fluids with volumetric concentrations
up to 30%. However, as sediment concentrations increase, they begin to affect the fluid properties, which
alter the stress-strain relationship. There are many constitutive equations describing the shear-strain
relationship in literature which have had some degree of success for different situations. However, due to the
complex nature of the fluid-solid mixtures, these equations and their parameters have a large degree of
uncertainty.

The mathematical models used to simulate non-Newtonian flows may be classified as single- and two-phase
models. Single-phase models describe the properties of the mixture and solve conservation equations for the
mixture (e.g. Hergarten and Robl 2015; Hunger and McDougall 2009). Two-phase models consider the fluid
and solid phases of the mixture and solve conservation equations for both the mixture and each phase (e.g.
Bozhinskiy and Nazarov 200; Iverson and Denlinger 2001). The mathematical approaches developed in HEC-
RAS follow a single-phase approach.

This video summarizes some of the principles and equations in this manual:

http://youtube.com/watch?v=I-E1QyHE7G0
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2.2 Bulking Factor

Historically, the available and practical use of non-Newtonian modeling tools has been limited in engineering
practice. The way in which hyperconcentrations have been accounted for in engineer design of for example
detention basins is by increasing or bulking the flow hydrograph. The Bulking Factor (BF) is computed as

1
I_Cv

BF =

where C, is the sediment concentration by volume. Therefore assuming an average volume concentration
of 50% leads to a BF of 2. The advantage of the Bulking Factor is its simplicity. When utilizing the Bulking
Factor solely for design it is also good practice to increase the friction energy loses by increasing the bottom
roughness to account for additional internal friction and increasing the turbulent eddy viscosity to account
for the increased horizontal transfer of momentum.

2.3 Non-Newtonian Flow Equations

+ 1D Saint-Venant Equations (see page 42)
+ 2D Shallow Water Equations (see page 43)
2D Diffusion Wave Equation (see page 44)

2.3.1 1D Saint-Venant Equations

Most clear water hydraulic models compute the boundary friction force with a quasi-empirical formula that
accounts for channel roughness, like the Manning's equation (Sl units):

AR2/3 |
— /2
o=y

The momentum equation incorporates this force by incorporating the dimensionless friction slope (Sf):

0  AQV) oz
= Al—+S5,)=0
o T Tox T8 <0x el )

Where Sf comes from the Manning equation:
Q2n2
RA43 A2
Representing empirical resisting forces as additive, dimensionless slopes allows developers to include

additional forces that can collapse to one of these representative slopes. So, HEC-RAS includes unsteady
contraction-expansion losses (Scg) and wind forces (Sy) by including them as additive slopes in the

momentum equation. Likewise, the Debris Library computes internal fluid forces in mud and debris flows as
a new slope term (Syp) that HEC-RAS, AdH, and GESSHA can incorporate into their momentum equation
solutions:

Sf =
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00 d(QV) 0z
ot ox +e4 < ox

+ —+Sf+SCE+Sw+SMD>=0

While the bed exerts a force on the fluid, the fluid also exerts a force on the bed. The bed shear stress is
another way of describing the momentum exchange at the fluid boundary. Likewise, the internal forces can
also be expressed as stresses. Thinking of these forces as stresses is useful because mud and debris flows
depart from the relatively trivial stress-strain assumptions embedded in the clear water flow equations.
Depending on the concentration and grain size, the Debris Library will assign a stress-strain model to the
fluid and will compute internal shear stresses for the different internal resisting forces.

The library will then convert these internal shears into the mud and debris slope (.S, p ) to integrate these
resisting process in the momentum equation by back calculating the slope from the shear:

Smp = TmD

Therefore, the mud and debris algorithms will identify the appropriate internal forces in the fluid, identify the
appropriate stress-strain model for the fluid, compute an internal shear associated with these processes (
Ty p ) and return as single mud and debris slope (.S, p ) that can integrate these forces into the
momentum equation.

