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PREFACE 

The work in this report was performed under contract 
DOT-FH-11-9227, entitled "Scour at Culvert Outlets in Mixed Bed 
Materials" between the Federal Highway Administration and Colorado State 
University. This research contract developed a procedure for predicting 
and evaluating localized erosion at culvert outlets in cohesive and 
noncohesive materials. 
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Chapter I 

INTRODUCTION 

One of the major considerations in the design and construction of a 
roadway system is the conveyance of tributary drainage through the 
roadway embankment. As drainage waters are conveyed through the embank- 
ment, flow discharges from the culvert and impinges upon the material 
beneath the outlet. The impinging jet lifts the material particles and 
transports those particles downstream of the impact area. The jet 
impact area is transformed into an energy dissipator and a hole is 
created at the outlet. The eventual result of this scour and erosive 
process, if left unchecked, is the degradation of the roadway embank- 
ment, degradation of the area beneath and adjacent to the culvert outlet 
and aggradation of the channel, land areas, or properties downstream of 
the outlet. Because of these severe and often costly damages, the study 
of localized scour is an important step in the evaluation, control and 
management of roadway embankment erosion. 

The investigation of scour at culvert outlets has been on-going for 
several decades. Early studies beginning with Rouse (70) and Laursen 
(43) attempted to understand the general nature and principles of scour. 
Scour was observed to be a function of discharge, time and material 
characteristics. Later studies examined numerous scour parameters that 
affect the degree of degradation and included the tailwater conditions, 
gradation of the bed material, degree of armour plating and culvert 
shape and size. 

The most notable studies were those of Bohan (13), Fletcher and 
Grace (27) of the Waterways Experiment Station. They formulated a 
series of empirical equations which predicted the length, depth, width 
and volume of scour as a function of the discharge, culvert diameter and 
time. Bohan, Fletcher and Grace realized the significant effect the 
tailwater conditions had upon the ultimate scour hole dimensions. 
Therefore, their prediction equations were generalized to encompass a 
spectrum of tailwater conditions. Although several studies followed the 
Bohan, Fletcher and Grace investigations, their work has been adopted as 
the most comprehensive design criteria available in the area of scour 
hole dimension prediction. 

The ability to predict the magnitude and geometry of localized 
scour at culvert outlets is a useful evaluation tool in the control and 
management of erosion along roadway embankments. However, previously 
developed equations have been extremely conservative. Therefore, it is 
advantageous to investigate localized scour in noncohesive and cohesive 
materials at culvert outlets. 

Objectives 

The general scope of this study was to observe and analyze scour 
and erosion holes in noncohesive and cohesive material at culvert 
outlets and to formulate empirical design criteria for predicting scour 
hole geometry. However, in order to develop a comprehensive, effective 
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design procedure, it is necessary that the project scope be multi- 
objective in nature, Therefore, specific project objectives are as 
follows: 

Primary Objectives: 

l Determine the dimensions of natural scour holes at the 
outlet of highway culverts. 

l Provide design criteria for the prediction of natural scour 
hole dimensions. 

Secondary Objectives: 

l Perform a comprehensive survey of previous scour and 
erosion studies. 

l Establish a data base of scour parameters and soil 
characteristics applicable to scour in noncohesive and 
cohesive materials. 

l Identify soil characteristics which appear to indicate the 
scourability of noncohesive and cohesive material. 

l Develop an understanding of the laws of similitude relative 
to scour modeling. 

In order to meet these objectives, a series of model studies were 
conducted on the research campus of Colorado State University sponsored 
by the Department of Transportation, Federal Highway Administration 
under Contract No. DOT-FH-11-9227. 



Chapter II 

REVIEW OF LITERATURE 

In order to to predict, control, and manage scour at culvert 
outlets, it is necessary to understand the nature of the scour phenome- 
non. The following studies represent the foundation upon which the 
state-of-the-art of scour hole estimation is based. 

Studies of Noncohesive Materials 

A major advancement in the study of sediment movement and bed load 
transport is Shields' (77) analytical and experimental work. Shields 
assumed that force F exerted by the flow upon the sediment particle 
could be expressed in terms of the usual drag relationship 

V2 F = Cd A p 2 = $1 (A, y) p d2 V2 (1) 

in which Cd is the drag coefficient, A is projected area of the 
particle, p is mass density of the fluid, u is kinematic viscosity of 
the fluid, d is the size of the particle, h is a shape factor, and V 
is the characteristic velocity of the flow at elevation z above the 
bed. Elevation z is also assumed to be proportional to the size (d) 
of particle (z = ad). Using the equation of velocity distribution near 
a rou,gh boundary, 

v = a [5.75 log 61 + Q2 (F)] = a 0, (a, q, (2) 

in which t = yys is intensity of boundary shear, m = u;~ = &$ is 
shear velocity, is coefficient of proportionality, y is specific 
weight of fluid, S is slope of energy grade line, and y is depth of 
flow. Combining these relationships 

F = ,d2 41 (h, 01, du, 
u ) 

(3) 

Shields further assumed that the resistance, R, to motion of a particle 
should only depend upon bed form and the immersed weight of the 
particle: 

R = B (Y, - y)d3 (4) 

where @ is a dimensionless friction coefficient that represents the 
ratio of actual volume of the particle to d3 and y 

S 
is specific 
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weight of the bed materiel. Equating these forces and assuming a level 
bed of uniform particle size for the initial movement of the particle 
Shields found: 

y)d = $ (y) = t) ($ (5) 

where 6 is boundary layer thickness and tc is critical shear stress. 
The form of the function Q, was determined from experiments. Shields 
reasoned that shape factors should also influence motion, but no such 
influence was detected in the experiments. 

Some of the early efforts in attempting to understand the scour 
mechanism were made by Rouse (70) in the early 1940's. Rouse observed 
the change of scour hole geometry as a function of time using a vertical 
two-dimensional jet directed downward upon an erodible bed. Based upon 
his observations, Rouse concluded that scour was a function of discharge 
and time. Furthermore, he found that the depth of scour in a uniform, 
cohesionless material is dependent upon the size and velocity of the 
discharging jet and fall velocity of the sediment. Rouse laid the 
foundation for a series of studies which followed as a result of his 
findings. 

In 1952, Laursen (43) presented his observations on the nature of 
scour in both a general and localized sense. Laursen related the 
following premises as basic principles in the investigation of local 
scour: 

. The rate of scour will equal the difference between the 
capacity for transport out of the scoured area and the rate of 
supply of material to that area. 

