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A B S T R A C T

This research aims to explore sediment transport behavior and accumulation caused
by run-of-river weirs in order to examine there feasibility for sustainable sediment
mining purposes in the White Volta River. Weirs are used to raise water levels up-
stream to increase water levels and storage, but their is little information regarding
sediment continuity and transport over a weir. Observational research studies sug-
gest that weirs do not have a 100% trapping efficiency, however, due to the reduced
flows this study hypothesizes that sediment will settle upstream of the structure.

Based on data from the White Volta River, a 1D Flume model is created using
HEC-RAS which tests several sediment transport functions and bed roughness pa-
rameters with constant bed slope, suspended and bed-load gradation in order to
estimate sediment settling. The results suggest that during peak discharge events
settled sediments are flushed up and over the weir. As peak discharges decrease,
settling occurs based on particle diameter causing increased sediment storage up-
stream until the next flushing event. The volume of sediment stored ramp is highly
variable with respect to bed roughness and the used transport function, suggesting
river calibration is required for concrete estimates. Based on the model results, ap-
proximately 1 − 2% of the White Volta’s yearly suspended load settles in-front of
the structure before the discharge flushing event.
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1 I N T R O D U C T I O N

1.1 preface

The city of Tamale is experiencing ecological dangers due to the changing morpho-
logical nature of the White Volta River. The increasingly urbanized city is being
fueled by sediment mined from the river beds which is starting to create further
issues in the region. Currently, sand mining is unregulated with verbal agreements
to remain 100 meters from the river bed, however, news reports out of the region
suggest that the Ghana Water Company (GWC) is struggling to supply Tamale with
water due to the impacts of flooding and sand mining. During the dry season
pumping station intakes are being clogged due to increased turbidity while during
the wet season the pumps get flooded causing the intake point to shut down. A
cause of these issues is reckoned to be sand winning due to the morphological im-
pacts of its activities.

Ecological damages caused by sand winning is not uncommon, sand mining has
destroyed river beds in other areas of the world rapidly changing the natural state
of the river. Local communities are primarily affected as they depend on the river
for farming, fishing, and acquiring drinking water. However, on a similar note, sand
winning is a lucrative enterprise which provides income to local communities and
helps drive the urban development of Tamale. Thus a sustainable win-win solution
that both keeps the sustainability of the river and helps the local community is de-
sired.

In the region, the AWC group has developed a mission for ”sustainable development
through innovative sustainable implementation strategies to insure that water will not be a
limiting factor in the development of human and natural resources in Sub-Saharan Africa”
[tud]. As an introductory study, the AWC group is investigating the implications
of the construction of run-of-river weirs to help decrease flooding and potentially
be used for sustainable sand winning. For further exploration of the topic see the
research conducted by Kingma.

1.2 research objective

The main objective of this research is to estimate the potential excess sediment ac-
cumulation immediately upstream of a single weir. The preliminary aim is to gain
further understanding of sediment behavior, which includes the morphological be-
haviors of sediment and how the weir will alter its behavior. As morphological
behavior is a dynamic process which requires a lot of field data, this study will be
done based on available data that is found online. Therefore, predictions will be
made to determine whether further investigations are of value. In practice, differ-
ent methods of calculating sediment transport in rivers can give a wide variety of
results. Models are often first created, and then calibrated to acquired data. As data
can not be acquired at this time, a literature study of sediment transport methods
will be conducted, which will then be modelled in a flume based on specifications
from the White Volta River obtained from Udo and Klopstra, der Zwet, Akrasi. In
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2 introduction

this research, HEC-RAS 6 will be used to create the model, input the parameters
and predict the morphological behavior of a weir.

1.3 research questions
The primary question this research hopes to answer is What is the estimated poten-
tial sediment accumulation and benefit resulting from a run-of-river weir on the
White Volta River near Tamale?. To solve this, the following sub-questions much
be answered.

• What is the current volume of sediment transported through a typical cross
section on the White Volta River?

– How does the discharge of the river adjust the volume of sediment enter-
ing the system?

– Using a sediment rating curve, what fractionalization of grain classes of
sediment are transported through?

– What is the current bed gradation of the White Volta River?

– How does the discharge of the river alter the sedimentation behavior?

• With volumes of sediment known, how can sediment behavior be impacted
by a weir?

– How does the transport function, settling velocity, bed armoring, and
roughness impact sediment transport behaviour?

– After using the various methods of calculation, how will the weir change
the behavior of the sediment with various flow conditions?

1.4 report outline
• Chapter 1 Includes the preamble, research objectives, and research questions.

• Chapter 2 Begins with a brief introduction into sand mining and its impacts
on the river and the water supply.

• Chapter 3 Introduces the study area with further information about the region
and river.

• Chapter 4 Introduces the reader to the existing literature regarding the usage
of a run-of-river weir for sand winning purposes

• Chapter 5 Delves deep into the literature regarding sediment morphological
behavior, transport functions, and calculations required to make accurate bed
accumulation predictions.

• Chapter 6 Shows how the model is created, which data is available to build
the model and which information needs to be assumed.

• Chapter 7 The results of the model are assessed.

• Chapter 8 Recommendations for furthering research to explore the topic fur-
ther are given.



2 P R O B L E M S TAT E M E N T

2.1 sand mining

Sand and gravel aggregates play an essential role in the production of concrete
(cement, water, sand and gravel). Thus, these aggregates are essential for the forma-
tion of the urban environment as residential and commercial construction, roads,
bridges, and walkways are primarily composed of concrete [56]. These aggregates
come primarily from two sources: terrestrial and marine. Terrestrial sand includes
residual soil deposits, river channel deposits, and flood plain alluvial deposits lo-
cated primarily on mountain and river valleys. Marine sand comes from shore and
offshore deposits [31]. Active river deposits of sediment are desirable for construc-
tion material as they are well sorted, durable, and located frequently near market
and transportation routes [41]). Thus, they are genarally more desirable for con-
struction than marine deposits. It is estimated that the total sand and gravel mined
each year exceeds 40 billion tons, more than double the yearly sediment transported
each year by every single river in the world [47]. Currently, sand and gravel is be-
ing extracted at volumes far exceeding its replenishment, a trend that is expected to
continue due to population growth, rapid urbanization and an increased standards
of living [47]. It is then expected that the extraction of sand will have significant
environmental consequences without regulatory planning.

Sand and gravel can be easily extracted from river sources and do not require
much processing to be used for building construction. The easy accessibility of
river sand causes developing countries to be greatly dependent on river sources
to meet aggregate requirements. Historically, the impacts of sand mining were of
little consideration. However, it is beginning to be understood that sand mining
can cause irreparable and irreversible damages to the ecological and socioeconomic
environments of the rivers. Sand removal alters the sediment budget of the river, as
well as changes the channel hydraulics [45].

In-stream sand mining can be severely damaging to the environment and ecosys-
tem [54; 36]. Existing research on many river systems around the world show that
sand mining has changed bed morphology, reduced flow velocities, increased ero-
sion, and changes to the rivers sediment flux [36; 27]. Drastic changes to the sedi-
ment budget can lead to serious environmental hazards including habitat transfor-
mation, biodiversity changes, which may threaten the very existence of the river
ecosystem. Reduction in sediment supply from upstream reaches and erosion can
lead to loss of land, channel incision and the degradation of infrastructure struc-
tures. Which is confirmed with many studies conducted on dam impacts on bed-
load transport, with sediments being trapped in the upstream reservoir, effectively
lowering reservoir capacity [48]. The release of sediment starved water leads to ero-
sion and lowering of the channel bed downstream [48]). Removing sediment also
lowers the water table, making it more difficult for stable drinking water supply
and agriculture water use [47]. Not all sand removal activities are detrimental, with
proper guidance sand mining can have net positive impact for flood plain manage-
ment, increase reservoir storage, and can produce overall benefits [27]. However,
when the rate of extraction of sand exceeds the rate that natural processes replenish
the sediment long term damage begins to occur. Collins summarizes the impacts of
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4 problem statement

river sediment extractions with the following effects [22]:

• Extraction of bed material in excess of replenishment by transport upstream
causes the bed to lower (degrade) upstream and downstream of the site of
removal.

• Bed degradation can undermine bridge supports, pipelines, and other struc-
tures.

• Degradation may change the morphology of the riverbed, constituting one
aspect of the aquatic habitat.

• Degradation can deplete the entire depth of sediment material, exposing other
substrates that may underlie the sediment, which can in turn affect the quality
of aquatic habitat.

• If floodplain aquifer drains to the stream, groundwater can be lowered as a
result of bed degradation

• Lowering the water table can destroy riparian vegetation.

• Flooding is reduced as bed elevations and flood heights decrease, reducing
hazard for human occupancy of floodplains and the chance damage of engi-
neering works.

• The supply of over-bank sediments to floodplains is reduced as flood heights
decrease.

• Rapid bed degradation may induce bank collapse and erosion by increasing
heights of banks.

• Reduction in size or height of bars can cause adjacent banks to erode more
rapidly or to stabilize, depending on how much gravel is removed, the distri-
bution of gravel, and the geometry of the bend.

• Removal of sediment from bars may cause downstream bars to erode if fluvial
transport of sediment from upstream is decreased.

Without proper regulation, sand mining will generate environmental problems
usually stemming from more sediment being removed than the river system can
replenish. All over the world, there are alarm bells sounding at the damage being
done by unrestricted sand mining. However, with proper planning and employ-
ment of sustainable sand mining techniques, some researchers believe that the re-
sulting negative consequences of sand mining can be reduced [27]. This is done by
limiting the extraction of sediment to a portion of the bed-load that passes through
the mining site on a given year.

2.2 impact on water supply
In-stream sand mining threatens water security resulting from decreased ground-
water storage due to the lowering of the alluvial water table [44]. The Lake Country
planning department in California estimated that the alluvial aquifer storage from
river incision can decrease up to 15% [41]. In Tamale, large portions of the popu-
lation are dependent on boreholes for fresh water supply, thus the lowering of the
water table due to incision and extraction may strain rural populations. This effect
is already being seen in the Northern Ghana region as residents are struggling to
access fresh water [64]. In Tamale, the GWC told DW.com in an interview that “as a



2.2 impact on water supply 5

result of sand mining, the river bed has degraded to the depth of excavation, caus-
ing the water table to lower near the river bed”. The lowering of the water table also
has the possibility of destroying native vegetation on the riparian habitats, however,
studies have shown that pioneer vegetation species will develop after recovery of
the landscape [41; 35].

Mining activities also deteriorates the water quality by increasing the turbidity
downstream of the extraction sites. This has led to damage to the GWC’s water
intake pumps and increased the water treatment costs. The GWC proceeded to say
that the river has been completely contaminated, with the water quality having
the consistency of ”groundnut soup” [5]. As a result, the GWC has been forced
to shut down extraction for two days a week to service its water pumps. The
turbidity increase also impacts fish populations, riparian vegetation, and the food
web dynamics. Fish population diversity are reduced with those attuned to higher
sediment concentrations becoming dominant in the river, while more sensitive fish
struggle to survive [40]. The substrate removal also destroys fish spawning zones,
however, with controlled volume removal at lower frequencies studies have shown
that the disturbance on native wildlife can be limited to that of a regular flood event
[51].





