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Numerical Model of Sediment Pulses and Sediment-Supply
Disturbances in Mountain Rivers

Yantao Cui, M.ASCE,1 and Gary Parker, M.ASCE2

Abstract: Sediment pulses in rivers can result from many mechanisms including landslides entering from side slopes and de
entering from tributaries. Artificial sediment pulses can be caused by the removal of a dam. This paper presents a numerical m
simulation of gravel bedload transport and sediment pulse evolution in mountain rivers. A combination of the backwater and qu
flow formulations is used to calculate flow parameters. Gravel bedload transport is calculated with the surface-based bedload
Parker in 1990. The Exner equation of sediment continuity is used to express the mass balance at different grain size g
lithologies, as well as the abrasion of gravel. The river is assumed to have no geological controls such as bedrock outcrops an
boulder pavements. The results of nine numerical experiments designed to study various key parameters relevant to the e
sediment pulses are reported here. Results of the numerical runs indicate that the evolution of sediment pulses in mounta
dominated by dispersion rather than translation. Here dispersion is an expression for the observation that a sediment pulse ag
upstream and downstream of its apex whereas its amplitude decreases in time. The results also indicate that grain abrasion is
and yet often neglected mechanism in removing the excess sediment associated with pulse inputs from some mountain river
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Introduction

Large-scale sediment pulses~or waves! in rivers are known t
occur naturally, in response to, for example, landslides or d
flows from tributaries, which may in turn be associated with
drologic events such as an extreme flood following a long pe
of drought. Human activities such as mining, forest harves
and road construction can increase the magnitude and freq
of these events. A classic documentation of sediment pulse
tains to rivers flowing off the western slopes of the Sierra Nev
California ~Gilbert 1917; James 1991!. In this case massiv
amounts of mining waste dumped into the rivers propag
downstream and caused as much as several meters of aggra
After mining ceased in 1884, the rivers underwent subseq
degradation. To date, the rivers have not yet recovered to
premining grades. Pickup et al.~1983! and Knighton~1989! have
documented similar problems associated with mining in the K
erong River, Papua New Guinea and the Ringarooma River
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mania, respectively. In both cases the pulse of aggradation d
mining waste disposal traveled slowly in the downstream d
tion and became longer and flatter as it propagated.

Sediment pulses due to natural events have also been
mented. For example, a landslide occurred in March 1995 o
Navarro River near Floodgate, California, delivering appr
mately 60,000–80,000 m3 of material into the channel, blockin
the river for several hours and creating a pond that extended
1.5 km upstream through the fall of 1995~Hansler 1999; Lisle e
al. 2001; Sutherland et al. 2002!. Detailed surveys in 1996 a
1997 have indicated that the sediment pulse was predomin
dispersing in place with little downstream translation~Hansler
1999; Sutherland et al. 2002!.

The past research on the evolution of sediment pulses to
has been focused on field observations, laboratory experim
numerical models, and simplified analytical solutions~e.g., Gil-
bert 1917; Weir 1983; James 1991; Pickup et al. 1983; Knig
1989; Lisle et al. 1997, 2001; Benda and Dunne 1997; Suthe
et al. 2002; Cui et al. 2003a,b!. One of the most recent physica
based numerical models is that of Lisle et al.~1997!, which
helped inspire the present work, including that presented in C
al. ~2003a,b!. The model presented in this paper expends upo
model of Lisle et al.~1997! in three aspects:~1! to consider th
transport and conservation of heterogeneous sediment;~2! to con-
sider particle abrasion of different lithologies in a sediment m
ture; and~3! to consider transient flow in solution techniques.
runs were conducted to test the relative importance of the m
parameters that are relevant to the evolution of sediment p
In addition, two more runs were conducted to explore the effe
varied supply of the material that constitutes the initial sedim
pulse. It should be noted that the purpose of the runs is to pr
a qualitative examination of the relative importance of the pa

eters tested so that they can be given proper attention in future
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research, model development and engineering projects.
The model presented in this paper provided the foundatio

several derivatives that were written to simulate specific engi
ing and research problems such as the removal of a dam a
simulation of laboratory experiments@e.g., Cui and Wilcox~2005!
and Cui et al.~2005a, 2003b!#. Neither of these documents, ho
ever, provides a comprehensive exposition of model formula
a task that is accomplished in the present paper. Exposition
basic model of this paper serves to outline the basic theorie
hypothesis underlying those derivative models. In addition to
derivatives of the models, Hansler~1999!, Lisle et al.~2001!, and
Sutherland et al.~2002! also applied the present model to simu
the evolution of a natural land slide in the Navarro River, C
fornia with satisfactory results.