. The rate of scour will decrease as the flow section is 
enlarged. 

. There will be a limiting extent to scour. 

. The scour limit will be approached asymptotically. 

It was noted that the rate of scour will decrease as the local 
velocities in the eroding area are reduced to where the surface forces 
are unable to overcome the resisting force of gravity. 

As interest increased in attempting to control scour, Doddiah (22) 
examined the effects of scour and verified a significant portion of 
Rouse's work. Then Doddiah extended his findings to incorporate the 
importance of the tailwater condition. He concluded that not only did 
the tailwater depth influence the amount of scour that occurred, but 
also there existed a critical tailwater depth in which any decrease in 
tailwater caused a decrease in scour depth. 
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Thomas (88) followed and studied the effect that drop height of the 
jet has on the scour depth. Thomas found that an increase in the jet 
discharge had a greater significance in the depth of scour than did an 
equal percentage increase in drop height of the jet or change in depth 
of the tailwater. 

Hallmark (33) verified some of the findings of his predecessors and 
then embarked on yet another important aspect of the scour phenomenon, 
that of armorplating. Hallmark's work was .conducted with gravel 
materials while previous studies were conducted with sand materials. 
His results lead to the following conclusions: 

. The rate of scour decreases with an increase in the amount of 
armorplate in the scour hole. 

. A relatively small amount of armorplating material will cause 
a relatively large decrease in the rate of scour. 

0 Graded armorplating material decreases the rate of scour more 
effectively than uniform material of the same median size. 

. The minimum size of the armorplate should be about the same as 
the maximum size of the bed material. 

. A uniform size of aggregate slightly larger than the largest 
particle size of the bed material reduced the rate of scour. 

Hallmark's work was perhaps the best concentrated effort toward 
understanding and controlling scour since Rouse. However, Hallmark was 
unable to directly relate the depth of scour to the material size. 

Smith (82,83 > expanded Rouse's work and found that although the 
depth of the scour hole was dependent upon the initial jet impingement, 
a final scour condition evolved independently of the initial state. 
Smith further concluded that the cavity width, eddy currents and slope 
of the cavity banks effect the rate of scour. Smith noted that for 
tailwater depths above the critical tailwater depth, a given increase in 
jet energy will produce a smaller increase in volume of scour than with 
a tailwater depth less than critical. 

Sometime after Smith, L. M. Laushey (44) performed a series of 
in-depth studies on the scour phenomenon and made a few observations 
which were confirmed in other studies. Laushey found that the maximum 
depth of the scour hole at equilibrium was a function of the cube root 
of the volume of the material scoured, ds = $ (3m). He further noted 

that the depth and volume scoured in short periods of time were large 
percentages of the ultimate scour hole dimensions. He also performed 
work relating the culvert tailwater depth to a critical erosion velocity 
which initiated scour. Laushey concluded that submergence of the outlet 
pipe by an amount less than one half of the pipe diameter did not change 
the incipient scour velocity. 
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White (95) suggested that when forces on a sand grain are in 
equilibrium and the grain is on the verge of moving (see Figure l), the 
horizontal force F on each exposed particle by the fluid is 

F = td'/Q (6) 

where r~ = nd2 is a packing coefficient, n is number of grains per 
unit area, 1 is mean shear applied to the bed, and d is diameter of 
particle. White also assumed that resistance force R to motion is the 
submerged weight of the particle. 

R=;(y 
S 

- u)d3 tan 8 

where y and y are the specific weight of particle and fluid 
respecti?ely. When the forces acting on the particle are in 
equilibrium, 

or 

tan 8 = td2h 

f (v, - v>d3 

T = r) ; (Y, - Y)d tan 8 

(7) 

(8) 

where 0 is the angle of repose. By his experiments White found that 
rounded sand grains subjected to a steady viscous drag (where 
- < 3.5) begin to move 

V 

t=O.l8(y - 
S 

He also stated that for 
particle due to viscous 

when, 

Y)d tan 8 (10) 

high speed flow where uAg > 3.5, drag on a 
stresses is negligible compared with form drag 

due to normal pressure differences. These forces on individual grains 
fluctuate irregularly. 

Td2 
rl 

CENTER OF GRAVITY 

$Ys - Y Id3 

Figure 1. Forces on an individual sand grain. 
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At about the same time, the T. R. Opie (61) study produced data 
which in part paralleled Laushey's results. Opie's study produced the 
following: 

f There exists a correlation between the length of scour, depth 
of scour, width of scour and volume of scour with the pipe 
diameter and discharge. 

. The depth of scour was reduced greatly by increasing the 
tailwater to approximately the level of the top of the pipe. 

. For depths of tailwater below the center of the pipe, TW < 
D/2, the effect of tailwater depth on the depth of scour was 
small. 

. A slightly different geometry of scour hole was observed for 
angular material compared with that of rounded material. 

Opie established a set of design relationships for computing the 
approximate scour hole parameters based upon the scour depth, material 
shape and the use of a transition at the culvert outlet. Experimental 
results were based on using rock and gravel materials with d5* ranging 
from 25 mm to 204 mm. His design equations are as follows: 

Rounded Angular 
L = 8.0 dsc L = 6.9 d SC SC SC 

Transition W = 11.5 dsc W SC SC = 11.5 dsc 

No Transition W = 6.8 d W = 6.0 d 

F- 

SC 
Transition 3 Vol = 3.2 dsc 3&i = 3.5Yc 

(11) 

No Transition "&i- = 2.6 dsc 3,/%i = 2.3 dsc 

The Opie equations define dsc as the depth of scour, Lsc as the 
length of scour, Wsc as the width of scour and Vol as the volume of 
scour. 

M. A. Stevens (86) followed Opie and analyzed scour in riprap at 
culvert outlets. Stevens worked with materials with mean diameters 
ranging from 0.049 ft (15 mm) to 0.613 ft (187 mm) and concluded that 
the minimum rock size needed to insure that scour would not occur was a 
mean riprap diameter of one third the pipe diameter. Perhaps one 
notable finding was that he related the importance of the mound which 
formed downstream of the scour hole, According to Stevens, if the scour 
mound is removed, the amount of scour caused by the impinging jet is 
significantly greater than if the scour mound is left in place. 

