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FOREWORD 
 
Because dams alter the natural balance of water and sediment, all reservoirs will 
experience, to a greater or lesser extent, sedimentation. The conventional concept of 
managing reservoir sedimentation by allocating "dead storage" for a predetermined useful 
reservoir life of 50 to 100 years is no longer considered state of the art. Effective 
management of reservoir systems can benefit from models which predict future behavior 
and response to perturbation or management actions. This report focuses on mathematical 
models of reservoir hydrodynamics and sedimentation (as opposed to physical models) 
including model inputs such as bathymetry, hydrology and sediment properties and 
boundary conditions. Several widely available models are presented, although the reader 
is directed to appropriate references for specific model details. The report describes 
application of mathematical models to reservoir sedimentation, including the issues of 
selecting an appropriate transport function, sediment delivery to reservoirs, deposition 
patterns, and modeling specific reservoir sediment management strategies. 
 
This report was prepared by the USSD Committee on Hydraulics of Dams, 
Subcommittee on Reservoir Sedimentation. The lead authors were Martin J. Teal, WEST 
Consultants, Inc.; Jennifer Bountry, U.S. Bureau of Reclamation; and Daniel Pridal, U.S. 
Army Corps of Engineers. Our thanks go to the publications review committee consisting 
of Jerry W. Webb (U.S. Army Corps of Engineers), Samuel L. Hui (Bechtel Global 
Corporation), and Timothy J. Randle (U.S. Bureau of Reclamation) for providing valuable 
review comments. Our appreciation extends to James E. Lindell (MWH), former Chair of 
the Hydraulics Committee, for his help in taking this project to fruition. 
 
 
Martin J. Teal 
Chair, Subcommittee on Reservoir Sedimentation 
USSD Committee on Hydraulics of Dams 
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1.0  INTRODUCTION 
 
1.1 Problem Statement 
 
Because dams alter the natural balance of water and sediment, all reservoirs will 
experience, to a greater or lesser extent, sedimentation. The conventional concept of 
managing reservoir sedimentation by allocating "dead storage" for a predetermined useful 
reservoir life of 50 to 100 years is no longer considered state of the art. In the planning 
and design of new reservoirs, engineers should incorporate the concept of sustainable use 
and operation (e.g., Palmieri et al., 2003; Reclamation, 2006; Annandale, 2013). For 
existing reservoirs, engineers should take appropriate remedial measures to prolong their 
useful functions within economic, social, political, and environmental constraints. Being 
able to foresee and mitigate sedimentation issues during the design phase, or resolve 
these issues for existing projects, requires the ability to predict sediment movement.  
 
1.2 Purpose and Scope 
 
Effective management of a reservoir system requires a model which can predict future 
behavior and response to perturbation (Morris and Fan, 1998). All models are born as 
“thought experiments” and, depending on the situation, they may grow in complexity to 
include conceptual frameworks, desktop calculations, numerical simulations, and 
physical scale modeling. Real-world or "prototype" hydrologic systems are complex, and 
their behavior is analyzed with models which are greatly simplified and do not reproduce 
system behavior exactly. In engineering analysis this uncertainty is offset by applying 
informal or formal safety factors, to convert approximate modeling results into acceptable 
design parameters.  
 
The purpose of this report is to inform readers of the existing mathematical methods 
available to predict sediment movement in and around reservoirs. There is a vast amount 
of material available on the subject; this paper attempts to distill accepted and applied 
(rather than theoretical) methods for the practitioner and provide reference sources for 
further information. Although beyond the scope of this document, in complex reservoir 
systems or for certain management questions it may also be useful to incorporate 
conceptual and physical models. Typical analyses for which reservoir sedimentation 
models may be useful include:  
 

 estimating more accurately the live storage of the reservoir for use in reservoir 
water yield analysis relative to water supply and hydropower production studies, 
throughout the life of the project,  

 locating and designing sluicing outlets at the dam for discharge of fine sediment 
via density current  

 evaluating if and how to use reservoir drawdown, or other sediment management 
strategies, as a means to reduce sediment accumulation in reservoirs 
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2.0  MATHEMATICAL MODELS OF SEDIMENT TRANSPORT 
 
2.1 Introduction 
 
A model is defined as a representation of a system or phenomenon in which 
simplifications have been made in scale and/or time compared to the prototype. In 
engineered systems, models and their associated simplifications of reality are often 
created to be able to understand and reproduce to some extent complex physical 
processes that occur in nature. For example, when studying reservoir systems, being able 
to predict water movement (hydraulics or hydrodynamics) and sediment movement that 
will occur in response to a storm or dam operation is useful. The two models most 
commonly employed for this type of analyses are physical models (usually constructed at 
a reduced scale in a hydraulics laboratory) and mathematical models (the focus of this 
paper). Historically, physical models were often employed in reservoir studies along with 
simple numerical computations. Given the recent advances in computing power, 
mathematical models are now common either as stand-alone analysis tools or used in 
conjunction with physical models. 
 
2.2 Hydrodynamics 
 
Correctly modeling the movement of water, or hydrodynamics, within a reservoir is 
necessary before one can try to estimate sediment processes. A number of considerations, 
given in the sections below, are necessary for hydrodynamic modeling even before 
considering adding sediment to the simulations. 
 

2.2.1 Model Complexity 
 
The hydrodynamics of reservoirs can be represented by a suite of modeling techniques 
ranging from qualitative with simplified assumptions to complex approaches that address 
multiple interactions among variables. The type of mathematical model chosen for each 
particular application should reflect the physical characteristics of the reservoir and 
complexity of the question (Reclamation, 2006). One- and two-dimensional models are 
widely used for engineering applications. One-dimensional models are appropriate for 
narrow reservoirs, where the flow is highly channelized and closely follows the thalweg, 
and where transverse mixing is well accomplished. One-dimensional models are well 
suited to applications requiring long time simulations or multiple alternative analyses. On 
the other hand, when the reservoir pool is wide and without a single clear flow direction, 
multi-dimensional models must be used. Commonly used codes that simulate both 
hydrodynamics and sediment are covered in the “Commonly Available Models” section 
of this paper. 
 
 2.2.2 Geometry/bathymetry 
 
Development of a topographic or bathymetric surface to represent the reservoir bottom 
and post-construction sedimentation is one of the most important input data components 
to any reservoir model application. The geometry data defines the topography and 
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bathymetry of the reach to be simulated; i.e., the channel bed, banks, and floodplain. 
Reservoir pool geometry has a major influence on hydraulic behavior and the pattern of 
sediment deposition in reservoirs (Morris and Fan, 1998). Topographic data also allow 
comparison of reservoir conditions over time, such as changes in sedimentation patterns 
and storage volume. The topographic and bathymetric surface includes the area below the 
normal reservoir pool along with the above water area that can become inundated during 
high flows. Sand, gravel, and cobble sized sediments tend to deposit as deltas in the 
upstream end of the reservoir and these deposits extend well upstream of the normal 
reservoir pool. Therefore, the topographic channel surface should also include the 
upstream riverine component. Together, the topographic and bathymetric data sources 
should provide an accurate representation of the spatial variations in terrain. Although the 
terrain representation should accurately describe the reservoir width and depth variations, 
the level of detail or precision should correspond to the purpose of the investigation. The 
data can also be used to generate reservoir surface area and storage capacity tables or 
curves (also called area-capacity tables or curves) at varying reservoir pool elevations. 
This can be particularly useful when comparing reservoir surveys over time to determine 
the rate and magnitude of loss in storage capacity due to sedimentation within the 
reservoir pool (Figure 1). Computer programs from U.S. Bureau of Reclamation 
(Reclamation), the U.S. Army Corps of Engineers (USACE), and others are available.  
 

