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Abstract

The GSTARS computer model (Generalized Stream Tube
model for Alluvial River Smulation) was first developed by
Molinas and Yang (1986) for the U. S. Bureau of Reclamation
to simulate the flow conditions in a semi-two-dimensional
manner and the change of channel geometry in a semi-three-
dimensional manner. The GSTARS model was revised and
enhanced by Yang et al. (1998) and released by the U. S.
Bureau of Reclamation as GSTARS 2.0.

GSTARS 2.0 isa stream tube model for alluvial river simu-
lation. Backwater computations are carried out using the
standard step method based on the conjunctive use of the
energy and momentum equations. The model is able to deal
with subcritical or supercritical flow regimes, or both simulta-
neously. Stream tubes are used for hydraulics and sediment
transport calculations to achieve a lateral variation within a
cross section. Sediment routing, and bed sorting and armoring
computations are performed independently for each stream
tube. The model has 13 transport functions for particle sizes
ranging from clay to silt, sand, and gravel, including nonegui-
librium transport and flows with high concentration of wash
load. The model is able to predict variations in channel width
according to the theory of total stream power minimization.

This paper provides a general description of the concepts
and approaches used in GSTARS 2.0. The main differences
between GSTARS and GSTARS 2.0 are also presented. Exam-
ples are given to illustrate the potential application of
GSTARS 2.0 for solutions of engineering problems.

|. INTRODUCTION AND BACK GROUND

The Generalized Stream Tube model for Alluvial River Simu-
lation (GSTARS) was developed by the U. S. Bureau of Rec
lamation (Molinas and Yang, 1986) as a generali zed water and
sediment-routing computer model for solving complex river
engineaing problems. Since then, GSTARS has been applied
by many investigators to smulate and predict river morpho-
logic changes caused by manmade and natural events. As a
result of these gplicaions, GSTARS has been revised and

enhanced. An enhanced and improved model, GSTARS ver-
sion 20 (GSTARS 2.0), developed for PC applications, has
been released recantly (Yang et a., 1998). GSTARS 2.0 has
the following cgpabiliti es:

e |t can compute hydraulic parameters for open channels
with both fixed and movable boundaries.

« It hasthe aility of computing water surfaceprofilesin the
subcriticd, supercriticd, and mixed flow regimes, i.e., in
combinations of subcriticd and supercriticd flows without
interruption.

e It can smulate and predict the hydraulic and sediment
variations in both the longitudinal and transverse direc
tions.

e |t can simulate and predict the change of aluvia channel
profile ad cross-sedional geometry, regardless of
whether the channel width is variable or fixed.

e Itincorporates site spedfic conditi ons such as channel side
stability and erosion limits.

Improvements and revisions made in GSTARS 2.0 over
GSTARS include, but are not limited to:
 Number of user seleded sediment transport functions
increased from 4 to 13.
e Cohesive sediment transport cgpabiliti es.
« Side stability subroutine based on the angle of repose.

« Nonequili brium sediment transport based on the decy
function d Han (1980).

« Transport function for sediment laden flows by Yang et .
(1996).

* Massbaance ded and many debugging fedures.

e Subroutine that adds points to enable mntinued acarate

modeling of cross edions with an insufficient amount of
measured pointsin any given strean tube.

* Increased the number of cross dions and cross-sedion
points that can be input to describe the study read.

t. Paper presented at the 3" International Conferenceon Hydro-Science and -Engineeing, Cottbus/Berlin, Germany, Aug. 31-Sep. 3, 1998.



e Theorigind CYBER mainframe version of GSTARS was
modified to operate on a PC using FORTRAN 77 and
FORTRAN 90 syntax in GSTARS 2.0.

» Error chedking of input data file.

» Output plotting options, including graphic display capabil -
ity for cross dions and water surfaceprofiles (program
GSPLOT).

» Extensive revision of computer codes and functions, even
though some of the input record names may be the samein
GSTARS and GSTARS 2.0.

« Datainput using either US or metric units.

Among the 49 data records used in GSTARS and GSTARS
2.0, only 14remain the samein both versions.

This paper provides a brief description o the basic ele-
ments in GSTARS 2.0. Examples are used to ill ustrate the
applicaions of GSTARS 2.0 for simulating river morphologi-
cd processes and for solving river engineeing problems.