Bohan (13), at the Waterways Experiment Station, performed a series 
of scour studies where the flow from the culvert discharge freely onto a 
channel bed of noncohesive, sand material. The sand had a mean diameter 
of 0.22 mm and a standard deviation of 1.31. Bohan examined and 

7 



correlated the scour hole parameters in accordance with the tailwater 
conditions, the culvert diameter, the time of discharge and the Froude 

number (G g-o.5 fO.5)- 
equations:' 

Bohan developed the following scour design 

Minimum Tailwater (depth < Do/2) 

L sm = 4D to'15 (1 + 5 log Fo) 

w = 2D"toa2 
sm 0 

(1 + 7 log Fo) 

D sm = D toe1 (1.3 + 1.4 log Fo) 
0 

Vols = 10 Do 3 t0.4 F 0 2 

Maximum Tailwater (depth 2 Do/2) 

L sm = 3D toa1 (2 + 13 log Fo) 

W = 2Dot0.05 
sm (2 + 5 log Fo) 

D = D ;Osl 
sm 0 

(0.5 + 3 log Fo) 

Vols = 19D 3 toe3 F '-7 
0 0 

(13) 

where D is the 
0 

is the pipe diameter, F. is the Froude number, Lsm 
length of scour, Wsm is the width of scour, D sm is the depth of scour, 

Vol 
S 

is the volume of scour, v t is the 
0 

is the average velocity and 
duration of scour in minutes. After several tests, Bohan also found 
that the minimum grain diameter (ds) necessary to resist scour was: 

ds = 0.25 Do F Minimum Tailwater 
0 

(14) 

ds = Do (0.25 F - 0.15) Maximum Tailwater 
0 

(15) 

Bohan continued his work to establish a design criterion to minimize 
scour through implementation of a horizontal stone blanket. Through use 

of a Q/D5'2 parameter, the following general equation was developed to 
determine the blanket mean stone size, 

D 
d50/Do = 0.020 < (Q/D~ 5/2f/3 (16) 

where T w is the tailwater depth. 

A. R. Robinson (67) examined scour under cantilevered outlets in 
hopes of establishing a design criterion for scour hole prediction. His 
study centered on the scour on non-cohesive sands with mean grain 
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diameters of 0.71 mm to 5.66 mm with a standard deviation of 1.20. 
Robinson conducted his testing with discharges ranging from 5 to 30 
cubic feet per second for durations of up to four days. After extensive 
testing, Robinson concluded: 

. The rate of scour will decrease as the flow section is 
enlarged by erosion. 

. There exists a linear relation between the relative width of 
the scour cavity and the flow parameter Q/D2 - 5 for each 
material. 

. The rate of change of scour depth with flow rate decreases as 
the flow rate increases. 

Most of his results duplicated earlier findings. However, Robinson 
formulated three relationships for the volume of scour (d'), width of 
scour (W) and depth of scour (d), based upon the discharge velocity 
(Vo), shear velocity (V+), time (T) and pipe diameter (D). 

-l/2 
VOT 

d' 52.9 (>) + log - D -7 
Volume: D = A 

196 ($) 
-3/Z (17) 

-l/2 4/3 
8 52.9 + (4, 2. log VoT - D -7 Width: = 

V 
153 ($) 

-3/2 

Q 

(18) 

-l/2 
VOT 

4/5 
d 52.9 (>) + log __ D -7 

Depth: D = ‘l-V -3/Z (19) 
270 ($, 

;'; 

Fletcher and Grace (27) of the Waterways Experiment Station 
extended Bohan's study and compiled a guidance procedure for the 
estimation and control of scour. Their data analysis revealed that the 
maximum scour depth under a culvert outlet occurred at approximately 
0.4 L, where L is the length of the scour hole for all tailwater 
conditions. Furthermore, they concluded that the Q/Dze5 parameter was 
an extremely important factor and that the depth width, length and 
volume of the scour cavity could be expressed as a function of the same 
parameter. Based on these findings, Fletcher and Grace produced a 
series of design guidelines: 
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Tailwater < 0.5 D 

D sm 

- = '.*' CD'-5 D Q) 
0.375 t0.10 

W sm 

- = l-O0 (Dz'5 D Q5 
0.915 t0.15 

(20) 
L sm 

- = 2*40 (D2'5 D Q) 
0.71 t0.125 

v 
+ 

o’73 (D2.5 Q) 2 ,0.375 

Tailwater > 0.5 D - 

D sm 
D Q) 

- = o'74 (D2'5 
0.375 ,0.15 

W sm 

- = o-72 (D2'5 D 
Q ) O-9 15 tO. 15 

(21) 
L sm 

- = 4'1o (D2'5 D J-1 
0.71 ,0.125 

vs 
D Q) 
- = o'62 (D2'5 

2 ,0.325 

where D sm is the maximum depth of scour, V 
S 

the volume of scour, L sm 
the length of scour, W sm the width of scour, D the pipe diameter, Q 
the discharge and t the test duration in minutes. 

Ettema (24) attempted to examine the local clear water scour 
mechanism with relation to the bed material gradation as depicted by the 
grain standard deviation (0 = d-6) and uniformity coefficient (u.c. 
= d60/dlo>- His tests were performed on bed materials ranging from 0.55 
mm to 6.00 mm in mean grain size with sediment grading (D/d50 from 0.2 
to 1.6 and uniformity coefficients of 1.33 to 2.90. Ettema concluded 
that the maximum depth of clearwater scour is: 

. a function of the standard deviation of the grain size 
distribution such that as the standard deviation increased the 
depth of scour decreases. 
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. not dependent on the grain size when coarse sands and gravels 
have a uniform grain size (standard deviations approaching 
zero). 

Ettema noted the principal cause for the decrease in the final 
depth of scour is the formation of armoring in graded materials. He 
found that scour took a longer time to reach equilibrium in clear water 
than in sediment laden waters. 

Blaisdell et al. (12) presented an analytical method to compute the 
final depth of scour based on experimental observations made during the 
early stage of the scouring process. The method defines a relationship 
between the logarithm of the average velocity of scour and the logarithm 
of time, by using a limb of a vertically-oriented rectangular hyperbola 
with the origin of the hyperbola offset from the y-axis. The form of 
equation for the hyperbola is 

(y - yo)2 - x2 = A2 (22) 

in which A = the semitransverse axis, 

x = log Vpt/D 
P 

, 

y = log Zm/D 
P 

- log Vpt/Dp, 

VP = jet velocity, 

Dp = jet diameter at the point where the jet plunges into the 
tailwater, 

Zm = maximum depth of scour, 

t = time from the beginning of scour. 
A can be computed by assuming values for y 

0 
and using experimental 

values of x and y. The best value of A is that value for which the 
standard error of estimate is a minimum. 