3 S T U DY A R E A

3.1 introduction to the city of tamale
This research focuses on the White Volta Basin, near the city of Tamale in the North-
ern Region of Ghana. The city of Tamale is a fast growing metropolis, quickly
growing into the third largest urban center in Ghana with it population increas-
ing from less than 2000 people in 1907 to an estimated 950,000 according to the
Tamale Metropolitan Assembly [tam]. The city is located within latitudes 9°16’N
and 9°34’N and longitudes 0°34’W and 0°57’W, in the Northern region of Ghana.
Its climate is characterized by the Guinea Savanna Zone which consists mainly of
grasses, shrubs, and a few trees. It experiences a rainy season between April and Oc-
tober with annual rainfall varying between 1000 and 1200 mm. The rainfall steadily
increases from April with peak rainfall occurring in August and September. From
November until March, the total rainfall rapidly decreases during the dry season,
with the climate being primarily effected by a dry dust wind called the Harmat-
tan Dust [15]. The mean annual maximum temperatures range from 33°C - 35°C,
with a 22°C minimum and a mean of 27.8°C to 28.5°C [15]. The volume of rainfall
experienced over the region has strong variability at annual, decadal, and longer
timescales resulting in high variability in the discharge from the White Volta River
3.3.

Figure 3.1: Location of Nuwani Guaging station on the White Volta River, Northern Region
of Ghana

In Ghana the demand for sand aggregates is also growing, urban populations
have increased from 9.4% to 50.9% in 80 years [34].The city of Ghana is rapidly
urbanizing, which in turn has caused resource constraints. As the population is
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quickly increasing, the need for housing, office space, industry and infrastructure
continues to rapidly grow. One key material required to supply the rapid urban-
ization growth is sand. Currently, sand is produced illegally all over Ghana, with
state security varying between cramping down on illegal sand winning or giving it
a blind eye [9]. In Tamale, 50% of the sand is removed from the river walls of the
White Volta, as the banks of the river consists of natural deposits of sand suitable for
construction material. From a study from Abu and Peprah, of 6 monitored mining
sites, an average of 54 tipper trucks per day carrying approximately 20m3 of sand
each, leave each site. Therefore in total from the six sites, over 6000m3 of sand is
removed daily from the river banks.

Figure 3.2: Ghanian Tipper truck

Currently, mining sand is not currently being strongly addressed by governmen-
tal policy and legislation. This has led to many ecological issues arising in Tamale
due to sand mining activities [gov; 49; 67]. In addition, many residents near sand-
winning sites have expressed desire for a regulatory body to help improve the social
impacts of sand winning. In surveys conducted by Abu and Peprah, local respon-
dents have reported that sand winners have used force to mine sand off of their
lands which has caused destruction to their farm lands and has led to water short-
ages on their farms [9]. However, in many cases social bonds have formed between
sand winners and local residents in which sand producers provided transportation
services and attended community events.

While sand mining improves the development of infrastructure and provides
livelihood opportunities, every nation is responsible to its succeeding generations
in developing and conserving its natural resources in the best possible way. For
this reason, this research aims to determine whether the construction of a river weir
can have a positive impact in developing a sustainable sand mining economy with
considerations for the long term health of the river ecosystem.

3.2 white volta river hydrological information
The White Volta River is an alluvial river making up one of the 3 main tributaries of
the Volta River Basin. The Volta River Basin covers an area of 400, 000km2 spanning
across six countries: Benin, Burkina Faso, Cote d’Ivoire, Ghana, Mali, and Togo.
The river snakes down from its source in Burkina Faso, to where it is discharged
in Lake Volta. The study area is based on a location near Tamale, at the Nuwani
Guaging station in Ghana. The river in the region of the Nuwani Guaging station
has a very low slope (0.00014m/m) as it slowly meanders towards Lake Volta [59].
The discharge data used in this study were collected from Nawuni Gauging sta-
tion in Ghana, by the Ghana Hydrological Services Department (GHSD) available at
portal.grdc.bafg.de(Table 7.1). Quality assurance of the data was done by ensuring
clearly abnormal errors were not present in the data. This study uses the assump-

portal.grdc.bafg.de
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tion that the data was collected accurately by the source, with no direct checks for
accuracy at the gauging station. As seen in (Figure 7.2), discharge peaks at Nuwani
station align with precipitation data, with short term high discharge peaks during
the rainy season between May-October, and very low flows during the rest of the
year.

*Note - Although not included in this research, the impacts that the creation of the Bagre
Dam will have on discharge and sediment characteristics are not known, this research will
be based on historical data with consideration to future hydraulic changes.

Owner of Data GHSD

Data Set Content Mean Daily Discharge
Catchment Area km2

92950

Longitude (DD) -1.08

Latitude (DD) 9.7
Station Nuwani

Country Ghana
River White Volta

Unit of Measure m3/s

Table 3.1: Data Reference information for Nuwani Station, Ghana taken from portal.grdc.

bafg.de

Figure 3.3: 1975-2007 Discharge measurements at Nuwani Guaging station north of Tamale.
No data between 1982-1986

portal.grdc.bafg.de
portal.grdc.bafg.de
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Years on Record 28

Average Max Yearly Discharge 1399.1
Standard Deviation 543.1

Skew -0.51

90% Confidence 168.6
Year Annual Maximum Discharges m3/s Year Annual Maximum Discharges m3/s
1975 1367.8 1993 1787.9
1976 648.4 1994 2279.3
1977 1163.7 1995 1528.5
1978 510.5 1996 1622.7
1979 1754.3 1997 663.7
1980 1797.3 1998 1602.3
1981 634.8 1999 2274.1
1986 1163.7 2000 964.1
1987 1387.0 2001 1835.0
1988 1823.2 2002 785.4
1989 2240.8 2003 1934.9
1990 816.2 2004 1206.5
1991 2200.8 2005 1106.2
1992 1051.2 2006 1038.4

Table 3.2: Annual Maximum Discharge for Nuwani Station



4
L I T E R AT U R E I N V E S T I G AT I O N S O F
U S I N G A W E I R F O R S E D I M E N T
C A P T U R E

4.1 sediment behaviour
In the rivers natural state, the river can be viewed as a conveyor belt, transporting
erosional products to depositional sites below sea level. The transport of sediment is
continuous, with channel bars and depositional zones having their grains replaced
constantly by flowing sediment. This continuous flow will be altered by the creation
of a weir. The effects of large dams is well known, with sediment trapping being
nearly 100%, with exceptions made to flushing procedures. However, the influence
of smaller run-of-river dams is less well studied. With the extent of run-of-river
dams impact on channel morphology and bed material characteristics being for the
most part, unclear [25]). A run-of-river dam is typically classified as a structure that
extends across the river channel, doesn’t have a mechanism that inhibits discharge
of water over the structure, and is of a height that doesn’t exceed the height of
the channel banks upstream, with water being contained within the river channel
[24]. The head upstream is usually less than a few meters, with short residence
times upstream of the structure. The primary hydraulic targets of a weir is to
regulate water levels upstream of the weir for navigation, increasing water supply
for irrigation and drinking water, and also for low head energy production. Weirs
produce lower velocity increased depth pools of water upstream of the weir. The
dam increases the water levels upstream during periods of low flow, an effect that
changes water surface profiles in an effect called backwater curve. For low gradient
rivers, the distance of the backwater effect becomes significantly greater. At high
stages the weir often becomes submerged as water flows directly over the structure,
and the backwater effect is less pronounced.

Figure 4.1: Run-of-River weir on the Orange River in South Africa

The flow over the weir depends on the weir type, with broad, flat, sharp and ogee
crests being the most common. As water flows over the weir crest, it will either free-
fall or flow down the face of the weir in a high velocity stream of water as flow
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becomes super-critical. Downstream of the weir, the depth starts to increase and
velocity decreases as sub-critical flows are restored. Once the weir becomes sub-
merged, the hydraulic jump decreases until there is no visible change in the water
surface. As the height of the weir does not exceed the water banks, submergence
of the dam will occur during the high discharge rainy season. During high stages
when the weir is submerged, there is minimal backwater effect, thus water transport
is dependent on downstream conditions. Due to the impact hydraulics have on sed-
iment transport, and that the majority of sediment is transported during the high
stage rainy season. Thus, understanding how sediments are transported around a
weir during submerged flows is of critical importance in determining the trapping
efficiency of the weir.

A weir will alter the flow patterns causing the river channel bed-load to adjust
to the changed conditions [41]. In a study by Abdalla et al., the flow around an in-
stream obstacle was numerically modelled and the flow lines are depicted in Figure
4.2, from this study it is observed that strong re-circulation currents form both up-
stream and downstream of the structure near the bed, creating a complex turbulent
fluid pattern [24; 6]. In Figure 4.2, it can be observed that the velocity immediately
upstream in front of the structure is greatly reduced. As the flow of sediments is de-
pendent on the force of water acting on the particle, the low velocity zones should
cause the sediment to aggregate in front of the structure. This aggregated sediment
volume is sometimes referred to as “transient storage” or “sediment ramping” and
has been observed in previous literature [25]. However, the dynamics and volumes
of transient storage is still not widely understood. And therefore, their is no direct
method of calculating the volume of transient storage sediment amassed infront of
the structure. In addition, their is little information regarding the velocity required
in the turbulent fluid zones to push the bed-load sediment into the high velocity
streams Figure 4.2, up and over the structure.

During low stages, when the weir isn’t completely submerged the deposition of
sediments will be impacted by the decrease of velocity caused by the backwater
curve. When the dam is completely submerged, only the flow immediately up-
stream and downstream of the weir are influenced by the flow [24]. Therefore, the
trap efficiency of the weir is highly variable depending on the hydrological variabil-
ity of the river. Therefore further testing on the influence of hydrological variability,
sediment supply, hydraulical ability to lift bed material over the weir, bed material
load, and the height of the weir is required. In a study done by Queen, he noted in
a 1-D model that sediment is stored upstream of the dam rapidly increased linearly
during initial filling, until it reaches an equilibrium where sediment is transported
over the dam. The volumes of sediment stored upstream is dependent on the sed-
iment input, with high inputs resulting in increased aggradation [50]. At higher
water velocities, the storage upstream is decreased, suggesting the velocity in the
re-circulation zone is high enough to transport sediment over the weir during high
stages. Observations on Red Clay Creek show that sediment storage forms a char-
acteristic sloping ramp from the floor of the impoundment to the crest of the dam
[46]. However, after 200 years of modelling the structure only retained 25% of
the weirs accommodation space. After an equilibrium is reached, sediment can be
transported through the impoundment, up the ramp, and over the dam [46]. This
is verified in RFID tracer studies, which have shown that sediment continuity is not
broken by run-of-river dams, as D90 tracer particles are identified downstream of
the weir structure [20].

Downstream of the weir we can expect scouring, as the high velocity flows due
to the hydraulic drop will cause intense erosional forces. Trapping sediment by a
weir will also create hungry water downstream of the weir which will have excess
energy which will typically cause erosion to the bed and banks downstream to re-
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Figure 4.2: Figure 7.1 Numerically modelled flow lines over an in-stream obstacle credits to
Ibrahim Abdalla (28), the top image (a) displays the full model results, while (b)
and (c) depict the flow lines immediately in front and behind the obstacle.
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gain its sediment load [41]. If infrastructure such as bridges are downstream of the
weir, it may cause undercutting reducing the structures stability [41]). Therefore,
locations for sand mining should be conducted outside of the range of influence on
infrastructure. In practice, a protective zone or “apron” of concrete or large rocks
will be built behind the weir for bed protection, effectively protecting the structural
integrity of the structure [8] . However, as the trapping efficiency of run-of-river
dams works with a different mechanism than a full reservoir, the net extent of ero-
sion due to sediment starved water is unknown [25].

Figure 4.3: Sediment Ramping effect immediately upstream of the weir.

