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ABSTRACT 

On average, one percent of reservoir storage capacity 

is lost annually to sediment deposition in reservoirs. 

Several methods for sediment removal do exist, but most are 

inefficient and costly in terms of money or water usage. One 

method known as siphoning has been shown to adequately 

remove sediment, but present knowledge is lacking to 

optimize this method for removal. 

Three relationships for sediment transport in a pipe 

were compared against data collected from a physical model 

resembling a reservoir siphoning system. None of the three 

accurately predicted the physical model results. However, 

some trends among the relationships were observed, 

indicating that with additional modification to the 

relationships, parameters could possibly be developed to 

design a prototype system. 
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CHAPTER 1 

Introduction 

Through the ages, Man has been challenged with 

problems of varying severity and, allowed enough time, has 

solved them - or so he thought. He overcame the cold with 

fire, sickness with medicine, and more recently, water 

shortages with reservoirs. In solving this problem, Man 

discovered he had created another known as reservoir 

sedimentation. 

Today the problem of reservoir sedimentation has 

become more critical as Man has placed a greater demand on 

existing reservoirs to help meet his ever-expanding water 

needs. Many of the existing reservoirs came into being 50 to 

100 years ago and cannot simply be replaced because they 

have filled in with sediment. As a rule, the best reservoir 

sites were built on first, and with construction costs 

escalating and environmental issues of major concern, a 

replacement reservoir may no longer be a viable solution. 

Furthermore, there are additional problems associated with 

reservoir sedimentation, such as increased upstream flood 

levels and downstream channel degradation. Finding solutions 
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to these problems is an increasingly important and expensive 

issue. 

To date, several means of removing or evacuating 

reservoir sediment deposits exist. One procedure, gate 

sluicing, is a common method in which sediment is passed 

through a dam by increased local velocities. Gates located 

at or near the base of the dam are quickly opened creating 

sufficient local velocities to remove sediment at the gate 

and from the area immediately adjacent. This sluicing action 

only removes sediment close to the dam and has little effect 

on evacuation of sediment from the reservoir at a distance 

upstream of the dam. This method is best suited for regions 

having surplus runoff and low probability of drought as 

large volumes of water are wasted in the process of 

evacuating sediment. 

Flood sluicing is another procedure that utilizes 

water to reduce sediment deposition in a reservoir. During 

the rising stages of a flood, a large portion of the total 

sediment load travels in suspension. Upon entering a 

reservoir, if the spillway gates are open, a majority of 

this suspended load is transported through the reservoir, 

thus limiting the amount deposited. After the flood peak 

passes, gates are closed and flood waters on the falling 
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stages fill the reservoir. This method is practicable only 

when flood arrival times can be closely predicted and, like 

gate sluicing, is usually implemented in areas with high 

runoff and low drought probabilities. 

Unlike the previous two methods, mechanical dredging 

involves sediment removal by machinery. It is by far the 

most efficient but the most costly of all the methods. 

Because of the expense involved and the difficulty in 

transporting the sediment, dredging is generally limited to 

large reservoirs containing great volumes of sediment. The 

dredged material is usually deposited at a nearby site, but 

at times it may need to be transported some distance to an 

approved location. Depending on the composition of the 

dredged material, problems such as odor or heavy metal 

contamination may create additional environmental concerns 

and costs at both the point of excavation and disposal. 

While high costs and water usage are characteristic of 

some evacuation methods, a siphoning method can remove 

sediment much more efficiently. This procedure utilizes a 

submerged pipe and the available head above it to evacuate 

sediment. As water moves into the pipe, the flow acts as a 

vacuum drawing in both suspended and bedload sediments. 

These sediments are transported through the pipe and 
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discharged downstream of the dam. Because pipe velocities 

are higher for a given discharge than open channel flow, 

siphoning can transport sediment at a much greater 

concentration and with less water than the river flow. For 

example, the Tianjiawan reservoir in China was retrofited 

with a siphoning system and in one year, operating only B 

percent of the time, removed 107 percent of the average 

annual sediment inflow. Total water usage for that period 

was 49.5 percent of the average annual inflow, and the 

average discharge concentration was 2.2 times greater than 

the inflow to the reservoir (Dai Jilan, 1980). Also, at a 

project in Algeria, siphoning removed 155 percent of the 

average annual sediment inflow over a three year period 

(Bruk, 1985). 

In both examples, large quantities of sediment were 

removed, but the sediment concentration, water usage, and 

volume of sediment removed were not documented until after 

the system was installed and these parameters could be 

measured. In order to fully benefit from such a system, 

there is a need for design criteria to calculate both the 

volume of sediment evacuated and the water necessary for 

transport. 
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The purpose of this thesis is to compare data 

collected from a physical model with several relationships 

that could serve as the basis for criteria for design of a 

sediment bypass system. 
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CHAPTER 2 

Experimental Apparatus 

To obtain the data required for determining 

evacuation parameters, a schematic model representing a 

model reservoir with an evacuation system was constructed. 

It consisted of a holding tank, a sediment hopper, a wooden 

retangular flume, a segment of PVC pipe, two sediment traps, 

two sharp-crested weirs, velocity baffles, and several water 

depth measuring devices. A model layout showing plan and 

profile views may be found in figure 2-1. 

Water is gravity fed to the model from a constant head 

tank located 13 feet above the model inlet. It flows to the 

inlet via a 12-inch diameter steel pipe and is regulated by 

a horizontal gate valve located adjacent to the model. Upon 

entering the model, the water fills the holding tank to a 

height of approximately 4.5 feet before discharging into the 

rectangular wooden flume. In the flume, at a distance of 5 

feet from the holding tank, a 1-foot square tapered 

galvanized funnel is installed in the floor. On reaching the 

funnel, a part of the flume water drains vertically and 



Plan View 

Flume 
Sboi^IMT-
taap 

wgik Spl^SM 
5mea>& FuWNtL TANK 

StmjO 

VcLoci"ry 
BflFFtt HolDHVG 

T*«jk 
*rr*ND 5ftoirws*4r 

PoufliNft 
ft-ATPOR* 

Profile View 

StQEW W.ucH" 
Acavuc. WlrK) OW~ 

W*ir< 

Fu4**t 9upfo<r_ 
5T/W*D 

pLMM{ . 
A 

a r 

3^ 

SeoiriEwr 
Hoppsh -

sr 

=v= 

V"' 

\ 
M  

v. 

n  

\ 
IZ X^usr 

PiPe 

XH \ 
Hmuiowthl 
G* te 
V* lvC 

Figure 2-1 Plan and Profi le View of Model Layout 



1 5  

enters a 2-inch diameter 8 feet long PVC pipe. The water, 

passing through a clear acrylic pipe window, ultimately 

discharges into the larger of the two sediment traps. The 

pipe is joined to the funnel by a flexible elbow. This 

allows the screw-type winch, located on top of the PVC pipe 

support, to adjust the elevation head on the bypass system. 

When the flume discharge exceeds the funnel's 

capacity, the excess travels past the funnel a distance of 5 

feet and drains into the smaller sediment trap. Both traps 

are 8 feet in length and vary in width from 30 inches on the 

pipe side to 17 inches on the flume side. Both are 

constructed from plywood and are supported underneath by a 

welded steel grid. The sediment traps are sealed from 

leakage by three coats of roofing cement and store water and 

sediment to depth of one foot. Above one foot of storage 

depth, water flows down two separate inclined channels of 

equal slope and into two aluminum weir tanks. When the tank 

depth exceeds 8 inches, water flows over two sharp crested 

weirs and returns to the pump sump. From the sump, the water 

is once again pumped to the constant head tank and 

recirculated through the model. The complexity of this 

process results from this model being designed and built 

around existing structures. However, it was possible to 

model and measure the essential features of the problem 
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being investigated. 

The equation used to calculate the weir discharge in 

this model is for a rectangular sharp crested weir and is as 

follows: 

Qw = 2/3 (2g)a/2 (0.611 + 0.075 h/W) Lw h 3/2 (2.1) 

Where Qw is the weir discharge in cubic feet per 

second (cfs), g is the gravitational acceleration constant, 

h is the head of water above the weir crest, W is the weir 

height(0.667 feet) and Lw is the weir length. The weir 

lengths are 1,44 feet and 0.5 2 feet for the flume and pipe, 

respectively. 

The sediment is delivered to the model by manually 

dropping the material from a pouring platform into a 

sediment hopper. The hopper is constructed of stainless 

steel, is 2 feet in diameter, and 3 feet in length. The last 

1 foot transitions from 2 feet to 3 inches in diameter. The 

hopper is suspended and centered over the flume by steel 

supports and is positioned 15 inches above the flume invert. 

Upon mixing with the flume water, sediment travels to 

the funnel and into the PVC pipe. It passes through a 6-

inch long.- clear acrylic window and discharges into the 
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sediment trap. Any sediment passing beyond the funnel is 

eventually captured in the flume trap. 

Three different sediment types are used in this 

investigation. The first is a small pea-size gravel 

(S.G.=2.49) which has a dg0 of 4.5 millimeters. The second 

is a silica sand (S.G.=2.63) and has a d50 of 0.70 

millimeters while the third, a dune-type sand (S.G.=2.65) 

has a d50 of 0.23 millimeters. The size distribution curves 

for each are shown in figures 2-2, 2-3, and 2-4, 

respectively. 