Overview of the Model

The numerical model presented here simulates the evoluti
sediment pulses or disturbances in sediment input in mou
rivers. Grain size distribution of material coarser than 2 mm
used to characterize sediment; only bedload is considered
model. Multiple lithologies are distinguished according to
abrasion coefficient. A standard backwater formulation is
ployed to solve for flow characteristics when the Froude num
is not too high. If the Froude number is higher than a spec
value ~e.g., 0.75! the quasi-normal flow assumption is emplo
in place of the backwater calculation. Channel cross section
simplified as rectangles of bankfull channel width, which is
lowed to vary in the streamwise direction but not in time.
downstream boundary condition is a set bed elevation and n
flow assumption. The upstream boundary condition consis
specified daily water discharge, as well as a constructed sed
transport rating curve that satisfies an assumed set of q
equilibrium background conditions in the absence of sedim
pulses. Tributaries are simplified to an input term that chara
izes a downstream discharge increase that is proportional
increase in drainage area. The background sediment input
channel from tributaries and erosion of banks and terraces is
structed so that the overall profile at any given discharge is
quasi-equilibrium state in the absence of pulses, i.e., both
ment supply and its grain size distribution are functions of l
water discharge. The present model allows for only one sedi
pulse. An arbitrary number of pulses can be accommodated,
ever, with only minor modification to the code. In addition t
sediment pulse, changes in sediment yield at the upstream
and along the river can be specified as continuous disturba
The model is one-dimensional, and does not simulate such
features as point bars, pools, and riffles. This limitation is c
mon among all the current one- or two-dimensional sedim
transport models, possibly because sediment transport is l
only to local shear stress, and shear stress is calculated
depth-averaged shallow water equations. The channel bed
sumed to be composed entirely of gravel~the small fraction o
sand and silt in the deposit is treated as pores!, with no geologica
controls such as bedrock outcrops. Sand and finer mater
treated as wash~throughput! load, and does not affect bed m
phology in the model. Although natural channel response to
ment pulses is a complex, nonlinear, three-dimensional pro
our simplified model provides a first-order approximation
channel response to sediment pulses, as demonstrated in the
lation of Navarro River landslide~Hansler 1999; Lisle et al. 200

Sutherland et al. 2002!.
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Model Formulation and Solution Technique

Sediment transport models can be fully coupled~e.g., Rahuel e
al. 1989; Holly and Rahuel 1990a,b! and decoupled~e.g., De
Vries 1965; Ribberink 1987; Chen 1987; U.S. Army Corps
Engineers 1993; Cui et al. 1996!. A fully coupled model acknow
edges that sediment transport and flow occur simultaneousl
thus, their respective equations are coupled and should be s
simultaneously. A decoupled model realizes that the typical
scale for sediment transport and bed evolution is much lo
than the typical time scale for water flow, and thus, at any g
time, the flow can be approximated as in a steady state
respect to the bed profile at the moment without losing signifi
accuracy. This momentary steady flow assumption is us
termed as quasi-normal assumption, the validity of which ca
found in a recent discussion paper~Cui et al. 2005b!. The mode
presented in this paper adapts the treatment of a decoupled m
i.e., to alternate between the simulation of flow and bed evolu
and assume steady flow condition when flow is simulated.

Under the quasi-normal flow assumption, St. Venant sha
water equations can be simplified as the following backw
equation:

s1 − F2d
dH

dx
= F2dB

dx
+ S0 − Sf − Sl s1d

whereF=the Froude number@F=Qw/ sg1/2BH3/2d for a rectangu
lar channel#; H=water depth;x=distance measured in the dow
stream direction;B=channel width; S0= local bed slope;Sf

=local friction slope; andSl =a lateral friction contribution due
momentum exchange to the flow from tributaries:

S0 = −
]h

]x
s2ad

Sf =
u*

2

gH
s2bd

Sl =
2Qwqwl

gB2H2 s2cd

where Qw=local water discharge;g=acceleration of gravity;h
=bed elevation;u* =shear velocity; andqwl=lateral water dis
charge contribution per unit distance.

In Eqs.~2a! and~2c!, S0 scales withhT/L andqwl scales with
Qw/L, wherehT denotes the difference in bed elevation betw
the upstream and downstream ends of the study reach,L
denotes the length of the river. This leads to the estimateSl /S0

~2F2H /hT, or Sl /S0!1. The term withdB/dx normally canno
be ignored. In this study, however, the channel width is assu
to be varying linearly along the channel, anddB/dx!S0. Thus
both thedB/dx and Sl terms are neglected in Eq.~1!, further
simplifying it to the standard backwater equation, which ca
solved easily with a standard step method. The standard ba
ter solution, however, fails when the local Froude number
proaches or exceeds unity. Cui et al.~1996! applied a time relax
ation in order to treat the case of high Froude numbers.
technique was first tested in the present analysis and was fo
give accurate results when the magnitude of the gravel pu
high, although with a rather long computation time. When
magnitude of the gravel pulse becomes small, however, th
merical viscosity built into the model to dampen high freque
oscillations becomes dominant, resulting in unacceptable

tions. To avoid this problem with the numerical viscosity, the
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technique of Cui et al.~1996! was abandoned in the pres
model and replaced with the technique used by the U.S. A
Corps of Engineers~1993!, who applied the quasi-normal flo
assumption whenever high Froude numbers are encountere
cording to the quasi-normal flow assumption, Eq.~1! is further
simplified as

S0 = Sf s3d

In the runs provided in this paper, the upper limit of the Fro
number in applying the backwater formulation of Eq.~1! was se
at 0.75, above which the formulation of Eq.~3! was used. It i
useful to mention that the distance in calculating bed slopeS0 is
the space increment used in the simulation, which is 250 m
the runs provided in this paper.

The quasi-normal flow assumption has been used in mos
merical models for the transport of heterogeneous sediment
Diegaard~1980!, Parker~1991a,b!, and Cui and Parker~1997!.
By comparing results with Cui et al.~1996!, Cui and Parke
~1997! demonstrated that quasi-normal assumption adequ
represented the full decoupled equations in case of flows
high Froude number. In the runs provided later in this pa
Froude number ranges from well below unity~e.g., in the back
water area upstream of the initial pulse! to much higher than un
at the steep downstream face of the initial sediment pulse.