 
Figure 1. Example area-capacity curve for Lake Mills Reservoir on the Elwha River, 

Washington State generated with a GIS-based approach. 
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Reservoir area-capacity can also be developed using a geographic information system 
(GIS) program. A GIS-based method utilizes a detailed topographic surface generated 
from the survey data to determine the areas and volumes between specified elevation 
increments (e.g., Carlson et al., 2010). The GIS method accounts for irregularities in the 
surface topography and bathymetry, allowing the user to determine the precision of 
results based on the precision of the topographic and bathymetric information.  
 
The decision on which instrumentation and data collection technique to use is typically 
based on how complex the reservoir bathymetry is anticipated to be, range of depths 
within the reservoir, logistical considerations for accessing the site and launching boats 
and equipment, vegetation and infrastructure obstacles, dam operations, and the level of 
accuracy required to answer project management questions. The reservoir bathymetry is 
typically collected by a boat equipped with depth sounder and surveying equipment that 
can provide a horizontal position and depth for each sounding (Figure 2 and Figure 3; see 
Chapter 9 in Reclamation, 2006). The depth data are then subtracted from the water 
surface elevations to generate reservoir bottom elevations (bathymetry) as shown in 
Figure 2. In many cases, it is appropriate to utilize a single water surface elevation for 
generating the reservoir bottom data assuming the reservoir stage does not fluctuate 
throughout the survey. Bathymetric reservoir data are often collected by mapping the lake 
bottom in grid format with both longitudinal and lateral lines at close parallel spacing. 
Additional detail may be acquired in areas of interest such as near dam outlets, along the 
historical river channel path, at major topographic breaks, and where there is anticipated 
sedimentation. Depth sounders can range from single-beams, which collect a single point 
at each data collection location, to multi-beam scanners that provide nearly continuous 
data along the reservoir bottom. The simplest survey equipment could include a small 
boat or canoe, fish finder, a handheld GPS instrument, and field book for recording data 
by hand. Deeper and more complex reservoirs typically include higher accuracy survey 
equipment and depth sounders, along with calibration equipment for speed of sound, 
water temperature, etc. 
 
The portion beyond the boundaries of the normal reservoir pool can be represented by 
data collected with traditional ground survey techniques, but is more commonly 
represented by remote-data collection techniques. These techniques include data methods 
such as photogrammetry and LiDAR. Recent research has also explored tools such as 
satellite-based topography, photogrammetry from unmanned aircraft systems 
(http://rmgsc.cr.usgs.gov/uas/), and even manually operated balloons with cameras that 
can produce digital elevation models. Shallow reservoir areas and riverine sections above 
the reservoir pool or in tributaries may require unique survey techniques such as rafts 
mounted with depth sounding equipment and GPS or robotic total station equipment 
(Figure 3). Manipulation of the pool elevation to allow for increased coverage for either 
boat or remote sensing surveys can also help with these areas. 
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Figure 2. Survey vessel (top) and terrain product (bottom) from recent Lake Roosevelt 

survey (Ferrari, 2012). 
 

 
Reservoir surveys should be conducted by personnel with adequate field safety training 
which may include, but is not limited to, wilderness first aid, motorboat operator training, 
and whitewater rescue. Specific considerations should be included for dam operations 
which may require additional personnel and safety protocols during the survey near 
spillways, outlets, gates, and other structures. Weather conditions, particularly wind and 
lightning, can also present sudden environmental hazards. Reservoirs with whitecap 
conditions are dangerous for small boats and should be avoided because they can capsize 
or swamp the boats and because depth measurements become too erratic. Reservoirs with 
shallow bedrock, tree stumps, floating or submerged logs should be surveyed at very 
slow speeds. Areas with woody debris and shallow, turbid, or fast water conditions 
should also be surveyed with extreme caution. Care must also be taken to develop a 
survey plan with local emergency responders and reservoir operators, particularly in areas 
with public recreational use that may be concurrent with the survey. 
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Figure 3. Example bathymetric equipment setup with RTK GPS, ADCP, and laptop on 
river cataraft for shallow reservoir areas or riverine segments. Photography courtesy of 

Sedimentation & River Hydraulics Group, Reclamation, Denver, Colorado. 
 

Once the data has been collected from the different sources, it is combined to generate a 
spatially- referenced topographic and bathymetric surface in the form of contours, a TIN 
(triangular irregular network), or digital terrain model. To generate a surface, typically a 
reservoir polygon is developed to encompass the bathymetric data and a boundary 
polygon is used to define the extent of the surface. Depending on the density of data 
collected and spatial variation in topography and bathymetry, additional post-processing 
of the data and interpolation in data gap areas and at transition areas between survey data 
sources may be required. Interpolation may be done using standard triangulation 
techniques, or with more sophisticated techniques, such as kriging. The uncertainty of the 
final topography and bathymetry surfaces should be estimated and documented. 
Assembly of the combined terrain model should also consider the selected hydrodynamic 
model needs.  
 
Roughness associated with the surfaces defined by the geometry/ bathymetry plays an 
important role in determining flow depths and velocities; friction factors must be given in 
the form of numerical values associated with particular regions of the bed, or in the form 
of relationships that allow their representation as a function of other parameters such as 
hydraulic and/or sediment properties. For one-dimensional models, local energy loss 
coefficients must also be given, such as those due to channel bends, natural or manmade 
obstacles to the flow, bridge piers and abutments, etc. These may be prescribed based on 
field measurements and observations, or they may be calculated (e.g., Arcement and 
Schneider, 1989), which commonly requires an iterative procedure. 
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 2.2.3 Hydrology 
 
Knowledge of the size and time distribution of streamflow is essential to many aspects of 
water management and environmental planning (Viessman et al., 1977). Engineers and 
scientists often characterize stream discharge at given locations in terms of annual 
hydrographs, storm hydrographs, and instantaneous peak discharges. Investigators will 
also evaluate the longitudinal variability of stream discharge and available sediment loads 
with changing drainage area, local geology, and incoming tributaries. Further, changes 
over time must be considered that affect discharge hydrographs, land use and associated 
runoff or sediment loads, or features that divert or increase discharge along the river 
(Thorne et al., 1997).  
 
Reservoir hydraulic and sedimentation models require a set of hydrologic input data to 
represent the incoming river discharge from the upstream watershed, i.e., inflow 
hydrographs. When available, historical stream gage data is the most common source 
used to develop the inflow hydrographs. This information is often available from Federal 
and state agencies such as the U.S. Geological Survey or other local government sources. 
If stream gage data are not available, then new field measurements can sometimes be 
made and historical flows can be estimated by correlations with data from other nearby 
stream gages. For ungaged locations, precipitation-runoff models are another potential 
way to develop inflow hydrographs.  
 
The type of flow hydrograph needed depends on the objectives of the sedimentation 
analysis. An incoming (upstream) flow hydrograph from a historical or hypothetical 
storm event is generally sufficient for single event sedimentation analysis. However, 
modeling of longer-term behavior of the reservoir system, including examination of 
sediment accumulation and management techniques, will require representative long-
term discharge hydrographs. Reservoir storage routing computations require not only an 
input (upstream) hydrograph but also the release flows (downstream output hydrograph). 
 
Long-term discharge hydrographs provide context for the seasonal variation in flow 
magnitude, which can be useful for analyzing reservoir sediment management options 
and timing. For example, some streams are perennial (flow continuously) with highest 
sediment transport occurring during a winter rainy season or spring snowmelt season. 
Other streams are often dry with sediment transport only occurring during intermittent 
rain events. Total annual flow is often utilized in determining the trap efficiency of 
reservoirs, which affects estimates of long-term reservoir sediment accumulation. 
Because sediment transport is highly non-linear (much more sediment is transported at 
higher flows proportional to the amount carried at lower flows) it is important to capture 
peak flows if possible within the discharge hydrograph. 
 