The sediment flow is highly variable due to the diverse processes included in
its transport, therefore sediment models should be treated as basic attempts to
represent sediment transport in a simplified fashion, a phenomenon that is very
misunderstood [41]. In ideal cases, input values are often poorly derived as values
are constantly shifting, with transport functions that have highly variable results.
Therefore, the true nature of sediment flow in the Volta River requires consistent
physical observations to verify the general simplified results of created models.

4.2 using a weir for localized sand mining
This model hopes to test the sediment ramping effect with a 1-D model using a va-
riety of transport parameters to verify the sediment ramping effect using HEC-RAS,
effectively estimating the yearly transient storage potential. It will calculate the sed-
iment ramping formed for the 1994 discharge statistics on the White Volta River,
using data obtained by Akrasi. In theory, if Queens hypothesis is correct, a specific
volume of sediment will form in front of the weir quickly as it reaches its equilib-
rium point [50], but the sediment continuity of the river will not be significantly
impacted [46; 50]). With the use of this model, we hope to determine an approxi-
mate volume of sediment that can be removed on a yearly during the low flow dry
season that will be replenished quickly as transient storage during the yearly wet
season without negatively impacting sediment continuity. It should be noted that
weirs are not always positive, extensive studies have been done discussing the im-
pact of weirs on water levels, discharge downstream, increase in flood risk, changes
to fish migration patterns. These impacts are not discussed in this paper, but do
require careful consideration in the design, construction, and management of the
weir.



5 S E D I M E N TAT I O N M O R P H O LO GY

5.1 sediment transport function
Sediment transport is the term used to describe the transport of particles(silt, sand,
gravel, boulders) in rivers and streams. The transported material is called sediment
load which is divided into two categories: Bedload and Suspended load. Sediment
transport calculations are based on particle motion physics which is simplified to
the core forces depicted in Figure 5.1.

The initiation of motion begins when the forces that promote movement on the
particle are greater than the forces that hinder the particles movement. The main
force that promotes movement is the force of velocity or fluid drag that flows over
the particle. This force also gets underneath the particle and creates a lifting force
causing the particle to become part of the suspended load. The primary resisting
force is due to gravity, which holds the particle to the stream bed. And friction &
electrostatic forces between grains.

Figure 5.1: Primary forces acting on a particle

When the bed-shear velocity exceeds the critical value for initiation of motion, the
bed-load particles will begin moving along the surface of the bed. For increasing
bed-shear values, the particles will begin to have larger and more regular jumps
called saltation’s [52]. If bed-shear velocities exceed the fall velocity of a particle,
the sediment particles will be lifted up by turbulent flow resulting in particles going
into suspension.

Sediment flow is unpredictable in nature and the layers of complexity influencing
river dynamics have resulted in a standardized sediment transport equation never
being derived. However, the key forces to calculate are depicted in Figure. 5.1,
which are dominantly impacted by bed slope, flow depth, velocity, sediment size,
and particle fall velocity [30].

Most sediment transport function are based on the concept that of sediment mo-
tion occurs when the shear stress of the river bed is reached [30; 42; 63]. This means
that the fluid force acting on the particle is greater than the resisting force caused
by the particles weight and friction. Thus, generally at low velocities the bed does
not move. As velocities increase, the dimensionless bed-shear stress τ (fluid force)
is larger than the threshold critical shear stress (resisting force) τcr with shear stress
being defined as follows:

τ = γDs (5.1)
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With γ being the weighted density of water, average water depth D, and the water
surface slope s Thus, initiation of motion is derived as follows:

τ ≥ τcr (5.2)

The critical shields stress τcr can be calculated using the Shields equation [55].

θcr =
τcr

(ρs − ρ f )gD
= f (

u∗D
ν

) (5.3)

With θ being most commonly defined by the Shields Function as a dimensionless
relationship between shear stress τ (N/m2), density of sediment ρs , density of fluid
ρ f , particle diameter D , gravity g, which is a function of the particle Reynolds
number Re, kinematic viscosity ν, and shear velocity u∗ derived as follows:

u∗ =

√
τ

ρ f
(5.4)

Based on the Shields parameter the competence of flow µ∗ can be determined,
which determines which determines the velocity required to move particles as a
function of critical shear stress and their diameters.

µ∗ = θcr

√
(ρs − ρ f )gD (5.5)

With this in mind, during high discharge flood events large volumes of sedi-
ments are generally transported as the shear stress greatly exceeds the threshold
shear stress. A prolonged flow slightly exceeding the critical value may have little
significance in terms of the volume of bed material transported. While a brief flow
greatly exceeding the critical value can transport large volumes of sediment [htt].

Alternatively, stream power is often used as a basis to determine sediment trans-
port. First introduced by Bagnold, stream power suggests that the rate of energy
used in transporting sediment can be related to the work being done in sediment
transport [14]. Thus, stream power is the product of shear stress along the bed and
the average flow velocity. Bagnold defined stream power as follows:

ω =
ρ f gQs

w
= τU (5.6)

Where ω is the stream power per unit bed area, total discharge Q, width of flow w,
and depth average velocity U. The critical depth averaged velocity is calculated as
follows:

Uc = 5.75 log(
12dc

Db
)

√
τcr

ρW
(5.7)
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And critical stream power per unit bed area:

ωcr = τcr5.75 log(
12dc

Db
)

√
τcr

ρW
(5.8)

With dc being depth of flow at critical motion.

To simplify, stream power is determined by the loss of potential energy as the
water flows downstream Therefore, Bagnoldsuggests that it can also represent en-
ergy available to perform work in sediment transport, with the amount of sediment
transported being determined by the rate of work ib acting on the stream bed [14].

ıb = eb(ω − ωcr) (5.9)

The uncertainty comes from eb, which is the efficiency of the river in transporting
sediment. However, stream power may have advantages over transport equations
that require near bed velocities and bed shear stress data, as stream power can
be approximated based on channel properties combined with discharge data. As
these properties are more easily obtained, stream power equations may have a con-
siderable practical advantage over locally variable parameters which require direct
measurements. In this paper, the Shields critereon will be used to estimate the sed-
iment input at the boundary condition of the model.
In practice, there are many forces acting on the particle including cohesive forces
impacting soil structure and turbulent forces creating eddies, resulting in drag and
lifting forces causing particles to bounce and skip along the bed. Because turbu-
lence is random and irregular there is unpredictable flow patterns and geological
conditions which causes complex sediment transport [htt]. The layers in complexity
often result in the same formulae reported to have different ranges in accuracy by
different authors for similar flow conditions [14]. The wide variability in results
from sediment transport formulas make it difficult to correctly choose the correct
sediment transport formula for specific functions. Therefore to obtain relatively
accurate results and make smart predictions, it is crucial to properly define the
river characteristics and the physical characteristics of the sediment. It should be
acknowledged that for rivers, the spatial variability in the Shields Number, veloci-
ties, depth, slope, and grain size can be significant even in straight channels with
uniform cross sections [38]. As one example, Wilcock estimates that the lateral to-
pography of the bed alone change the transport rates by a factor 3. It is not practical
to constantly sample in the field the bed-change variability, discharge or other vari-
ables and even with field sampling there can be many sources of error. Due to the
unpredictable nature, transport functions based on natural stream measurements
are few, as the difficulty in acquiring good measurements is great, thus most trans-
port functions are derived in flume experiments.

This paper narrows down the selection of sediment transport functions for the
White Volta River, which will then be tested in a HEC-RAS based flume study based
on White Volta characteristics. The following 1D transport functions are included
in HEC-RAS: Ackers & White, Engelund & Hansen, Meyer Peter and Muller, Yang,
Wilcock & Crowe, and Toffaleti. Each one of these methods are developed in flume
studies with different key parameters often reinforced with field data [61]. This
research will include a process which narrows down the field of available transport
functions based on literature to determine which transport functions are best suited
for simulating the White Volta River based on Table 6.4.
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Figure 5.2: The depicted sediment transport equations are being used green and unused
red in the Flume Models created for this research study. The chosen sediment
equations will be further described in subsequent chapters.

5.2 transport functions used in this study

5.2.1 Laursen-Copeland

The Laursen-Copeland function is a modified version of Laursens transport function
[43], The Laursen-Copeland equation was developed for a large range of sediment
classes with both bed and sediment loads [23]. It measures the concentration of a
particle class based on three parameters: excess shear stress, ratio of particle size to
water depth, and the ratio of grain shear velocity u∗ to grain fall velocity ωp [23].
The equation differs from Shields as it replaces shear stress with grain shear stress
τ
′

which is based on the grain roughness R
′
. Copelands equation also changes

the way critical shear stress is calculated, which allows for initiation of motion of
coarser particles at lower shear stresses, effectively increasing the transport potential
of coarser particles. The grain shear stress τ

′
becomes a function of grain roughness

R
′
, where V is velocity:

τ
′
=

ρV2

58
(

d50

R′ )
1/3 (5.10)

The transport of the bed-load is based on Shields critical shear stress which varies
per particle grain class, with larger particles having a greater critical shear stress
which the Laursen-Copeland equation defines as follows:

(τ
′
/τcri )− 1 (5.11)

The dynamic critical shear stress is determined using a combination of two methods
which adjusts the Shields Parameters based on the value of the dimensionless shear
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stress τ∗
o . When the dimensionless shear stress is above 0.05, a Shields value of 0.039

is used. However, when τ∗
o was below 0.05 the following equation is used:

τ∗
o =

τo

(γs − γw)
Di (5.12)

These adjustments results in the following equation:

C = 0.01γ(
d
D
)7/6(

τ
′

τc
− 1) f (

u∗
ωp

) (5.13)

Laursen Copelands equation is suitable for a large range of particle classes 0.08mm
- 29mm and velocities between 0.02

m
s - 2.3 m

s and will transport larger particle sizes
much better than other functions [29].

5.2.2 Meyer Peter & Muller

HEC-RAS uses the Meyer-Peter & Muller (MPM) transport function based on Vanoni
version which converts the MPM function to a dimensionless form allowing for unit
volume calculations [18]. The transport function is one of the earliest developed and
still one of the most widely used. It estimates the bed-load transport rate in an open
channel as a function of excess shear stress caused by flowing water [18]. It is often
used in research for comparative purposes with other transport functions as it is
commonly used for engineering applications [63]. In its simplest form it reads:

q∗b = 8(τ∗ − τ∗
cr)

3/2; (5.14)

Where: τ∗
cr = 0.047

q∗b and τ∗ are the dimensionless transport and mobility parameters where:

q∗b =
qb√

Rgdmdm
(5.15)

and:

τ∗ =
τ

(γs − γ)
dm (5.16)

Vanoni’s version of the MPM includes a drag form correction, ( kr
k∗r
)3/2 based on the

roughness element ratio taken from Darcy-Weisbach bed friction factor. This adjust-
ment isolates grain shear from bed shear which allows transport to be calculated
based on the bed shear component acting only on specific particle grain classes. The
equation is shown below:

Qs ∝ 8

(
(

kr

k∗r
)

3
2 τ∗ − 0.047

) 3
2

(5.17)

According to Kuriqi et al.; Karamisheva et al.; the MPM formula is best suited to
larger sediment grain classes with higher bed-load rates. In sand or silt rivers, the
MPM appears to give results that under predict the transport of finer materials [30].
Often its use is recommended in situations where the bed-load transport rate has
never been calculated such as in the White Volta River.
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5.2.3 Toffaleti

The Toffaleti function is a modified Einstein total load function that breaks the sus-
pended load into three separate vertical zones (upper, lower, middle). It is not a
shear velocity or bed shear dependent function. Instead sediment concentration is
calculated for each of the three vertical zones as well as the bed zone. The three
suspended zone concentrations are calculated using the Rouse number, based on
the ratio of sediment fall velocity, upwards velocity, and shear velocity.
The three zones are calculated using the following equations where M is sediment
concentration, hydraulic radius R, z is a relationship between sediment and hy-
draulic characteristics with r being depth, depth average velocity V, particle fall
velocity ω, while gss represents suspended sediment transport, and nv is a function
of temperature T, and the slope S:

gssUpper = M

( R
11.24 )

0.244z( R
2.5 )

0.5z

[
R1+nv−1.5z − ( R

2.5 )
1+nv−1.5z

]
1 + nv − 1.5z

(5.18)

gssMiddle = M

( R
11.24 )

0.244z

[
( R

2.5 )
1+nv−z − ( R

11.24 )
1+nv−1.5z

]
1 + nv − z

(5.19)

gssLower = M
( R

11.24 )
1+nv−0.756z − (2dm)

1+np−0.756z

1 + nv − 0.756
(5.20)

gsBed = M(2dm)
1+nv−0756z −→ orMPM f orTo f f aletti (5.21)

Where sediment concentration M, exponents zi and nv are defined as:

Mi =
gss(1 + nv − 0756zi)

( R
11.24 )

1+nv−0.756zi − (2dsi)1+nv−0.756zi
(5.22)

zi =
ωV

(260.67 − 0.667T)rS
(5.23)

nv = 0.1198 + 0.000048T (5.24)

The Toffelati Transport function can be used for particles between 0.062-4 mm,
meaning it can span across multiple size classes. However, it is not developed for
large particles or for systems with a wide gradient. Therefore, this function is better
suited for large sand rivers [18].