Mass conservation of sediment is described in terms o
Exner relations for gravel mixtures, which can be found in c
tinuous form in Parker~1991a,b!, in discretized form in Parke
~1990b! for the case of vanishing abrasion, and in Cui and Pa
~1998! with the presence of basin subsidence and with uni
width. The Exner relation for total mass conservation of gr
used for the current model is

s1 − lpdB
]h

]t
+

]QG

]x
+ o

j ,k

hbkQGspj ,k + Fj ,k8 dj

+
QG

3 lns2dok

bksp1,k + F1,k8 d
Dc1

= qGl s4ad

and the Exner relation for mass conservation of gravel in thj th
size range and thekth lithology takes the form

s1 − lpdBS ]sLaFj ,kd
]t

+ f I,j ,k

]sh − Lad
]t

D +
]sQGpj ,kd

]x

+ bkQGspj ,k + Fj ,k8 d −
bkQG

3 lns2d
Spj+1,k + Fj+1,k8

Dc j+1
−

pj ,k + Fj ,k8

Dc j
D

= pl,j ,kqGl s4bd

In the above relations the subscriptj = j th grain size range and t
subscriptk=the kth lithology; lp=effective porosity of the de
posit ~gravel only!; t=time; QG=volumetric gravel transport rat
La=active layer thickness;f I,j ,k,pj ,k=volume fractions of thej th
grain size and thekth lithology in the material exchanged at
interface between the active layer and the substrate and
bedload, respectively;bk=abrasion coefficient~i.e., fraction of
volume lost per unit distance transported! for the kth lithology;
qGl=lateral volumetric input rate of gravel per unit distance~i.e.,
from erosion of terraces on the two banks and contribution
tributaries!, which is a function of location and local dischar
pl,j ,k=fractions of the laterally contributed gravel in thej th grain
size range andkth lithology; andc=logarithmic grain size de

fined as
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c = − f = log2sDd s5d

where f=conventional base-2 logarithmic phi scale, and g
sizeD is in millimeters. Thej th grain size range is described
the two bounding grain sizesDjsc jd andDj+1sc j+1d, from finer to
coarser, and

c j = sc j + c j+1d/2 s6ad

Dj = 2c j = ÎDjDj+1 s6bd

Dc j = c j+1 − c j s6cd

The fraction of material in the active layer in thej th size rang
and kth lithology is denoted asFj ,k. The parameterFj ,k8 in Eqs.
~5a! and~5b! is an adjusted value ofFj ,k providing an estimate o
relative surface area exposure of gravel of each grain size
and lithology at the surface, and is computed as~Parker 1991a,b!

Fj ,k8 =
Fj ,k/ÎDj

o
j ,k

sFj ,k/ÎDjd
s7d

The active layer thicknessLa is taken as a constant in time at a
location but can be different at different locations:

La = Lasxd s8d

The grain size fractions exchanged at the interface betwee
active layer and the substratesf I,j ,kd are assumed to follow a r
lation derived from a set of large-scale experiments perform
St. Anthony Falls Laboratory~SAFL! and reported in Toro
Escobar et al.~1996!;

f I,j ,k = Hxpj ,k + s1 − xdFj ,k bed aggradation

pS,j ,k bed degradation
J s9d

wherepS,j ,k denotes the relevant fractions in the substrate im
diately below the active layer and the empirical coefficienx
takes a value of 0.7. The option in Eq.~9! for aggradation is of th
same form as a relation previously proposed by Hoey and F
son ~1994!. The fractionsFj ,k, f I,j ,k, Fj ,k8 , pj ,k andpl,j ,k all refer to
a grain size distribution that has been truncated so as to re
the sand, so that 100% of the material is coarser than 2 mm
useful to note that a value of 0.7 forx was derived from labora
tory sediment in which the surface layer was only on the ord
grain diameters. It can be reasonably expected that a lowx
value will be more appropriate if a thicker active layer is u
and the numerical experiments of Hoey and Ferguson~1997! sug-
gested that a different choice ofx value affects both the time sca
of response and the degree to which aggradation is accomp
by surface coarsening or fining. The focus of this paper, how
is away from the examination of grain sorting, and it is expe
that a differentx value will not likely alter the general pul
behavior.

A Keulegan-type resistance relation is used to quantify r
tance at the bed in terms of shear velocityu* :

Qw

BHu*
= 2.5 lnS11

H

ks
D s10d

where roughness heightks is assumed to take the value used
Cui et al.~1996!,

ks = 2Dsg2
1.28ssc s11d

In the above relationsDsg denotes the geometric mean grain

of surface gravel andssc denotes the arithmetic standard devia-
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tion of the grain size distribution of the surface material on thc
scale. The roughness height calculated with Eq.~11! is a conve
nient approximation of that originally suggested by Pa
~1990a,b!.

The sediment transport equation used in the model is
surface-based bedload equation of Parker~1990a,b!. Parker’s bed
load equation allows for the computation of the total bed
transport rate and the associated grain size distribution at a
tion with a specified local surface grain size distribution and
local shear velocity. No details of the surface-based bedload
tion of Parker are presented here; readers are referred to the
nal publications~i.e., Parker 1990a,b! for details. Of importanc
here is the fact that the surface-based bedload equation of P
~1990a,b! is restricted to grain sizes that are too coarse to pa
pate substantially in suspension. The lower bound of 2 mm
gested in the original paper is also employed here. It is use
note that it has been implicitly assumed that the sediment de
is composed of mostly gravel, and the small amount of sand
silt is counted as pores in calculating the volume of a sedi
deposit.