2.3.2 2D Shallow Water Equations

The depth-averaged Shallow Water Equations (SWE) model solves volume and momentum conservation
equations and includes temporal and spatial accelerations as well as horizontal mixing while the DWE model
ignores these processes but is therefore simpler and more computationally efficient. The 2D volume
conservation of the water-solid mixture is given by:

on
ot
where n) is the flow surface elevation, t is time, h is the water depth, V is the velocity vector, and q is a source

or sink term, to account for external and internal fluxes. The depth-averaged momentum conservation
equations may be written as (Hergarten and Robl, 2015 (see page 56)):

+V.-(hV)=q

oV 1 T cosy V
— +(V-V)V = —gcos’ oVn+ —V - (v,hVV) —
5 ( ) geos” oV + - (Vs ) R cosg V]

in which g is the gravitational acceleration, v; is a turbulent eddy viscosity, t is the total basal stress, p,, is
the water-solid mixture density, R is the hydraulic radius, V' is the magnitude of the velocity vector, ¢ is
the water surface slope, and y is the inclination angle of the current velocity direction. In the above
equations, the second term on the right-hand-side represents the horizontal mixing due to turbulence and
also in the case of a debris flow, horizontal mixing due to particle collisions. Utilizing the conservative form
of the mixing terms is essential for accurate momentum conservation. The bottom friction coefficient is
computed utilizing the Manning's roughness coefficient as

T=17Tp +TymD

where 7, is the bottom turbulent shear stress and 7,,p is the mud and debris stress which includes all
non-Newtonian stresses. The turbulence bottom shear stress is computed as a function of the Manning's
roughness coefficient

5 = pmCy|V|?
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_ e
T RI3

where pm is the density water-particle mixture and n is the Manning's roughness coefficient. The mud and
debris stress is described in detail in the section "Rheological Models".

d

When the non-Newtonian stress is equal to zero and the cosine functions (slope corrections) are removed,
the above 2D SWE equations reduce to the clear-water equations utilized in HEC-RAS.

When simulating hyperconcentratedted flows, the longitudinal and transverse components of the turbulent
eddy viscosity are computed with the shear velocity from total shear stress (i.e. u*=t/pm). There is no
existing research on the appropriate values for the turbulence coefficients for hyperconcentratedted flows.
However, testing has shown that using similar values to those for clear-water produce reasonable results.
This is a subject which requires further research. The current guidance is to start with "clear-water" values for
the turbulence coefficients and calibrate them as best as possible with measurements.

2.3.3 2D Diffusion Wave Equation

HEC-RAS also includes a simplified, unsteady, hydrodynamic model, which replaces momentum with the
Diffusive-Wave Equation (DWE):

M _ v . (s +
— = m+4q

where f is a non-linear "diffusion” coefficient which is a function of the bottom friction and non-Newtonian
stress

K h
B = cos'? ycos p— ———
A |V7’]|1/2
in which
K l’l2 TMD ~iz

= +
A (Rcos @)™y, Rcos @|V|?

In the above equations, K is the conveyance, and A is the vertical area. The diffusion equation has been
modified for steep slopes following an approach similar to that of Hergarten and Robl (2015). Again, it is
noted that when the non-Newtonian stress is equal to zero and the cosine functions (slope corrections) are
removed, the above DWE equation reduce to the clear-water equations utilized in HEC-RAS.

For many of the types of non-Newtonian flows the DWE may not be applicable and in fact most 2D non-
Newtonian models are not based on the DWE. However, there are some types of applications where the DWE
model is useful and there are some examples in literature such as Lin et al. (2011).

2.4 Classification of Non-Newtonian Flows

Non-Newtonian flows include several regimes, depending on the solid concentration of the fluid and, for
higher concentration mixtures, the grain size of the solids. It is helpful to think of this classification as a
hierarchy. In general, as concentration increases (and the solid component coarsens) the fluid passes
through five classifications:

Non-Newtonian Technical Reference Manual - 44



Mud and Debris Flow — HEC-RAS Mud and Debris Flow

1. Hyperconcentrated Flow
2. Mud and debris flow
3. Clastic Flow

Dividing a continuum into a classification imposes artificial boundaries and mathematical discontinuities.
Non-Newtonian flows are complicated because they do not form a continuum on a single axis. These
classifications are somewhat arbitrary and the terminology in the non-Newtonian literature

The four classes of non-Newtonian flows in the Debris library, the criteria used to separate them, and the
model used to simulate them are summarized in the table and figure below.