The time step of the flow hydrograph is an important consideration which will vary 
depending on available data, the model computational time step, the mathematical 
scheme being used within the model, and the magnitude of the flow as well as potential 
operational policies under consideration (e.g., Cunge et al., 1980). While full treatment of 
this topic is beyond the scope of this paper, many models allow a larger time step for low 
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flows (when less sediment is moving and changes are very gradual) and smaller time 
steps for larger flows (when changes happen much more quickly due to the non-linearity 
of sediment transport). 
 
Because hydrologic patterns and associated sediment loads can vary considerably from 
year to year, several decades of stream flow data are ideal for hydrologic analysis. During 
low rainfall or snowpack years (below average), limited sediment accumulation may 
occur. In contrast, during wet (above average) rainfall or snowpack years higher rates of 
sediment accumulation may occur. Without long-term stream discharge records for 
context, a short period of data could result in over- or under- estimation of sediment 
accumulation. In locations with limited or no gaging station data, stream flow must be 
estimated using empirical approaches based on drainages of similar character, or better 
still, derived from a calibrated basin runoff model, either an event type or a long-term 
series. Regardless of available stream discharge data, uncertainty should be characterized 
in hydrologic analysis. 
 

2.2.4 Boundary conditions 
 

Subcritical flows require the flow discharge at the upstream boundary and the stage at the 
downstream end, while supercritical flows require both the discharge and the stage at the 
upstream boundary (the analysis leading to this result can be found in any hydraulics 
textbook, such as Henderson, 1966). Most practical problems for rivers and reservoirs 
include subcritical or critical flow. Supercritical flow, as an average channel condition, 
normally only occurs in spillways or very steep channels.  
 
For two- and three-dimensional models of rivers and reservoirs, flow velocity vectors are 
specified at the upstream boundary and water surface elevation is specified at the 
downstream boundary. When only the upstream discharge is known, average flow 
velocity can be specified with vectors normal to the upstream boundary. Velocity can 
also be specified in the same proportion as the upstream boundary conveyance. For a 
three-dimensional model, the vertical profiles can be specified as logarithmic. Upstream 
and downstream model boundaries should be specified far away from the reach of 
interest (e.g., a minimum distance equal to ten channel widths). 
 
The downstream stage can be specified by using stage-discharge rating curves or 
elevation hydrographs. Water-surface-slopes and the assumption of normal depth can 
also be specified, but this may be problematic for a mobile-bed sediment transport model 
because erosion or deposition at the downstream boundary may become unstable. For 
models where the downstream boundary corresponds to the dam, the pool elevation at the 
dam is often used. Depending upon model capabilities and problem complexity, the 
reservoir operational scheme may be specified for the downstream boundary. When the 
dam outlet works are used, relationships for the gates and spillways may have to be 
specified. These relationships are a function of the head at the dam, and more complex 
iterative schemes need to be used. In tidal regions, the tide will have to be specified as a 
hydrograph or a constant high or low tide could be specified. 
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In some models, especially if steady-state solutions are sought, special downstream 
boundary conditions are employed. These boundary conditions, generally known as non-
reflective boundary conditions, prevent wave forms generated by spurious numerical 
solutions from being reflected back into the computational domain, as would happen in 
the case of a clamped down, free surface elevation. The use of these techniques allows 
the spurious waves to flow out of the computational domain and may significantly 
increase numerical convergence rates. A description of such techniques can be found in 
Keller and Givoli (1989). 
 
2.3 Sediment Properties 
 
Required input data for a sediment model typically consist of parameters to describe the 
sediment particle grain size of the streambed material and the upstream sediment load. 
Specific sediment properties required for model computations vary with the model and 
problem complexity.  
 
 2.3.1 Sediment Characteristics 
 
Sediments may be classified by the grain size distribution, shape, specific gravity, and 
unit weight. Sediment load can be described with a variety of terminology (illustrated in 
Figure 4; USACE, 1995a). Total load, defined based on mode of transport, consists of 
bed load (material rolling and saltating along the channel bed) and suspended load 
(material carried in suspension). Alternatively, total load may be expressed based on 
measurement methods as measured load and unmeasured load. The unmeasured load 
usually includes the entire bed load and a portion of the suspended load. 
 

 
Figure 4. Different Classifications of Total Sediment Load (after USACE, 1995a) 

 
 

Suspended Wash Measured

Bed Bed Material Unmeasured

Mode of Transport Availability in Streambed           Method of Measurement

Total Load Total Load Total Load
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Total load can also be defined based on availability of certain grain sizes in the 
streambed and banks. Wash load is the portion of the sediment load composed of grains 
smaller than those found in appreciable quantities in the movable bed, often taken as the 
smallest 10 percent of the bed material by weight. The wash load is normally transported 
in suspension. In most streams, these fine-grained sediments are washed through the 
fluvial system without significant interaction with the streambed and do not need to be 
considered for the purposes of simulating changes in the streambed. However, in a 
reservoir system, the wash load volume can be a significant contribution to reservoir 
sedimentation and should be simulated by the model. Bed material load is that portion of 
the total sediment load composed of material found in appreciable quantities on the 
streambed and banks, whether transported in suspension or as bed load. 
The size of sediment particles transported by water ranges over seven orders of 
magnitude from individual clay particles to boulders. Sediment deposits have a range of 
grain sizes, and both field and laboratory techniques can be used to separate sediment 
grains according to their size. Grain size is the most important parameter describing 
sediment behavior in water, and a variety of terms may be used to describe the size 
characteristics of individual grains and composite samples. The term coarse sediment 
normally implies sand and larger grain sizes; fine sediment normally refers to silt and 
clay-size particles. 
 
Sediment particles are classified, based on their size, into six general categories: Clay, 
Silt, Sand, Gravel, Cobbles, and Boulders. Because such classifications are essentially 
arbitrary, many grading systems are to be found in the engineering and geologic literature 
(USACE, 1995a). Sands and fine gravels are normally measured with sieves, and the 
reported diameter is characteristically the sieve diameter. Coarse gravels or cobbles can 
be directly measured by hand and the intermediate axis length is reported as the nominal 
diameter. Sediment within shallow areas can often be sampled by hand with sieves or lab 
processing (Bunte and Abt, 2001; Edwards and Glysson, 1999), while deeper areas 
require more equipment including grab samplers, or even drill rigs mounted on a boat if 
over a few meters of water depth. If sediment stratigraphy is important to distinguish 
sedimentation history or variation in vertical characteristics, core samplers are needed to 
preserve the spatial representation of the sample, which can then be interpreted by layers.  
 
Bulk density measurements of reservoir sediment may also be needed to convert the 
volumetric based measurements of reservoir sedimentation to mass. The size, length of 
time within the reservoir, and compaction of sediments can affect bulk density 
computations, so unique measurements are needed to represent the vertical and lateral 
spatial distribution of reservoir sediment. Typical reservoir bulk density values are not 
widely available, but some data documentation exists to provide guidance (Lara and 
Pemberton, 1963). 
 