Numerical Experiments: The Relative Importance
of Major Parameters

Nine runs were conducted to examine the relative importan
various parameters to pulse evolution: Channel bed slope,
discharge, particle abrasion, and sediment supply. The variat
grain size distribution in pulse sediment has been examined
experimentally and numerically in Cui et al.~2003a,b!, and thus is
not discussed in this paper. Although the model was design
handle a real-time hydrograph based on daily flows, the disc
used in each of the runs was set at a constant value. The r
for this is that with varied discharge the channel bed will exp
ence periodic degradation and aggradation during and after
events independently of any sediment pulse, making it difficu
identify whether morphologic variation results from the dis
bance or varying discharge. Confining discharge to a con
value allowed for the examination of the effect of a single par
eter on the evolution of sediment pulses.

The channel geometry used in the simulations is based o
of Redwood Creek near the city of Orick, California. The t
length of the simulated river reach is 69 km, extending from B
Lake to the mouth of the river near Orick. The width of
channel ranges from 40 m at the upstream end to 80 m a
downstream end. For simplicity, channel width at any poin
interpolated linearly from the above widths. The longitudinal p
files for all the runs except Run 3 are taken to be the sam
Redwood Creek, as shown in Fig. 1. The slope for Run
lowered by a factor of 2 from that of the other runs, as show
Fig. 1, to examine the effect of varied slope. The drainage ar
assumed to increase linearly from 155 km2 at the upstream en
near Blue Lake to 660 km2 at the downstream end near Orick,
shown in Fig. 1. The linear relation between drainage area
channel distance here is unique to Redwood Creek due to the
and narrow shape of the watershed. The assumed grain siz
tributions of the surface and subsurface gravel at the ups
and downstream ends are shown in Fig. 2. Grain size distribu
at intervening cross sections are linearly interpolated from t
at the upstream and downstream ends. The gravel pulses
duced in Runs 1–6 and Run 9 are arbitrarily set as para
shapes 6.5 m high and 6 km long centered at 31 km downs

of Blue Lakesx=0d. The bulk volume of the gravel in each pulse
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is 1.43106 m3, containing approximately 23106 t of gravel. The
grain size distribution of the sediment that was introduce
initial pulses for the runs is also given in Fig. 2. No gravel pu
are introduced into Runs 7 and 8; instead the sediment sup
forced to deviate from its equilibrium value to serve as a di
bance. The gravel grain size distributions used for the run
somewhat arbitrary and are only loosely based on the prot
river.

Initial conditions and results for each run are summarize
Table 1, and are detailed in the following:

Run 1: Base Run

Run 1 is the base run against which most other runs are
pared. The discharge for Run 1 is set arbitrarily at 200 m3/s at the

Fig. 1. Longitudinal profiles of the river to be simulated and
initial sediment pulses used in Runs 1–6; also shown are dra
area measurements~circles! measured from United States Geolog
Survey topographic maps, and the approximation~dashed line! used
in the runs

Fig. 2. Grain size distributions of the surface and subsurface a
upstream and downstream ends of the simulated reach, and gra
distribution of the introduced sediment pulse for the runs. The
metric mean~mm! and geometric standard deviation of those g
size distributions are~geometric mean, geometric standard deviati!:
upstream surface~23,3.84!; upstream subsurface~14,4.07!; down-
stream surface~12,3.88!; downstream subsurface~11,3.68!, and sedi
ment pulse~17, 4.43!.
NAL OF HYDRAULIC ENGINEERING © ASCE / AUGUST 2005 / 649
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h a value of
downstream end near Orick, or about 0.31 m3/s /km2, which has
an exceedance probability of approximately 0.017 based o
daily average discharge record between October 1, 1953 to
tember 30, 1993 at United States Geological Survey~USGS! sta-
tion 11482500 Redwood Creek near Orick. The fixed dischar
applied to the river all the time and no “intermittency” is assum
in the simulation. With the assumption that discharge is pro
tional to local drainage area and the estimated drainage
shown in Fig. 1, the discharge decreases linearly in the ups
direction. The resulting discharge at the upstream end near
Lake is approximately 35 m3/s. The volumetric abrasion coef
cients of both the ambient and pulse gravel were set at 0.01−1.
Results for Run 1 are shown in Fig. 3~a! for incremental be
elevation~the amount of aggradation or degradation from the
tial equilibrium longitudinal profile!, Fig. 3~b! for normalized in
cremental bed slope, Fig. 3~c! for cumulative bedload transpo
and Fig. 3~d! for surface mean grain size. The normalized in
mental bed slope is defined as

DS*sx,td =
S0sx,td − Sesxd

Sesxd
s12d

in which DS* =normalized incremental slope;Se=equilibrium bed
slope; andS0=channel bed slope as defined in Eq.~2a!.

In Fig. 3~a!, the pulse is seen to evolve by dispersion with
any spatial translation of the pulse apex. As time advances
pulse eventually evolves into a triangular deposit stretching
the entire reach, subsequently slowly degrading back to the i
equilibrium state.

Fig. 3~b! indicates that channel slope recovers toward
original equilibrium slope rather rapidly, even with the la

Table 1. Summary of the Runs

Difference from Run 1

Run 1a

Run 2 Discharge is half of that in Run 1.