[1. GOVERNING EQUATIONS

Hydraulics

GSTARS 2.0 uses the standard step method for badkwater
computations. The dgorithm uses the energy equation when
there ae no changes in flow regime, and uwses the momentum
equation when there is a change from subcriticd to supercriti-
cd flow, or viceversa. Badkwater computations proceed in
the upstream diredion for subcriticd flow, and in the down-
strean diredion for supercriticd flow. The gpropriate use of
the two equations allows carrying backwater computations for
subcriticd, supercritical, or any combination d both flow
conditi ons, even when hydrauli ¢ jumps are involved.

Irregular cross sedions can be handled regardless of
whether the study read is a single channel or has multiple
channels eparated by idands or sand bkers. In the case of a
cross sedion with multiple channels, the variables related to
the qoss-sedional geometry (areg wetted perimeter, hydrau-
lic radius, channel top width) are computed for ead subchan-
nel and the values are summed to obtain the total values for
the aoss sdion.

GSTARS 2.0 uses the amncept of stream tubesto achieve a
semi-two-dimensional variation of the flow velocity aadoss
the doss dion. After the backwater computations are per-
formed, the wetted perimeter is divided in sedions of equal
conveyance Ead strean tube will carry the same discharge,
but stream tube aoss-sedional aress will, in general, differ
from ead ather. Therefore, a different mean velocity can be
obtained for ead stream tube, resulting in diff erent velocities
for different parts of the aoss sdion.

Sediment Routing

Sediment routing is made independently along ead streamn
tube asuming that there is no mass exchange acoss $rean
tube boundaries. The basis for the sediment routing computa-
tionsis the sediment continuity equation
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wheren = volume of sediment in aunit bed layer volume (one
minus porosity); Aq = volume of bed sediment per unit length;
A = volume of sediment in suspension at the cross sedion per
unit length; Qg = volumetric sediment discharge; and gg = lat-
eral sediment inflow. In GSTARS 2.0, a number of assump-
tions are made to simplify this equation. Firstly, it is assumed
that the change in suspended sediment concentrationin a aoss
sedion is much smaller than the dhange of the river bed. Sec
ondly, during a time step, the parameters in the sediment
transport function for a aoss ®dion are asumed to remain
constant. This assumption is valid only if there is little varia-
tion of the doss-sediona geometry, that is, if not much ero-
sion and/or deposition accur in a time step. This assumption
alows the decoupling of water and sediment routing computa-
tions. In pradice it can be met by using a small enough time
step. Finally, in the present version of GSTARS 2.0 we do nd
consider lateral inflows. With these asumptions, the aove
equation becomes
(O, 90 _
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This equation is used to compute bed changes, AZ, in eath
strean tube and for ead bed sediment sizefradion. Detail s of
the numericd discretization procedure ae givenin Yang et a.
(1998).

Sediment transport is computed by size fradion. Bed
changes are computed as a sum of the bed change for eath
particle size, that is,

N
AZ; = Y AZ; ©)
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where i = cross &dion index; k = sizefradionindex; and N =
total number of sizefradions present in crosssedioni. AZ; is
computed by solving the sediment continuity equation for
eadt sizefradion.

Sediment Transport Capacity Computations
The total sediment carrying capadty, C; for a particular river

sedion during atime step is computed by wsing the formula
N

C = Y pCy 4

k=1
where p, = percentage of materia of size fradion k avail able
in the bed; and C, = cgpadty for ead sizefradion. C is com-

puted by one of the 13 sediment transport functions avail able
in GSTARS 2.0. The sediment transport functions for non-
cohesive sediments are: Meyer-Peter and Miller (1948),
Laursen (1958), Toffaleti (1969), Engelund and Hansen
(1972), Ackers and White (1973) and its updated version by
HR Wallingford (1990), Yang (1973), (1979), and (1984), and
Parker (1990). Additionally, the formula for sand transport
with high concentration of wash load by Yang et a. (1996) is
included.

In GSTARS 2.0, the transport of silt and clay is computed



separately from the remaining (non-cohesive) size fradions.
The presence of clay is remgnized if any of the particle size
fradions given in the input has a geometric mean grain size
small er than 0.004 mm. Simil arly, the presenceof silt isrecog-
nized if a size fadion has a geometric mean gan size
between 0.004 and 0.0625 mm. For these fradions, the
method o Krone (1962) is used when the system isin deposi-
tional mode, and the methods of Partheniades (1965) and Ari-
athurai and Krone (1976) are used when erosion occurs.