 2.3.2 Cohesive vs. Non-Cohesive Sediments 
 
There is no clear boundary between cohesive sediment and non-cohesive sediment. The 
definition is usually site-specific. In general, finer sized grains are more cohesive. Clay-
sized sediments, smaller than 0.002 mm, are generally considered cohesive sediment. 
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Clay is too fine for its structure to be detected between a person’s teeth. However, a moist 
sample containing a significant percentage of clay can be rolled into a ribbon by hand. 
Sand-sized sediments (0.062 to 2 mm) are normally measured by sieve analysis. Silt-
sized sediments (0.004 mm – 0.062 mm) are considered to be between cohesive and non-
cohesive sediment. All but the largest silt particles are too small to be individually 
discerned with the naked eye, but a small sample placed between a person’s teeth will 
feel gritty. The cohesive properties of fine sediment deposits are primarily due to the 
existence of clay. Thus, in engineering practice, silt and clay are both considered to be 
potentially cohesive sediment (Reclamation, 2006). 
 
The mechanics of sediment transport for cohesive and non-cohesive materials are 
different. When the sediment particles are non-cohesive, mechanical forces dominate the 
behavior of the sediment in water. Particle hydrodynamics refers to the propensity of a 
particle to remain immobile or to become entrained if it is on the bed surface, and to 
remain in suspension or to cease movement if it is in motion. The three most important 
properties that govern the hydrodynamics of non-cohesive sediments are particle size, 
shape, and specific gravity.  
 
Cohesive sediment behavior is dominated by electrochemical forces. Cohesive sediment 
behavior is primarily dependent on the particle size, water chemistry, and sediment 
mineralogy (USACE, 1995a). A cohesive sediment is one which contains a concentration 
of fines and colloids sufficient to impart plastic properties at some water content, and the 
ability to resist shear stress at some other water content, a property termed cohesion. The 
plastic and cohesive properties of clay are due to colloids, particles with a specific 
surface area (area per unit weight) so large that behavior is controlled by surface rather 
than gravitational forces (Morris and Fan, 1998). Clays have extremely low settling 
velocities, and without turbulence or Brownian (thermal) motion a 0.001-mm clay 
particle will require about 2 weeks to settle 1 m. However, as a result of Brownian 
motion, individual clay particles may be very stable even in quiescent water, and remain 
dispersed for months (Morris and Fan, 1998). Colliding fine particles stick together to 
form agglomerates having settling velocities orders of magnitude larger than those of the 
individual particles. Thus, the floc rather than the individual particle becomes the settling 
unit. These same physico-chemical surface forces provide the main resistance to erosion 
of cohesive sediment deposits.  
 
2.4 Sediment Model Inputs 
 
In addition to the sediment properties described in the previous section, other inputs are 
needed to execute a sediment transport model simulation. 
 
 2.4.1 Supply 
 
Most sediments enter reservoirs as a consequence of rainfall or snowmelt erosion and 
subsequent transport by streams. Eroded sediments may be flushed downstream through 
stream channels over a period of decades or longer. It is essential to differentiate between 
the volume of material eroded from the land surface and the amount which is actually 
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transported into the reservoir, the sediment yield. Both erosion and delivery processes 
must be understood to assess sediment supply to downstream reservoirs.  
 
The majority of the sediment is delivered to reservoirs in pulses by periods of high inflow 
separated by prolonged periods of low flows and smaller sediment loads. The pulsed 
nature of sediment delivery may be recorded in reservoir deposits as alternating layers of 
coarse and fine sediment. Sediment layers may be either absent or not readily perceptible 
at the upstream end of the delta, or in areas close to the dam with low sediment loading. 
A typical pattern is for lenses of sandy sediment delivered during high inflow to be 
interbedded between layers of fines deposited during periods of low flow. 
 
Sediment supply is typically difficult to determine due to limited available measurements 
and changing land use conditions in the upstream watershed. If reservoir bathymetry at 
different points in time is available, the average annual supply between those points in 
time can be determined by computing the difference in volumes of the reservoir for a 
given pool level. If there is an upstream gage with sediment and discharge measurements, 
sediment hydrographs can be computed and integrated over time to determine sediment 
inflows. Many watershed precipitation-runoff models include a sediment yield 
component that can be used to estimate inflows. Empirical models such as the Universal 
Soil Loss Equation (USLE, and variants MUSLE and RUSLE) or physically based 
models such as AGNPS, ANSWERS, CREAMS, and WEPP are sometimes used to 
estimate yield (ASCE, 2008). Caution should be used to differentiate between yield from 
the watershed and actual delivery to the reservoir. Additional information on this subject 
is given in the Sediment Delivery to Reservoirs section of this paper. 
 
 2.4.2 Boundary conditions 
 
Downstream. Typically there are no special downstream boundary conditions for 
sediment transport modeling other than as required for the hydrodynamic calculations. 
 
Upstream. Water and sediment yields are typically used for the upstream model boundary 
conditions describing the flow and accompanying amount of sediment entering a 
reservoir project. Sediment load denotes the material that is being transported, whereas 
sediment discharge denotes the rate of transport. Model boundary conditions refer to the 
description of the inflowing water discharge and accompanying sediment discharge. 
Depending upon model capability, water discharge entering the reservoir may be 
specified with a steady, quasi unsteady, or an unsteady flow hydrograph. For quasi-
unsteady and unsteady flow models, model time step is another consideration, although 
outside the scope of this paper. Most models pair this data with a sediment rating curve 
that may also include specification of sediment size distribution. For multi-dimensional 
models, sediment concentration and a scheme for specifying the spatial distribution of the 
sediment discharge at the boundary is also required. Sediment delivery to a reservoir, 
which may be a model boundary condition, is addressed later in this paper. 
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2.5 Commonly Available Models 
 
Numerical sediment transport models are available in one, two, and three dimensions. 
However, more modeling is performed with one-dimensional (1D) models which tend to 
be more robust than their two- and three-dimensional counterparts and require less input 
data and computation time. Two-dimensional (2D) sediment transport models are much 
more common than three-dimensional (3D) models. Recent advances in computing 
power and model code have resulted in the increased use of multi-dimensional models.  
 
Public domain models are available for free or a nominal processing charge with varying 
degrees of documentation, support, and training. Proprietary models are available from 
private vendors for a fee. Pricing levels vary with the software, support, and training 
provided. Although there is no single comprehensive list of available and current models, 
some attempts have been made over the years to track the various models available (e.g., 
http://hydrologicmodels.tamu.edu/models.htm) 
 
Guidance pertaining to the selection of the appropriate model is gained from professional 
experience and from the literature. Papanicolaou et al. (2008) present a detailed review of 
representative 1D, 2D, and 3D models and describe their main applications, strengths, 
and limitations. Between 10 and 15 models of each category are presented and discussed 
within the article. Model complexity and capability varies with the ability to handle 
unsteady flows, bed load and suspended load, sediment exchange processes, type of 
sediment (cohesive versus non-cohesive), and multifractional sediment transport. Caution 
should be used when applying riverine transport models to reservoir transport as the 
former often ignore the finest size fractions which are important for the latter. Also, while 
a few models have the capability to simulate the formation of the density currents, most 
cannot. 
 
Fifteen U.S. Federal agencies participated in a Federal Interagency Stream Restoration 
Working Group (1998) to produce a handbook on Stream Corridor Restoration 
Principles, Processes, and Practices. They selected the following eight models for 
comparison: CHARIMA (Holly et al., 1990), FLUVIAL-12 (Chang, 1990), HEC-6 
(USACE, 1993), TABS-2 (MacAnally and Thomas, 1985), MEANDER (Johannesson 
and Parker, 1985), USGS (Nelson and Smith, 1989), D-0-T (Darby and Thorne, 1996, 
Osman and Thorne, 1988), and GSTARS (Molinas and Yang, 1986). Most of these 
models have either been substantially updated or superseded since the handbook was 
published. 
 