Run 3 Slope is half of that in Run 1.

Run 4 Abrasion coefficients for ambient and pulse
sediment increased by an order of magnitude
from Run 1.

Run 5 Abrasion coefficient for pulse sediment increase
by an order of magnitude from Run 1.

Run 6 Abrasion coefficient for ambient sediment
increased by an order of magnitude from Run 1.

Run 7 No initial pulse is introduced. Instead sediment
supply in the entire watershed is doubled for the
first 10 years of simulation.

Run 8 No initial pulse is introduced. Instead sediment
supply is doubled in a short reachs32–35 kmd
for the first 10 years of simulation.

Run 9 Abrasion coefficients for ambient and pulse
sediment set to zero.

aBase run, a sediment pulse is introduced at the beginning of the ru
0.01 km−1.
amount of excess sediment still remaining in the system, as is
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evident from Fig. 3~a!. Because one of the driving parameter
sediment transport is bed slope, the results in Fig. 3~b! indicate
that the recovery rate of bed topography decreases as
advances.

The cumulative sediment transport curve shown in Fig.~c!
indicates that the sediment transport rate increases in the
stream direction within the upper part of the reach becau
lateral sediment input from the tributaries and the erosion o
races on the two banks. Within the downstream part of the r
however, the sediment transport rate decreases in the down
direction because the lateral contribution from tributaries and
sion of terraces on the two banks is not enough to make u
amount of coarse sediment lost to abrasion.

It should be noted that the sediment transport rates pred
by the model do not correspond to the actual values in Red
Creek because, as stated previously, a constant discharge
for the simulation, and because the grain size distribution use
the simulation only loosely reflects the actual grain size dist
tion in the river.

Fig. 3~d! indicates that channel surface armored slightly wi
the first year of the introduction of the sediment pulse and
recovered rather quickly to the background condition.

Run 2: Test for Altered Discharge

Comparing the results for Runs 2 and 1 in Figs. 4~a! and 3~a!
indicates that reducing discharge by a factor of 2 reduces th
of pulse evolution. This reduction is due to the reduced bed
transport rate~by a factor of approximately 6!, as is seen b
comparing Fig. 4~b! with Fig. 3~c!. The general pattern of se

Highlight of results

Sediment pulse disperses in time. Channel slope deviation from
background equilibrium condition decreased to within 2% in 3 ye

Similar to Run 1 except that sediment pulse disperses more s
Sediment transport rate decreased by a factor of about 6.

Similar to Run 1 except that sediment pulse disperses more s
Sediment transport rate decreased by approximately an order o
magnitude.

The apex of the pulse translated upstream. Pulse sediment rem
from the system much more rapidly than Run 1.

The apex of the pulse translated slightly upstream. Erosion is
predicted downstream of the initial pulse location. Pulse sedime
removed from the system much more rapidly than Run 1.

The amplitude of the pulse decreased in time, while the volume
the pulse first increased for approximately 10 years before it beg
to decrease. Slight upstream translation of the apex is predicted
takes a much longer time than Run 1 to remove the excess sed
from the system.

Bed aggradation occurred rapidly and continued throughout the
period of the increased sediment loading. A large amount of exc
sediment still exists in the system even 30 years after the cessa
of the increased sediment loading.

Regional increase in sediment loading resulted in aggradation o
entire watershed. The duration of the aggradation is much longe
than that of the sediment overloading.

Pulse evolution is slightly slower than in Run 1.

rasion coefficients for ambient and pulse sediment are identical wit
d

n. Ab
ment pulse evolution of Run 2, however, is similar to that of Run
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1. With the decreased shear stress compared to Run 1, the
ing effect associated with the introduction of the sediment p
increased slightly@Figs. 4~c! and 3~d!#. In addition, the reduce
shear stress also resulted in more fine sediment deposition
backwater zone upstream of the sediment pulse. The other
esting observation in Run 2 is the minor but extensive deg
tion downstream of the initial pulse@Fig. 4~a!#. One possible ex
planation for the degradation is that the slightly stronger so
in the pulse area due to a smaller discharge compared to R
resulted in less coarser sediment supply further downstr
causing the minor but extensive degradation.

Run 3: Test for Altered Channel Slope

It is interesting to note that, with the reduced channel slope
initial evolution of the pulse~at Year 1! is characterized by th
erosion of the downstream face of the pulse and the develop
of a delta upstream of the pulse@Fig. 5~a!#. Fig. 5~a! shows tha
the delta is about to join the main pulse at the end of Yea
Upstream delta development is caused by the backwater
from the pulse, and is a common feature of the sediment
runs. In Run 1, for example, a delta joined with the main p
during the early days of simulation and became indistinguish
from the main pulse by the end of Year 1. A very similar d
development was also observed in the SAFL sediment puls
periment of Run 3@see Cui et al.~2003a,b!# for details#. Indeed, a
similar delta was observed in the Navarro River, Calif. due to
Floodgate slide~Hansler 1999; Lisle et al. 2001; Sutherland e
2002!.

Fig. 3. Results of Run 1 with abrasion coefficients for both am
downstream end of the study reach.~a! Incremental elevation;~b! no
without symbols are values under the background condition!; and ~d!
As in Run 2, the decreased shear stress resulted in a stronge

JOUR
-armoring effect than in Run 1. It should be noted that the gr
transport rate in Run 3 is almost one order of magnitude sm
than that in Run 1 due to the reduced channel slope@Figs. 5~b!
and 3~c!#. The reduced sediment transport rate in Run 3 resu
slower evolution of the sediment pulse than in Run 1. Other
the reduced evolution speed for Run 3, the general patte
pulse evolution of Run 3 is very similar to that of Run 1.