Table: Non-Newtonian flow classifications, thresholds, and the model used to simulate them.

Classification Model Condition
Hyperconcentrated Bingham Cv>30%
Mud and Debris Flow Turbulent- Quadratic Cv>60%

Herschel-Bulkley

Snow Avalanche Voellmy

Clastic Mohr-Coulomb Ns>0.1
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Shear _
Component T= Tyield * Tyiscous| Y Tturbulent|t Tdispersive TMohr—Coulomb
Grain Flow Debris Flow
Flow Type Hyperconcentrated Mudflow _ Eriction
Dominated
Internal Loss . _
Mechanism Viscous Turbulence  Grain Collison Matrix Strength
Support Schemati % o ® () :: '.'..-
upport Schematic :
es S 128
| oo o { TR
Rheological Model Bingham Plastic Turbulent  Turbulent-Dispersive  Coulomb

(First Order) (Quadratic) (Quadratic) (Geotechnical)

Shear
Shear
Shear

Rheological
Model

Tyield

Tyield

Shear Rate_dVx Shear Rate vy Shear Rate dvy
(Strain)  dz (Strain)  dz (Strain)  dz

1 Classification, processes, conceptual model, and rheological model of the four non-Newtonian flow types in the Debris Library.

2.4.1 Hyperconcentrated Flows

When fine sediment concentrations (by volume) rise above about 30%, (Rickenmann, 1992) the viscosity of
the mixture increases enough that the viscosity of water is no longer an appropriate approximation. The
Debris library models Hyperconcentrated flows with a Bingham Plastic model.

The Bingham Plastic model has a linear stress-strain relationship like the Newtonian model, but it diverges
from Newtonian assumptions in two ways. First, the Bingham model includes a yield stress. The yield stress
(ty) introduces a non-zero intercept in the stress-strain relationship. In other words, there is a range of stress
that does not deform the fluid (a range of stresses that do not induce strain). Second, while the Bingham
stress-strain relationship is linear it does not have the same slope as the Newtonian fluid. The viscosity of
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the mixture (um, which is higher than the viscosity of the fluid alone) dictates the slope of the

Shear
Stress

‘ dv,
Shear Rate (Strain) dz

Hyperconcentrated stress-strain relationship.

2.4.2 Mud and Debris Flows

As concentration increases (Cv>60%), stress-strain relationship starts to depart from the linear, Bingham
approximations. Non-Linear stress-strain relationships can be "dilatant” (stress rises faster than strain) or
"pseudoplastic” (where strain increases faster than stress). Both mudflows and grain flows are dilatant. The
Debris Library models both mudflows and grain flow stress as second order relationships with strain (

7 = f(y)?)), making these models "quadratic-dilatant" (in the figure below).

Shear

Tyield

Shear Rate dVx
(Strain) dz

Both mudflows and grain flows have volumetric
concentrations greater than 60%. At these concentrations, particle interactions become important (though
they are more important for coarser particles) but the fluid is still the dominant phase, transporting the
solids. These high concentration flows are distinguished primarily by the grain size of the transported
materials and the grain interactions during the transport process. Both used the second-order (quadratic),
dilatant, rheological model (figure above), but they include different second order terms in this relationship.
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Mudflows (or turbidity currents) transport high concentrations of fine grain material. The influences of grain-
to-grain collisions are not as important with these finer materials. However, at very high concentrations
(C,>60%), inter-particle turbulence introduces non-linearity into the stress-strain relationship. So, in addition
to the yield and (linear) viscous shears from the hyperconentrated flows, mudflows add a non-linear turbulent
shear.

Grain flows occur at the same volumetric concentrations as mudflows (Cv>60%), but transport coarser
sediment. Therefore, the stress-strain relationship has to account for particle collisions, in addition to the
viscous and turbulent processes. Therefore, mudflows have the same quadratic rheological behavior as
Mudflows (figure above) but add an additional second order term, a dispersive stress, to the turbulent stress
used for mudflows.