As an additional reference aid for model selection, Reclamation provides a summary 
comparison of these eight models (Reclamation, 2006; Table 5-12). HEC-6, HEC-RAS, 
TABS-2, USGS, and the GSTARS models are Federal models in the public domain; 
CHARIMA, FLUVIAL-12, MEANDER, and D-0-T are academic or privately owned 
models. Recent model releases that provide updates to the above model list include the 
SRH suite of models by Reclamation, which replaces the GSTARS series 
(www.usbr.gov/pmts/sediment/model/index.html), HEC-RAS with sediment by USACE 
(www.hec.usace.army.mil/software/hec-ras/), and ADH by USACE 



 14  

(adh.usace.army.mil). ICOLD Bulletin 140 (ICOLD, 2007) describes the MIKE and 
GSTARS models as applied to five case studies. 
 
Sediment transport models incorporate a certain degree of simplification to be 
computationally feasible. Simplified models run into the risk of not obtaining a reliable 
solution, whereas increasing the model complexity can complicate the problem 
formulation and incur more input data preparation, calibration, and verification costs. 
 
The choice of the engineer or scientist applying the model is more important than 
the choice of the model.  
 

3.0  APPLICATION OF MODELS TO SEDIMENT IN RESERVOIRS 
 
Broadly speaking, sediment models can be classified by application range such as bed-
material load versus wash load or physical versus chemical transport, and also their 
spatial / temporal formulation such as one-dimensional (1D), two-dimensional (2D), or 
three-dimensional (3D) and steady versus unsteady. Model selection for solving a 
specific problem depends on the problem scope and complexity, data availability for 
model calibration and verification, and overall available time and budget for solving the 
problem (Papanicolaou et al., 2008). 
 
Most of the commonly used numerical sediment transport models were originally 
developed for the analysis of movable bed rivers having coarse sediments and employ 
sediment transport equations developed from flume and river data where the effect of fine 
or wash load on fall velocity, viscosity, and relative density can be ignored. In contrast, 
reservoir problems may involve the analysis of grain sizes ranging from cobbles in the 
upstream delta area to clays near the dam. The silts and clays which normally behave as 
wash load in most rivers, and which are ignored in many river sedimentation models, 
often constitute the majority of the total sediment load in a reservoir. Unlike riverine 
systems, reservoirs are normally depositional environments. However, during drawdown, 
reservoirs may experience erosion of the exposed sediment.  
 
Many of the sediment transport computational methods are based on simplifying 
assumptions such as conditions of steady uniform flow in prismatic channels, and have 
been developed to analyze non-cohesive sediment (Yang, 1996; Julien, 1995). Transport 
computations also assume that the exchange between the fluid and the bed has reached 
equilibrium conditions. These conditions often do not apply in reservoirs. Streams 
entering a reservoir are depositing sediment load, thereby violating the assumption of 
equilibrium between the bed and fluid. In many reservoirs, sediment deposits consist 
largely of cohesive sediments. These deposited sediments present a sediment transport 
challenge because of the difficulty in characterizing the erodibility of cohesive materials 
since erodibility will vary as a function of time, depth, consolidation, reservoir 
operations, and other factors. Both inflow and flushing procedures may involve a wide 
range of grain sizes, with clays through gravels being eroded and transported 
simultaneously. The configuration of the channels through the delta may also result in 
complex geometry and distribution of flow, which in turn affects the amount of erosion. 
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During prolonged drawdown events, channel incision and lateral bank erosion can 
happen concurrently, resulting in complex and rapidly changing geometry. Example 
documentation of channel adjustments during a drawdown event were recorded on the 
Elwha River in northwest Washington State (Childers et al., 2000). 
 
For practical applications in reservoirs, the characterization of cohesive sediment 
properties is complicated by the nonuniform nature of the deposits. Different inflow 
events will produce deposits having different thicknesses and grain size, and mineralogy 
can vary as a function of the sediment source area for different inflow events. Differences 
will also be caused by the fraction of coarse sediments or organics. Variations will occur 
along the length of the reservoir due to the differential settling rates of the inflowing 
sediment and other factors. Sediments will become compacted by consolidation and 
dewatering over time, and deposits which are exposed to the air will experience 
accelerated compaction and desiccation. As cohesive sediments compact, they become 
more difficult to erode (Morris and Fan, 1998, ch 9.11). 
 
In summary, the sediment transport conditions associated with reservoirs are extremely 
complex. Detailed analysis of many of these problems lies beyond present knowledge, 
and only qualitative or rough quantitative estimates can be provided. Caution should be 
used in the application of numerical techniques in either hand calculations or computer 
models. 
 
3.1 Sediment Transport Functions 
 
There are dozens of sediment transport functions that are available within many sediment 
models. Computed transport can vary by an order or magnitude or more depending on the 
equation selected. Selection of a transport function or functions should compare the 
project sediment and hydraulic conditions to those used to develop the transport equation. 
Available references such as the HEC-RAS hydraulic reference manual (USACE, 2010, 
chap 13 and App E), Reclamation (2006, Table 3.8, 3.11), ASCE (1975) and Morris and 
Fan (1998 Table 11.2) provide a review of various transport functions, notes regarding 
data used for development, recommended applications, and sensitivity. A procedure for 
selecting a transport function is also available for consideration in Reclamation (2006) 
Section 3.8.4.3, Procedures Selecting Sediment Transport Functions.  
 
If measured sediment transport rates are available, results from the selected sediment 
transport function(s) should be verified against the measured data. In the absence of 
measured sediment transport rates, transport functions can be used to estimate the 
sediment transport rate at the upstream boundary. For many applications, a sensitivity 
analysis is suitable to evaluate and compare output from each of the potentially suitable 
transport functions for project conditions. 
 
Within a typical 1D sediment transport model, computations of the mean velocity and 
mean bed shear stress are averaged over a cross section of the river. Bed-load transport is 
typically computed for each sediment size class, assuming a varying critical bed shear 
stress for the initiation of motion. Computations often include a hiding factor. This hiding 
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factor includes two main effects of a nonuniform mixture: fine sediments are protected by 
coarser sediments, and coarser sediments are more exposed and may also move more 
easily because of the presence of fine sediments. Simplified models may use a single 
diameter which describes the behavior of a sediment sample containing a range of grain 
sizes. The median (d50) diameter is most frequently used to describe a sediment sample. 
Fifty percent of the sample weight is composed of grains smaller than the median 
diameter. However, different researchers have proposed using "representative" sizes to 
describe the transport and related properties of sediment mixtures (Morris and Fan, 1998, 
p.5.1.3). 
 
Most 1D sediment transport models, and transport functions, are designed for non-
cohesive sediment transport. Models often include the addition of simple cohesive 
sediment computational procedures to enhance model capability. These procedures can 
often require input of additional parameters to describe cohesive sediments separately 
such as settling velocity, critical shear stress, and other factors to describe the material 
properties related to the erosion and deposition of cohesive sediments. 
 
3.2 Sediment Delivery to Reservoirs 
 
Sediment delivery to the reservoir can be computed from reservoir surveys, stream gage 
monitoring data, and watershed sediment yield computational models. Although sediment 
supply estimating methods have potentially important sources of error, reservoir survey 
data generally represent a more reliable measure of the long-term basin sediment yield. 
However, reservoir surveys can only provide data on the average sediment yield over the 
period between surveys (short-term variations in sediment delivery are not captured). 
Ideally, all available types of data will provide a convergence of answers. 
 