Studies of Cohesive Materials 

Similar studies of scour in cohesive soils have not been conducted. 
Information pertaining to the prediction of the dimensions of natural 
scour cavities as well as subsequent aggradation and degradation in 
cohesive materials at culvert outlets are not available. Therefore, the 
following references cite research on cohesive materials which denote 
specific trends, indicators or conclusions that may relate to localized 
scour and erosion at culvert outlets. 

The erodibility of cohesive materials has been of major concern for 
many decades. The majority of erosion studies have concentrated in the 
areas of a) rill, sheet and gully erosion, b) general erosion of river 
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and streams and c) local erosion at bridge piers and spillways. 
However, the effects of localized scour at culvert outlets, particularly 
in cohesive materials, have thus far been neglected. 

The study of basic soil characteristics and how those 
characteristics influence soil erodibility can be traced to work 
performed in the early 1930s by H. E. Middleton (53). However, one of 
the first notable efforts in relating soil properties to erosion was 
that by T. C. Peele (64) in 1937. Peele compiled several studies of the 
era and proposed that the soil properties of percolation rate, 
suspension percentage and dispersion ratio appeared to be good 
indicators for relative soil erodibility. Although Peel's work was 
quite general, it seemingly opened the door to an endless series of 
investigations. 

Investigations by G. W. Musgrave (60) and H. W. Anderson (7) 
followed Peele's ground work and quantitatively investigated several 
soil characteristics. For example, Anderson portrayed the dispersion 
ratio, the ratio of the total weight of silt and clay sized aggregates 
to the total weight of silt and clay sized materials, as a significant 
erosion indicator such that a soil is classified erodible when the 
dispersion ratio (Dr) exceeds 10. 

In 1956, Sundborg (87) indicated that the shearing strength of a 
material is proportional to the cohesive resistive force of a soil 
acting in a direction opposite to the fluid force. From this conclusion 
resulted the relationship for critical shear stress of a cohesive 
material on a horizontal bed. 

- U) ds tan 6 + c3 sv (23) 

where S 
V 

is the shearing strength, cl and 52 are known constants 
and c3 is an unknown constant. 

I. S. Dunn (23) also attempted to relate the soil resistance to 
hydraulic shear stresses by determining a critical shear stress at which 
soil particles would lift away from a cohesive surface. To determine 
the critical shear stress (critical tractive shear), Dunn applied stress 
by a vertical jet impinging upon a submerged soil sample. Several 
experiments were performed using a variety of sandy clay and silty clay 
cohesive materials. 

Dunn presumed that the amount of fine material in a soil would be 
an indicator of the resistance to the tractive forces. Therefore, as 
fine particles are added to a soil, it is reasonable to expect that the 
cohesive properties will increase. Dunn further concluded that the 
plasticity index (Ip)' the numerical difference between the liquid 
limit and the plastic limit, is a useful indicator for predicting soil 
erodibility for soils of plasticity index of 5 to 16. Furthermore, the 
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grain size of a cohesive material may also be a good parameter for soil 
resistance to erosion. The culmination of this study was the formula- 
tion of the following equations: 

Xc 
= 0.20 f 

(Sv + 180) 

1000 tan (30 + 1.73 Ip) (24) 

and 

Xc 
= 0.02 f 

(3v + 180) 

1000 tan (0.06 Uf) (2.5) 

where the critical tractive shear is a function of the soil shear 
strength (Sv), the percent of clay particles (U,) less than 0.06 mm by 
weight and the plasticity index (Ip). 

Smerdon and Beasley (81) continued investigating the critical 
tractive force theory testing a variety of cohesive farm soils, 
primarily silty loam and clay in nature, in a tilting flume. They 
believed that the plasticity index, dispersion ratio, mean particle size 
and the percent of clay were the critical physical properties to 
identifying the erosibility of a cohesive material. However, they 
concluded that the critical shear force is best correlated to the 
plasticity index, dispersion ratio and percentage of clay. The 
resulting Smerdon and Beasley tractive force equations for computing the 
magnitude of the tractive force (t) for uniform flow is: 

T.= YDS (26) 

where t is the tractive force in pounds per square foot, D is the 
mean depth of flow and S is the channel gradient. An equation derived 
from the logarithmic velocity equation for computing the magnitude of 
the tractive force (t> for turbulent flow is: 

where p is the density of water, Y1 and V2 are point velocities at 
distances yl and y2 respectively from the boundary. 

A large number of notable studies occurred during the early 1960s 
which broadened the avenues for future investigations. For example, 
Martin (51) examined cohesive materials in a wetted state and determined 
that soil characteristics such as water content, salt content and ion 
exchange were indicators to clay strength. Abdel-Rahman (1) tested clay 
sediments and concluded that a possible chemical reaction occurs when 
water is introduced to a cohesive material. The resulting chemical 
reaction between the water and soil can sta'bilize the material from 
further erosion. 

While the critical tractive force theory was in the midst of 
development, Moore and Masch (58) performed experiments on the local 
scour of cohesive sediments. It was determined that the scour of a 
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cohesive sediment depends on the flow characteristics of the fluid 
causing scour as well as the resistance or cohesiveness of the material. 
Some of their resulting conclusions are: 

. The depth of scour is proportional to the logarithm of time. 

. Most natural sediments are inherently non-uniform and 
therefore do not scour in symmetrical patterns. 

. The relatively large discontinuities in the uniform scour rate 
was a result of large pieces of sediment breaking off and 
being carried away. 

. The mean depth of scour may be considered to be proportional 
to the cube root of the volume of scoured material. 

. The depth of scour is seen to be a function of the fluid 
property, jet geometry, jet velocity, time of the test and 
sediment characteristics. 

The Moore and Masch study is one of the first attempts relating the 
local scour of cohesive soils to both material and fluid character- 
istics. 

Flaxman (26) studied a group of stable channels in the Mestern 
United States. He noted that the unconfined compressive strength of 
saturated cohesive materials was a good indicator of how fast a soil 
erodes. Contrary to Anderson's work, Flaxman observed fluvial sediments 
with small or negligible plastic indexes that were quite stable. 
Flaxman concluded that the plasticity index alone was not a decisive 
erosion indicator. 