5.2.4 Yang

Yang’s equation is a total load transport equation which calculated transport based
on stream power, the product of the mean flow velocity and energy slope [66]. Un-
like Bagnold equation, the Yang equation related sediment transport to the energy
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dissipation per unit weight of water. It is unique from other equations as it uses a
critical flow velocity instead of a critical shear stress to determine particle motion. It
correlates the total sediment concentration with effective stream power to estimate
the sediment discharge which is expressed as follows:

log Ct = A + B log(VS − VcrS) (5.25)

The excess stream power relationship with The equation uses two separate rela-
tions for sand and gravel transport which take the following form.

For sand particles d < 2mm:

log Ct = 5.435− 0.286 log
ωdm

ν
− 0.457 log

u∗
ω

+

(
1.799− 0.409

ωdm

ν
− 0.314 log

u∗
ω

)
log
(

VS
ω

− VcrS
ω

)
(5.26)

For gravel particles d > 2mm:

log Ct = 6.681− 0.633 log
ωdm

ν
− 0.282 log

u∗
ω

+

(
2.784− 0.305

ωdm

ν
− 0.282 log

u∗
ω

)
log
(

VS
ω

− VcrS
ω

)
(5.27)

Therefore the motion of sediment is calculated for each sand grain size class
using either of the two equations. The use of Yangs equation should be limited
between the sediment diameters 0.15mm − 7mm as the coefficients were derived
for this range based on extensive data bank and flume studies [65]. In modelling
the Yang’s equation often gives erroneous results at the transition diameters at the
sand-gravel boundary.

5.2.5 Wilcock & Crowe

The Wilcock Crowe equation differentiates itself from traditional functions as it es-
timates the transport of sediment based on the quantity of each grain size present
on the bed surface [62]. Generally, equations aren’t created using bed-grain size
as they data is difficult to acquire. The Wilcock & Crowe transport function was
developed in flume studies, which includes concepts such as a hiding function and
grain size distribution based on the ratio between the Shields number τ and the
reference shear stress τri , resulting in an excess shear stress function [62].

Wilcock and Crowe defines the ratio as follows:

ϕ =
τ

τri
(5.28)

With transport for all size fractions calculated as follows:

When ϕ < 1.35:

W∗
i = 0.002ϕ7.5 (5.29)

When ϕ ≥ 1.35:

W∗
i = 14

(
1 − 0.894

ϕ0.5

)4.5

(5.30)

The reference stress for each grain class is calculated using the base reference
shear stress for the median of the grain classes τ∗

rm, and the ratio of the grain class
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particles di with the median bed surface grain size dsm. Wilcock & Crowe’s function
is unique as it includes a hiding factor b that accounts for interdependence between
grain sizes. For example, silty grains that are beneath gravel grains will require
a greater shear stress to transport than silty grains on the surface of the bed. For
uniform grain class distribution this interdependence can be ignored. However, for
well mixed beds the transport function becomes increasingly inaccurate.

The ratio of reference shear stress with shear stress is calculated as follows:

τ∗
ri = τ∗

rm(
di

dsm
)b (5.31)

With hiding factor b calculated as:

b =
0.67

1 + exp(1.5 − di
dsm

)
(5.32)

Using this equation, the Wilcock & Crowe function doesn’t use a critical shear
stress as a starting value for particle movement, but instead creates a reference shear
stress in which the transport is trivial below the reference value. This equation is
well utilized in situations where the surface bed gradation and discharge is known,
and can provide the transport rates of sand and gravel for each grain class [18].

5.3 transport functions not used in this study:
ackers & white and engelund & hansen

The Ackers & White and Engelund & Hansen sediment transport equations were
not tested in this research for the following reasons. The Ackers & White trans-
port function grossly overestimates sediment transport for high velocities and grain
sizes less than 0.04 mm [18]. While there are variations of coefficients added to
the Ackers & White transport function to allow for use with varying grain sizes,
they are not yet inputted into HEC-RAS [60]. As the majority of sediment trans-
portation boundary condition inputs for the model of the White Volta primarily
contains grain sizes below 0.04mm, the Ackers White function is not applicable for
this research. The Engelund-Hansen formula will also not be used, it’s the relation
is designed to predict the sediment load for a single uniform grainsize, with the
accuracy quickly decreasing with a wide sediment gradient. The function is limited
for sediment sizes between 0.19 - 0.93 mm, meaning it will be inaccurate for the
majority of the sediment input boundary conditions.

Note, these sediment transport functions are not used based on assumptions used
for calculations and designs of the White Volta flume. However, once data is col-
lected in the field it may change which functions are best suited.

5.4 fall velocity calculations
When a pebble or grain of sand is dropped into water, it first experiences acceler-
ating motion, but due to resistance of the water almost immediately experiences
a uniform steady fall velocity [53]. The fall velocity is a balance between the net
gravitational force Fg, defined as the difference of weight and buoyancy, and the
drag force Fd acting on a particle as it moves through a fluid [28].

Fg =
4
3

πρRg
(

D
2

)3

(5.33)
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Fd =
1
2

πρcD

(
D
2

)2

ν2
s (5.34)

This balance is dependent on the particle surface area, size, shape, relative velocity,
density ρ and viscosity η. Particles with the same shape, but differing densities
will behave differently in a fluid, with the higher density particle settling faster.
The settling particle will have a resistance drag force slowing down the particle
exerted on it by the fluid. As the relative velocity of the particle increases, so does
the effective drag force. The particle will reach its terminal velocity when the net
acceleration of the particle is equal to zero. This phenomena was first researched by
Stokes, which is known commonly referred to as Stokes Law which defines particle
fall velocity in fluid ω as follows:

ω =
1

18 g(ρs − ρ f )d2

µ
(5.35)

Stokes law shows that a particles velocity increases as a square of the diameter, so
that larger particles settle faster than smaller. However, this relationship is not ap-
plicable to the entire range of sediment classes. This relationship also assumes that
each particle is a sphere, for this reason many researchers have made adjustments
to the Stokes equation to create a more applicable function for certain sediment
classes [28].

The fall velocity equation used in this equation is the Ruby equation, as it is
applicable for a large range of sediment diameters 0.00152 mm - 12.85 mm. It
adjusts Stokes Equation by including an impact law which includes turbulent forces
acting on particles. It determines a Reynolds number for the particle, and then uses
this to derive the following equation for fall velocity [53].

ω =

√√√√ ( 2
3 )gρ f (ρs − ρ f )d3 + 36η2 − 6η

ρ f d
(5.36)

Ruby’s equation is suitable as it is derived for a large range of sediment grain
classes. It works well for silt, sand, and gravel and particles that have a specific
gravity of 2.65, meaning the ratio of the sediments weight, to the weight of an equal
volume of water.

5.5 bed armouring & sorting function

5.5.1 Bed Sorting

During sediment transport, shear stress causes a drag force across the exposed sur-
face area of the particles, while a gravity force acts on the particle weight as a
function of volume and density. Therefore each grain class has a different transport
rate which results in degradation or aggradation of the river bed. Large grain sizes
are subject to a larger pull of gravity, this require greater shear to transport, while
finer particles more likely to be dragged by the flow resulting in vertical, lateral,
and longitudinal sorting of sediments [17].

As the stream power of the river exceeds the incipient motion certain grain size
factions, the bed composition will change. If full sediment transport occurs in which
critical shear stress for sediment transport is exceeded for all grain classes, all sedi-
ment grain sizes will be transported. During partial sediment transport, where the
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critical shear stress isn’t exceeded for larger particles, causes small particles to be
transported away resulting in bed coarsening. commonly referred to as ”armour-
ing”.

Figure 5.3: As finer sediments are transported away the bed layer coarsens and finer particles
are trapped underneath the armouring layer.

Armouring has a significant influence on bed friction, sediment transport rate
and scour depth[13; 17]. Armouring results in a decrease in erosion rates with time
as a function of either deposition of coarser sediments on the bed or erosion of finer
surface sediments [37]. As average particle diameter in the bed increases, erosion
rates for a given shear stress decrease, describing how the coarsening of the bed re-
duces erosion rates [37]. Because the finer particles are more easily transported, the
armor layer will begin to protect the sediment classes undisturbed by flow. This pro-
cess effectively restricts the movement of sediment due to the hindrance caused by
larger grain classes. Finer grains are often sheltered vertically in the coarser grains,
meaning that coarser grains have greater exposure to the flow. This phenomenon
is referred to as the ”hiding factor” [57]. Thus during sediment armoring and sort-
ing, two vertical layers are defined; an active layer and an inactive layer. The top
layer, referred to as the “active layer or armor layer”, is predominantly involved in
the sediment transport process. The active layer interacts with the flow and deter-
mines the rate and composition of the transported sediment. The bottom layer is
defined as the inactive layer or the substrate. The substrate is defined as a layer in
which no transport occurs. In some functions a third layer is defined, the exchange
layer, which is the layer in which the flux of sediment between the active layer and
substrate occurs. This occurs when the active layer is eroded, the exchange layer
”fluxes” to the active layer as it is now directly influenced by the flow. Likewise, if
the active layer thickens due to deposition, the exchange layer will ”flux” sediment
from the active layer to the substrate.

Most sorting functions use an armoring ratio to define the rate at which sediment
will be eroded based on the relative coarsening of the bed. The mass of each grain
class is converted into a specific thickness which reduces erosion relative to average
diameter of all grain classes. To determine how much sediment will erode the
transport capacity of the river is measured with respect to the erodible supply. The
capacity of transporting each grain class is determined, if available in the supply it
will be eroded. If the erodible supply is fully eroded, the balance is taken from the
inactive layer. In summation, the flux of sediment classes from the inactive layer to
the active layer is aggregation and degradation.As sediment is transported from the
inactive layer to the active layer it the river bed is degrading as the transport capacity
is not being reached. Conversely, if sediment is being transported from the active
layer to the inactive layer it is aggradation as the bed thickness is increasing. As



5.5 bed armouring & sorting function 25

the diameters of the active layer increase the flux from active layer to inactive layer
reduces until the armouring ratio becomes 0 and no more erosion occurs Figure.
5.4. In practice, this suggests that as erosion occurs, the average particle diameter
in the active layer increases, causing an increase in the critical stress required for
transport. Thus, at a certain bed thickness no erosion occurs. In conclusion, the
armoring ratio determines the percentage of erosion of specific grain classes that
can occur from the inactive layer[37].