Water depths and pipe elevation head differences are 

measured using six Lory Type A point gages. These 

instruments measure accurately to 0.001 foot. Three point 

gages are attached to the flume at a distance of 4, 4.5, and 

8 feet from the holding tank. These three measure water 

depth in the flume upstream of the funnel, at the funnel, 

and downstream of the funnel, respectively. Two others are 

attached to the exterior of the weir tanks and measure the 

head on the weirs via standpipes. The last measures 

elevation head at the PVC pipe outlet invert. 

Frictional head loss in the pipe is determined using a 

manometer and two stand pipes. The clear plastic pipes are 
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mounted vertically atop the PVC pipe and are separated a 

distance of 4.33 feet. They extend into the PVC pipe and are 

nearly flush with the inner pipe surface. No transitions 

occur along this section, thus only friction loss is 

measured. 

The manometer is a portable 3.5-foot long U-tube type 

filled with a mixture of oil(S.G.=2.95) and water. The top 

is fitted with two bleed-off valves that allow air in the 

connecting lines to be vented off. Deflection is measured in 

0.1-inch increments by a strip tape attached to the 

manometer. 

Other miscellaneous equipment used on the model 

include flume splash shields and sediment trap velocity 

baffles. The flume splash shields attach to the long axis of 

the flume sediment trap and prevent water from being 

splashed into the pipe trap or to areas adjacent to the 

model. The velocity baffles are secured inside the traps 

nearest the weir tanks and restrict sediment movement 

downstream by reducing the transport velocity in the 

sediment traps. 
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CHAPTER 3 

Operational Procedure 

To ensure consistency in the data collection process, 

an operating procedure was established and followed for each 

experimental run. 

Initially, each run began with opening the horizontal 

gate valve. Upon reaching the tank outflow elevation, water 

flowed down the flume, into the tapered funnel, through the 

PVC pipe, and into the pipe sediment trap. At this point, 

the flow was increased, and the overflow from the funnel 

began filling the flume sediment trap. Both traps were 

filled simultaneously to prevent an excessive pressure 

differential between the two traps and possible leakage. 

From the sediment traps, water filled the weir tanks, 

and the head over the weir was measured. The flow was 

adjusted, depending on the sediment type to be used, and the 

model was allowed to stabilize {i.e. discharge over the 

weirs was held constant). Sediment was then poured into the 

hopper at a predetermined rate and checked visually to 

determine if flume flow characteristics were such as to 
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prevent excessive sediment accumulation in the flume. If no 

accumulation was detected, a one minute period (or longer), 

was allowed for the pipe sediment to reach approximate 

equilibrium. The pipe was then raised at a constant rate 

until approximately a 1-inch wide moving stream of sediment 

appeared at the invert of the acrylic window. At this point, 

the pipe was raised 0.60 inch (20 turns on the screw winch) 

at a time to further slow the sediment. Each incremental 

change in the pipe elevation required a stabilization period 

of about 10 seconds if the sediment was sand and about 20 

seconds if it was gravel. The transport velocity was 

decreased further until the lowest point of the bedload 

appeared to be significantly slowed and near the point of 

stopping. The raising increment was then decreased to 0.30 
t 

inches and allowed to stabilize. This pipe raising process 

again continued until the lowest point momentarily stopped 

and then moved on. The condition was observed for about 20 

seconds and, if change occured, was corrected by either 

raising or lowering the pipe slightly (3 to 5 turns) until 

the condition remained constant. The point gage values were 

then recorded, the gate valve closed and the model tank 

emptied. The sediment was removed, dried, and used again for 

the next run. 

During initial model operation, several problems were 
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encountered. It was noted that the sediment delivery rate to 

the pipe was less consistent with the sands than with the 

gravel, resulting in two problems. First, if the sand was 

not completely dry, it poured into the hopper as small 

clumps rather than a uniform stream. These clumps would 

stick to the hopper walls or concentrate at the outlet and 

block it. As a result, the sediment concentration delivered 

to the pipe was quite different from that anticipated. The 

problem was solved by oven-drying the sand and then 

saturating it with water after pouring it into the hopper. 

By drying the sand, it easily poured into the hopper and, 

once saturated, tended to behave more like a fluid and 

readily enter the flume. 

The second problem stemmed from low fall velocities 

and small air pockets adhering to the smaller size sediment. 

Because flume turbulence was relatively high, sand stayed in 

suspension due partly to the mixing action of the water and 

the increased buoyancy from the added trapped air. This 

caused a great deal of the sediment to bypass the funnel and 

decrease the sediment concentration in the pipe. The initial 

solution was to decrease the discharge, thereby reducing the 

turbulence. Results of these runs showed that discharge had 

to be reduced to the point that sediment accumulated in the 

flume, producing an irregular concentration to the pipe. It 
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was later discovered that this mixing and accumulation could 

be minimized by introducing the sediment into the flume wet 

and at or near the flume invert. This was accomplished by 

extending a hose from the hopper outlet to a point a few 

inches above the flume floor. By releasing the sediment wet 

and already submerged near the invert, most of the sediment 

particles traveled as bedload and entered the funnel. Those 

particles passing the funnel were caught in the flume 

sediment trap, dried, weighed, and subtracted from the 

hopper rate so as to yield the true concentration 

transported by the pipe flow. 

The third problem was not discovered until the data 

collection process had been completed. In the course of 

analysis, the pipe friction factor was calculated for each 

individual run. In every instance, the calculated values 

appeared to be much greater than those anticipated for a PVC 

pipe. To check these discrepancies, two stand tubes, were 

mounted on the pipe, 4.33 feet apart and attached to a 

manometer. The conditions for each trial run were duplicated 

using the existing data (water depths, discharges, etc.), 

and the pressure loss for clear and sediment-laden water was 

recorded. The friction factors were then refigured and 

showed much lower values. It was concluded that these newly 

calculated values should be used in the data analysis. 
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CHAPTER 4 

Method of Analysis 

Three different relationships are used to analyze the 

data collected from the model. They range from a modified 

version of a semi-empirical sediment transport relationship 

to one defining the threshold transport velocity for 

sediment deposits in pipes. 

The Laursen Relationship 

Laursen (1958) proposed an equation for sediment 

transport in channels. It was semi-empirical in nature and 

composed of three parts. The first evolved by reasoning that 

the tangential force created on a particle by water would 

cause that particle to move and possibly roll along as 

bedload or not move at all. For any movement to occur, this 

force (more commonly known as particle shear) had to have a 

greater magnitude than the critical shear stress or the 

force opposing the movement. The magnitude of this ratio, 

particle shear stress to critical stress, would determine 

the extent of transport. 

Particles would move as suspended load and possibly 
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stay in suspension if the turbulence was large as compared 

to the inherent fall velocity of the particles. Laursen 

accounted for this by reasoning that particles in suspension 

are in a constant state of falling. But if the volume of 

fluid which suspends these particles is moving in a net 

upward direction, the particles appear to stay in 

suspension. To maintain this suspended appearance, there 

must be an equal exchange among water volumes. That is, the 

volumes rising due to localized turbulence equal the falling 

volumes. Laursen represented this net suspension by 

comparing the shear velocity of the water to the fall 

velocity of the particle. 

The final component of his equation came about "for 

reasons more intuitive than rational." Laursen felt that 

comparing the particle size to flow depth gave an idea of 

the uplift and particle suspension forces for a set flow 

condition. Thus, a greater flow depth was less conducive to 

transport than a shallower flow for the same particle 

diameter. 

By combining these components, Laursen developed the 

following relationship: 
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(4.1) 

Where: C = concentration in % by weight 

p = the fractional portion of each 
sediment size class 

d = the mean size of each sediment 
size class, ft. 

Y = depth for a wide channel,ft. 

T' V2 d 1/3 
'o = particle shear stress = S.Q_. , 

30 y 1/ 

Tc = critical shear stress = 4d, (d in ft), 
for d > 0.088 mm 

V = mean flow velocity, ft./sec 

d50 = mean size of total sediment portion 

an experimentally derived function 
w / 

g = gravity constant = 32.2 ft./sec./sec 

s = channel energy slope, ft./ft. 

w = particle fall velocity, ft./sec. 

Although Laursen's equation was derived for open 

channel flow conditions, factors such as particle shear 

stress, critical tractive force, and turbulence are apparent 

in pipe systems as well. However to use this relationship 

for sediment transport in pipes, it must be modified to 

reflect the physical conditions inherent to that transport 
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system. 