Debris flows have such high concentrations and, usually, large particles, that the particles are in persistent
contact. The particles are no longer primarily suspended by the fluid and periodically collide. The coarse
particle concentration is high enough that the fluid pushes the sediment and other large "debris" (e.g. trees
and infrastructure) over other particles. Denlinger (2001) illustrates the main distinction between grain flows
and debris flows in the figure below. Grain flow particles are still largely suspended, making them "collision
dominated” (figure below, left) while debris flows particles mostly maintain contact with each other, making
them "friction dominated" (figure below, right). Persistent, inter-particle friction dominates debris flow
requires a geotechnical friction model. The Debris Library uses a Mohr-Coulomb model (bottom-most figure)
to simulate these friction dominated processes.

Shear

45° Shear Rate dVx
(Strain) dz

Landslides
cap the upper end of the debris flow continuum. At low enough water contents and high enough volumetric
solid concentrations, flow models are no longer appropriate. These events are gravity dominated, occur more
rapidly, and require geotechnical failure models.

2.5 Rheological Models

Rheology is the study of mechanical properties and flow of matter, specifically non-Newtonian fluids,
mixtures, and plastic solids.

2.5.1 Bingham

The Bingham (Bingham 1922 (see page 55)) model is one of the simplest of the rheological models. It Bingham
stress is the sum of the yield and viscous stresses

TMD :Ty+’l'v
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Ty = UmY

where 7, is the yield stress, 7, is the viscous stress, y,, is the mixture dynamic viscosity, and y is the
shear rate. This model has a linear stress-strain relationship, with a non-zero intercept. Therefore, 7, and 7,
represent the intercept and the slope respectively of the stress-strain relationship. For stresses less than the
yield stress the fluid behaves as a solid. The Bingham model is useful for simulating mudflows under low
shear rates in which the yield and viscous stresses depend on the cohesion of fine sediments (Govier and
Aziz, 1982 (see page 0); Julien 1995 (see page 56); Julien and Leon, 2000 (see page 56)). However, the Bingham
model has also been a practical model for use in simulating debris flows (Huang and Dai, 2014 (see page 56);
Dai et al., 20 (see page 56))

2.5.2 Quadratic

The so called Quadratic model was proposed by O'Brien and Julien (1985) (see page 56) and combines
stresses due to: (1) cohesion, (2) internal friction between sediment and fluid, (3) turbulence, and (4) inertial
impact between particles. The quadratic model may be written as

TMD =Ty+TU+Td
Ty = HUmY
T4 = Cpaps A3y’

where 7, is the dispersive stress, cp, is an empirical coefficient, p; is the sediment particle density, d; is
a representative particle diameter, and A is the linear sediment concentration. The dispersive stress was
originally proposed by Bagnold (1954) (see page 55). Bagnold (1954) (see page 55)and Takahashi (1980) (see page
57) proposed cp, =0.01. The linear sediment concentration A is defined by (Bagnold 1954 (see page 0))

1/3
l _ Cmax _ 1
A C,
in which C,, is the sediment concentration by volume and C,,,, is the maximum sediment concentration. An
example of the dispersive stress as a function of concentration and shear rate is shown in the figure below.
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The formulation shows a sharp increase as the concentration approaches the maximum concentration.
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2.5.3 Herschel-Bulkley

In the Bingham rheological resistance model, the relationship between shear rate and shear stress is linear.
However experiment have shown that debris-flow mixtures can have non-linear relationships (Major and
Pierson 1992; Jeffrey et al. 2001). A more general model which allows for this nonlinearity is the Herschel-
Bulkley (HB) model:

TMD = Ty + Tyg

T = Ky"
where K is the consistency factor orindex, and » is the power index or exponent. When n < 1 the fluid/
mixture is shear-thinning and when n > 1 the fluid/mixture is shear thickening. The as with other rheological
models, when the stress is less than the yield stress, the fluid/mixture behaves as a solid. One issue with the
HB model is that the consistency factor as dimensional units which are a function of the power index. This

makes estimating the parameter somewhat difficult. The HB model has been shown to work well for
suspensions of fine sediments under high shear rates (Govier and Aziz, 1982 (see page 0)).