HEC-RAS contains three bed sorting and armoring methods which will be com-
pared in this research. The Active Layer method, Copeland Mixing Method, and
Thomas Exner Mixing Method. The model will have drastically different results
based on the applied bed sorting method, therefore choosing the proper sorting
function in sediment modelling plays as large of a role in modelling sediment re-
sults as the transport equation [18].

Active Layer Mixing Method

The active layer mixing method in HEC-RAS is a two layered approach, with di-
viding the bed into an active layer, available for transport, and an inactive layer
which has no impact on the computations. After each time step, the active layer is
re-calibrated. If the bed erodes the inactive layer sends sediment back to the active
layer to restore it, while during deposition the active layer resizes and sends the
sediment back to the inactive layer. With erosion, the gradation of the bed layer
will remain as specified, but will mix with the active layer sediment to create a new
gradation in the active layer. Deposition is different, as the deposited material will
have a different gradation than the defined bed gradation. In this case, HEC-RAS
uses the 70-30 method in which 70% of deposited material and 30% of active layer
material will be deposited into the active layer which maintains a course cover layer
for armoring and allows for gradational evolution which is calculated as follows
[57]:

δ = 0.7di + 0.3ai (5.37)

Where δ is the transport of sediment to the inactive layer during aggregation, di is
the fraction transported from deposited material, and ai is the fraction of sediment
deposited from the active layer.

The active layer method has several disadvantages in that it does not include
an armoring factor and does not have clear vertical resolution. In HEC-RAS you
must choose this function when using the Wilcock & Crowe transport function as it
includes a hiding factor in the algorithm [18].

Thomas Mixing Method

The Thomas mixing method divides the active layer into a cover layer and a subsur-
face layer. Although the transport capacity is based on the data for the entire active
layer, a cover layer coarsens independently which helps regulate erosion while main-
taining a broadly graded active later [18]. At each time-step the Thomas method
computes the active layer by computing the equilibrium depth Deq, which is the
smallest depth at which surface sediment does not move. The equilibrium depth
is calculated based on a relationship between hydraulic energy, bed roughness and
sediment transport intensity where Deq is equilibrium depth, q is water discharge,
and di is particle diamter:

Deq =

(
q

10.21d
1
3
i

)6/7

(5.38)
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Using the Deq, the armoring ratio is calculated where:

• Deq < 0.8 = No Armoring effect, full grain class can be eroded from substrate

• 0.8 < Deq < 2 = Linearly interpolated armoring ratio between 0-1 between
endpoints

• Deq > 2 = Full armoring effect, no sediment is eroded

The equilibrium depth Deq is calculated for each grain size, while setting the ac-
tive layer thickness to the largest grain size. Using the newly calculated depth at
each time step, HEC-RAS calculates a new active layer thickness, and recreates the
subsurface layer. Using the armoring ratio, the percent of sediment removed is de-
termined i.e.armoring ratio of 0.91 −→ 91% of that sediment class is removed. In
practice studies show that the Thomas method tends to over-predict armoring, and
under predict erosion on finer grained systems [19].

Figure 5.4: Armoring ratio as a function of Deq [18]

Copeland Mixing Method

The Copeland Mixing method builds upon the Thomas method but is adjusted
it to make it more applicable to sand beds. The armor layer is computed from
a ratio based on the particle diameters of coarser grain classes, but it has a few
adjustments which makes it better for large sand bed rivers. Firstly, the active
layer is set to a thickness which is the greater between 2D90 or 15% of the water
depth. Secondly, the armoring layer is limited to a maximum thickness of 3D90.
Lastly, the armor ratio is changed start armoring at a smaller grain sizes. Instead of
linearly interpolating the equivalent particle diameter between the two end points,
Copeland uses the following polynomial:

0.8 < Deq < 2 = AR = 0.026(ΣDeq)
3 + 0.28(ΣDeq)

2 − 1.07(ΣDeq) + 1.40 (5.39)

These changes allow for increased scouring and is better suited for sand systems
as the armoring ratio decreases more gradually [18].



6 B U I L D I N G T H E M O D E L V I A H E C - R A S

6.1 modelers note
Data sources for the White Volta are extremely limited. Developing models for sed-
iment transport at reach segment scale becomes difficult to accurately define. Al-
though initiatives have been started for consistent sediment data acquisition, they
have stopped as the cost has been too high to maintain [10]. For this reason, this
model is being created to start a process in which the research objectives can be
further developed when increased assets can be allocated to the project. The model
here will be used as a starting point, to develop indicators that will determine
the potential feasibility of using weirs for sediment entrapment. As the previously
defined, even with perfect data, modelling sediment can create a wide variety of
results. In practice, data is often first obtained for study, and a model is created to
best fit the acquired data. From this point changes can be made to the model to
study the impacts of various changes to the study reach. Due to Covid-19 travel
restrictions, the full data required to develop a functional model has not been yet
obtained, but in the further research this is expected.

In this research, the model will be created with all the current known data, with
the missing data inputted as an assumption or range effectively creating a wide
range of potential results. Future research can use the model results, match with
gathered data to calibrate this research’s conclusions. The data missing is Bed-load
Sediment transport, Bathymetry, suspended sediment transport, and a hi-res DEM.
For this reason, the model will be created 1-D, in a flume, to answer the research
questions.

6.2 how the model works

Figure 6.1: Quasi-Unsteady compu-
tation method, with mul-
tiple computation incre-
ments per flow duration

HEC-RAS 6 is a hydraulic model that com-
putes hydrodynamics via computational incre-
ments. The flow duration is divided into com-
putational increments during which the bed ge-
ometry, cross sections and hydraulic parameters
are recalculated. During the computational in-
crements, HEC-RAS updates the bed gradation,
sorting, and armoring several times adjusting
the grain classes several times during sediment
transport calculations. The transport is mea-
sured using the Exner equation, in which the
sediment entering or leaving a control volume
must be stored or removed from storage. The
Exner equations adjusts the difference between
inflowing and outflowing sediment loads into
bed change, erosion, or deposition as seen in
Equation 6.1:

27
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(1 − λp)B
δη

δt
= − δQs

δx
(6.1)

Where λp is porosity, B channel width, channel elevation η, time t, distance x,
transported sediment load Qs.
The HEC-RAS model computes the inflow sediment as the sediment entering the
control volume from upstream control volumes. While the outflow sediment is
calculated as a function of the sediment transport capacity, which computes the
maximum sediment transported per grain class using hydrodynamics and sedimen-
tation calculations. The hydrodynamic features transport capacity equations used
are previously mentioned in Chapter 5.

6.3 geometry design
The White Volta will be modelled in a 1-D flume in order to determine the impact
of a weir on sedimentation. In the model a 50 km long straight segment will be
modelled with uniform cross sections. The width of the flume will be 120m, as
measured approximately via Google Earth at the Nuwani discharge measuring sta-
tion. As the bathymetry is unknown, the cross sections will be uniform with the
bathymetry for each cross-section uniform as seen in Figure 6.2, with cross sections
every 20 meters. The slope of the bottom is set at 0.00014 m/m as measured by
HKV consultants for the reach section near Nuwani station [59].

Figure 6.2: Uniform cross section bathymetry used for all cross sections along the flume.

The manning’s value for a bed, especially sand beds, can be highly varied as
bedforms move easily taking on drastically different configurations during high or
low flows [12]. For example, during Low flows, bed forms may have little move-
ment which results in much higher Manning’s values. The Manning’s values can be
impacted by channel irregularities, alignment, obstructions, vegetation and mean-
dering, each which will give a greater roughness value than in a straight bed. The
degree of each factor on the roughness coefficient has been studied by Aldridge and
Garrett, who created adjustment tables for increasing the Manning’s N Value which
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include: degree of irregularity, variation in channel cross sections, obstructions, veg-
etation, degree of meandering [11].

In future data collection of the Volta Basin when verifying results, these parame-
ters should be implemented in the cross section manning values of the 1-D model
with consideration for the dynamic bed form conditions. In this study, the obstruc-
tion will be included into the calculation. Similarly, with the other factors, each can
play a significant role on the roughness of the bed. In this flume, the Manning’s
coefficient selected will be 0.017 based on Table 1 of Aldridge and Garrett’s research,
assuming the reach has smooth-roughly cultivated bed-forms [11]. The banks will
be increased by 0.01 due to the impact of erosion and vegetation [12; 7]. As the
impact of the roughness coefficient is so significant, further measurements must be
monitored at the weir site at Nuwani station to calibrate the results. This model
will run simulations with ±.005 for each parameter as depicted in Table 6.1.

Title Left Bank (n) Channel Right Bank (n)
Geometric (1) 0.022 0.012 0.022

Geometric (2) 0.027 0.017 0.027

Geometric (3) 0.032 0.022 0.032

Table 6.1: Manning n value variation used as a comparison of the impact on sedimentation
in simulations

6.4 quasi-unsteady flow data
The model uses the August 1994 - August 1995 discharge data from Nuwani station
as its upper flow series boundary condition. This models the flood peak earlier in
the simulation to reach a steady state in sediment at the duration endpoint resulting
in the following hydrograph Figure 6.3.

Figure 6.3: Hydrograph flow season August 1994-August 1995 measured at Nuwani Guag-
ing Station

Based on the discharge, the computation increments (hours per flow duration (24

hrs)) were set as depicted in Table 6.2. The computation increments are selected to
minimize oscillations in results. When increments set with too large of a duration
between computations, the model is more likely to explode or give oscillating re-
sults. When the simulation timesteps are two small output file sizes and simulation
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duration drastically increases. With finer computation increments the results of the
model are smoother, however, in this case a rolling average will be used to reduce
positive feedback.

Qlow Qhigh Computation Increment
0 50 6

50 100 4

100 250 1

250 500 0.75

500 1000 0.5
1000 1500 0.25

1500 2000 0.075

2000 2500 0.05

Table 6.2: Computation increments for each flow duration input. As daily means are cho-
sen, flow duration is 24 hrs, while computation increments are how many hours
between computations. At low discharges a computation is done every 6 hours,
while at high discharges computations are done much more frequently with com-
putations done every 0.05 hours

The lower boundary condition uses Normal Depth, which uses the friction slope
of the river to determine model output. In this case the friction slope is set to
0.00014 m

m as measured by [59]. As sediment transport calculations require temper-
ature for measuring viscosity, the input flow temperature is set to 20°C for all flow
durations.

6.5 modelling the weir
The weir will be a broad crested weir located 3 km from the downstream boundary.
In this research downstream conditions will not be strongly researched, with the
primary focus being sediment behavior immediately upstream of the weir. There-
fore stilling basins and erodible bed limits are not included in this research. A broad
crested weir is used as it is more durable and requires less maintenance compared
to a ogee or sharp crested weir. The discharge and head over the weir is based on
the following equation for free flow:

Q = CdLH
3
2 (6.2)

Where L is the length of the weir, C is the weir coefficient, and H is the head
above the crest (m). When the weir is submerged the model reduces the CD coeffi-
cient is reduced based on a percentage of submergance [18].

Parameters for the weir will just be standard with at 42% of the bank height with
banks being 12 m as seen in Figure 6.2. Thus the weir height used is 5 meters. The
width of the weir in the direction of the flow is also 5 meters, and a weir coefficient
of 1.4. The weir coefficient is assumed at 1.4 as variations are found between a
standard 1.6 for broad crested weirs [Claydon]. Or alternatively, approximately 1.2
as suggested by the United States Geological Survey [58].