It is usualy acceptable to assume that the bed-material
load discharge is equal to the sediment transport cepadty of
the flow in ariver, that is, the bed-material load is transported
in an equilibrium mode. However, there ae drcumstances in
which the spatial-delay and/or time-delay effeds are impor-
tant. For example, reservoir sedimentation processes and the
sitation of estuaries are essentially non-equili brium pro-
cesses. |n the laboratory, it has been dbserved that it may take
asignificant distancefor a dea water inflow to read its stu-
ration sediment concentration. To model these effects,
GSTARS 2.0 uses the method developed by Han (1980). In
this method, which is based in the analyticd solution of the
convedion-diffusion equation, the nonequilibrium sediment
transport rate is computed from
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where C = sediment concentration; CF = sediment carrying
cgpadty (equilibrium); q = discharge of flow per unit width;
Ax = read length; wg = sediment fall velocity; i = cross-sec
tion index (increasing from upstream to downstream); and . =
adimensionlessparameter. The parameter o isarewvery fac
tor. Han and He (1990) recommend a avalue of 0.25for depo-
sition and 1.0 for entrainment.

Bed Sorting and Armoring

Because sediment transport is computed by size fradion, par-
ticles of different sizes are transported at different rates.
Depending on the hydraulic parameters, the incoming sedi-
ment distribution, and the bed composition, some particle
sizes may be eoded, while others may be deposited or
immovable. For example, al the finer particles may be
eroded, leaving a layer of coarser particles for which there is
no carying cgpadty. No more @osion may occur for those
hydraulic conditions, and the bed is said to be amored. This
armor layer prevents the scour of the underlying materials,
and the sediment available for transport becomes limited to
the anount of sediment entering the read. However, future
hydraulic events, such as an increase of flow velocity, may
increase the carying capadty of the flow, causing the amor
layer to bregk and restart the eosion processes in the read.

Many different processes may occur simultaneously
within the same dhannel read. These depend not only on the

composition o the supplied sediment, that is, the sediment
entering the read, but also on bed compasition within that
read. The bed composition may vary within the read in both
space ad time. In order to model these types of events,
GSTARS 2.0 uses the bed composition acounting procedure
proposed by Bennett and Nordin (1977).

In Bennett and Nordin's method, bed acounting is acom-
plished by dividing the bed in conceptual layers. The top
layer, which contains the bed material available for transport,
is cdled the adive layer. Beneah the adive layer istheinac
tive layer, which isthe layer used for storage. Bel ow these two
layers there is the undisturbed bed, with the initial bed mate-
rial compasition. The adive layer is the most important con-
cept in this procedure. It contains al the sediment that is
available for transport at ead time step. The thickness of the
adive layer is defined as proportional to the geometric mean
of the largest size classcontaining at least 1 percent of the bed
material at that location. Erosion of a particular size dass of
bed material is limited by the anount of sediments of that size
class present in the adive layer.

The locations of stream tube boundaries change with
changing flow conditions and channel geometry. The proce-
dures described above ae caried out separately along eath
stream tube. Bed material is acounted for at the end of eah
time step for ead strean tube. Bed material composition is
stored at ead point used to describe the geometry for al the
cross sedions. At the beginning o the next time step, after the
new locations of the stream tube boundaries are determined,
these values are used to compute the new layer thickness and
bed compasition for eadt strean tube.

Total Stream Power Minimization

GSTARS 2.0 can compute not only verticd bed changes, but
aso width channel changes. The basic theory behind the
determination of width and depth adjustments is based on the
minimum energy dissipation rate theory [see for example,
Yang and Song (1986)] and the theory's spedal case, the mini-
mum strean power theory [seg for example, Chang (1979)].
The minimum energy dissipation rate theory states that when
a dosed and dissipative system reades its state of dynamic
equilibrium, its energy dissipation rate must be & its minimum
value. The minimum value depends on the mnstraints applied
to the system. If the system is not at its dynamic equilibrium
condition, its energy disdpation rate is not at its minimum
value, but the system will adjust itself in a manner that will
reduce its energy dissipation rate to a minimum value ad
regain equilibrium. Because of changing flow and sediment
conditions, a natural river is seldom in its true eguilibrium
condition. However, a natura river will adjust its channel
geometry, slope, pattern, roughness, etc., to minimize its
energy dissipation rate subjed to the water discharge and sed-
iment load supplied from upstream.