Most storage reservoirs act as sediment traps, and successive reservoir surveys can be 
compared to determine the sediment volume accumulated during the survey interval. 
However, a portion of total incoming sediment load can be transported through the 
reservoir, particularly during high flows. By correcting for trap efficiency, and converting 
the volume of sediment deposits into sediment mass on the basis of dry bulk density, the 
total sediment yield from the watershed can be computed. Reservoir surveys measure the 
total sediment load, including bed load. A method for estimating reservoir trap efficiency 
can be found in Strand and Pemberton (1982). In smaller reservoirs, storage capacity may 
have been lost long ago and the pool is already full of sediment. In these cases, sensitivity 
tests can be done with varying assumptions of how many average annual years it may 
have taken to fill the reservoir pool with sediment. Although there is more uncertainty in 
these cases, it may still provide a useful context for possible sediment supply rates that 
can be tested against other methods. 
 
Mean-daily or continuous measurement of stream water discharge is often available from 
USGS gaging stations. However, relatively few measurements are made of suspended 
sediment concentration or bed load. Research is underway to develop less costly methods 
to estimate suspended sediment concentration and bed load. Most of the new techniques 
utilize acoustic or optical methods. In the absence of measurements, bed load can be 
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estimated as a percentage of the suspended sediment load or computed from stream 
hydraulics and bed load equations (Morris and Fan, 1998, para 7.3).  
 
Sediment concentration measurements may be used to compute the sediment load using 
extrapolation assumptions. These assumptions are inherent in the utilization of 
Concentration-Discharge relationships or sediment rating curves, which are frequently 
determined from a few years of data and then applied to a much longer discharge record 
to estimate long-term sediment yield, and which are also frequently extrapolated to cover 
discharges larger than those actually measured. Many available references provide 
additional information regarding development of a sediment rating curve from measured 
stream data (e.g., Morris and Fan, 1998, sec 7.4).  
 
The ratio between the erosion rate and sediment yield to the reservoir is the sediment 
delivery ratio. Sediment yields are highly variable, and most of the sediment entering a 
reservoir is delivered from only a small fraction of the landscape during short periods of 
time. Eroded sediments may be flushed downstream through stream channels over a 
period of decades or longer. The sediment delivery ratio differentiates between the 
volume of material eroded from the land surface and the amount which is actually 
transported into the reservoir (the sediment yield).  
 
The volume of sediment delivered to a reservoir may also be estimated with watershed 
sediment yield models (USACE, 1995b). Watershed erosion models may be grouped into 
categories as empirically based models such as RUSLE (Renard et al., 1997), physically 
based modes such as WEPP (Nearing et al., 1989), and mixed empirical and physical 
based models such as GSSHA (Downer et al., 2002). A multitude of models are 
available, with recent advances in GIS capabilities significantly expanding model 
capabilities along with available national databases for soil, vegetation, and precipitation. 
Links to many other soil erosion models can be found on the internet (e.g., 
http://soilerosion.net/doc/models_menu.html). 
 
3.3 Types of Deposition 
 
When a river or tributary stream enters a reservoir pool and flow velocity decreases, the 
sediment load begins to deposit. The bed load and coarse fraction of the suspended load 
are deposited first to form delta deposits, while fine sediments with lower settling 
velocities are transported deeper into the reservoir by either stratified or nonstratified 
flow. Depositional patterns vary with differences in hydrologic conditions, sediment 
grain size, and reservoir geometry. In reservoirs with fluctuating water levels, previously 
deposited sediments may be extensively eroded and reworked by streamflow, failure of 
exposed slopes, and wave action. Most sediments are transported within reservoirs to 
points of deposition by three processes: (1) transport of coarse sediment as bed load along 
the delta surface or topset, (2) transport of fine sediment in turbid density currents, and 
(3) transport of fine sediment as nonstratified flow (Morris and Fan, 1998, chap 10). Of 
these three processes, most sediment computational models were designed to model the 
reservoir delta. Annandale (1996) explores both empirical and numerical techniques to 
predict distribution of both fine- and coarse-grained sediment deposits in a reservoir.
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Sediment deposition in a reservoir, and the longitudinal deposition areas, are commonly 
divided into three main zones as shown in Figure 5. Topset beds correspond to delta 
deposits of rapidly settling sediment. The downstream limit of the topset bed corresponds 
to the break in slope between the topset and foreset beds, which is also the downstream 
limit of bed material transport in the reservoir. Foreset deposits represent the steep face 
of the delta advancing into the reservoir and are differentiated from topset beds by an 
increase in slope and decrease in grain size. Bottomset beds consist of fine sediments 
which are deposited beyond the delta by turbidity currents or nonstratified flow. They 
may also include organic material produced by algae or aquatic plants within the 
reservoir. Whereas delta deposits may contain both coarse and fine material, the 
bottomset beds are characteristically fine-grained. However, tributary inflows, reservoir 
drawdown, slope failures, and extreme floods can all deliver coarser material into zones 
where finer-grained material normally predominates, resulting in layering of deposits or 
localized variations in grain size (Morris and Fan, 1998, Chap 10). 

Figure 5. Conceptual View of Reservoir Deposition Zones 
 
Delta deposits may constitute the majority of the sediment accumulation at 
hydrologically small reservoirs with low sediment trap efficiencies where coarse-grained 
material predominates. However, for hydrologically large reservoirs with high sediment 
trap efficiencies, the delta more commonly accounts for only a portion of the total 
sediment accumulation. Because delta deposition is focused in the shallow upstream 
reaches of reservoirs where the width tends to be the narrowest and storage volume is 
small, even small reservoir deltas can be problematic from the standpoint of upstream 
aggradation. Delta deposits are also the most visible component of sedimentation and can 
extend upstream beyond the reservoir pool. 
 
In deep reservoirs which have been operated at different levels, distinct deltas may be 
formed at different water levels. Conversely, in long, narrow reservoirs, the bathymetric 
profile commonly associated with delta deposits may be absent, but an area characterized 
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by a rapid shift in grain size marking the downstream limit of coarse material deposition 
may still be present. Reservoir deltas always grow in the downstream direction, and in 
some cases their vertical and upstream growth may also be significant. Sediment 
deposition is initially focused in the deepest part of each cross section, creating deposits 
having a near-horizontal surface regardless of the original cross section shape. Because 
the upstream area of the reservoir is shallow and has little storage capacity the 
longitudinal growth of the delta may initially be very rapid (Morris and Fan, 1998). 
Sedimentation can also result in deltas becoming exposed above the reservoir pool, after 
which vegetation can grow and affect channel configuration through the delta. In some 
cases, vegetation combined with large wood may form at the head of the delta, resulting 
in channel(s) forming along the reservoir margins (Figure 6). 
 

 
Figure 6. View of vegetation, wood, and channels formed on the Lake Mills delta on the 
Elwha River, Washington. Photograph courtesy of Bureau of Reclamation, March 2010. 

 
3.4 Modeling Sediment Management Strategies 
 
Reservoir models can be applied to evaluate potential volumetric and spatial distribution 
changes when implementing sediment management strategies. Typically a mathematical 
model is constructed for a baseline condition, and then a series of “what if” analyses are 
performed to see how changes to the system will affect the results. One common example 
in reservoir modeling is to create a model (and calibrate it, if possible) of an existing 
project for some point in time. Once the existing conditions model is complete, a future 
prediction is made assuming that no changes are made to current conditions (e.g., 
hydrologic inputs, sediment loading, vegetation, sediment properties within reservoir 
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deposits, operation & maintenance). This becomes the “no action” result. Then, one or 
more scenarios will be simulated for the same time period assuming that some change is 
made to the system inputs. The following sections describe some of these commonly 
modeled “what if” analyses. 
 