The full dimensions are illustrated in Figure 6.4.

6.6 implementation of sediment parameters
The Sediment data will be inputted based on several measured data points but
completed with assumptions made by the modeler. The parameters to be inputted
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Figure 6.4: Geometry Design of the weir used in the simulations

include the transport functions, sorting method, fall velocity method, bed gradation,
and sediment rating curves. The only known value is the bed gradation measured
by HKV [59], and the sediment rating curve measured by Akrasi [10]. These mea-
surements were taken at a single point in time, which may result in vast differences
from the current practical situation. Due to the dynamic nature of sediment mor-
phology these values are often subject to considerable changes in a given year which
should be taken in consideration for the results of this study.

6.6.1 Bed Gradation

The bed gradation is defined as the percentages of sediment contained in the bed
material for each grain class. HEC-RAS provides a template which allows the user
to define a specific cross section with a certain sediment gradation. The grain classes
are sorted from fine to coarse, with the classes being separated in % finer for the up-
per bound of the grain class. If the bed material is cohesive, the parameters can be
adjusted for shear threshold, erosion rate, mass erosion threshold, however, obser-
vations at the Nuwani station observed that the bed material was non-cohesive so
these adjustments will be ignored. HKV divided the grain classes into four classes
which were measured at a sand bar in the center of the river with the results dis-
played in Figures 6.5, 6.6.

Figure 6.6’s composition is defined with the following grain classes:

• Clay Diameter less than 0.002 mm

• Silt Diameter between 0.002 - 0.065 mm

• Sand Diameter between 0.065 - 2 mm

• Gravel Diameter greater than 2 mm
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Figure 6.5: D16, D50, D84 values for bank material measured at measuring stations along
the White Volta River [59]

Figure 6.6: Measured Bank Material on the White Volta River at various river guaging sta-
tions. [59]
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Figure 6.7: Model input Bed Gradation set for the intitial starting conditions, based on ac-
quired HKV measurement data

This data has been translated to HEC-RAS to create the following Bed Gradations
(Figure 6.7) with intermediary values being estimated. This bed gradation will be
the entry point for all cross-sections along the 50 km channel. At each computa-
tion increment the bed composition will change when taken account the change of
sediment in the control volume.

6.6.2 Sediment Rating Curve

The Sediment rating curve is used at the upper boundary measuring the input sedi-
ment into the modelled area of the reach. Load Gradation is one of the least certain
to measure, but also one of the most sensitive inputs to the sediment model, there-
fore it is often used as a target calibration parameter of the model [33].Generally,
rivers coarsen with increased flow until they reached a maximum grain sized limit
and then remain constant beyond this threshold flow [32]. However, flow itself
does not explain all the variability in the load data, which can also be impacted by
hysteresis, storms and seasonal variations. In practice, the magnitude of sediment
generally increases as a function of flow, but the load classes can both coarsen and
fine, or remain relatively constant [32]. There is no accurate measured data for sed-
iment load for the White Volta River, due to the high cost involved in gathering
the necessary measurements on a daily or hourly basis over a long enough period
of time for accurate sediment load estimations. The closest estimations that can
be used are based on 89 dip measurements taken sporadically throughout the year
on the White Volta conducted by Akrasi, in which a rating curve with a 25% cor-
rection factor was developed for mean concentration values across a specific cross
section [10]. The rating curve technique developed by Walling is used which creates
a relationship between sediment discharge and water discharge:

Qs = aQb
w (6.3)

Where Qs is sediment discharge, Qw water discharge and a,b are measured vari-
ables. The mean daily flow data is used to estimate the mean daily sediment dis-
charge. This aligns with practice where suspended sediment flows are the greatest
during periods of high flow during the flood season. Akrasi estimated the values of
constant b and a were 1.345 and 3.230 at Nuwani station [10]. This data is then in-
putted into the rating curve information in HEC-RAS to estimate the total sediment
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Discharge ( m3

s ) Sediment Load ( ton
day ) Discharge ( m3

s ) Sediment Load ( ton
day )

100 1582.0 1400 55048.4
200 4018.7 1500 60401.2
300 6933.2 1600 65878.5
400 10208.8 1700 71475.4
500 13782.2 1800 77187.0
600 17612.3 1900 83009.2
700 21670.0 2000 88938.1
800 25933.3 2100 94970.2
900 30385.0 2200 101102.3

1000 35010.8 2300 107331.3
1100 39799.3 2400 113654.5
1200 44740.5 2500 120069.3
1300 49826.0 2600

Table 6.3: Sediment rating curve computed values for Sediment load based on Equation 6.3
with values constant values derived from Akrasi

load for specific discharges. Based on Akrasi’s 1994 measurements, the estimated
suspended load is 5.62 ∗ 106 tons in 1994 at the Nuwani Station [10], as other mea-
surements aren’t included for other years the discharge series used will also be from
1994. It should be noted that 1994 had a larger flood peak relative to other years,
resulting in a greater suspended load than an average year. The total sediment load
based on the rating curve constants of Akrasi using Equation 6.3.

However, there is no available measured data on sediment-load grain classes for
the White Volta River which is required as an input for the sediment rating curve
boundary conditions. For this model, assumptions must be made for the fraction-
alization of grain classes present in the suspended sediment load. Observational
data upstream at Pwalugu noted that the majority of the suspended sediment load
contained clay and silt, with very small amounts of sand [26].

In order to create reasonable estimations of grain classes entering the model, the
input grain classes are fractionalized based on initiation of particle motion. In a
steady flow analysis the shear stress of the bed was calculated without sediment
flow using the quasi-unsteady flow data. Using the Shields Equation 5.3, the critical
shields stress for each particle grain-class particle diameter was calculated. If shear
stress was greater than the critical shear stress, it was assumed that the grain class
was present in the input flow. If present, the fractions of each grain class were
assumed, and remained consistent across all river discharges. Grain class inputs
significant impact on the rate of aggradation and degradation, which will require
further calibration of this model using measured data for practical applications.
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(a) f low < 200 m3

s (b) 200 < f low < 1800 m3

s

(c) f low > 1800 m3

s

Figure 6.8: Fractional grain class distribution for all sediment loads resulting from the sedi-
ment rating curve Equation 6.3. Fractions are estimated as a result from Shields
Equation which are used for all sediment loads between the 1994 flow ranges.

6.7 transport functions

As defined in Chapter 5, the bed load transport equations can compute a wide
variation of results with respect to one another. It is important to verify the accuracy
of a sediment transport function with measured data from the target stream. As the
current river cannot be calibrated due to Covid-19, the functions that will be tested
will be based on known characteristics to provide potential estimations of bed-load
transport potential in the river. In sand-bed streams with high transport rates, the
suspended load often is orders of magnitudes higher than that of gravel or rock
rivers. As the Volta river bed gradation is primarily sand-bed, the equations used
as a transport predictor will include suspended sediment in their measurements
which include (Laursen & Copeland, Toffaleti, Wilcock & Crowe). Although Meyer-
Peter Muller is used for rivers with coarse sediment, it will also be tested as HKV
surveys suggest that Meyer-Peter Muller can be utilized for the White Volta [59].
In addition, Meter-Peter Muller is often used to estimate sediment transport when
there is little data present. Lastly, Yangs’ equation is used as it is a stream power
function. Stream Power functions are much easier to acquire the necessary data
to develop models. In Ghana, a simpler form of data acquisition will be more
practical in sedimentation monitoring and design. Key parameters in choices of
sediment transport function are illustrated in Table 6.4 in which, transport function
use criteria is depicted from their respective authors.
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Transport Function Diameter (mm) Uniform Grain Class Velocity ( m
s ) Channel Depth (m)

Laursen Copeland 0.08 - 0.7 No 0.2 - 2.37 0.2 - 16.2
Meyer Peter Muller 0.4 - 29 No 0.38 - 2.86 0.015 - 1.17

Toffaleti 0.062 - 4 No 0.21 - 2.37 0.024 - 16.8
Yang 0.15 - 1.7 Yes 0.24 - 1.95 0.024 - 15

Wilcock Crowe 0.06 - 4 No Unspecified Unspecified

Table 6.4: Conditions in which sediment transport conditions were derived

In the model, the Thomas Mixing Method will be used for Laursen Copeland,
Meyer Peter Muller, Toffaleti and Yangs equation. For Wilcock & Crowe the active
layer will be used, as it does not include the hiding factor in the equation. This is
because Wilcock & Crowe includes a hiding factor in its sediment transport function.
Rubey is used as the settling function. Rubey underestimates the settling velocity
of large particles, however, the model is simulating largely smaller grain classes.

6.8 summarizing the simulations to be conducted
on hec-ras

All other parameters will remain at HEC-RAS system default. Therefore the simula-
tions being conducted for this experiment can be seen in Table 6.6. As data acquired
from the White Volta River is scarce, the range of simulations will be diverse to pre-
dict potential incomes of sediment accumulation in front of a weir. There will be
five transport functions used: Laursen & Copeland, Meyer Peter & Muller, Toffaleti,
Wilcock & Crowe, and Yang. Each transport function except for Wilcock & Crowe,
which requires the Active Layer settling function will use the Thomas settling veloc-
ity equation. These variations will compare a range of manning values: (0.012, 0.017,
0.022), both with and without a weir. In total 30 simulations will be compared. The
results of these simulations will be investigated to get a better understanding of the
suitability of the function, as well as the practicality of the results. The simulations
are labelled with the following Table 6.5:

Simulation Transport Function Settling Equation Roughness Weir
S (1) Laursen & Copeland (1) Thomas (1) 0.012 (1) Yes

(2) Meyer Peter & Muller (3) Active Layer (2) 0.017 (2) No
(3) Toffaleti (3) 0.022

(4) Yang
(5) Wilcock & Crowe

Table 6.5: Simulation key for comparisons conducted in this study

S1111 S2111 S3111 S4111 S5311

S1112 S2112 S3112 S4112 S5312

S1121 S2121 S3121 S4121 S5321

S1122 S2122 S3122 S4122 S5322

S1131 S2131 S3131 S4131 S5331

S1132 S2132 S3132 S4132 S5332

Table 6.6: Simulation Key for the Simulations conducted in this research, results for all cate-
gories will be placed in the appendix



7 M O D E L R E S U LT S

7.1 transport function impact on sediment be-
haviour upstream of a weir

In Chapter 5, the transport functions used in this research were examined, as scien-
tists have noted that a slight change in transport function can give a highly differing
result due to the complex dynamic nature of sediment morphology. This complexity
often makes it difficult to choose the correct transport function to use for practical
applications of a sediment morphology model. Thus, in order to give proper esti-
mations of the weirs net impact on the sediment balance, each transport function
was simulated without a weir to ensure a realistic baseline. In this case, a function
would be considered applicable if the non-weir simulations would provide an equi-
librium style result. For each adjustment of the Mannings roughness coefficient, the
baselines were assessed for use as depicted in Figures 7.1, 7.2, 7.3.

Figure 7.1: Change in Bed Elevation from 40,000 m upstream to the weir site for all transport
functions
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Figure 7.2: Change in Bed Elevation from 40,000 m upstream to the weir site for all transport
functions

Figure 7.3: Change in Bed Elevation from 40,000 m upstream to the weir site for all transport
functions
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Based on the results of the Baseline simulations, in which all variables remain the
same except the transport function, the variability of the transport function results
is significant.