Grissinger, Asmussen and Espey (31) reviewed and discussed 
Flaxman's study extensively. Particular attention was given to the t&me 
period that cohesive materials were exposed to available free water. Et 
was noted that during an erosive event, cohesive materials absorb water 
thereby decreasing interparticle forces and increasing the rate of 
erosion during material hydration, However) if the soil samples were 
exposed to free water and then allowed to age before erosion began, the 
average rate of erosion decreased due to the stabilizing effect of 
adsorbed layers of water molecules on the clay surfaces. 

Partheniades (63) also conducted a series of tests in a flume with 
cohesive clay soils. Partheniades found that the minimum scouring shear 
stresses and rates of erosion are independent of the bed strength. 
Moreover, the scouring of clay particles was controlled by the hydraulic 
fluid forces and the material resistive forces (electro-chemical). 
Apparently, the shear strength is a function of the clay particle 
bonding strength and the degree of consolidation. 

Extending the critical tractive force theory one step, Lyle and 
Smerdon (50) tested a group of sandy loams, silty clays and clay 
materials in a hydraulic flume. Lyle and Smerdon correlated the 
plasticity index, dispersion ratio, mean particle size and percentage of 
clay to the critical tractive force. However, they found that 
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additional soil characteristics such as percent organic matter, vane 
shear strength, cation exchange capacity (CEC) and calcium-sodium ratio 
might also be erosive indicators of cohesive materials. Their study 
culminated with the formulation of three equations for computing the 
critical tractive shear force as follows: 

l % ‘= 

0.00771 + 0.0233 (1.2-e) + (0.00079 + 0.00035 (e-1.2)) Ip 

(28) 

l % 

= (0.0141 + 0.00075 (1.2-e))10°~0062(Pc) (29) 
and 

l 5 

= (0.0322 + 0.0086 (1.2-e))lOmnDr (30) 

where e is the void ratio, I is the plasticity index, Pc is the 
P 

percentage of clay., Dr is the dispersion ratio and n is 

(31) 

These eqmt$ons, indicating the relationships of tc and the soil 
properties, are to be applied according to the available data. 

Grissinger (Z) continued in his quest of relating basic soil 
characteristics to aoil erosive resistanoe. A s'eries of soil samples 
were molded and placed jin a horizontal flume. Water flowed over the 
sample pr.oducing a shear stress (erosive force) on the soil. Grissinger 
found that for a given cla,y ,sample, as the bulk density and antecedent 
water content increased, 'the stability of the material increased. He 
reasoned that as the Iwate+ content increas,es, the clay particles become 
oriented resulting in a more stable sample. However, as Grissinger 
tested a greater number sd clays, it was noted that an increase in 
density and water content :&es mot necessarily stabilize all clay 
indicators; the clay mineral orientation and the type of clay material. 

In 1970, Paaswell (62) reviewed and summarized many of the 
significant findings concerning the erosion of cohesive materials for 
the Highway Research Board. He collected and classified the soil 
characteristics as previously cited into three categories; physical, 
physiochemical and mechanical. His primary conclusion was that as the 
plasticity index increased, the erodibility of the soil decreased. 

Christensen and Das (18) studied the hydraulic erosion of cohesive 
soils by lining a sample tube with the cohesive material and allowing 
water to flow through the clay lined tube. They concluded: 

. The erosion rate of material was a function of the shear 
stress, temperature, density, soil moisture content, clay 
type, percentage clay and cation concentration. 

. Decreasing the surface roughness was as important as 
increasing the density for reducing erosion. 
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When the critical tractive shear stress was significantly 
exceeded, large clusters of soils were removed from the tube. 

Liou (46,47) and Sargunam, Riley and Arulanandan and Krone (71) 
concentrated their efforts in studying the physio-chemical factors in 
the erosion of cohesive soils. Sargunam et al. introduced the sodium 
adsorption ratio (SAR) as an erosion ind icator and found that as the SAR 
decreased, the cohesive properties of the material increased. Further- 
more, it was noted that calcium ions cause soils to have a higher 
critical shear stress than do sodium ions. 

Arulanandan, Loganathan and Krone (9) continued in the 
investigation of the physio-chemical influence in the erosion process of 
cohesive soils. It was found that clays with high concentrations of 
calcium or magnesium bond more -firmly than clays with high concentra- 
tions of sodium. The concentration of salts in the eroding water can 
have a significant effect on the critical shear stress for surface 
erosion. Arulanandan reinforced the use of the sodium adsorption ratio 
as a critical shear stress indicator. The gH was tested as an erosive 
indicator but was not seen as a significant erosive parameter, 

Sargent, Houskins and Beckwith (75) performed a series of pinhole 
tests on a cohesive embankment soil. The fluids used during testing had 
pH's of 7.0, 4.0, 2.0 and 1.0. The resul.ts revealed that the soil was 
nondispersive in all tests except for the liquid having a pH of 1.0. 
Therefore, the acidic nature of a fluid may accelerate erosion. 

In 1976, Kuti and Yen (41) reported their findings after performing 
a series of scour tests at the toe of a spillway using cohesive soils 
comprised of from 20 to 80 percent clay. Kuti and Yen concentrated a 
significant portion of the study relating the time and scour parameters 
as a function of the percent of clay material in the soil. They noted 
that soils with a high percentage of clay take a longer time to reach a 
state of equilibrium than soils with a low percentage of clay at the 
same void ratio. Furthermore, the change in void ratio only affects the 
time at which scouring reaches an equilibrium state. Therefore, the 
scour parameters remain constant for a given flow condition and cohesive 
material. When the percent of clay by weight decreases in a soil while 
the void ratio remains constant, the volume of soil scoured decreases. 
A significant conclusion was that for any finite flow condition, the 
extent of scour is limited. 

Jack (38) performed an analysis studying local scour at culvert 
outlets. Utilizing the work of Bohan, Jack developed a depth of scour 
estimation equation as a function of the depth of flow at the pipe 
outlet Ido) and of the Froude number (FO = Vo/q) when the tailwater 

exceeds one half of the culvert diameter. Jack's equation for 
estimating the depth of scour is: 

Ds = 0.75 do (440.51 - (F 
0 

- 5.66') - 2.93) (32) 
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Jack suggested that the equation was applicable to not only cohesionless 
sands, but to all the Soil Conservation Service Hydrologic Soil Groups 
as shown in Table 1. The estimated scour depth is determined by multi- 
plying the adjustment factor corresponding to the appropriate soil group 
by the depth of scour. Jack's equation is based on tests of two hours 
in duration. Jack concluded that culvert outlet scour problems are 
mostly associated with structures operating under inlet control condi- 
tions with outlet velocities of approximately nine feet per second or 
greater. 