The first step of the modification, is to account for 

the shear velocity and the effective pipe roughness. The 

Mannings equation when properly manipulated describes these 

parameters in the following way: 

= V = 1-49 R2/3 S 1 / Z  (4.2) 

A n 

Where Q is the discharge, A is the cross sectional 

area, and R is the hydraulic radius. The hydraulic radius 

can then be separated, yielding the following: 

Q n R1/2 S1/2 (4.3) 

1.49 A R 
1 / 6  

Now multiplying both sides by the square root of 

gravity and adjusting the left side of the equation for the 

pipe geometry (i.e pipe area and hydraulic radius) equation 

4.3 becomes: 

(gRS)1/2 = 6,11 QP n 

D 13/6 

(4.4) 
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Where D is the pipe diameter in feet and Qp is the 

pipe discharge in cubic feet per second. When Laursen's 

particle shear stress is also adjusted to reflect pipe 

geometry and then divided by the critical shear stress, the 

ratio becomes: 

T/ _ 0.021 Qp2 a501/3 (4.8) 

Tc " d13/3 a 

Substituting equation 4.4 and 4.5 into equation 4.1, 

the Laursen relationship becomes: 

a 
/314.5 d " 6.11 Qp n | (4.6) 

Qs %\ „7/6 J\ n13/3^ | D13/6Kd db 

In equation 4.6 above, D/4 was substituted for the 

depth y in the original Laursen relationship because 

boundary shear is assumed to be constant and, for a wide 

channel, the hydraulic radius equals the depth. The 

variables Kj and a, and and b, represent the coefficients 

from the non-linear functions of the Laursen and fall 

velocity graphs, respectively. The values for these 

coefficients very closely approximate the true values 

obtained from the original graphs. Values for these 

coefficients may be found in table 4.1. The units of Qs are 

pounds of solid sediment per second. 
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Table 4.1 Values for K3, Kf, a, and b 

for equation 4.6 

Shear velocity Kf a 
Fall velocity 

0.00 - 0.50 10.75 0.25 

0.51 - 2.00 16.20 1.00 

2.01 - 5.40 2.25 

Particle Kd 

size 
(mm) 

0,100 - 0.150 250,000 2 

0.151 - 1.700 130 1 

1.710 - 10.00 13.15 0.5 

The Eftekharzadeh Relationship 

As partial fulfillment for his doctoral degree, 

Eftekharzadeh (1987) developed a set of theoretical 

equations for describing the evacuation of sediment from a 

reservoir using a pipe. Eftekharzadeh modified several basic 

relationships which, when used together in a itertive 

manner, explained the process of sediment evacuation using a 

pipe. 
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Eftekharzadeh's first step was to determine a 

relationship to predict the transport velocity in a pipe 

carrying a certain sediment concentration. The cornerstone 

of this relationship was based on work conducted by Durand 

and Condolios (Durand, 1953). Eftekharzadeh chose their 

equation because of previous evaluations conducted by 

others, its general acceptance, and the broad range of both 

materials and pipe sizes the equation was applicable to. He 

combined this equation with the Darcy-Weisbach relationship 

for computing pipe friction losses and, with some minor 

manipulation, derived the following relationship: 

Vm= / 2 g D (4.7) 

( 1 + (FIE cv)) * ((f L) + (K1 D)) 

Where: Vm = sediment-water mixture velocity, ft./sec. 

g = gravity constant, 32.2 ft./sec./sec. 

D = pipe diameter, ft. 

H = net reservoir head, ft. 

FIE = dimensionless headloss parameter 
(J - Jw) / (Cv Jw) 

J = loss gradient (ft water/ft pipe) for 
sediment-water mixture 

Jw = loss gradient (ft water/ft pipe) for 
water only 

cv = sediment concentration, % volume 

f = Darcy-Weisbach friction factor 
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L pipe length, ft. 

K1 minor loss coefficient 

Eftekharzadeh stated that by assuming a sediment 

concentration and applying the continuity equation, a trial-

and-error procedure could be used to determine the mixture 

velocity and pipe diameter for a desired flow rate and 

available head. 

Eftekharzadeh next needed a relationship to estimate 

the sediment capacity concentration of the pipe. He chose 

the Laursen equation (see equation 4.1) and, based on his 

understanding, modified it for pipe transport. He went 

through the three part equation and readily transformed all 

but the last portion. Eftekharzadeh realized that for a pipe 

system, a different function would be required. By using 

data previously published by Durand(1953), Durand's equation 

for computing the head loss gradient in a pipe, and the 

already modified portions of the Laursen equation, 

Eftekharzadeh was able to develop his own function 

specifically for pipes as follows: 

Cpw = (4.8) 

where: Cpw = average flow concentration, % weight 

d = particle diameter, ft. 
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D = pipe diameter, ft. 

T0' - particle average shear 
= ( ̂  f'/8) Vm 

•P = water density, slugs/ft. 

f' = Darcy-Weisbach friction factor 
for pipe sediment 

Vm = pipe velocity for water sediment 
mixture, ft./sec. 

Tc = particle critical shear stress 
= Kc {Gs - Gw) ds 

Kc = constant depending on the coefficient 
of sediment friction and turbulence at 
the boundary layer. Value varies from 
0.039 to 0.117 

Gs = specific gravity of sediment 

Gw = specific gravity of water 

ds = sediment diameter, ft. 

F{V*/w) = modified function 
= 108.63{V*/w) + 4.81(V*/w) 

V* = total shear velocity, ft./sec. 

w = particle fall velocity, ft./sec. 

To use this equation, it must be combined in an 

iterative manner with equation 4.7 and the continuity 

equation. The results, according to Eftekharzadeh, show an 

optimum velocity at which maximum sediment transport can 

occur with minimal losses. This velocity is specific to a 

particular combination of pipe and sediment diameter, as 

well as sediment concentration. 
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The Craven Relationship 

Craven (1953) for his doctoral project, was interested 

in determining the characteristics surrounding sediment 

deposition in a pipe. He had reason to believe that there 

was a relationship between pipe discharge, sediment 

concentration, pipe roughness, and the point at which 

sediment just starts to deposit in a pipe. He knew that only 

certain combinations of these three parameters would cause 

deposits to form. 

Craven's physical model was a 60-foot long lucite 

pipe. Single piezometer openings were installed on top of 

the pipe so a manometer could be attached to measure 

headloss. Several sediment types were used. The specific 

gravity ranged from 2.80 for a commercially crushed slag to 

2.57 for a screened river sand (Laursen, 1956). 

Craven found that for low ratios of sediment load to 

water discharge, the sediment moved as bedload and, as that 

ratio decreased beyond a certain concentration, sediment 

deposits formed. Craven varied the concentrations with the 

different sediment types and formed the following 

relationship: 

Bi (4.9) 
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Bi = dimensionless blockage index number 

QP 
= pipe discharge, cfs 

g = gravity constant, 32.2 ft./sec/sec 

SG - specific gravity of sediment 

D = pipe diameter, ft. 

Qs = sediment transport rate, cfs 

Craven concluded that for a blockage index value of 5 

or greater, no deposits would form and that lower decreasing 

index values would be an indication of increased sediment 

blockage. 

Although not intended, Craven's relationship can be 

modified and used to predict pipe transport rates. By 

substituting the number 5 as the blockage index and solving 

for Qs, the Craven relationship becomes: 

0.008 Q_,4 , . 
Qs = ZE (4.10) 

(g (SG-1))1*5 D7,5 

All variables in the modified relationship are the 

same as those listed for equation 4.9. Equation 4.10 is used 

to represent Craven's relationship as one of the three 

methods of comparison. 
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CHAPTER 5 

Results and Discussion 

In this chapter, results obtained from the physical 

model will be presented and discussed first. Discussion of 

the three relationships outlined in chapter 4 will then 

follow. 

Five runs were conducted for each of the three 

different types of sediments employed. Each run was unique 

in that a different flume discharge and sediment hopper rate 

were used. Some of the collected data were used to generate 

results for the three relationships discussed in the 

previous chapter. Table 5.1 shows a summary of results 

obtained from the physical model. In this table DS, SS, and 

PG are abbreviations for dune sand, silica sand, and pea 

gravel, respectively. More detailed test data are presented 

in Appendix A. 

The friction factors shown in table 5.1 were 

calculated for both clear and sediment laden water. As would 

be expected from the type of pipe used, the flow should be 



38  

Table 5.1 

Physical Model Results 

Sed 
Type 

Date Hopper 
Rate 
lbs 
min 

Actual 
Rate 
lbs 
min 

Net 
Head 

ft 

Pipe 
Vel 

fps 

Clear 
Water 

f 

Sed 
Laden 

f 

DS 2/6 24.0 22 .0 0.942 4 .03 0.019 0.020 

DS 1/27 30.0 22.3 0 . 849 3.67 0.020 0. 022 

DS 1/26 40.0 29.9 0.914 3.80 0.020 0.022 

DS 2/7 50.0 42.2 0.990 4.17 0.020 0.023 

DS 1/23 60. 0 50.6 0.923 4 . 13 0.019 0.022 

SS 2/3 20.0 17.6 1.211 4.77 0.019 0.022 

SS 1/30 30.0 28.2 1. 258 4 .86 0.019 0.023 

SS 1/31 40.0 36.2 1.396 5 .18 0.019 0.025 

SS 1/31 60.0 53.5 1 .467 5.41 0 . 018 0.024 

SS 2/2 80.0 71.7 ' 1.422 5.41 0 . 018 0.026 

PG 2/14 40. 0 40.0 1 .024 4.17 0. 020 0.034 

PG 2/16 60. 0 58.7 1. 260 4.95 0.019 0.033 

PG 2/16 80.0 76.4 1.497 5.56 0.018 0.029 

PG 2/21 100.0 97.8 1. 638 5 .78 0.018 0.033 

PG 2/21 120.0 117.2 1 .761 6.05 0.021 0.034 

classi fied as turbulent flow in a smooth pipe. When the 

Reynolds number for each run Is calculated and used in 

conjunction with the Moody diagram, this expectation is 

verified as the clear water factors locate in the section 

labeled turbulent flow in a smooth pipe. 