Run 4: Test for Higher Abrasion Coefficients of Both
Ambient and Pulse Sediment

Results indicate that the sediment pulse evolved rather differ
than in Run 1 due to the substantial increase in abrasion c
cients ~Fig. 6!. In particular, the apex of the sediment puls
seen to move upstream. This phenomenon may appear stran
is easily explained in terms of less durable sediment in the
Due to the large abrasion coefficient, a sediment particle can
travel a relatively short distance in the channel before it is c
pletely consumed by abrasion. To demonstrate this point, w
perform an exercise by assuming a volumetric abrasion c
cient of 0.1 km−1 and applied the Sternberg’s~1875! law @i.e.,
V/V0=exps−bxd, D /D0=exps−bx/3d, where V and D=volume
and diameter of a sediment particle at distancex andV0 andD0

=volume and diameter of sediment particle at distance 0#. In this
case a gravel particle will be reduced to about half of its orig
size and only 14% of its original volume within 20 km from
sediment source. With this in mind, it is not difficult to underst
that the introduced sediment pulse will have an effect exten
only a short distance in the downstream direction, so tha

t and pulse sediment at 0.01 km−1, and a discharge of 200 m3/s at the
ed incremental bed slope;~c! cumulative gravel transport~solid lines
ce layer mean grain size.
bien
rmaliz
surfa
rdeposition rate downstream of the sediment pulse for Run 4 will
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be significantly less than that for Run 1. At the reach upstrea
the pulse however, sediment deposition is caused by the ba
ter effect due to flow blockage from the sediment pulse, a
nomenon not directly related to abrasion. As a result, sedi
continuously deposits upstream of the sediment pulse at a
tively high rate even with an increased abrasion coefficient.
combination of quick erosion of the downstream face of the s
ment pulse, significantly reduced deposition farther downst
of the sediment pulse, and the continuous deposition in the
water zone upstream of the sediment pulse results in the ups
migration of sediment pulse apex.

Fig. 6~b! indicates that surface grain size increased slig
throughout the studied reach and continued throughout th

Fig. 4. Results of Run 2 with abrasion coefficients for both the
bient and pulse sediment at 0.01 km−1, and a discharge of 100 m3/s
at the downstream end of the study reach.~a! Incremental elevation
~b! cumulative gravel transport~solid lines without symbols are va
ues under the background condition!; and ~c! surface layer mea
grain size.
duration. The reason for the slightly coarser surface layer is not

652 / JOURNAL OF HYDRAULIC ENGINEERING © ASCE / AUGUST 2005
easily explainable. It has been speculated that the coarsenin
be the result of~1! less abrasion compared to ambient conditio
the reach upstream of the sediment pulses due to the re
travel distances as a result of the backwater effect;~2! high abra
sion coefficient that quickly grind gravel particles to sand
finer, which are not counted for in the model; and~3! cumulative
rounding error in the model.

Run 5: Test for a Case with an Abrasion Coefficient
of Pulse Sediment That is Higher than That
of the Ambient Sediment

By introducing a less durable sediment pulse, model results
cate that the channel degrades in the reach downstream
pulse and aggrades at the reach upstream, again a rather
but easily explainable phenomenon~Fig. 7!. Upon the introduc
tion of the sediment pulse, sediment transport rates downs
of it are significantly increased over their ambient values du
increased channel slope on the downstream face of the pul
posit. The increased sediment transport, however, is com
almost entirely of sediment from the pulse, which is subjec
heavy abrasion. On the other hand, the more durable sed
that is supplied from upstream is trapped in the depositional
upstream of the pulse due to the backwater created by it. Wit
significantly reduced transport of more durable ambient sedi
downstream of the pulse, the less durable sediment eroded
the pulse decreases quickly both in transport rate and in grai

Fig. 5. Results of Run 3 with abrasion coefficients for both the
bient and pulse sediment at 0.01 km−1 and a discharge of 200 m3/s at
the downstream end of the study reach. Channel slope was re
by a factor of 2 compared to the other runs as shown in Fig. 1~a!
Incremental elevation; and~b! cumulative gravel transport~solid lines
without symbols are values under the background condition!.
in the downstream direction, which can be seen in Fig. 7~b! by
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comparing Years 1 and 3 downstream of the station at 33 km
in Fig. 7~c! for the slightly decreased surface mean grain
downstream of the pulse. As a result of the quick decrea
sediment transport rate and grain size, the channel bed d
stream of the sediment pulse degrades until the more du
ambient sediment begins to pass through the pulse.