Table 1. SCS Hydrologic Soil Groups 

SCS Hydrologic 
Soil Group Description 

Adjustment 
Factor 

A 
B 
C 
D 

Sand 1.00 
Silty Loam 0.70 
Firm Loam 0.60 
Stiff Loam 0.50 

The Louisiana Department of Highways (LDH) (49) published a scour 
prediction methodology based upon the Bohan and Jack studies. The LDH 
investigation indicated the following: 

. Culverts without headwalls are more vulnerable to scour than 
culverts with headwalls. 

. Scour at the outlet will be above 0.7 of the maximum depth of 
scour for tailwater elevations less than 0.5D. 

e There exists a critical velocity at which scour commences and 
the cavity requires protection for all soils as shown in 
Table 2. 

Table 2. Critical Scour Velocities 

Soil Type Critical Scour Velocity 
CfPS) 

A 1.5 
B 3.0 
c 3.5 
D 4.5 - 5.0 

Murray (59) studied the erodibility of a coarse sand-clayey silt in 
a small hydraulic flume. Murray identified two regimes of sediment 
transport, low and high, and expressed both regimes as a function of the 
bed shear stress. The values of parameters were empirically derived 
from the experimental tests. The following equation was determined: 
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t* = G (33) 

where p is the fluid density and p is the average fluid velocity. 
The low regime transport rate was determined to be proportional to the 
16 power of the bed shear stress while the high regime transport rate 
was proportional to the 2.5 power of the bed shear stress. The 
transport rate was also directly proportional to the percentage fines in 
the soil mixture. 

Ariathurai and Arulanandan (8) continued in the identification of 
the principal physical and chemical factors relating to the rate of 
erosion of saturated cohesive soils. They concentrated their efforts on 
the factors affecting critical shear stress to include type and 
percentage clay, chemical composition of pore and eroding fluids, 
temperature presence of organic matter and soil stress history. 
Ariathuria and Arulanandan performed tests on over 200 natural and 
made-up soil samples. Their conclusions can be summarized as follows: 

. Low SAR increases interparticle attraction and subsequent 
flocculation whereas high SAR causes particles to repel and 
remain dispersed. 

. The types and concentrations of ions in pore and eroding 
fluids have a pronounced effect on the erodibility of cohesive 
soils. 

. Increasing fluid temperature reduces interparticle attraction 
and enhances erosion rates. 

The prediction of localized scour at culvert outlets requires a thorough 
understanding of hydraulic and soil characteristics in conjunction with 
the erosive properties. As can be seen from the literature review, the 
literature abounds with studies that deal with erosive properties of 
soils but few studies attempted to formulate design criteria for expected 
scour at culvert outlets. Those studies that did formulate design 
criteria were made for non-cohesive material and designers, like Jack (38), 
were confronted with the need to extend the criteria to all materials. 
Additional studies are needed, therefore, to systematically extend design 
criteria to a full range of soil conditions encountered by designers. 
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Chapter III 

EXPERIMENTAL FACILITIES AND PROCEDURES 

Introduction 

The investigation of scour at culvert outlets in mixed-bed 
materials was conducted using six materials under a variety of condi- 
tions. Materials were tested in two facilities with culverts ranging 
from 4 inches (10.2 cm) to 18 inches (45.7 cm) in diameter. Test 
periods ranged from 316 minutes to 1000 minutes in duration with dis- 
charges of .11 cfs (.003 ems) to 29.3 cfs (0.83 ems). A summary of 
the experimental materials, models, discharges and test durations is 
presented in Table 3 and the remainder of this chapter. 

Experimental Facilities 

Two hydraulic flumes were utilized for conducting the scour 
investigation. The initial testing program was conducted in an outdoor, 
concrete flume. The scope of the study was expanded to incorporate a 
smaller, indoor flume. The indoor facility was a 1:5 Froude scale model 
of the outdoor flume. Characteristics of each facility are as follows. 

Description of the 4 Foot (1.2 Meter) Indoor Facility 

The indoor, recirculating flume was constructed of steel and 
plywood with dimensions, 4 ft. (1.2 m) in width,2 ft. (0.6 m) in depth, 
and 15 ft. (4.5 m)in length. The flume was divided into upper and lower 
reaches. The upper reach was 12 ft. (3.6 m)long and 4 ft. (1.2 m)width, 
with bed material placed throughout at a depth of 1.5 ft. (0.45 m). The 
lower reach was used as a sediment trap 2.5 ft. (0.75m) in length placed 
immediately downstream of the upper reach. An adjustable tailgate weir 
was at the downstream end of the trap to control the water surface 
elevation. 

A 4 inch (10.2 cm) steel pipe used to model the culvert was 
anchored at the upstream wall of the upper reach. The axis of the 
culvert coincided with the centerline of the flume and its invert was 
placed adjacent to the initial bed level. Water was recirculated by 
pumping from a sump at the downstream end of the flume after having 
flowed through the model. The water discharge was measured by inserting 
an orifice plate in the circulation system and determining the differen- 
tial head across an orifice with a vertical manometer. The manometer 
resolution was 0.01 ft. (0.305 cm). The discharge was controlled with a 
butterfly valve. 

The headwall was constructed of plywood and was placed 
perpendicular to the flume walls at the end of the cantilevered culvert 
as shown in Figure 2. The headwall formed the upstream boundary of 
the flume. 