3.4.1 Sediment Yield Change 
 
If a project is proposed in the contributing watershed to a reservoir, it is often of interest 
to know how it will affect the rate of sedimentation and/or movement of sediment in the 
reservoir. Although numerical watershed models are available to compute sediment input 
to a system (see section on sediment model inputs), often, at least as a first step, a percent 
change in currently estimated loading is assumed and that is applied in the input to the 
model. Examples of sediment yield changes include: 

 An afforestation project might reduce sediment contributions by a certain 
percentage 

 An increase in construction activities may increase sediment loading by a certain 
percentage 

 Stabilization of road cuts or landslide areas could reduce source areas from the 
watershed 

 Construction and operation of upstream reservoirs or check dams to trap bed load 
could reduce coarse sediment contribution to downstream areas. 

 
3.4.2 Sediment Routing 
 

Sediment routing refers to movement of sediment around or through the reservoir. One 
mechanism is to take sediment at the upstream end of the reservoir and move it to below 
the dam (e.g., sediment slurry in a pipeline, excavating and trucking deposited sediment 
downstream to below the dam). Modeling this scenario would entail computing the 
quantities of sediment (and perhaps size fraction distribution as well) at the point of 
extraction and then taking those quantities as inputs to the system at a point below the 
dam.  
 
A bypass tunnel is a sediment management method that diverts reservoir inflows of high 
sediment concentration around the reservoir and downstream of the dam. A numerical 
model could be used to simulate time periods where sediment concentrations exceed a 
certain threshold. For those time periods, all or a portion of the inflowing water could be 
diverted through the bypass tunnel, along with the corresponding sediment load. The 
remaining sediment inflow can be simulated to enter the reservoir. The sediment 
transport capacity of the bypass tunnel can computed to verify that diverted sediments 
will be transported through without deposition. Coarse sediment loads can be expected to 
cause abrasion of the tunnel lining at some rate, and should be anticipated during design.  
 
Routing of sediment through the pool is somewhat more complex as the erosion, 
transport, and deposition processes will need to be simulated and these will change in 
space and time during the simulation. Strategies such as reservoir draw-down are 
typically modeled by varying the reservoir pool elevation over time either by changing 
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model boundary conditions or performing computations of releases made through the 
outlet works [although the amount of sediment leaving with flow through orifices and 
gates is difficult to quantify accurately]. For modeling reservoir drawdowns, the rate of 
upstream headcutting and subsequent lateral erosion must be incorporated. If the 
drawdown is rapid, it may also require incorporation of mass failure of sediment deposits. 
Siphoning or use of hydro-aspirators are also techniques that would fall under this 
category. 
 
Formation of density currents is another strategy to move sediment either through the 
reservoir or farther downstream towards the dam, depending on the system in question. A 
few models may be able to simulate the formation of the density currents while most 
cannot. References on modeling density currents include Han and He (1996), Morris and 
Fan (1998) and ICOLD (2007). 
 

3.4.3 Mechanical Removal 
 

To simulate mechanical removal such as by dredging or movement with heavy 
machinery, many models will allow some reshaping of topography at given points in time 
to reflect the removal. Some models will allow the modeler to specify a template 
reflecting the volume and distribution of sediment to be removed, and have additional 
options such as overdredging (e.g., HEC-6 and HEC-RAS). Depending on the rate of 
sediment removal, the location of dredging may have to be periodically moved 
throughout the reservoir. In addition, fluctuations in reservoir levels may also require 
different locations of dredging. Dredged areas may also serve as traps for future sediment 
inflows. 
 
 3.4.4 Combination of Strategies 
 
It is common to examine sediment management strategies that implement more than one 
of the options described in the preceding paragraphs. In this case, the different strategies 
may be combined as yet another scenario to be modeled. Examples of combined 
strategies include reducing sediment inflow via yield reduction while flushing sediment 
based on water inflow and/or concentration, or using machinery to not only excavate in 
the dry during pool drawdowns but to also push sediment into the stream to increase load 
through the reservoir during the same time. 
 

4.0 SUMMARY 
 
A great deal of information is available on sediment transport, deposition and erosion in 
reservoirs. One of the tools available to the practitioner to predict sedimentation in and 
around reservoirs is mathematical (or numerical) modeling. Mathematical modeling, 
however, needs to be undertaken with great care as sediment transport in reservoirs tends 
to vary greatly both in time and in space. As sedimentation problems in reservoirs are 
very difficult and costly to remedy afterwards, dam designers need to use a conservative 
approach for sedimentation problems in dam design and consider management strategies 
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that may include large capacity, low-level gates for sluicing, flushing, or the venting of 
turbidity currents. 
 
Suitable mathematical models developed for reservoir sedimentation, describing the 
physical processes involved as accurately as possible, should be used for reliable 
simulations. Such models need to be able to simulate the hydrodynamics involved to 
some level of accuracy before one can hope to effectively predict sediment movement by 
water. Once a hydraulic model has been prepared which is judged to accurately predict 
movement of water (and hopefully has been calibrated), sediment characteristics, supply 
and transport can then be considered. Simulation of sedimentation processes is 
notoriously full of uncertainties. In many cases, however, accurate prediction of long-
term sedimentation yield is as important as modeling of sediment deposition patterns in a 
reservoir.  
 
Multiple numerical modeling programs are available; some of these have been reviewed 
by third parties as noted in this paper. For many areas, one-dimensional mathematical 
models are still often used with success for long-term sediment deposition predictions. 
However, for detailed studies two-dimensional or quasi-3D models are increasingly used, 
incorporating a fully hydrodynamic approach (quasi-steady for long-term simulations), 
and modules for erosion and deposition in cohesive and non-cohesive sediments, to be 
able to simulate storage, sluicing or flushing reservoir operations. Where density currents 
form in a reservoir, Navier-Stokes 2D vertical or 3D models should be used to describe 
the formation, movement and sediment transport of the density current. These models 
should be calibrated on local reservoir field data, especially when dealing with cohesive 
sediments. 
 

5.0 REFERENCES 
 
Annandale, G.W., 1996. “Spatial Distribution of Deposited Sediments in Reservoirs,” 
Proceedings of the International Conference on Reservoir Sedimentation, Volume 1, 
Albertson, M.L., Molinas, A., and R. Hotchkiss, ed., Colorado State University, Fort 
Collins, CO. 

Annandale, G.W., 2013. Quenching the Thirst: Sustainable Water Supply and Climate 
Change, CreateSpace Independent Publishing Platform, North Charleston, SC. 

Arcement, G.J., and V.R. Schneider, 1989. Guide for Selecting Manning’s Roughness 
Coefficients for Natural Channels and Flood Plains, Water-supply paper 2339, U.S. 
Geological Survey. 

ASCE (American Society of Civil Engineers), 2008. ASCE Manuals and Reports on 
Engineering Practice No. 110, Sedimentation Engineering, Reston, VA, Marcelo H. 
Garcia, Ed. 

ASCE, 1975. ASCE Manuals and Reports on Engineering Practice No. 54, Sedimentation 
Engineering, Reston, VA, Vito A. Vanoni, Ed. 



 23  

Bunte, K. and Abt, S. R. 2001. Sampling surface and subsurface particle-size 
distributions in wadable gravel- and cobble-bed streams for analyses in sediment 
transport, hydraulics, and streambed monitoring. Gen. Tech. Rep. RMRS-GTR-74. Fort 
Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain Research 
Station. 428 p. 

Carlson, J., Wille, K., and C. Klumpp, 2010. 3D Visual Reservoir Sedimentation Model 
and Sediment Manual, Bighorn Lake, WY/MT, Pick-Sloan Missouri Basin Project, Great 
Plains Region. Bureau of Reclamation. 

Chang, H.H., April 1990. Generalized Computer Program FLUVIAL-12, Mathematical 
Model for Erodible Channels, User’s Manual. 