The sediment laden factors are higher and vary 
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considerably with sediment type. For each sediment type, 

there was a run made at SO pounds per minute, but the 

friction factor for the dune sand increased only 15.8* while 

that for pea gravel increased 72.7%. It is clear that 

particle size influences the friction loss. 

In the flume, lower discharge rates were used for the 

sands to maximize the amount entering the pipe. For the test 

runs preceding data collection, larger flume discharges 

resulted in sand escaping past the funnel and reduced 

sediment load to the pipe. This problem was solved as 

described in chapter 3 but resulted in higher water use 

ratios between the amount required for sediment transport in 

the pipe and the total amount available. It was hoped, as 

part of the overall investigation, to get an idea of the 

total amount of water required for sediment evacuation. 

Because the flume discharge was reduced, the pipe diverted a 

large portion of the total and increased the use ratio. 

However, the discharges used for the pea gravel did not 

require any flow reduction, and as a result, the ratio was 

lowered. Based on the limited amount of data collected with 

the pea gravel, it appears from table 5.2 that, on the 

average, about 1135 of the flow initially transporting 

sediment in the flume is required for evacuation. 
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Table 5.2 

Water Transport Ratios 

Sediment Pipe Total Transport 
Type Discharge Discharge Ratio 

cfs cfs 

DS 0.088 0.207 0.43 

DS 0.080 0.209 0.38 

DS 0.083 0.250 0.33 

DS 0.091 0.370 0.25 

DS 0.090 0.389 0.23 

SS 0.014 0.289 0.36 

SS 0.106 0.418 0.25 

SS 0.113 0.472 0.24 

SS 0.118 0.541 0.22 

SS 0.118 0.633 0.19 

PG 0.091 0.731 0.12 

PG 0.108 0.900 0.12 

PG 0.121 1.027 0.12 

PG 0.126 1.229 0.10 

PG 0.132 1.461 0.09 

The Laursen Relationship 

Test results are compared to computed transport rates 

using the Laursen relationship in figure 5.1. This 

relationship tended to overestimate the sediment transport 

capabilities of the pipe when compared with the measured 

rates. That is, the farther to the right the plotted symbols 
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are horizontally from the equal transport line, the greater 

the overestimation. From table 5.3, it is clear that the 

largest discrepancy occurs with the sands. For dune and 

silica sands, the maximum difference between measured and 

calculated values is 26535 and 252%, respectively, and 

decreases as the measured rate increases. This decrease is 

due to the differences in rates between runs of the physical 

model and the Laursen relationship. The Laursen relationship 

initially overestimates the transport rate and then the 

incremental increase between runs is underestimated. From 

the data, it then appears that the Laursen relationship 

starts to behave as the physical model. While this is 

possible, without more data, it is hard to prove. Overall 

however, the average overestimation is high, being about 

1453s for both sands. 

For the pea gravel, the average overestimation was 

much lower at 22%. It appears that the Laursen relationship 

is more accurate with sediment having either a smaller 

specific gravity and/or larger diameter. This is obvious 

when viewing figure 5.1. There is less scatter among the pea 

gravel points, and they tend to approximate the slope of the 

equal transport line as the sediment rate increases. Perhaps 

the diameter influence could be used to help explain the 

average difference between the sands as the median diameter 
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Table 5.3 

Comparison of Laursen Values with Measured Values 

3ed Actual Calc . Actual Calc. % 
Cype Meas sed Meas Cone. Diff 

Rate Rate Cone. 
lbs lbs % by wt % by wt 
min min 

DS 22.0 80. 29 6. 68 24 .37 264.95 

DS 22 . 3 54 . 76 7.45 18.28 145.56 

DS 29.9 65 . 82 9 . 62 21. 18 120.13 

DS 42 .2 106.95 12.39 31 . 39 153.44 

DS 50.6 96.33 15.02 28.59 90.38 

SS 17. 6 61 .97 4 .52 15 . 92 252.10 

SS 28.2 68.45 7 .11 17 . 25 142.73 

SS 36.2 92.47 8 . 56 21 . 86 155.44 

SS 53.5 107.94 12.11 24.43 101.76 

SS 71 .7 112.36 16 . 23 25.43 56.71 

PG 40.0 39 . 27 11. 74 11. 53 1 . 83 

PG 58 . 7 72 . 22 14. 52 17. 86 23 . 03 

PG 76. 4 105.64 16.86 23.32 38 . 27 

PG 97.8 123.47 20.73 26. 17 26. 25 

PG 117.2 145.38 23 .71 29.42 24.04 

Avg. 
Diff 

154.89 

141 .75 

2 2  .  6 8  

of the silica sand is 2.5 times that of the dune sand. 

The Eftekhazadeh Relationship 

Test results are compared to transport rates computed 

by the Eftekharzadeh relationship in figure 5.2. These 
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values were obtained by using a computer program provided by 

Eftekharzadeh. His program uses an iterative process to 

solve the relationships discussed in chapter 4. The data 

input includes water temperature, minor loss coefficient, 

clear water pipe friction factor, pipe diameter and length, 

total available head, median sediment size, Shields 

parameter, and specific gravity of the material. The output 

consists of the input data, optimum transport velocity, 

effective pipe friction factor, pipe discharge, optimum 

sediment transport velocity, and the sediment concentration 

by weight and volume. 

When using this program, several of the input values 

were constants. A constant temperature of 65 degrees 

Fahrenheit was used for water temperature; 1.65 for the 

minor loss coefficient; 8 feet for the pipe length; 0.167 

feet for the pipe diameter, and 0.04 for the Shields 

parameter. The remaining input values were dependent on data 

from the physical model. 

Figure 5.2 shows that the Eftekharzadeh relationship 

both under and overestimates the measured sediment rates. 

This was somewhat expected since this relationship was 

partially derived from Laursen's. Like the Laursen 

relationship, the sands were overestimated but to a larger 
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Table 5.4 

Comparison of Eftekharzadeh Values with Measured Values 

Sed Actual Calc. Actual Calc. % Avg. 
Type Meas Sed Meas Sed Diff Diff 

Rate Rate Cone, Cone. 
lbs lbs 35 by wt % by wt 
man mm 

DS 22.0 133.4 6.68 32.03 506.36 

DS 22.3 101.2 7.45 26.88 353.81 

DS 29.9 119.0 9.62 29.95 297.99 

DS 42.2 141.9 12.39 33.59 236.26 

DS 50.6 127.6 15.02 31.13 152.17 

SS 17.6 82.8 4.52 19.99 370.45 

SS 28.2 89.6 7.11 21.13 217.73 

SS 36.2 111.6 8.56 24.58 208.29 

SS 53.5 131.1 12.11 27.14 145.05 

SS 71.7 122.6 16.23 25.95 70.99 

PG 40.0 21.7 11.74 6.55 - 84.33 

PG 58.7 35.3 14.52 9.34 - 66.29 

PG 76.4 53.3 16.86 12.51 - 43.34 

PG 97.8 64.4 20.73 14.39 - 51.86 

PG 117.2 62.4 23.71 14.73 - 87.82 

309.32 

202.50 

- 66.73 

degree. From table 5.4, the greatest overestimation by run 

was 506% for the dune sand and 37035 for the silica while 

their average differences were 309* and 20335, respectively. 

These amounts were well above those of the physical model 

but did decrease with the increasing measured rates. This is 
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once again due to the initial overestimation and then the 

decrease in incremental increase between runs as previously 

described. 

The Eftekharzadeh relationship underestimates the pea 

gravel rate by an average 67$. Once again, this is much 

closer than any values predicted for sand. Because 

Eftekharzadeh used a modified Laursen relationship to 

determine transport capacity, it too appears to be 

influenced by particle size and/or specific gravity. As 

figure 5.2 shows, there is much less scatter amoung the pea 

gravel points and some of them at the lower transport rates 

do approximate the equal transport line slope. Perhaps the 

large difference between the Laursen and Eftekharzadeh 

relationships stems from modification of the Laursen 

relationship itself. 

The computer program also calculated the effective 

friction factor and the optimum sediment transport velocity. 

Table 5.5 compares these values with measured results. The 

calculated friction values were all greater than the 

measured factors, with the greatest difference occuring 

within the sand sediments. The friction factors calculated 

for the pea gravel averaged about 25% less error than those 

of the sands. However these values were still 795IS higher 
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Table 5.5 

Comparison of Eftekharzadeh Effective Friction and 
Optimum Transport Values with Measured Values 

EFFECTIVE 
FRICTION 

TRANSPORT 
Velocity 

PERCENT 
Difference 

Sed 
Type 

Actual 
Eff 

Fric 
Factor 

Calc. 
Eff 

Fric 
Factor 

* 
Diff 

Actual 
Trans 
Vel 
fps 

Calc. 
Trans 
Vel 
fps 

% 
Diff 

Eff Opt 
Fric Tran 
Fact Vel 
% fps 

DS 0.020 0.042 110. 0 4.03 4 .07 0 . 99 

DS 0.022 0.044 100 . 0 3.67 3 . 82 4 .09 

DS 0.022 0.045 104. 6 3 . 80 3 . 94 3 . 68 

DS 0.023 0.046 100. 0 4. 17 4.07 2 . 46 

DS 0.022 0.042 90. 9 4 .13 4 .03 2 , C 8  

101.1 2.7 

SS 0.022 0.049 122 . 7 4.77 4 . 42 7 . 9 2  

SS 0.023 0. 049 113. 0 4 . 86 4.50 8 . 00 

SS 0.025 0.051 104. 0 5 . 18 4.70 10 .21 

SS 0.024 0.048 100. 0 5.41 4 . 90 10 .41 

SS 0.026 0.048 84 . 6 5.41 4 . 84 11 . 78 

104.9 9.7 

PG 0.034 0.057 67. 7 4. 17 3.89 7 . 20 

PG 0.033 0.055 66. 7 4.95 4 . 35 13 .79 

PG 0.029 0.053 82. 8 5,56 4.81 15 . 59 

PG 0.033 0.054 63. 6 5.78 4.98 16 .06 

PG 0.034 0.072 111. 8 6 . 05 4.71 28 . 45 

78.5 16.2 

than the measured rates. From table 5.5, the sediment size 

appears to affect the calculated factors as the larger pea 

gravel values are closer to the measured friction factors. 