2.5.4 Voellmy
The Voellmy resistance model combines a yield stress with a viscous/turbulent stress as (Voellmy 1955 (see
page 57))

TMD = Ty + Tyq

_ omslVI?
TUd - é

where £ is the Voellmy turbulence coefficient. Voellmy original proposed the formulation to simulate snow

avalanches but it has since also been applied to simulate mud slides, debris flows, and rock avalanches (e.g.
Hergarten and Robl, 2015 (see page 56); Hungr and Mcdougall, 2009 (see page 56); Korner, 1976 (see page 56); Perla
et al., 1980 (see page 56); Rickenmann and Koch, 1997 (see page 57); Hussin et al., 2012 (see page 0)). The Voellmy
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coefficient £ is similar to a Chezy coefficient and has units of L/T2. Common ranges for the coefficient are

from 150 to 600 m/s?. In the Voellmy model, the yield stress is typically computed with the Mohr-Coulomb
yield stress with the cohesion set to zero.

2.6 Yield Stress.

A Bingham plastic can absorb some stress without deforming the material. Deformation (strain) only occurs
after stress exceeds a minimum threshold. That minimum threshold required before stress causes strain, is
the yield stress (7, ), which is the intercept of the stress-strain relationship. HEC-RAS provides three
methods for yield stress:

1. User-specified constant

2. Exponential formulation

3. Mohr-Coulomb formula

2.6.1 Exponential

A widely used formula to estimate the yield stress is the exponential formulation (Chien and Ma, 1958 (see

page 0); Dai et al., 2014 (see page 56); O'Brien and Julien, 1988 (see page 0))
T, = aebC)

where g and b are calibration coefficients, and C,, is the volumetric concentration between 0 and 1.

Table: Yield stress parameters for the Exponential equation from Julian (1995)

Material a (Pa) b
"Typical soil" 0.005 7.5
Kaolinite 0.05 9
Sensitive Clays 0.03 10
Bentonite 0.002 100

The exponential equation works relatively well for hyperconcentrated flows with concentrations between 5%
and 30%. However, for high concentrations or very low concentrations the formulation does not work as well.
For example a zero concentration produces a yield stress equal to the coefficient a and does not go to zero
as it should theoretically.
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2.6.2 Mohr-Coulomb

The Mohr-Coulomb yield stress model is given by

Ty, =C+ uo
o = (pm — pw)ghcos 0

U =tang¢

where c is the cohesion or cohesive strength, u is the Coulomb friction coefficient, ¢ is the normal stress
at the bottom of the mixture, @ is the bed slope angle, h is the vertical flow depth, and ¢ is the internal
friction angle. The normal stress is computed assuming the flow is parallel to the bed as in Hergarten and
Robl (2015) (see page 56). In addition the mixture is assumed to be fully saturated. The internal friction angle
depends on mixture but its values are typically between 2.5° and 15°.

2.7 Mixture Density

The density of the water-sediment mixture is calculated with the following constitutive equation:
Pm = puw + (ps — puw)Cy

where p,, is the water density, p; is the particle density, and C, volumetric concentration between 0 and 1.
The above equation assumes that all of the voids between the particles are occupied water and that there is
no air in the mixture.

2.8 Mixture Dynamic Viscosity.

Sediment increases the viscosity of the flow mixture. There are many empirical and semi-empirical equations
in literature to compute the viscosity of the mixture. HEC-RAS provides four ways of specifying the dynamic
viscosity:

1. User-specified constant

2. User-specified ratio or relative viscosity

3. Exponential

4. Maron and Pierce (1956)
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A comparison of the exponential (O'Brien et al., 1993) and Maron and Pierce (1956) formulas is shown in the
figure below.