Childers, D., Kresch, D.L., Gustafson, A.S., Randle, T.J., Melena, J.T., and Cluer, B., 
2000. “Hydrologic Data Collected During the 1994 Lake Mills Drawdown Experiment, 
Elwha River, Washington,” Water-Resources Investigations Report 99-4215, U.S. 
Geological Survey, Tacoma, Washington, 115 pages. 

Cunge, J.A., Holly, F.M. and Verwey, A. (1980). Practical Aspects of Computational 
River Hydraulics, Pitman Publishing, London, UK. 

Darby, S.E., and C.R. Thorne. 1996. “Numerical simulation of widening and bed 
deformation of straight sand-bed rivers.” Journal of Hydraulic Engineering 122:184-193 

Downer, C. W., James, W. F., Byrd, A. and Eggers, G. W., 2002. "Gridded surface 
subsurface hydrologic analysis (GSSHA) model simulation of hydrologic conditions and 
restoration scenarios for the Judicial Ditch 31 Watershed, Minnesota," Water Quality 
Technical Notes Collection (ERDC WQTN-AM-12), U.S. Army Engineer Research and 
Development Center, Vicksburg, MS. 

Edwards, T.K., and Glysson, G.D., 1999. Field Methods for Measurement of Fluvial 
Sediment. Techniques of Water Resources Investigations, U.S. Geological Survey: 
Reston, VA. 

Federal Interagency Stream Restoration Group, 1998. Stream Corridor Restoration 
Principles, Processes, and Practices, Government Printing Office Item No. 0120-A. Also 
http://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb1044574.pdf. 

Ferrari, R., 2012. Franklin D. Roosevelt Lake – Grand Coulee Dam 2010-11 Survey, 
Bureau of Reclamation, Denver, CO, Technical Report No. SRH-2012-06. 

Han, Q. and He, M., 1996. Density Current Modeling, as published in Albertson, M.L., 
Molinas, A., and R. Hotchkiss, 1996, Proceedings of the International Conference on 
Reservoir Sedimentation, Volume 1, Held at Colorado State University, Fort Collins, CO, 
September 9-13, 1996. 

Henderson, F.M., 1966. Open Channel Flow, Macmillan Publishing CO., Inc., New 
York, NY. 



 24  

Holly, F.M., Jr., J.C. Yang, P. Schwarz, J. Shaefer, S.H. Su, and R. Einhelling, 1990. 
CHARIMA – Numerical simulation of unsteady water and sediment movement in multiply 
connected network of mobile-bed channels. IIHR Report No. 343. Iowa Institute of 
Hydraulic Research, The University of Iowa, Iowa City, IA. 

ICOLD (International Commission on Large Dams), 2007. Mathematical Modelling of 
Sediment Transport and Deposition in Reservoirs, Bulletin 140, Paris, France. 

Johannesson, H. and Parker, G., 1985. Computer simulated migration of meandering 
rivers in Minnesota. Project Report No. 242. St. Anthony Falls Hydraulic Laboratory, 
University of Minnesota, MN. 

Julien, P.Y., 1995. Erosion and Sedimentation, Cambridge University Press. 

Keller, J.B. and Givoli, D. 1989. “Exact non-reflecting boundary conditions”, J. Comput. 
Phys. 82, 172–192. 

Lara, J. M., and Pemberton, E.L., 1963. "Initial Unit Weight of Deposited Sediments." 
pp. 818-845. Proc. Federal Interagency Sedimentation Conf., USDA-ARS Misc. Publ. 
970. 

MacAnally, W.H. and Thomas, W.A, 1985. User’s manual for the generalized computer 
program system, open channel flow and sedimentation, TABS-2. U.S. Army Corps of 
Engineers, Waterways Experiment Station, Hydraulics Lab, Vicksburg, MS. 

Molinas, A., and Yang, C.T., 1986. Computer program user’s manual for GSTARS 
(Generalized Stream Tube model for Alluvial River Simulation). U.S. Bureau of 
Reclamation Engineering and Research Center, Denver, CO. 

Morris and Fan, 1998. Reservoir Sedimentation Handbook, McGraw-Hill, New York, 
NY. (available online http://reservoirsedimentation.com/). 

Nearing, M.A., G.F. Foster, L.J. Lane and S.C. Finker, 1989. A process-based soil 
erosion model for USDA – Water Erosion Prediction Project Technology, Transactions 
of the ASAE 32(5): 1587-1593. 

Nelson, J.M, and J.D. Smith. 1989. “Evolution and stability of erodible channel beds.” In 
River Meandering, ed. S. Ikeda and G. Parker. Water Resources Monograph 12, 
American Geophysical Union, Washington, DC. 

Osman, A.M., and C.R. Thorne. 1988. “Riverbank stability analysis; I: Theory.” Journal 
of Hydraulic Engineering, ASCE 114(2): 134-150.  

Palmieri, A., Shah, F., Annandale, G., and Dinar, A. 2003. Reservoir Conservation: The 
RESCON Approach, Volumes I and II, The International Bank for Reconstruction and 
Development / The World Bank, Washington, DC. 



 25  

Papanicolaou, A., Elhakeem, M., Krallis, G., Prakash, S., and Edinger, J. 2008. 
“Sediment transport modeling review—Current and future developments.” J. Hydraul. 
Eng., 134(1), 1–14. 

Reclamation, 2006. Erosion and Sedimentation Manual. U.S. Department of the Interior, 
Bureau of Reclamation, Washington, DC. (available online at 
http://www.usbr.gov/pmts/sediment/kb/ErosionAndSedimentation/index.html). 

Renard, K.G., G.R. Foster, G.A. Weesies, D.K. McCool and D.C. Yoder, 1997. 
Predicting Soil Erosion by Water: A guide to Conservation Planning with the Revised 
Universal Soil Loss Equation (RUSLE). Agric. Handbook No. 703, USDS Agricultural 
Research Service, Washington, DC. 

Strand, R.I., and E.L. Pemberton, 1982. Reservoir Sedimentation, Technical Guideline 
for Bureau of Reclamation, Sedimentation and River Hydraulics Branch, Denver, CO. 

Thorne, C.R., Hey, R.D., Newsome, M.D., ed. (1997). Applied fluvial geomorphology 
for river engineering and management, John Wiley & Sons Ltd., West Sussex, England. 

USACE (U.S. Army Corps of Engineers), 2010. HEC-RAS River Analysis System, 
Hydraulic Reference Manual, CPD-69, January 2010, Hydrologic Engineering Center, 
Davis, CA. 

USACE, 1995a. Engineer Manual 1110-2-4000, Sedimentation Investigations of Rivers 
and Reservoirs, http://140.194.76.129/publications/eng-manuals/EM_1110-2-
4000_pfl/toc.htm. 

USACE, 1995b. Application of Methods and Models for Prediction of Land Surface 
Erosion and Yield, Training Document No. 36, Hydrologic Engineering Center, Davis, 
CA. 

USACE, 1993. HEC-6, Scour and Deposition in Rivers and Reservoirs, User’s Manual, 
August 1993, Hydrologic Engineering Center, Davis, CA. 

Viessman, W., Harbaugh, T.E., and Knapp, J.W. (1977). Introduction to Hydrology, 
Harper & Row, New York, NY. 

Yang, C. T., 1996. Sediment Transport: Theory and Practice, Mc-Graw Hill Companies, 
Inc. 

 



United States Society on Dams
1616 Seventeenth Street, #483

Denver, Colorado 80202
Phone: 303-628-5430

Fax: 303-628-5431
E-mail: info@ussdams.org

Internet: www.ussdams.org