The computer-generated optimum transport velocities 
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were very close to the measured values. In most cases, the 

computed velocity was only slightly less than the measured. 

On the average, the largest difference occured with pea 

gravel at 16SS and the smallest with dune sand at 3%. It is 

unclear as to why these differences exist. 

The Craven Relationship 

Test results are compared to transport rates computed 

by the Craven relationship in figure 5.3. These results were 

calculated using the modified Craven formula discussed in 

chapter 4. A blockage index value of 5 was included in the 

equation since, according to Craven, this value marks the 

limit of pipe transport with and without deposits. 

This relationship, unlike the previous two, 

underestimates all three sediment types. Prom table 5.6, the 

Craven relationship underestimated the dune sand transport 

on the average by 323$, the silica sand by 11%, and the pea 

gravel by 183%. For both sand types, the underestimated 

difference among the individual runs increased as the 

measured sediment rate increased. The gravel behaved the 

same, and produced less scatter and a slope more similar to 

the equal transport line at lower concentrations. 

It appears from the results that the Craven 
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Table 5.6 

Comparison of Craven Values With Measured Values 

Sed 
Type 

Actual 
Meas 
Rate 

Calc 
Sed 
Rate 

Actual 
Meas 
Cone. 

Calc 
Cone, 

96 
Diff 

Avg 
Diff 

lbs 
min 

lbs 
min 

% by wt. % by wt • 

DS 22 . 0 8.30 6 . 68 2.52 - 165.06 

DS 22 .3 5 . 67 7.45 1 . 89 - 293.30 

DS 29 .9 6. 57 9.62 2 .11 - 355.10 

DS 42 . 2 9.49 12. 39 2.79 - 344.68 

DS 50. 6 9.08 15.02 2 - 69 - 457.27 

SS 17.6 16 . 37 4. 52 4. 20 7.51 

SS 28 . 2 17. 67 7.11 4 .45 - 59.59 

SS 36 . 2 22. 82 8.56 5 . 39 - 58.63 

SS 53 . 5 27 .13 12.11 6.14 - 97.20 

SS 71 . 7 27 . 13 16. 23 6 .14 - 164.20 

PG 40.0 10. 40 11 . 74 3.05 - 284.62 

PG 58. 7 20.62 14.52 5 .10 - 184.68 

PG 76.4 32.50 16.86 7 . 17 - 135.08 

PG 97.8 38. 21 20. 73 8 .10 - 155.95 

PG 117 .2 46.02 23.71 9.31 - 154,67 

- 183.00 

relationship was not a function of particle diameter because 

the gravel transport rate was greater than that of the 

silica sand. To be sure, it was compared to a converted form 

of the Laursen relationship. Laursen's formula was used 

because it is diameter dependent and could be easily 
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converted for the comparison. 

For ease of comparison, the Laursen relationship was 

adjusted to reflect diameter influence of large size 

(1.71mm - 10mm), medium size {0.151mm - 1.70mm), and small 

size {0.01mm - 0.150mm) particles. The initial form of the 

relationship was as follows: 

Q _(0 .108) (Kf) (6 • 11 )a(n)a , Qp 3d °-5Qp
a (5.1) 

Kd 
a 265 D 5"5 D2'1673 d ba 

The units of Qs are cubic feet per second. All 

variables are as defined in chapter 4. When the values of 

K^, Kf, a and b are substituted into equation 5.1 and 

rearranged, three different equations evolve. The first is 

for bedload transport (1.71mm-10.0mm in diameter) and is as 

follows: 

n k c A j—0.115 
QJ2 = 5'64 d (5.2) 

pi.86 q0.31 n 0.077 

The n values for equation 5.2 are 0.009 for the 

smaller sediment diameter and 0.011 for the larger. The 

second equation is for some suspended load transport as well 

as bedload transport (0.151mm-l.70mm) and is shown below: 

n •? ro j0,125 
QP = 7-S3 d (5.3) 

-1.92 -0.25 0.25 
D Q„ n 
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The n values for equation 5.3 are 0.008 and 0.009 for 

the smaller and larger sediment fractions, respectively. The 

third equation is for mostly suspended load (0.Olmm-O.150mm) 

and is as follows: 

i(5.4) 
-1.98 rt0.19 0.43 
D Qc n 

The n values for equation 5.4 are 0.007 for the 

smaller fraction and 0.008 for the larger. All n values 

represent the effective roughness of the pipe and were 

determined using the measured friction factors from the 

physical model and the following equation: 

1/6 
— — ^ R 

1/2 1/2 1 3  ' 
f ' (8 g) 1/£ n 

Equations 5.2 - 5.4 were rearranged to approximate the 

Craven equation in the slightly modified form shown below: 

% = 12.29 (SG - l)0'375 
(5 6) 

D1"88 Qs
0-25 

Although the powers for the components on the left 

side of equations 5.2 - 5.4 are slightly different from 

equation 5.6, they are close enough to determine a diameter 

size influence. By substituting in the high and low of both 
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Table 5.7 

Diameter Influence Data Using 
Laursen and Craven Relationships 

Bedload 
Range 

Suspended/ 
Bedload 

Range 

Mostly 
Suspended 

Range 

Laursen Range 11.82-14.71 9 .73-12.78 0.98-7.31 

Craven Range 14.83-19.09 14.76-19.00 14.29-18.37 

the n value and diameter ranges for the Laursen 

relationship, and 5 and 7 for the no deposit range in the 

Craven relationship, this influence is confirmed. From table 

5.7, it can be seen that the values from the Laursen 

relationship are close to those of Craven's. The lower 

values for the sand might be explained by understanding that 

the bulk of Craven's work encompassed bedload movement, and 

his equation seems to reflect it. Perhapes his equation and 

Laursen's when used in conduction, could be applied as a 

tool to indicate suspended load transport. 

By further modifying equation 5.2, 5.4, and 5.6, the 

results from table 5.7 may be expanded to show additional 

significance. By plotting what is essentially pipe velocity 

verses sediment discharge for the Craven and Laursen 

relationships, figure 5,4 shows two interesting facts. 

First, for a given sediment discharge and pipe diameter, the 
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smaller, more easily suspended particles require less water 

for transport than the larger heavier particles. Second, for 

a set pipe geometry, more water is required for a greater 

sediment discharge. The measured data generally support 

these two principles as the dune sand and pea gravel points 

fall on the appropriate sediment characteristic lines. The 

results from the silica sand might, be explained by error in 

the data collection process. 

While conducting his research, Craven also found there 

existed a relationship between pipe friction slope, sediment 

concentration, and the point at which deposits form in a 

pipe. He developed a graph, and from it, the point at which 

pipe deposition occurs can be determined if either the 

concentration or friction slope is known. When the data 

collected from the physical model were compared to Craven's 

graph, all but one point fell below the line representing no 

deposits. However, when these data were compared to Craven's 

original data used to define the no deposit line, it was 

clear that only dune sand data did not fit within the 

original data scatter. This would indicate that deposits had 

already formed in the pipe prior to visual observation of 

deposition and might explain why the dune sand results for 

this study are so different. A plot showing these points may 

be seen in figure 5.5. It should be noted when viewing this 
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figure that these Craven scatter points represent only 

small portion of the total data he used to define the line. 
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CHAPTER 6 

The Reservoir Sedimentation Problem 

This chapter will discuss the general aspects of 

reservoir sedimentation and the pipe bypass system. 

Reservoir Sedimentation 

When a reservoir is constructed, the river profile 

changes from that of nearly normal flow (water and bedslopes 

are parallel) to a backwater condition that may extend 

upstream for miles. As a result, the normal sediment 

transport capacity of the river is reduced. Initially, 

deposition occurs at the upstream head of the backwater as 

it is here that faster moving river flow encounters slower 

deeper reservoir water, and the larger sized sediment 

fractions deposit first. However, in a brief period of time, 

the effects of this sediment deposition spread in both the 

upstream and downstream direction (see figure 6-1). 

Upstream, the channel floor rises due to the sediment 

accumulation. This results in vertical displacement of the 

channel bed and farther upstream advancement of sediment 
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accumulation and backwater. Eventually the watersurface is 

raised enough to cause frequent flooding of lower adjacent 

areas, formation of wet lands, and increased navigational 

hazards at bridge crossings(Bruck, 1985). 