To fill the tailwater basin and establish tailwater conditions, a 
3/4 inch (1.91 cm) flexible pipe was installed into the pipe network. 
The flexible pipe extended from the pump discharge to the tailwater 
basin outside of the flume bypassing the material basin. 
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Table 3. Summary of Test Program Parameters 

Material Model Pipe Discharge Times of Data T.$' 
Diameter Range Collection xD 

(ft> (cfs) (minutes) 

Uniform Sand 1.86 
Uniform Sand 1.86 
Uniform Sand 1.86 
Uniform Sand 1.86 
Uniform Sand 1.86 
Uniform Sand 1.86 
Uniform Sand 1.86 

Uniform Sand 1.86 

Uniform Sand 1.86 

Bohan 0.22 4' 
Graded Sand 2.0 4' 
Uniform Gravel 7.62 20' 
Uniform Gravel 7.62 20' 
Uniform Gravel 7.62 20' 
Graded Gravel 7.34 20' 
Cohesive 0.15 20' 
Cohesive 0.15 20' 
Cohesive 0.15 20' 

20' 
20' 
20' 
20' 
20' 
20' 

4' -w/o 
headwall 

4'-w 
headwall 

4' 

0.333 0.11-1.14 31,100,316 0.45 
0.85 1.15-7.65 31,100,316 0.00 
0.85 1.15-7.65 31,100,316 0.25 
0.85 1.89-9.45 31,100,316,1000 0.45 
1.13 3.85-19.26 31,100,316,1000 0.45 
1.46 7.31-29.23 31,100,316,1000 0.45 
0.333 0.16-0.91 31,100,316,1000 0.45 

0.333 0.16-0.91 31,100,316,1000 0.45 

4"x4" 
square 
0.333 
0.333 
0.35 
0.35 
0.35 
0.85 
0.85 
1.13 
1.33 

0.25-1.16 31,100,316 0.45 

0.11-0.18 14,20 0.45 
0.18-O-73 31,100,316 0.45 
1.91-7.65 31,100,316 0.0 
1.91-7.65 31,100,316 0.25 
1.91-7.65 31,100,316 0.45 
1.91-7.65 31,100,316 0.45 
1.91-7.65 31,100,316,1000 0.45 
3.81-15.23 31,100,316,1000 0.45 
7.28-29.13 31,100,316,1000 0.45 

+TW is tailwater elevation; numbers given are the water depth as a portion of the 
culvert diameter. 
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Figure 2. Schematic drawing of 4-foot indoor flume. 



A point gage was installed onto a cart which was mounted on rails 
on top of the flume walls. The gage resolution was -001 ft (O-03 cm) 
A grid system was establised to accurately locate the point gage within 
the flume. The grid system was comprised of markings .I ft (3 “05 cm) 
on center starting at the headwall in the longitudinal direction and 
markings .1 ft (3.05 cm) on center originating at the flume centerline 
in the traverse directions. 

Description of the 20 Foot (6.1 Meter)Outdoor Facility 

As outdoor, concrete flume was utilized with dimensions of 100 ft 
(3.05) in length, 20 ft (6.1 m) in width and 8 ft (2-4 m) in depth 
as shown in Figure 3. The flume was divided into two reaches, an upper 
reach and a lower reach, spanning 63 ft (19.2 m> and 37 ft (11.3 m) 
respectively. The upper reach of the flume was used as the bed material 
basin in which all scour tests were conducted. The lower reach was used 
as a tailwater control and material recovery basin. 

Smooth, circular steel pipes (culverts) were each cantilevered 
horizontally through the flume inlet headboards and extended 6 ft 
(1.83m)to 9 fr (2.74 m) downstream of the headwall. The culverts were 
4 inches (10.2 cm), 10 inches (25.4 cm) 14 inches (35.6 cm) and 
18 inches (45.7 cm) in diameter. Each culiert was centered between the 
flume sidewalls and was placed to maintain a minimum bed material thick- 
ness of 6 ft (1.83 m) measured from the pipe invert to the bottom of the 
flume. 

All tests were conducted with water pumped from a nearby water 
reservoir on the Colorado State University Research Campus. Water was 
pumped through a 24-inch (61 cm) pipeline using a 300 horsepower motor 
and pump to the outdoor facility. Discharges into the flume were 
controlled through a pipe network with a 12-inch (30.5 cm) butterfly 
valve and a 24-inch (61 cm) butterfly valve located approximately 30 ft 
(9.1 m) upstream of the flume headwall. Flow rates were established and 
monitored with orifices mounted in the 12-inch and 24-inch pipelines. 
Tailwater depths were controlled with stop logs at the flume outlet. 

To expedite the filling of the tailwater basin and to establish the 
required tailwater conditions, a 4-inch (10.2 cm) bypass pipeline and 
gate valve were installed into the 24-inch pipe between the 24-inch 
butterfly valve and the 16 7/8 inch (42.9 cm) orifice. A 4 inch 
(10.2 cm),, flexible pipe was then attached to the valve. The flexible 
pipe extended from the valve house to the tailwater basin along the 
outside of the flume bypassing the material basin. 

To facilitate data collection, a motorized carriage traversed the 
longitudinal axis of the flume on rails mounted on the top of the flume 
walls. The carriage was equipped with a small motorized cart which 
traversed the transverse axis of the flume. The carriage and cart 
enabled the collection of data at nearly any position in the upper reach 
of the flume. 
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A point gage was mounted to the motorized cart. 
resolutioa was O-02 ft (Q-3 cm> 

The gage 
A grid system was established to 

accurately locate the poiut gage within the flume. The grid system was 
comprised of markings 1.0 It (30.5 cm> on center starting at the head- 
wall in the longitudinal direction and markings of 0.5 feet (15,2 em) 
on center originating at the flume centerline in the transverse 
directions. 

Description of Bed Materials 

Five noncohesive materials and one cohesive soil were used as bed 
materials for this scour investigation. Soil properties of each bed 
ma-teriai were obtained and recorded in accordance with procedures 
outlined in the American Society for Tes%ing and Materials (ASTM> 
specifications. 

Noncohesive Materials. The five noncohesi.ve materials tested --__ - 
included uniform sand, uniform gravel, graded sand, graded gravel and a 
fine sand similar to that used in the Bohan study. The non-cohesive 
material soil properties are summarized in Table 4, The specific 
gravity (S.G.) of the non-cohesive material source was tested to be 
2.65. 

Table 4. Summary of Noncohesive Material Properties 

-. --- .-____ 
**Crit:Lcal **Critica! 