GSTARS 2.0 uses the total stream power, @y, defined as

©r = [yQSix (©)



where y = unit weight of water; Q = water discharge; and S=
slope. Choosing the diredion for channel adjustments is made
by minimizing @®; at different stations. This process is
repeaed for ead time step. If alteration o the channel widths
resultsin lower total strean power than raising a lowering o
the channel's bed, then channel adjustments progress in the
lateral diredion. Otherwise, the aljustments are made in the
verticd diredion.

[11. APPLICATION EXAMPLES

GSTARS 2.0 and earlier versions have been applied to many
field problems with success, and model validation is an ongo-
ing task. In this paper severa applications of the model are
presented to ill ustrate its cgpabilities and range of applica
tions.

Knickpoint Migration

Knickpoints are points of abrupt change in bed dope (fig. 1).
A knickpoint in a fixed bed channel will remain intad indefi-
nitely. However, if the streambed is made of highly erodible
material, the knickpoint will be obliterated very quickly. In
nature, knickpoints exist at al stages between these two
extremes. In general, knickpoints may migrate upstrean along
the channel and have undesirable dfeds, such asundermining
bridge piers and ather manmade structures. Therefore, they
are important feaures of a dannel or river system, and it is
important to appropriately model their behavior.

Figure 1: Knickpoint definition.
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Knickpoint migration may be explained as a result of the
erosion pdential, hS, reading a maximum at the bre& in

dope and deaeasing away from that point (h is the water
depth and & is the friction slope). The boundary shear stress
(1o = ghS) is a maximum at the knickpoint. It deaeases
downstream as the flow depth deaeases. It dso deaeases
upstream, because the energy grade line flattens, even though
the flow depth is higher. Since the sediment transport rate is
related to h and &, more materials are caried away from the
knickpoint than from the surrounding reades. As aresult, the
knickpoint migrates upstream and the excess eroded material
deposits downstream. Eventually, the overstegpened read
will flatten.
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To evaluate GSTARS 2.0, this processwas smulated and
compared to the experiments of Brush and Wolman (1960).
The eperimental setup consisted of a laboratory channel
lined with sand. Run #1 was seleded for this verificaion. This
run was performed in a laboratory channel 50 ft in length and
0.7 ft wide. The depth was 0.1 ft and the water discharge was

0.021 ft3/s. Channel bed and banks was made of non-cohesive
sand with a median size of 0.67 mm. The knickpoint was rep-
resented by an oversteegpened, badkward-fadng step in the bed
with a dope of 0.1 ft/ft. The upstream and downstrean
reades had a slope of 0.00125 ft/ft. The first set of measure-
ments was taken 2 hours and 40 minutes after the start of the
run; the second set was taken 26 hours 40 minutes after the
start of the run. GSTARS 2.0 was tup wsing cross edions
spaced 1ft apart, for atotal of 51 cross sedions. The sediment
transport equation wsed was the Engelund and Hansen (1972).
The total duration of the experiments was 26 hours 40 min-
utes. With a time step of 1 minute, this corresponds to a
GSTARS 2.0 run of 1600 time steps. The simulation was per-
formed with 1 stream tube, and the streampower minimization
feaure of GSTARS 2.0 was not used. Under these drcum-
stances, GSTARS 2.0 performs similarly to a conventional
one-dimensional model.

The initial bed configuration and computed free surface
are shown in figure 2. The results of the simulations are shown
in figures 3 and 4, corresponding to two dfferent instants in
time. There is a dose areanent between the experimental
data and the simulation for the measurements taken at 2 hours
40 minutes. For the measurements taken at 26 hours 40 min-
utes after the run started, the agreement is not as close. Thisis
attributed to the formation d a sand dune & the middle of the
channel, just downstream from the origina location of the
knickpoint. The measurements, taken at the centerline of the
channel, represent the highest elevations in the bed, but the
simulations represent the average thannel bed elevation for
ead crosssedion.