The smaller sediment fractions are deposited farther 

downstream in the reservoir. Because these smaller sized 

portions of the sediment load require less energy for 

transport, the particles travel beyond the backwater/stream 

flow interface and deposit throughout the reservoir {in seme 

cases near the dam). However, with time, the larger sediment 

particles also move downstream and add to the reservoir 

filling process. This advancement proceeds quickly at the 

reservoir head but then slows as the transport force lessens 

in the deeper water. To continue its downstream movement, 

the reservoir delta as it is commonly called, must build 

vertically to a level at which velocities are sufficiently 

high to transport the deposits. When this level is reached, 

the sediment deposits are advanced farther downstream into 

deeper water where deposits must once again build vertically 

to reactivate the transport process (Mamood, 1987). 

Downstream from the dam, the process of degradation 

dominates because the nearly clear water released from the 

reservoir has an extremely high sediment transport capacity. 
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Thus, the downstream channel reaches are eroded until the 

transport capacity reaches some sort of equilibrium. 

Initially erosion begins immediately downstream of the dam 

and progressively reduces the bedslope in the downstream 

direction. The rate of degradation depends on material type 

of both the bed and channel banks, and erosion may occur in 

either or both the vertical and horizontal direction. In 

time, degradation will slow as the river approaches its 

natural transport capacity, but this may not occur until the 

bedslope has been sufficiently decreased or armoured by 

material too large for transport (Petersen, 1988). The 

problems created by downstream degradation range from lower 

groundwater levels and unstable channel bank slopes to loss 

of both aquatic and non-aquatic habitat. 

Once sediment is deposited in a reservoir, the useful 

storage capacity is reduced. Although sedimentation is 

accounted for in the initial reservoir design (i.e. dead 

storage zone), this incoming material reduces useful storage 

due to the deposit slope in the storage zone.These slopes 

are usually about one-half to two-third the original 

bedslope and not horizontal as often portrayed. As a result, 

useful reservoir storage is lost before dead storage 

capacity is depleated. This early loss may not become 

apparent or be of importance in normal to above normal 
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runoff years, but during drought years, required water 

volumes may not be available to meet demand, especially in 

multipurpose reservoirs. Other typical problems related to 

or resulting from reservoir sedimentation are damage to 

gates, valves, and hydroelectric equipment due to abrasion, 

corrosion of dam components, decreased downstream flood 

protection, and decreased crop yield. 

The Sediment Bypass System 

Some of the problems referenced in the preceeding 

section could be alleviated by utilizing a sediment pipe 

bypass system. Reservoir life expectancy would be increased, 

which in turn would increase long term reservoir benefits 

and preserve storage volumes for irrigation power 

production, and downstream flood protection and so forth. 

Also, the sediment load transported from the reservoir to 

the downstream river via the pipe system would greatly 

reduce downstream degradation rates as the bypass sediment 

would partially reduce the river's natural tendency to 

scour. 

However, as with any system, the pipe bypass method 

has limitations. Once the system is installed, modification 

would be very difficult in the event upstream conditions 

such as discharge or sediment yield changed. Also no matter 
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how efficient the system operated, upstream aggradation 

would still continue and would become worse with time as 

those portions upstream of the pipe inlet would not benefit 

from the bypass system. Thus, with an increased reservoir 

life, greater damage upstream to property would result. In 

the event of a flood, there is a possibility the pipe would 

become plugged since the excess sediment would exceed the 

average pipe tranport capacity. So, no matter how well a 

bypass method operated, sediment related problems would 

still exist. 

Effectiveness of a Bypass System in Hypothetical Reservoirs 

Theoretically, the pipe bypass system should work well 

for any impoundment, but in reality it would be more 

effective in some reservoirs than others due to site-

specific reservoir characteristics. To determine which 

reservoirs might be best suited for a bypass system, a 

comparison of pipe diameter, and percent of total sediment 

evacuated from a reservoir would have to be conducted. A 

simple comparison is demonstrated here for two hypothetical 

reservoirs on two very different rivers. This comparison 

determines the pipe discharge necessary to transport 100 

percent of the incoming sediment. The modified Laursen 

relationship is used for the comparison. Although this 
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Table 6.1 

Some River Characteristics 

Avg. Ann Avg. Median Avg. Ann Channel 
Daily Flow Sediment Sediment Bedslope 

Discharge Depth Diameter Cone 
cfs ft mm % by wt ft/ft 

Colorado 
River at 
Taylors 
Ferry, 

Arizona 7,360 7 0.34 0.203 0.00024 

Red River 
at 

Alexandria, 
Louisiana 31,500 12 0.19 0.119 0.00007 

relationship was shown to predict sediment transport in a 

pipe with some error, it can be used here to compare 

different pipe diameter alternatives. Both reservoirs are 

assumed to have the same V-shaped geometry, a net reservoir 

head of 100 feet at the inlet, and a mannings n value of 

0.017 for the evacuation pipe. Pertinent characteristics of 

both rivers are presented above in table 6.1 {U. S. Army 

Corps, 19 80) . Assuming that all incoming sediment can be 

concentrated at the bypass pipe inlet, table 6.2 shows that 

by doubling the pipe diameter, water use for sediment 

transport would increase approximately 400% and the percent 

of reservoir saved from sediment deposits increase by about 

200%, Thus a much greater portion of the available water is 
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Table 6.2 

Comparison of Reservoir Saved With Various Pipe Diameters 

Colorado 
River 

Pipe 
Dia 

ft 

4 

8 

16 

Pipe 
Q 

cfs 

63. 3 

249.0 

979 . 9 

Pipe 
Vel 

fps 

5.04 

4 .95 

4 , 87 

Req 
Pipe 
Length 
ft 

29,581 

78,740 

204,082 

Resv Resv 
Length Saved 

ft 

387,500 

387,500 

387,500 

% 

21.4 

49 . 4 

89 . 4 

Red 
River 

4 

8 

16 

32 

62 . 4 

245 . 5 

966 . 1 

3809.6 

4.97 30,673 1,257,143 7.1 

4.88 81,331 1,257,143 18.2 

4.81 212,766 1,257,143 42.7 

4.73 549,451 1,257,143 82.2 

required to evacuate a greater portion of the reservoir. 

From the physical model data, it was noted that nearly 11% 

of the total available water was required to transport 100% 

of the sediment. When approximately the same volume of water 

is used in table 6.2 calculations (16 foot pipe diameter for 

the Colorado River and 32 foot pipe diameter for the Red 

River), roughly 85% of the reservoir is evacuated. This 

information indicates that a pipe bypass system can save the 

majority of the reservoir with essentially 10% of the 

available water provided all equations used in the 

calculations produce realistic results. Table 6.2 also 
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indicates that a bypass system appears to be more beneifical 

for reservoirs on streams having steeper bedslopes. With the 

same pipe diameter, the steeper sloped reservoir maintains 

roughly three times more of the initial reservoir volume 

than the flatter sloped reservoir. 

Of course, not all reservoirs are V-shaped and steep 

sloped. For these reservoirs, the basic pipe bypass method 

would not maintain much of the overall reservoir volume 

without some modification to the system. One modification 

might be to use mechanical dredging in conjunction with the 

bypass method. That is, use mechanical dredging to transport 

sediment to the pipe inlet provided the dredge delivery rate 

did not exceed the transport capacity of the pipe. Another 

modification might be to use a flexible pipe section that 

would allow the pipe to be moved in a semi-circular arc to 

evacuate deposits at site specific locations. Before any 

modification to the basic bypass system is implemented, 

elementary problems such as bypass design parameters, pipe 

blockage detection, and design of the pipe inlet scheme must 

first be investigated and solved. 
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CHAPTER 7 

Summary and Conclusion 

The purpose of this thesis was to compare data 

collected from the physical model -with data generated from 

several sediment transport relationships modified for 

sediment transport in pipes. 

Three relationships were compared with the physical 

model data, and none predicted the measured pipe transport 

conditions from this study with any degree of accuracy. The 

Laursen relationship, which was derived from open channel 

flow conditions, came the closest with an overestimation of 

22% for gravel and 15535 for sand. The Ef tekharzadeh 

relationship also overestimated the pipe transport rates as 

well as the effective pipe friction factor. It, however, did 

predict with only a small amount of error the optimum 

transport velocity. The Craven relationship, though not 

intended for prediction purposes, did estimate the transport 

rate with about the same overall accuracy as the 

Eftekharzadeh relationship. 

It was noted that both the Laursen and Ef tekharzadeh 
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relationships were probably influenced by sediment size 

and/or specific gravity as they both more closely predicted 

the measured transport rate for the larger and lighter pea 

gravel. 

The physical model used in this investigation to 

generate experimental data was simple and inexpensive. There 

was a possibility for data error which, in turn, would have 

affected the comparison with transport computed by any or 

all three of the relationships. Before any of these 

relationships are disregarded, better instrumentation should 

be used to further this research. 

The Conclusions 

Based on the results obtained from this investigation, 

the following conclusions can be made: 

- In a pseudo-reservoir setting, it is possible to 

transport high sediment concentrations by a pipe, 

indicating this method is a viable alternative to 

other procedures for evacuating sediment from 

reservoirs. 

- Only a small percent of total water inflow to a 

reservoir is required to transport high sediment 

concentrations using the pipe bypass method. 
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For a given concentration and pipe diameter, smaller 

diameter particles require less water for transport 

than larger particles. 