• Laursen Copeland - The Laursen-Copeland transport equation over estimates
erosion significantly in baseline simulations. As the simulation duration in-
creases, the bed levels are eroded to the non-erodible zone of the bed Ap-
pendix A.7. The volume of eroded sediment decreases with increasing man-
ning values. The Laursen equation uses grain shear stress based on grain
roughness, which may cause high erosion at lower manning roughness values
in the bed. With the addition of a weir, their was an uptick in bed accumu-
lation, however, this was not sediments from the incoming sediment load at
the upper boundary but large diameter fragments diameter > 0.125 that were
eroded and the upper boundary.

The over calculation of erosion is illustrated in A.6. The Laursen & Copeland
equation allows initiation of motion of coarser particles at lower shear stresses,
which is resulting in a gross over estimation of sediment erosion. In the case
of the model inputs, it was not suitable for assessing sediment accumulation
in front of a weir.

• Meyer Peter Muller - Meyer Peter Muller transport function over estimates the
settling of sediment from the incoming sediment load calculated from the rat-
ing curve. In this case, sediment immediately begins settling as they traverse
across the system. This is because the function did not have the necessary
stream power to properly transport the inbound sediment. This is why you
can see the bed elevation linearly decreasing from the upper boundary con-
dition. The MPM function does not cause any erosion of the bed gradation
which is not observed in the field Appendix A.7. When a weir is included in
the model, transient storage is not observed, although the bed elevation does
increase as a greater percentage of the incoming sediment load settles.

Reasons for this behaviour could be due to conditions in which these param-
eters were derived Table 6.4. The Meyer Peter & Muller formula was derived
for particle grain classes with a diameters greater than 0.4 mm, which is sig-
nificantly larger than the grain classes able to be moved using the initiation of
motion calculations in Chapter 6.8. Thus, the formula could show poor sedi-
ment transport behaviour with smaller transport classes. The channel depth
is also greater than derived conditions of the Meyer Peter formula, which may
also cause unrealistic behavior. The Meyer Peter Muller formula is known
for under predict transport of finer sediments, which is also observed in this
model. Thus, for this research the results are not suitable for estimated bed
accumulation.

• Toffaleti - The toffaleti equation maintains a relative equilibrium behavior
in baseline conditions. Some erosion does occur which is largely composed
of clay and very fine silt from the bed gradation Appendix A.7. Toffaleti
does have some oscillations due to the complexity of the equation, which can
be eliminated with smaller timesteps or cross section distance. As baseline
values can be assumed to be similar to field values, this function will be used
to estimate accumulation.

• Yang - Yangs equation maintains near perfect equilibrium in both the high-
est and lowest Mannings value. Similar to toffaleti, small amounts of clay
and very fine silt is eroded from the bed gradation Appendix A.7, but then
maintains a equilibrium through the year making it suitable to estimate the
accumulation the weir provides.
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• Wilcock & Crowe - This equation has similar behaviours to Meyer Peter
Muller, in which the transport function predicts no erosion and slow settling
of particles at lower roughness values. As roughness increases, the erosion
increases. The addition of a weir causes settling behaviours as soon as the
sediment enters the modelled river section, rather than seeing transient stor-
age occur. This is likely due to the reduced velocity upstream which does not
provide this function with enough stream power to transport sediments.

While the derived grain class applicability of Wilcock & Crowe is much closer
to the sediment rating curve see Table. 6.4, the function does not give a range
for water depth or velocity in which it can be properly applied. In addition,
when the bed contains a well mixed assortment of sediment grain classes, the
results become increasingly inaccurate Chapter 5.2.5. As Wilcock & Crowe
calculates sediment transport based on quantity of each grain class present in
the surface of the bed, sources of error may arise as these values are estimated
in this model.

Each transport function used in a simulation demonstrates differing bed change
characteristics. While all of the used transport functions demonstrate an increase
in bed elevation, and therefore bed mass accumulation upstream of the weir. For
practical applications, we will only look at modelled behaviours that are likely to
exist in the field. Toffaleti and Yang’s transport functions demonstrate behavior that
verifies transient storage upstream of the weir as Queen noted. In these results, the
storage begins to increase approximately 20 kilometers upstream of the weir due to
the decrease in river velocity. The settling rate of the various particles coincide with
the initiation of motion calculations, with larger particles beginning to settle earlier
than smaller particles before reaching a constant elevation.

7.1.1 Seasonal Variation in Sediment Continuity

Using Yang and Toffaleti’s model results, the seasonal behavior of sediment trans-
port can be examined. In this case a location is chosen 1 km upstream (for other
distances see Appendix time series values) to demonstrate the change in sediment
transport over the year in Figures 7.4, 7.5.

Figure 7.4: Sediment class behavior of Toffaleti Transport Function over time at 1000m up-
stream of the weir



7.2 bedmass accumulation 41

Figure 7.5: Sediment class behavior of Yang Transport Function over time at 1000m upstream
of the weir

During the large peak flows, sediment continuity isn’t hindered, as all grain
classes are transported up and over the weir. As the velocity begins to decrease, sed-
iment storage begins to accumulate over the course of the dry season. Grain classes
CM, MM are no longer transported below 1.2 m

s using Yangs equation while VFM,
FM grain classes are slowly accumulating during the low flows. Toffaletis transport
function demonstrates similar behaviour, with the finest grain classes VFM, FM,
MM slowly accumulating during the low flow dry season, while the MM and CM
grain classes are minimally transported during the dry season.

The results of both Yang and Toffaletis equations suggest that directly after the
flood peak, a large volume of sediment will be accumulated behind the weir. Using
Toffaletis equation the sediment will slowly accumulate over the duration of the dry
season for the majority of sediment accumulated. Yangs equation suggests a tran-
sient storage period, in which as the flood peak is beginning to decrease there is an
immediate settling of a large quantity of sediment, followed by a slow accumulation
of the finer grain classes. If the behavior of the White Volta River is similar to the
results of Yang’s equations model, the construction of a weir will have a Transient
Storage period which could potentially be optimized to maximize settling of parti-
cles during the 1 month period at the end of the rainy season.

While the change in bed elevation is being analyzed with respect to the starting
bed elevation, in practice the net accumulation may be more accurate with a com-
parison of the increase in bed elevation with respect to total erosion behavior that
occurred without the weir. For all simulations, these depictions are included in the
Appendix for the respective simulations.

7.2 bedmass accumulation
The total mass of sediment that is accumulated upstream of the weir is calculated
the sum of accumulation at each cross section An, where A is the 1st cross section
immediately upstream of the weir, for the desired distance Equation 7.1:

Total = A + A2 + A3 + ....An (7.1)
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From the figure 7.6, the bed accumulation values for Toffaleti and Yang are of
primary interest, as the morphological behavior is closer to what is expected in
practice. With the addition of a weir that is 40 % of the bank height, the amount
of sediment accumulated relative to erosional rates increases as it goes to further
distances upstream of the weir. When the manning value increases the sediment
accumulation decreases. Based on 10 kilometers upstream of the weir, using Tof-
faletis equation provides an estimated range between ≈ (30, 000 − 115, 000) tons of
sediment will be accumulated. Using Yangs equation between ≈ (50, 000 − 90, 000)
tons of sediment is accumulated. This values are likely a minimum estimate for
total accumulated sediment upstream of the weir. Thus based on Yang’s and Tof-
faletis sediment transport equations, the addition of a weir will provide between
30, 000 − 115, 000 tons of sustainably sourced sediment without any disruption on
the bottom levels of the river. This equates to approximately 1 − 2% of the total
incoming suspended sediment load. Thus, it is unlikely to cause hungry water nor
negatively impact sediment continuity. This does have the additional benefit of low-
ering the total sediment entering the Aksombo Reservoir, reducing its filling time.

The majority of sand is accumulated at the end of the rainy season, this works
ideally with the infrastructural limitations tipper truck drivers face, as often during
the rainy seasons the roads are too muddy for the trucks to access, while during
the dry season trucks can travel freely without hindrance. From an observational
study by [9], from 6 mining sites an average of 250 total trucks per day were leaving
with sediment. As 50 % of the mining sites are river sites, 125 trucks per day were
leaving from river sites. This means that a weir will sustainably supply between
15-40 days supply for these trucks.

The average density of sand is 1620 kg per m3, which means each m3 of sand
weights approximately 1.6 tons and a truck carries between 20-30 tons of sand.
Thus, based on the results of the Toffaleti & Yang computations the weir will pro-
vide at minimum 1,200 ( 25tons

truck ) truckloads of river sand and at maximum 4,600

( 25tons
truck ) truck loads of sand. A truckload of sand with an estimated 15 − 20m3 sells

for 400 Ghanian Cedis (GHS) in Tamale. Thus the weir sand winning site can earn a
revenue between (560,000 - 1,840,000 GHS). According to Abu and Peprah after ex-
penses each truck earns approximately 182 GHS that is added to the local economy
with (1 Euro = 6.96 GHS, 2021) [9].

Unfortunately, it is not known how much sediment is used in Tamale per day, so
the net impact is not known in consideration of total sediment demand. However,
even a small percentage of sustainable supply can be a starting point to mitigate
damages until alternative or more sustainable building materials can be used.
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8 C O N C L U S I O N S &
R E C O M M E N DAT I O N S

The objective of this research was to gain a better understanding of sediment trans-
port behavior around weirs to determine the potential excess sediment accumula-
tion immediately upstream of a single weir implemented on the White Volta River.
Based on the conclusions of this research, recommendations for practice and further
research will be given.

8.1 conclusions
Based on the literature study and the hydrological model, it can be noted that build-
ing a weir will create surplus sediment accumulation upstream of the weir with a
transient storage effect. This transient storage zone is not immediately upstream
of the structure, but goes many kilometers upstream due to the low slope of the
channel bed. Depending on the method used for sediment transport, the variation
in sediment accumulated is significant, with estimations between 30, 000 − 115, 000
tons of surplus sediment derived from incoming suspended wash load. The large
range in data demonstrates the difficulty in giving accurate predictions of sediment
transport and accumulation based on the many assumptions that were made in
creating the mode.

8.1.1 Sediment Behavior - Transient Storage

This thesis hoped to examine sediment behavior when introduced to a run-of-river
weir. The literature study concluded that their was very little information regarding
methods to calculate the trapping efficiency of a weir. This was due to the complex
behavior of sediment transport. Observational studies have shown that weirs do
not have a 100 % trapping efficiency like a hydro-powered dam, which transports
all sediment except those which are flushed. The stream-bed upstream of a weir
did not increase to the same height as the weir, therefore their is a mechanism that
caused sediments to be transported up and over the weir. This was observed to
be a sediment ramping effect, in which sediments settled to form a ramp, until the
stream power is sufficient to pull sediment up and over the weir.

This observed continuity was also observed in the model. The addition of a weir
only trapped 1-2 % of the incoming sediment load into the river section, the majority
of this trapping occured at the offset of the rainy season, during a period where the
heavy incoming wash load and eroded sediment settled as the velocity of the flow
decreased. During the peak flows, sediments pulled up and over the weir, and little
accumulation is observed. Thus during the heaviest flows a sediment ramp was
not required for sediment to be pulled over the weir. Instead, the weir increases the
water levels upstream. A maximum increase in water level occurs directly upstream
of the structure, and decreases proportionately with the backwater curve caused by
the weir. The increased water level lowers the velocity and effectively causes settling
of sediments. The heavier sediments will begin to settle at higher velocities and will
begin to settle further upstream of the weir Appendix A.26, while the closer to the
weir as velocities continue to decrease the finer sediments will settle. HEC-RAS
computes these as classes with a sediment range, thus you can see a ”stair-like”

45
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effect but the nature spread of grain classes is smoother and will effectively create
a ramping effect.