Figure 2: Initial bed conditions and computed freesurfacefor
knickpoint behavior run.
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Bed Degradation and Armoring
The daming of ariver hasthe dfea of cutting the downstream
sediment supply, therefore changing dramaticaly the river



conditions. As aresult, the river bed may suffer degradation.
The bed material coarsens until an armor layer is formed, pre-
venting further degradation (which may still happen if the
armor layer isbroken by higher flow events). It isimportant to
predict the impads of this effed to the river system, including
any manmade structures, fish habitat, etc. In order to model
these dfeds, it is espedally important to be ale to compute
acarrately not only the sediment transport, but also the bed
sorting and armoring processes and their effeds in seledive
transport. In this study the experiments by Ashida and Mich-
iue (1971) were used to determine GSTARS 2.0 cgoabiliti es
and acairagy in bed sorting and armoring, and in the seledive
transport of bed sediment sizefradions. As mentioned ealier,
GSTARS 2.0 incorporates the bed sorting and armoring algo-
rithm of Bennett and Nordin (1977).

Figure 3: Knickpoint migration runs. Comparison between
measurements and simulation 2 hours 40 minutes after the
start of the run.
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Figure 4: Knickpoint migration runs. Comparison between
measurements and simulation 26 hours 40 minutes after the
start of the run.
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The physicd experiments were caried out in asmall | abo-
ratory channel 0.8 m in width and 20 m in length. For the
example presented here, Ashida and Michiue's Run #1 was
used. The runs took placein a cntrolled laboratory environ-
ment, in asmall flume 20 min length and 0.8 m wide. Run#1
had a Manning's roughness of 0.018 and water discharge of

0.0314 m®/s. The flume bed was made of non-cohesive sand
with a dsq of approximately 1.7 mm (seefig. 5). The bed had

an initial sope of 0.0040 and the downstream €elevation was
kept constant with a weir. Clea water was fed to the flume
and the bed was |eft to erode until an equili brium slope was
readed.

Figure 5: Bed sorting and armoring resulting from bed degra-
dation.
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The simulation was acamplished with auniformly spacel
mesh, using cross gdions acal 0.5 m apart, with a total of
41 cross sedions. The time step, chosen to ensure stability,
was of 0.2 minutes. The carying cgpadty of the sand frac
tions was computed using the transport equation by Yang
(1973), and the capadty for the gravel fradions was computed
using the Yang (1984) equation. Three stream tubes were
used, and the streampower minimizaion procedure in
GSTARS 2.0 was adivated.

The results of the simulation and comparison with experi-
ments are shown in figures 5 and 6. Figure 6 shows the initial
bed, together with the equili brium bed and the results of the
simulation. GSTARS 2.0 was able to predict well the scour
depths and the final equilibrium slope. The bed materia size
distributions are shown in figure 5. The experimental mea
surements ow that armoring of the bed took place with a
resulting dsq increasing from about 1.7 to 5.1 mm. GSTARS
2.0 predictions have an overall very good agreament with the
experimental data.

Reservoir Sedimentation

This example presents the mhesive sediment transport fea
tures of GSTARS 2.0, as well as the use of non-equilibrium
sediment transport. To illustrate these feaures, we use some
adual survey data mlleded in the Rio Grande, New Mexico
(USA). This corresponds to a stretch of the Rio Grande
between San Marcial (New Mexico) and The Narrows (Ele-
phant Butte Reservoir). This exampleisareservoir sedimenta-
tion problem, with very fine sediments entering a reservoir
and depositing in the upper read of the modeled region.



Figure 6: Bed degradation due to sudden depletion of sedi-
ment supply. Bed prediction and comparison with experi-
ments.
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For this example, a total of 34 cross sedions are used to
represent aread approximately 28 milesin length. The values
of the Manning's roughness coefficients used are 0.024 for the
main channel and 0.080 for the flood plains. The hydrology
data consist of daily flows and monthly water temperatures at
the upstrean end d the read, and of daily reservoir eleva
tions at the downstream end (fig. 7). The smulationis caried
out for an 8-year period (1980 to 1988) with time steps of 1

day.