Run 6: Test for a Case with an Abrasion Coefficient
of Pulse Sediment That is Lower than That
of the Ambient Sediment

Results for Run 6 indicate that the excess sediment in the s
increases in time for a considerable period with the introduc
of a sediment pulse composed of more durable sediment tha
ambient sediment~Fig. 8!. This phenomenon can be easily
plained by realizing that the less durable sediment is trappe
stream of the sediment pulse, and the bedload downstream
pulse is replaced with the more durable pulse sediment. Th
change between the less durable ambient sediment and mo
rable pulse sediment results in a shorter distance of transpo
the less durable ambient sediment. As a result, the loss of
ment due to abrasion becomes smaller compared with the
librium state. In addition, the transport of more durable sedim
downstream of the pulse makes the characteristic grain size
bedload slightly larger, which helps to reduce the amount of
ment transported out of the system. The increase in excess
ment volume retained in the river is the result of a combinatio
reduced abrasion and less sediment transport out of the sy
whereas the supply is kept unchanged. The slightly upst

Fig. 6. Results for Run 4 with abrasion coefficients for both
ambient and pulse sediment at 0.1 km−1, and a discharge of 200 m3/s
at the end of the study reach.~a! Incremental elevation and~b! sur-
face layer mean grain size.
moving apex is most likely the result of the relatively quick

JOUR
-

-

,

buildup of less durable sediment at the upstream face of the
coupled with the slow erosion of the more durable sediment a
downstream face.

Similar to Run 4, surface mean grain size increased sli
throughout the studied reach and remained high over the du
of the run.

Run 7: Test of Watershed-Scale Increase in Sediment
Supply

Results for Run 7 indicate that doubling the sediment supp
the entire watershed results in large amount of aggradation
entire study reach~Fig. 9!. Although the increase in sedime

Fig. 7. Results of Run 5 with abrasion coefficients for ambient
pulse sediment at 0.01 and 0.1 km−1, respectively, and a discharge
200 m3/s at the end of the study reach.~a! Incremental elevation;~b!
cumulative gravel transport~solid lines without symbols are valu
under the background condition!; and ~c! surface layer mean gra
size.
supply is limited to the first 10 years, it takes a much longer time
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to transport the excess sediment out of the system. For exa
even 30 years after the sediment supply has returned to its
librium value ~40 years from the beginning of the simulatio!,
there is still about 5.5 m of excess deposit at the upstream e
the reach. Similar to Run 1 presented in Fig. 3~c!, the deviation o
slope from its equilibrium value becomes smaller as the exce
sediment is transported out of the system. As a result, the
port of excess sediment out of the system becomes slower in
It needs to be noted, however, that the large magnitude of a
dation in this run is an artificial effect due to the use of a cons
discharge and a constant sediment supply rate associated wi
discharge. This sediment supply is most likely much higher th
similar river system in the field because sediment supply
transport in natural rivers normally occur only for a very sh
period every year. As a result, it can be expected that the m
tude of aggradation in a natural river system will be much sm
than predicted in Run 7. Despite the expected smaller magn
of aggradation in natural rivers, the conclusion that it will nee
long period of time to work out the excess sediment remain
same.

Fig. 8. Incremental elevation for Run 6 with abrasion coefficients
ambient and pulse sediment at 0.1 and 0.01 km−1, respectively, and
discharge of 200 m3/s at the end of the study reach

Fig. 9. Incremental elevation for Run 7 with abrasion coefficien
0.01 km−1, and a discharge of 200 m3/s at the downstream end of t
study reach. Sediment supply is doubled in the entire study rea
the first 10 years of simulation and then reduced to the equilib
value.
654 / JOURNAL OF HYDRAULIC ENGINEERING © ASCE / AUGUST 2005
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Run 8: Test of Local-Scale Increase in Sediment
Supply

Results for Run 8 are presented in Fig. 10 for incremental e
tion. It is interesting to note that a change in sediment su
within a very short reach for a specified period of time affects
entire basin for a much longer period of time. It needs to
cleared, however, that the magnitude of aggradation in this r
an order of magnitude smaller than that in Run 7. In addition
magnitude of aggradation in a natural river will most likely
much smaller than predicted, as discussed earlier in Run 7.

Run 9: Test for Zero Abrasion

Results for Run 9 are very similar to that of Run 1, except
sediment pulse evolved slightly slowly. Details of the results
Run 9 are not presented here. The lack of major differenc
tween Runs 9 and 1 indicates that the effect of abrasion bec
minimal for the evolution of the tested gravel pulse when a
sion coefficient is below 0.01 km−1.

Conclusions

A numerical model for gravel mixtures is developed in orde
simulate the evolution of~1! sediment pulses and~2! disturbance
in the form of an increased sediment supply introduced t
equilibrium mountain river. The riverbed is assumed to be c
posed entirely of alluvial gravel without any geological cont
such as bedrock outcrops or large boulder pavements. Th
sumption is usually not satisfied in natural mountain river
tems, and thus, the model may need specific modifications
applied to a given natural river@e.g., Cui and Wilcox~2005!#.
Although the model in its present form requires some modi
tions for site-specific applications, the version presented in
paper offers useful insight into the evolution of sediment pu
and disturbances due to increased sediment supply. The mo
portant observations resulting from the numerical experim
presented above are as follows:
1. Sediment pulses in mountain rivers evolve predominant

dispersion. This result confirms the findings of earlier fi

Fig. 10. Incremental elevation for Run 8 with abrasion coefficien
0.01 km−1 and a discharge of 200 m3/s at the downstream end of t
study reach. Sediment supply was doubled at the reach betwe
stations at 32 and 35 km for the first 10 years and then reduced
equilibrium value. Note the vertical scale is exaggerated by a f
of 10 from that of Fig. 9.
observations, flume experiments, and most numerical experi-
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ments~e.g., Lisle et al. 1997, 2001; Hanlser 1999; Cui e
2003a,b!. Translation of the apex is a secondary phenome
that occur in certain situations~e.g., upstream translation
Run 4, in which both the ambient and pulse sedimen
highly less durable!.