For a given sediment type, a greater pipe discharge 

will transport a higher concentration. Thus a 

greater reservoir volume can be maintained at the 

expense of greater water usage. 

The three theoretical relationships examined did not 

confirm the pipe transport rates measured in the 

physical model. However, for the larger size 

particles, they did approximate portions of the 

equal transport line. 

More refined model studies are needed to develop 

methods or relationships to accurately predict 

sediment evacuation by a pipeline in a reservoir 

setting. 

Additional research is needed to investigate the 

pipe inlet design, how to concentrate all the 

incoming reservoir sediratnt at the inlet, and how to 

design instrumentation to detect pipe plugging. 
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APPENDIX A 



Data Sheet for 2 
Flume Modeling 

Date: 2/6/89 

Start Time: 3:47 un 

End Time: 3:56 cm 

Flume Weir Zero: 0.000 ft. 

Flume Weir (Begin): 0.047 ft. Flume Q fcfs); 0.083 

f End) : 0.060 ft. Flume Q (cf s) : 0.119 

Pipe Weir Zero: 0.000 ft. Pipe Diameter: 2 inch 

Pipe Weir (Begin) : 0.176 ft. Pipe Q (c f s )  :  0.130 

(End) : 0.136 ft .  P i p ®  Q  ( c f s )  :  0.088 

Sediment Type : Dune Sand 

Sediment Rate: 24 lbs in 60 sec 

Total Buckets Emptied: 3 

Water Depth Upstream of Funnel: 0.131 ft. 

Water Depth Dnstream of Funnel: 0.114 ft. 

Water Depth at Funnel: 0.117 ft. 

Pipe Head Support Reading: 2.628 ft. 

Total Transport Head: 0.942 ft. 

Comments: Sediment overflow is 6 lbs. 



Data Sheet for 
Flume Modeling 
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Date: 1/27/89 

Start Time: 3:00 pm 

End Time: .1:09 pm 

Flume Weir Zero: 0.000 ft. 

Flume Weir (Begin): 0.048 ft. Flume Q (cfs): 0.085 

( End) : 0.063 ft. Flume Q (cfs ) : 0.129 

Pipe Weir Zero: 0.000 ft. Pipe Diameter: 2 inch 

Pipe Weir (Begin): 0.177 ft. Pipe Q (cfs): 0.131 

(End) : 0.128 ft. Pipe Q (cfs) : 0.080 

Sediment Type : Dune Sand 

Sediment Rate: 30 lbs in 60 sec 

Total Buckets Emptied: 3 

Water Depth Upstream of Funnel: 0.124 ft. 

Water Depth Dnstream of Funnel: 0.103 ft. 

Water Depth at Funnel: 0.107 ft. 

Pipe Head Support Reading: 2.714 ft. 

Total Transport Head: 0.849 ft. 

Comments: Sediment overflew amount is 20 lbs. 



Data Sheet for 74 
Flume Modeling 

Date: 1/26/89 

Start Time : 10; 10 am 

End Time: 10;20 am 

Flume Weir Zero: 0.000 ft. 

Flume Weir (Begin): 0.062 ft. Flume Q (cfs): 0.126 

(End): 0.075 ft. Flume Q (cfs) : 0.167 

Pipe Weir Zero: 0.000 ft. Pipe Diameter:_2 inch 

Pipe Weir {Begin) : 0.177 ft. Pipe Q ( cf s) : 0.131 

(End): 0.131 ft. Pipe Q (cfs) : 0.083 

Sediment Type : Dune Sand 

Sediment Rate: 40 lbs in 60 sec 

Total Buckets Emptied: 2 

Water Depth Upstream of Funnel: 0.148 ft. 

Water Depth Dnstream of Funnel: 0.126 ft. 

Water Depth at Funnel: 0.125 ft. 

Pipe Head Support Reading: 2.667 ft. 

Total Transport Head: 0.914 ft. 

Comments: Sediment overflow amount is 26 lbs. 



Data Sheet for 75 

Flume Modeling 

Date: 2/7/89 

Start Time: 10:14 am 

End Time: 10:19 am 

Flume Weir Zero: 0.000 ft. 

Flume Weir (Begin): 0,093 ft. Flume Q (cfs): 0.232 

(End): 0.105 ft, Flume Q f cfs) : 0.279 

Pipe Weir Zero: 0.000 ft. Pipe Diameter: 2 inch 

Pipe Weir (Begin) : 0.178 ft. Pipe Q (cfs) : 0.132 

(End): 0.139 ft. Pipe Q (cfs):_0^091 

Sediment Type: Dune Sand 

Sediment Rate: 50 lbs in 60 sec 

Total Buckets Emptied: 5 

Water Depth Upstream of Funnel: 0.165 ft. 

Water Depth Dnstream of Funnel: 0.165 ft. 

Water Depth at Funnel: 0.126 ft. 

Pipe Head Support Reading: 2.592 ft. 

Total Transport Head: 0.990 ft. 

Comments: Sediment overflow is 39 lbs. 



Data Sheet for 76 
Plume Modeling 

Date: 1/23/89 

Start Time: 4:22 pm 

End Time: 4;34 rm 

Flume Weir Zero: 0.000 ft. 

Flume Weir (Begin): 0.100 ft. Flume Q (cfs) : 0.259 

(End) : 0.110 ft • Flume Q (cfs) : 0.299 

Pipe Weir Zero: 0.000 ft. Pipe Diameter:_2 inch 

Pipe Weir (Begin): 0.181 ft. Pipe Q (cfs): 0.136 

(End) : 0.138 ft. Pipe Q (cfs) : 0.090 

Sediment Type: Dune Sand 

Sediment Rate: 60 lbs in 60 sec 

Total Buckets Emptied: 5 

Water Depth Upstream of Funnel: 0.171 ft. 

Water Depth Dnstream of Funnel: — ft. 

Water Depth at Funnel: 0.106 ft. 

Pipe Head Support Reading: 2.639 ft. 

Total Transport Head: 0.923 ft. 

Comments: Sediment overflow is 47 lbs. 



Data Sheet for 
Flume Modeling 

Date: 2/3/89 

Start Time: 9:39 am 

End Time: 9:47 am 

Flume Weir Zero: 0.000 ft. 

Flume Weir (Becrin): 0.071 ft. Flume Q (cfs) : 0.154 

(End) : 0.080 ft. Flume Q (cfs) : 0.185 

Pipe Weir Zero: 0.000 ft. Pipe Diameter: 2 inch 

Pipe Weir (Begin): 0.178 ft, Pipe Q (cfs): 0.132 

(End): 0.152 ft. Pipe Q ( Cfs ) ; 0.104 

Sediment Type : Silica Sand 

Sediment Rate: 20 lbs in 60 sec 

Total Buckets Emptied: 3 

Water Depth Upstream of Funnel: 0.152 ft. 

Water Depth Dnstream of Funnel: 0.126 ft. 

Water Depth at Funnel: 0.130 ft. 

Pipe Head Support Reading: 2.375 ft. 

Total Transport Head: 1.211 ft. 

Comments: Sediment overflow is 6 lbs. 



Data Sheet for 
Flume Modeling 

Date: 1/30/89 

Start Time : 2:40 an 

End Time: 2;48 pm 

Flume Weir Zero: 0.000 ft. 

Flume Weir (Begin): 0.105 ft. Flume Q f cfs): 0.279 

(End) : 0.113 f t. Flume Q ( cfs ) : 0.312 

Pipe Weir Zero: 0.000 ft. Pipe Diameter: 2 inch 

Pipe Weir (Begin) : 0.180 f t. Pipe Q (cf s) : 0.134 

(End): 0.154 ft. Pipe Q (cfs): 0.106 

Sediment Type: Silica Sand 

Sediment Rate: 30 lbs in 60 sec 

Total Buckets Emptied: 3 

Water Depth Upstream of Funnel: 0.184 ft. 

Water Depth Dnstream of Funnel: 0.130 ft. 

Water Depth at Funnel: 0.129 ft. 

Pipe Head Support Reading: 2.327 ft. 

Total Transport Head: 1.258 ft. 

Comments: Sediment overflow amount is 6 lbs. 



Data Sheet for 79 
Flume Modeling 

Date: 1/31/89 

Start Time: 11:19 am 

End Time: 11:27 am 

Flume Weir Zero: 0.000 ft. 

Flume Weir (Begin) : 0.120 ft. Flume Q ( cfs) : 0.342 

(End) : q.124 ft. Flume Q (cfs) ; 0.359 

Pipe Weir Zero: 0.000 ft. Pipe Diameter:_2 inch 

Pipe Weir (Begin): 0.181 ft• Pipe Q  (cfs): 0.136 

(End) : 0.161 ft. Pipe Q (cfs) : 0.113 

Sediment Type : Silica Sand 

Sediment Rate: 40 lbs in 60 sec 

Total Buckets Emptied: 4 

Water Depth Upstream of Funnel: 0.207 ft. 

Water Depth Dnstream of Funnel: 0.202 ft. 

Water Depth at Funnel: 0.174 ft. 

Pipe Head Support Reading: 2.234 ft. 

Total Transport Head: 1.396 ft. 

Comments: Sediment overflow is 15 lbs. 