The height of the ramping does not reach until the height of the weir, but to a
fraction of the weir height. Based on these behaviours, that fraction will likely in-
crease with a steeper slope due to the greater impact a weir has on stream velocity.
However, in rivers with a heavy flood peak, the ramping behavior will be flushed
out as seen in Appendix A.30. Therefore, weirs can be used to trap sediments after
the rainy season, with volumes that increase with increasing slope.

Lastly, sediment transport is a dynamic process with many different variables
having large impacts on transport volumes. The 1-D models confirmed this be-
havior, with simply changes to stream roughness or transport calculation methods
completely changing the outcome of the simulation while many of the model inputs
were identical. Rivers themselves also aren’t uniform in their behaviours. However,
improving the data available for study will allow for much better predictions of
sediment transport behaviour.

8.2 advice to awc

If weirs are being built for drinking water purposes, using the structure for sedi-
ment mining based on these predictions does not provide enough sediment to meet
the massive demand of the growing city of Tamale. However, the potential for a
sustainable supply should be considered further, only to prevent long term dam-
ages to the river. As earlier stated, this model predictions are a likely minimum of
the total sediment that will be captured. In addition, current extraction methods
only consider the excess of a single year, without optimizing dredging events to
maximize sediment captured. Sand winning can be optimized to maximize settling
of suspended loads with the creation of pits to further slow down the flow which
will trap a higher volumes of sediment. If illegal sand mining continues to create
increasingly devastating damages, using these pits could be a way to start the in-
dustry into a more sustainable direction. As the primary sediment type suspended
in the White Volta River is silt, it would need to be mixed with larger diameter
sands sourced from other locations. If the topic is of interest, there is much more
research and testing to be done, including in the field in Ghana to develop more
robust knowledge of the river and resource availability of sediments for long term
use.

8.3 recommendations for further research

8.3.1 Expanding this model to a fully modelled system on the White Volta

As the AWC is looking to sustainably develop the water corridor in the Tamale re-
gion, a precise hydrological model of the reach near Tamale should be developed
to allow further research. Data for the White Volta is sorely lacking, with the only
data available being discharge data. In order to calibrate the findings of this re-
search field data must be collected. First digital elevation model (DEM)’s are re-
quired with the necessary precision to model flood risk and sediment transport. To
date, medium resolution data (30m− 90m) can by found online via ASTER or SRTM,
but this resolution is not high enough for flood mapping and sediment transport
purposes. Data acquisition using satellite-borne LIDAR or SAR are not practical
for small scale application, as the data collected is at lower resolution over larger
areas unless data is purchased from private companies. Drone technology has im-
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proved to produce high resolution DEM by stitching together hundreds of photos
creating an orthomosiac via LiDAR and photogrammetry. The second set of vital
data missing is the bathymetric data across the river cross sections. This can be
done using echo-sounders which all the bed elevations at various cross sections be
determined in the White Volta River. Using multi-beam echo-sounders, the entire
channel bed elevation can be determined, this method is also the most effective
method of estimating bed-load transport as point based measurements are highly
inaccurate. Or for a cheaper method, using a boat and a measuring stick relative to
the bank height. At low flows, drone based DEM could also potential obtain stream
bottom elevations as well. Improving the cross section from a flume to realistic data
for the White Volta will provide better velocity computations, which has a signif-
icant impact on which sediment can be transported and the amount of sediment
that will be deposited.

With an accurate Digital Elevation Model, the realistic reach of the river can be
modelled for fine tuned research. For sediment transport, sediment fractions for
the sediment rating curve should be obtained. As the sediment class has a large
impact on settling behavior, a measured sediment rating curve with class fractions
will provide a much better prediction of total accumulation upstream of the weir.
The models can be calibrated with echo-sounding surveys which can measure sea-
sonal changes in aggradation and deposition, Acquiring this data, or even more
will allow water planners for the water corridor a much better understanding of the
hydro-logical system to determine if weirs can be used to sustainabilize Tamales
sand mining operations.

In addition, in the coming years the Bagre Dam construction will be complete in
Northern Ghana, this will reduce the supply of sediment downstream in the Tamale
region. Studies done before and after the Bagre Dam completion will be interesting
to analyze in developing the sediment balance of the White Volta River.

8.3.2 Behavior of sediment in front of large scale run of river weirs

The behavior of sediment upstream of large obstructions is still largely unstudied.
Outside of observational evidence and tracer studies, their is no derived method
of calculating the estimated accumulation of bed material as a function of particle
diameter, velocity of flow, bed roughness, weir height, and channel slope. The meth-
ods of calculation is complex, and the procedure to estimate the transient storage
or sediment ramp is not defined. This is likely due to the dynamic behavior of the
river. Small eddies and currents can create a whirl pooling effect which is hard to
predict, and will often pull sediment up and over the weir. Engineers assume the
velocity in front of a weir is zero, in reality there is a turbulent flow at the bed in
front of the weir, with undefined sediment behavior Queen. For better predictions
of the bed mass accumulation a flume can be created using various sediment classes,
slopes, and velocities to model the behavior of sediment in front of the weir struc-
ture. Bases on these flume experiments, perhaps a simplified estimated method
can be derived which can predict increase in bed levels as a function of grain class,
slope, and velocity.

8.3.3 Using local cheap infrastructures for weirs

In prediction models by Vera Kingma, it is estimated that building a weir in the
White Volta will cause increased flooding to communities surrounding the river
[39]. While mitigation measures such as bank protection, dikes, and levees could
be built upstream of the structure for additional flood protection, another possible
solution could be temporary weir like structures. A temporary weir, a potential
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example being gambions, can be installed that could be removed if the river ex-
periences peak floods higher than usual which would minimize the flood risk to
local communities. Flume experiments can be conducted to estimate the difference
in sediment accumulation and water storage upstream with a temporary structure
and a permanent structure. Gabions will accumulate sediment upstream of the
structure but the morphological behavior relative to permanent structures is still
relatively understudied [16]. Tests can be conducted in a flume to determine the ef-
ficiency of sediment capture using gabions with different filling materials (concrete,
large rocks, earth).

8.4 summary
There are a lot of gaps in this research to provide concrete answers in helping to
develop a sustainable sand winning system for Tamale. Sand mining is increasingly
causing concern worldwide due to the long replenishment times of river based
sediment. My goal was that this paper will help others wanting to get introduced
to sediment transport, its mechanisms, and perhaps spark ideas in helping solve
this issue. This research acknowledges these gaps, and I am hoping that some of
the information here can help assist others in researching this topic further. Thank
you for your interest.
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a.1 transport baselines

Figure A.1: Changes in Bed Elevation with respect to differing Manning Values
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Figure A.2: Changes in Bed Elevation with respect to differing Manning Values
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Figure A.3: Changes in Bed Elevation with respect to differing Manning Values
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a.2 model results: laursen copeland

a.2.1 Invert Change

Figure A.4: Bed Elevation Comparison between 1111 & 1112: Manning Value 0.012
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Figure A.5: Bed Elevation Comparison between 1121 & 1122: Manning Value 0.017
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Figure A.6: Bed Elevation Comparison between 1131 & 1132: Manning Value 0.022
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a.2.2 Bed Mass Change

Figure A.7: Bed Mass Accumulation in Tonnes S1111
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a.2.3 Time Series Upstream of Weir 20, 40, 100, 200, 500, 1000m

Figure A.8: Time Series Data for S1111 at locations upstream of the weir
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a.2.4 Total Sediment Accumulation upstream of weir

Figure A.9: Sediment Accumulation above ”0m” baseline levels in tons at distances upstream
of a weir
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Figure A.10: Sediment Accumulation relative to erosion based on no weir at distances up-
stream of a weir
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a.3 model results: meyer peter muller

a.3.1 Invert Change

Figure A.11: Bed Elevation Comparison between 2111 & 2112: Manning value 0.012
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Figure A.12: Bed Elevation Comparison between 2121 & 2122: Manning Value 0.017
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Figure A.13: Bed Elevation Comparison between 2131 & 2132: Manning Value 0.022
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a.3.2 Bed Mass Change

Figure A.14: Bed Mass Accumulation in Tonnes S2111
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a.3.3 Time Series Upstream of Weir 20, 40, 100, 200, 500, 1000m

Figure A.15: Time Series Data for S2111 at locations upstream of the weir
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a.3.4 Total Sediment Accumulation upstream of weir

Figure A.16: Sediment Accumulation above baseline levels in tons at distances upstream of
a weir
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Figure A.17: Sediment Accumulation relative to erosion based on no weir at distances up-
stream of a weir
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a.4 model results: toffaleti

a.4.1 Invert Change

Figure A.18: Bed Elevation Comparison between 3111 & 3112: Manning Value 0.012
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Figure A.19: Bed Elevation Comparison between 3121 & 3122: Manning Value 0.017
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Figure A.20: Bed Elevation Comparison between 3131 & 3132: Manning Value 0.022
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a.4.2 Bed Mass Change

Figure A.21: Bed Mass Accumulation in Tonnes S3111
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a.4.3 Time Series Upstream of Weir 20, 40, 100, 200, 500, 1000m

Figure A.22: Time Series Data for S3111 at locations upstream of the weir
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a.4.4 Total Sediment Accumulation upstream of weir

Figure A.23: Sediment Accumulation above baseline levels in tons at distances upstream of
a weir
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Figure A.24: Sediment Accumulation relative to erosion based on no weir at distances up-
stream of a weir
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Figure A.25: Comparison of bed mass accumulation at various distances upstream with al-
tering mannings roughness coefficient using Toffaletis equation relative to ero-
sional rates
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a.5 model results: yangs

a.5.1 Invert Change

Figure A.26: Bed Elevation Comparison between 4111 & 4112: Manning Value 0.012
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Figure A.27: Bed Elevation Comparison between 4121 & 4122: Manning Value 0.017
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Figure A.28: Bed Elevation Comparison between 4131 & 4132: Manning Value 0.022
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a.5.2 Bed Mass Change

Figure A.29: Bed Mass Accumulation in Tonnes S4111
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a.5.3 Time Series Upstream of Weir 20, 50, 100, 200, 500, 1000m

Figure A.30: Time Series Data for S4111 at locations upstream of the weir
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a.5.4 Total Sediment Accumulation Upstream of Weir

Figure A.31: Sediment Accumulation above baseline levels in tons at distances upstream of
a weir
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Figure A.32: Sediment Accumulation relative to erosion based on no weir at distances up-
stream of a weir
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a.6 model results: wilcock & crowe

a.6.1 Invert Change

Figure A.33: Bed Elevation Comparison between 5311 & 5312: Manning Value 0.012
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Figure A.34: Bed Elevation Comparison between 5321 & 5322: Manning Value 0.017
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a.6.2 Bed Mass Change

Figure A.35: Bed Mass Accumulation in Tonnes S5311
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a.6.3 Time Series Upstream of Weir 20, 40, 100, 200, 500, 1000m

Figure A.36: Time Series Data for S5311 at locations upstream of the weir
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a.6.4 Total Sediment Accumulation upstream of weir

Figure A.37: Sediment Accumulation above baseline levels in tons at distances upstream of
a weir



a.6 model results: wilcock & crowe 91

Figure A.38: Sediment Accumulation relative to erosion based on no weir at distances up-
stream of a weir
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a.7 grain behavior

Figure A.39: Laursen Copeland Grain Behavior
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Figure A.40: Meyer Peter Muller Grain Behavior
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Figure A.41: toffaleti Grain Behavior
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Figure A.42: Yang Grain Behavior
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Figure A.43: Wilcock Grain Behavior
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