2. Sediment pulses in rivers with higher bedload transpor
pacities~e.g., higher slope or discharge! evolve more quickly
This observation, intuitively obvious though it may be,
important implications. In many if not most mountain wa
sheds, the upper reaches of the river are usually steep
geological controls such as bedrock outcrops and large
der pavements, indicating a higher sediment transport c
ity than sediment supply. The implication is that if a se
ment pulse such as a landslide occurs in the upstream re
of a river, the effect of that pulse may be minimal, or at le
muted compared to an alluvial reach. This result is consi
to that of the numerical experiment by Hoey and Fergu
~1997! that systems with higher sediment transport capa
recover to equilibrium faster.

3. The abrasion of gravel is probably one of the most impo
mechanisms by which the excess sediment mass in a
ment pulse is transported out of the system. In the pres
of abrasion, particles in the sediment pulses become fin
the downstream direction, easing their transport out o
system. Moreover, sediment that is abraded to sand an
sizes will travel as washload in mountain rivers. This
greatly reduce the volume of the excess sediment transp
as bedload, and thus accelerate the process for the riv
return to its background equilibrium. In addition to the a
ity of abrasion to accelerate the evolution of sediment pu
a difference in durability between ambient and pulse s
ment, as reflected in their respective abrasion coeffici
may result in distinct and interesting differences in resu
channel morphology. In particular, in many cases it ca
expected that the relatively freshly produced sediment
landslide or debris flow is more easily abradable than gr
clasts which have been resident in the channel for a sub
tial amount of time. It is worth mentioning that the chan
bed may be blanketed with sand if the amount of fine s
ment produced from the pulse is extremely high, which is
simulated in the current model.

4. Excessive sediment input to a river system for a short p
of time may result in excess sediment in the system f
long period of time before it can return to its equilibriu
state. Excess sediment on a local scale may result in a
dation at a much larger spatial scale both upstream
downstream of the source of the disturbance.

5. Examinations of the effect of pulse grain size distribution
not presented in this paper. Limited examinations of the
fect of pulse grain size distributions, however, have b
conducted both experimentally and numerically and h
been reported in Cui et al.~2003a,b!. Results from bot
flume and numerical experiments in Cui et al.~2003a,b! in-
dicate that coarser sediment pulses relative to ambient
ment evolve more slowly, whereas finer sediment pulses
tive to ambient sediment exhibit more translation. Intere
readers are referred to the original references for detail

We caution that the conclusions reached in this paper are bas
a sediment transport model with many simplifications, includ
constant discharge and constant sediment supply; rectan
channel cross section that ignores the effects of floodplains
absence of grade controls; and the equilibrium pre-pulse lon

dinal profile. It can be expected that the behavior of natural rivers

JOUR
s

is much more complicated than predicted in the runs. Fo
ample, experimental runs conducted with natural hydrogr
have resulted in more variations of the evolution speed of
ment pulses in time; simulation of sediment transport follow
dam removal in a natural river with grade control indicated
sediment would deposit only in areas with low sediment tran
capacities while bypass the reaches with high transport capa
~Cui and Wilcox, in press!. It can be expected that more insig
will be gained by further study of the full three-dimensional pr
lem and associated processes not considered here.
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Notation

The following symbols are used in this paper:
B 5 cannel width;

Dj 5 lower bound grain size of thej th size range;
Dj 5 geometric mean grain size of thej th range,

=ÎDjDj+1;
Dsg 5 surface layer geometric mean grain size;

F 5 Froude number;
Fj ,k 5 volumetric fraction of thej th size range andkth

lithology in surface layer;
Fj ,k8 5 aerial fraction exposed to the flow for thej th size

range andkth lithology in surface layer;
f I,j ,k 5 volumetric fraction of thej th size range andkth

lithology in the sediment that is in exchange
between bedload and channel bed;

g 5 acceleration of gravity;
H 5 water depth;
ks 5 roughness height;
L 5 distance between the upstream and downstream

ends;
La 5 surface layer~active layer! thickness;

pj ,k 5 volumetric fraction of thej th size range andkth
lithology in bedload;

pl,j ,k 5 volumetric fraction of thej th size range andkth
lithology in lateral gravel input;

Ps,j ,k 5 volumetric fraction of thej th size range andkth
lithology in subsurface deposit;

QG 5 volumetric transport rate of gravel;
Qw 5 water discharge;
qGl 5 lateral gravel contribution~due to tributaries!, in

volume per unit distance;
qwl 5 lateral water discharge contribution~due to

tributaries! per unit distance;
Se 5 equilibrium channel bed slope;
Sf 5 friction slope;
Sl 5 lateral friction contribution from tributaries;
S0 5 channel bed slope;

t 5 time;

u* 5 shear velocity;
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x 5 downstream distance;
bk 5 volumetric abrasion coefficient of gravel for thekth

lithology;
DS* 5 normalized incremental bed slope;
Dc j 5 c j+1−c j;

h 5 bed elevation;
hT 5 difference in bed elevation between the upstream

and downstream ends;
lp 5 porosity of the sediment deposit;

ssc 5 arithmetic standard deviation of surface gravel;
f 5 grain sizef scalef=−log2sDdg, where grain sizeD

is in millimeters;
x 5 empirical coefficient;

c j 5 grain sizec scale for the lower bound grain size of
the j th size range, =−f=log2sDjd, where grain size
Dj is in millimeters; and

c j 5 mean grain sizec value for thej th size range,
=0.5sc j +c j+1d.
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