Figure 7: Hydrologic data for the Rio Grande. Discharge &
San Marcial, New Mexico, and reservoir water stage & Ele-
phant Butte Reservoir.
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Theincoming sediment dischargeis gedfied asafunction
of the water discharge, and is given by the relation

Q. = 0.890Q"*" @)

where Qg is the sediment discharge (ton/day) and Q is the

water discharge (ft3/s). The bed material and incoming sedi-
ment distributions have ahigh percentage of very fine whe-
sive sediments, that is, st and clay. The bed material
distribution over the simulated read is known at spedfic
locdions. A typicd bed material size distributionis own in
figure 8.

Figure 8: Bed material size distribution for rangeline 13,
upstream from Elephant Butte Reservair.
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The sedimentation process occurring in the reservoir is
essentially anon-equilibrium transport problem. Thisis © due
to the very fine materias being transported and to the sudden
incresse in water depth, which makes questionable the
hypothesis of instantaneous exchange between transported
sediments and bed sediments. If this phenomenon is disre-
garded, the model would predict excessive deposition at the
upstream reades of the reservoir delta, and not enough sedi-
ments reah the downstrean aress where deposition is
observed.

The mhesive sediment transport parameters, which char-
aderize the particles with a diameter smaller than 62 um,
should be determined in situ or by laboratory tests. They are
highly dependent onthe locd conditions and may vary widely
from case to case, adways requiring field verificaion. In
GSTARS 2.0 these parameters are aiticd bed shea stresses
(for deposition, particle eosion, and masserosion) and mass
erosion rates. Particlefall velocities $ould aso be ameasured
parameter, but at present that fador is computed by the pro-
gram rather than being an input parameter. For the present
example, the charaderistics of the mhesive sediments for the
study read were taken from Vermeyen (1995).

The GSTARS 2.0 simulation was made using 34cross ®£¢
tions approximately equally spaced (about 4500 ft apart). The
time step chosen was of 1 day, for atotal of 2460 time steps.
The sediment transport equation used for the sand fradions
was the one by Laursen (1958). Threestream tubes were used
for the simulation, but the streanpower minimizaion feaure
was not used.

The results of the simulation are shown in figures 9 and
10. Figure 9 shows the acamulated volume of deposition for
the upper part of the Elephant Butte Reservoir, where dl the
bed adivity is happening. The agreement between measure-
ments and simulation is generally good and the ohserved
trends are catured well, athough the model shows a dight
tendency to overpredict deposition volumes in some aeas of
the reservoir.



Figure 9: Meaured vs. predicted volume of acamulated
deposition of sediments.
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Seleded cross sedions are shown in figure 10. The plots
show the results of the simulation using 3 stream tubes. In
spite of the omplex nature of the crosssedional geometry,
the results are reasonably close to the measurements for most
of the aoss ®dions. The differences are due to the fad that
the Rio Grande has a perched main channel, situated at a
higher elevation than that of the ajacent flood dains. For
example, the main channd in figure 10(c) is stuated at a lat-
eral location of 3000 ft, with aleveelocated at about 4200 ft.
The ajacent flood plain has bed elevations below those of the
main channel bed. A similar situation is observed in figure
10(b) and in most other cross sedions of the study read. This
type of complicaed geometry is difficult to model and
requires speda attention. However, GSTARS 2.0 has been
applied to it without modifications; therefore some differences
between the ssimulations and the measurements are expected.

V. CONCLUSIONS

GSTARS 2.0 is a model for routing water and sediments
through fixed o movable bed channels. Some of its most
important and unique fedures are the adility of modeling
mixed flow regimes, cohesive and non-cohesive sediment
transport, nonequilibrium sediment transport, and width and
depth changes.

GSTARS 2.0isin a stage of continuous development and
improvement. This paper shows some examples of applica
tions. The model has predicted well a number of important
applicaions for solving engineeing problems, such as knick-
point migration, bed sorting and armoring, and reservoir sedi-
mentation. Further studiesarein progress.

More information and future developments can be
obtained from the GSTARS 2.0 Web page,

http://www.usbr.gov/srhg/gstars/2.0,
or email to

srhg@www.usbr.gov.

Figure 10: Predicted and measured cross-sedional changes at
severa locations. (@) station locaed 124,560 ft from down-
strean boundary; (b) station at 100,810 ft; (c) station at
73,142 ft; (d) station at 25,059 ft.
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