~ 104 : : : :
= Maron and Pierce (1959)
;{E 3| |— = Exponential
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2.8.1 Ratio

The ratio method in HEC-RAS basically specifies the relative dynamic viscosity. HEC-RAS computes the
dynamic viscosity of the mixture as the water viscosity times the user-specified ratio. The water viscosity is
computed internally based on the water temperature. The figure below shows the water dynamic viscosity as
a function of temperature. Since the ratio is held constant and does not change with concentration or any
other factors, the method is only recommended for simulations with constant concentration.
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2.8.2 Exponential

A commonly used formulation for the mixture dynamic viscosity is the exponential expression (Chien and
Ma, 1958 (see page 56); Dai et al., 1980 (see page 0); O'Brien and Julien, 1988 (see page 0)). The formula is usually
written as a two-parameter expression. However, here a simpler form is adopted to compute the relative
dynamic viscosity as
p = 21 = exp(pCy)

Hw
where g, is the relative mixture dynamic viscosity, u,, is the water dynamic viscosity, u,, is the mixture
dynamic viscosity, C,, is again the volume concentration, and f is a coefficient fit to observed data and
provided by the user. The advantage of the above formulation is that it only requires one empirical parameter
and also satisfies the property u, =1 for C, = 0. In addition, by using the relative dynamic viscosity, the
formula automatically takes into account the variation in water viscosity due to temperature. The variability
in the coefficient f# accounts for the effects of particle size distribution and, in particular, the cohesion of the
sediment. One limitation of the formula however is that the viscosity tends to be underestimated as the
concentration reaches the maximum concentration.

Table: Sediment laden viscosity parameters for the Exponential equation from O'Brien and Julien (1995).

Material p
"Typical soil" 8
Kaolinite 8
Sensitive Clays 5
Bentonite 100

2.8.3 Maron and Pierce

Maron and Pierce (1956) proposed the following simple empirical expression for the relative dynamic

viscosity
-2
=2 = <1 & )
' /“‘w Cmax

where C,,,x is the maximum concentration by volume (maximum packing volume fraction). The maximum
concentration is the concentration where enough particles have been added for the mixture to behave as a
solid. Li (2004) (see page 56) and Guazzelli and Pouliquen (2018) (see page 56) compared various experimental
datasets of viscosities of suspensions and found that the above formulation fits a wide range of experiments
relatively well for a wide range of concentrations. Another advantage of the formulation has the advantage is
that it does not require additional calibration parameters as does the O'Brien equation. The formulation is a
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function of the maximum concentration; however this variable is a physical property of mixture which can be
more readily measures or estimated and does not have such a large range of values as does the 3
coefficient in the O'Brien formulation. The maximum concentration is a function of the sediment size
distribution, particle deformability, and the local flow conditions. In practice however, an approximate
maximum concentration may be estimated as Cmax=1-pm' in which pm' is the bed porosity. An example of
the maximum concentration calculated from the proposed formula for bed porosity by Wooster et al.

(2008) (see page 57) is shown in the Figure below. Natural sediments typically have porosities between 0.3 and
0.46.
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2.9 Shear Rate

The shear rate is an important variable which is utilized in the rheological models. Vertically averaged
models - such as those in HEC-RAS — make assumptions on the vertical profile of the current velocity in
order to estimate a vertically-averaged shear rate. Common profiles found in literature include:

1. Linear (e.g. Bird et al., 1960 (see page 55))

2. Parabolic (e.g. Julien 1995 (see page 56); Iverson and Denlinger, 2001 (see page 56))
The general formula for the vertically-averaged shear rate is given by:

B|V|
~ hcos@cosy

where | V| is the current velocity magnitude, 4 is the flow depth, ¢ is the water surface slope, and y is the
inclination angle of the current velocity direction. The shear rate coefficient B is equal to 2 and 3 for the
linear and parabolic profiles, respectively. The parabolic velocity profile was original used in the Quadratic
model (O'Brien and Julien 1988 (see page 0)), and is the profile currently used in HEC-RAS. The Voellmy

(1955) (see page 57) model does not require a shear rate and only utilizes the average velocity for the turbulent-
dispersive stress.
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