Data Sheet for 80 
Flume Modeling 

Date: 1/31/89 

Start Time ; 2 : 2 9  T J H  

End Time: 2:36 pm 

Flume Weir Zero: 0.000 ft. 

Flume Weir (Begin): 0.134 ft. Flume Q (cfs): 0.404 

(End): 0.138 ft. Flume Q (cfs) : 0.423 

Pipe Weir Zero: 0.000 ft. Pipe Diameter: 2 inch 

Pipe Weir (Begin) : 0.181 ft • Pipe Q (cfs) : 0.136 

(End) : 0.165 ft. Pipe Q (cfs) : 0.118 

Sediment Type: Silica Sand 

Sediment Rate: 60 lbs in 60 sec 

Total Buckets Emptied: 6 

Water Depth Upstream of Funnel: 0.223 ft. 

Water Depth Dnstream of Funnel: 0.198 ft. 

Water Depth at Funnel: 0.170 ft. 

Pipe Head Support Reading: 2.159 ft. 

Total Transport Head: 1.467 ft. 

Comments: Sediment overflow is 39 lbs. 



Data Sheet for 
Flume Modeling 

Date: 2/2/89 

Start Time: 12:39 pm 

End Time: 12:44 nm 

Flume Weir Zero: 0.000 ft. 

Flume Weir (Begin): 0.156 ft. Flume Q (cfs): 0.510 

( End) : 0.157 f t. Flume Q ( cfs) : 0.515 

Pipe Weir Zero: 0.000 ft. Pipe Diameter :_2 inch 

Pipe Weir (Begin) : 0.182 ft. Pipe Q {cfs) : 0.137 

(End): 0.165 ft. Pipe Q f cfs) : 0.113 

Sediment Type : Silica Sand 

Sediment Rate: 80 lbs in 60 sec 

Total Buckets Emptied: 6 

Water Depth Upstream of Funnel: 0.254 ft. 

Water Depth Dnstream of Funnel: 0.243 ft. 

Water Depth at Funnel: 0.186 ft. 

Pipe Head Support Reading: 2.220 ft. 

Total Transport Head: 1.422 ft. 

Comments^ ~ Sediment overflow is 50 lbs. 



Data Sheet for 82 
Flume Modeling 

Date: 2/14/39 

Start Time: 3:03 cm 

End Time: 3-.30 om 

Flume Weir Zero: 0.000 ft. 

Flume Weir (Begin): 0.173 ft. Flume Q (cfs): 0.597 

(End): 0.181 ft. Flume Q fcfs): 0.640 

Pipe Weir Zero: 0.000 ft. Pipe Diameter: 2 inch 

Pipe Weir f Begin) : 0.182 f t. Pipe Q (cf s) : 0.137 

(End) : 0.139 ft. Pipe Q (cfs) : 0.091 

Sediment Type : Pea Gravel 

Sediment Rate: 40 lbs in 60 sec 

Total Buckets Emptied: 9 

Water Depth Upstream of Funnel: 0.272 ft. 

Water Depth Dnstream of Funnel: 0.260 ft. 

Water Depth at Funnel: 0.225 ft. 

Pipe Head Support Reading: 2.704 ft. 

Total Transport Head: 1.024 ft. 

Comments: Sediment overflow is 0 lbs. 



Data Sheet for 
Flume Modeling 

Flume Weir Zero: 0.000 ft. 

Flume Weir (Begin): 0.200 ft. 

(End) : 0.208 ft. 

Date: 2/16/89 

Start Time: 11:13 am 

End Time: 11:26 am 

Flume Q ( cf s) : 0.745 

Flume Q (cf s) : 0.792 
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inch Pipe Weir Zero: 0.000 ft. Pipe Diameter: 2 

Pipe Weir (Begin) : 0.184 ft. Pipe Q (cf s) : n.~nq 

(End): 0.156 ft. Pipe Q (cfs) 

Sediment Type: Pea Gravel 

Sediment Rate: 60 lbs in 60 sec 

Total Buckets Emptied: 

Water Depth Upstream of Funnel: 0.300 ft. 

Water Depth Dnstream of Funnel: 0.280 ft. 

Water Depth at Funnel: 0.247 ft. 

Pipe Head Support Reading: 2.443 ft. 

Total Transport Head: 1.260 ft. 

Comments: Sediment overflow is 14 lbs. 



Data Sheet for 
Flume Modeling 

Date: 2/16/89 

Start Time: 4:10 pm 

End Time: 4:16 an 

Flume Weir Zero: 0.000 ft. 

Flume Weir (Begin) : 0.221 ft. Flume Q (cfs) : 0.869 

(End): 0.227 ft. Flume Q fcfs): 0.906 

Pipe Weir Zero: 0.000 ft. Pipe Diameter: 2 inch 

Pipe Weir (Begin) : 0.136 ft. Pipe Q (cfs) ; 0.141 

(End) : 0.168 ft. Pipe Q (cfs) : 0.121 

Sediment Type: Pea Gravel 

Sediment Rate: 80 lbs in 60 sec 

Total Buckets Emptied: 7 

Water Depth Upstream of Funnel: 0.330 ft. 

Water Depth Dnstream of Funnel: 0.308 ft. 

Water Depth at Funnel: 0.273 ft. 

Pipe Head Support Reading: 2.232 ft. 

Total Transport Head: 1.497 ft. 

Comments: Sediment overflow is 25 lbs. 



Data Sheet for 
Flume Modeling 

Date: 2/21/89 

Start Time: 10:02 am 

End Time : 10:10 am 

Flume Weir Zero: 0*000 ft. 

Flume Weir (Begin) : 0.225 ft. Flume Q f cfs) : 1.084 

( End) : 0.258 ft. Flume Q ( cfs) : 1.103 

Pipe Weir Zero: 0.000 ft. Pipe Diameter: 2 inch 

Pipe Weir (Begin) : 0.187 ft. Pipe Q (cfs) : 0.142 

(End) : 0.173 ft. Pipe Q (cfs) : 0.126 

Sediment Type ; Pea Gravel 

Sediment Rate: 100 lbs in 60 sec 

Total Buckets Emptied: 11 

Water Depth Upstream of Funnel: 0.370 ft. 

Water Depth Dnstream of Funnel: 0.350 ft. 

Water Depth at Funnel: 0.308 ft. 

Pipe Head Support Reading: 2.126 ft. 

Total Transport Head: 1*638 ft. 

Comments: Sediment overflow is 24 lbs. 



Data Sheet for 86 
Flume Modeling 

Date: 2/21/89 

Start Time: 2:17 pm 

End Time: 2:25 pm 

Flume Weir Zero; 0.000 ft:. 

Flume Weir (Begin): 0.288 ft. Flume Q (cf s) : 1.308 

( End) : 0.291 f t. Flume Q (cfs) : 1.329 

Pipe Weir Zero: 0.000 ft. Pipe Diameter: 2 inch 

Pipe Weir (Begin) : 0.193 ft. Pipe Q (cf s) : 0.150 

(End) : 0.178ft. Pipe Q (cfs) : 0.132 

Sediment Type : Pea Gravel 

Sediment Rate: 120 lbs in 60 sec 

Total Buckets Emptied: 12 

Water Depth Upstream of Funnel: 0.409 ft. 

Water Depth Dnstream of Funnel: 0.397 ft. 

Water Depth at Funnel: 0.325 ft. 

Pipe Head Support Reading: 2.020 ft. 

Total Transport Head: 1.761 ft. 

Comments: Sediment overflow is 34 lbs. 
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LIST OF SYMBOLS 

A channel area, square feet 

a power coefficient from Laursen function 

b power coefficient from Shields function 

Bi Craven dimensionless blockage index number 

C Laursen sediment concentration, % by weight 

Cpw Eftekharzadeh sediment concentration, % by weight 

Cv sediment concentration, % by volume 

D pipe diameter, feet 

d Laursen mean sediment size class, feet 

ds Eftekharzadeh sediment diameter, feet 

d50 median sediment size, feet 

f Darcy-Weisbach friction factor for clear water 

f' Darcy-Weisbach friction factor for pipe sediment 

FIE dimensionless headloss parameter 

g gravitational acceleration constant,feet/second/second 

Gs specific gravity for sediment 

Gw specific gravity for water 

H net reservoir head, feet 

h head on weir, feet 

J loss gradient for sediment-water mixture, feet/foot 

Jw loss gradient for water, feet/foot 

Kc Shields coefficient in Eftekharzadeh relationship 
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Shields coefficient in Laursen relationship 

Kf coefficient from Laursen function 

K1 minor loss coefficient 

L pipe length, feet 

Lw weir length, feet 

n Manning roughness coefficient 

P fractional size class portion 

Q channel discharge, cubic feet/second 

Qp pipe discharge, cubic feet/second 

Qs sediment transport rate, cubic feet/second 

Qw weir discharge, cubic feet/second 

R hydraulic radius, feet 

S channel bedslope, feet/foot 

SG specific gravity 

Tc partical critical shear stress, pounds/square feet 

Tq' partical average shear stress, pounds/square feet 

V flow velocity, feet/second 

V* shear velocity, feet/second 

W weir height, feet 

w particle fall velocity, feet/second 

Y channel flow depth, feet 

"Tc critical shear stress, pounds/square feet 

To particle shear stress, pounds/square feet 

-f water density, slugs/cubic feet 
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