Unit Weight, Angle of Fall Shear stress, Shear Velocity, 
r 

($ *lJ 
Repose Velocity WC 

soil Type Ysoil (degrees) (CdS) (Zf, (fS/S) 
(psfj _I-- _-- - 

uniform Sand 0.22 1.26 -1B.9 34.8 2.7 .OOh .056 
(f he) 

i.h~iform Sand 1.86 1.33 93.6 34.8 27.1 .089 "214 
(medim) 

Graded Sand 2.00 4.38 105.9 31.8 27.3 .119 -24s 

Uniform 
Gravel 

Graded 
Gravel 

7.62 1.32 36.4 37.3 63.0 .4OY .459 

7.34 4.7J 117.9 37.3 64.0 .682 " 594 

Cohesive Ekd Material The cehesive material was derived from a ---.--__-- ..-- ____. 
residual, Colorat expansive clay mixed with a graded sand, The 



tan-green sandy clay mixture is classified as an SC soil type in 
accordance with the Unified Soil Classification System. An agricultural. 
anal.ysis further catagorized the material as a sandy loam comprised of 
58% sand, I??% clay and 15% silts and organic matter. The cohesive 
material properties are sumarized in Table 5. 

Table 5. Smmary of Cohesive Material Properties 

Characteristic Characteristic Value 

Soil Tyye 

Texture 
Atterberg Limits 

I3q.ui.d limit 
plastic Zimit 
plastic index 

Soil Composition 
organic matter 
sand 
silt 
CB;PY 

l?H 
Mean gram size 
Uniformity coefficient 
Fall velocity (dr6;) 
Cation exchange capacity 
Soil fabric 
Dispersivity of the coll.oid fraction 
Permeabil!.ty 

SC 
Sandy loam 

34 
19 
15 

a* 
PLl 

5% 

14% 

27% 
7.8 

0.15 mm 
300 

0.08 fps (2*4 cm/set) 

9.0 meg/lOO g 
Dispersed 

Non-dispersive 
6.4 x 10 -6 cm/set 

Placement of Bed Materials - 

Noncohesive Bed Materials. Each non-cohesive bed material was --.--_- II_-.-^ 
placed in the upper reach (material basin) of the flume in which each 
test was conducted. The material was roughly leveled to coincide with 
the culvert invert. The bed material was inundated and drained to 
-Lnducl~! settlement of the bed prior to the Initial experiment. Addi- 
tional ma-terial was then placed a:zd leveled until the bed surface was 
hor.izontal. to wi?hir - I ;b 0.12 ft (3 cmjof the culvert invert. 

Cohesive Bed .!!IateriaX. ------~-,------ The ,o!,acement of the cohesive material into 
the :IlxtdOGr .t.esting fa~xilit-~7 required a multi-rjtep process Lo insure 



material uniformity throughout the scour bed. The material was placed 
at a density of 90% + 2% of the maximum dry unit density. To meet this 
requirement, the following procedure was established: 

1) 

2) 

3) 

4) 

5) 

6) 

A b-inch (10.2 cm) gravel bed was placed and leveled in the 
bottom of the material basin to facilitate drainage. 

A portion of the cohesive material was placed into the upper 
basin so that when distributed, a 5-inch (12.7 cm> to b-inch 
(15.2 cm) layer of material covered the previous material 

layer. 

A six hundred pound, motor driven sheep's foot roller then 
rolled the bed from 4 to 6 times depending upon the antecedent 
soil moisture conditions. The vibratory and compactive action 
of the roller provided a means for densifying the material. 
The roller spikes were 6 inch (15.2 cm) long to allow 
penetration between adjacent material layers. The repetitive 
rolling action minimized the layering effect during testing 
due to the material placement procedure. 

After a material layer had been placed and rolled, a sand cone 
density test was performed. If density requirements were not 
met, the layer was again rolled and tested. 

A moisture content determination of the material was made. If 
the moisture content of the material was less than approxi- 
mately 11 percent, water was uniformly applied with a 
sprinkler until the soil water content reached approximately 
11 percent. 

Steps 2-5 were repeated until the bed grade reached the 
culvert invert elevation. The bed surface was then rolled 
with a 150 pound, smooth drum roller to compact, shape and 
level the bed surface to within + 0.10 ft (3cm)of the culvert 
invert. 

Test Procedure 

Once preparations were completed, the scour test was initiated by 
starting the pump, opening the bypass line and adjusting the tailwater 
control thereby allowing the tailwater basin to fill with water. When 
the tailwater basin filled to the level of the channel bed, water 
spilled onto the channel bed inundating the bed material. Water 
temperatures ranged from approximately 64 degrees to 85 degrees 
Fahrenheit depending upon the facility and source of water. The flume 
filled until the desired tailwater surface elevation was attained. 
Tailwater elevations ranged from the pipe invert to approximately 
0.45 times the culvert diameter. 

Upon establishment of the proper tailwater level, the bypass line 
was closed. Then, the valve controlling the flow to the culvert was 
opened and adjusted to provide the pre-determined discharge. 
Simultaneously, the tailwater control was adjusted to maintain the 
desired tailwater elevation. 
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Data Collection 

During each test, culvert flows were stopped at times summarized in 
Table 3 to facilitate intermediate data collection. The data collection 
procedure was as follows: 

1) The valve controlling the culvert was closed while the bypass 
line was opened in order to maintain the desired tailwater 
surface elevation. 

2) The carriage and cart were positioned at the culvert outlet 
and the pipe invert reading was taken to calibrate the point 
gage. 

3) The carriage was moved to the nearest grid mark downstream of 
the culvert outlet. The cart was traversed across the flume 
obtaining and recording data at desired intervals. The 
carriage was then advanced downstream and the procedure 
repeated. 

4) When the data collection was completed, the bypass line was 
closed and the culvert flow was resumed. 

At the conclusion of the test run, the scour cavity was dewatered. 
A series of photographs and written comments were recorded to document 
the scour hole and the surrounding bed. 
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Chapter IV 

Scour at the outlet of a culvert is a complex process which 
en&OlDpaSSeS the variable flow patterns of a discharging jet that 
iHlpiI.lgeS upcm a horizontal bed as well as the entrainment and transport 
of erodibie bed materials. Thus far, there has not been an analytical 
solution development which describes this scour mechanism. Y,owever, on 
the basis of the experimental investigation presented herein, a series 
of empirical relationships can be formulated to depict scour cavity 
characteristics. The development of these relationship's will be 
portrayed using a series of dimensionless parameters, 

Dimensional Analysis 

A fundamental dimensional analysis was performed using the 
R-Theorem. The variables used in the analysis are elements of the 
soils, fluid and models. The variables included in the analysis are 
given below and are described in Lhe List of Symbols in the Preface. 
For noncohesive soils 

f Cd s9 D9 Ls9 ws9 vs9 I-19 Y9 d5*9 59 A9 uf9 au9 xc9 Ukc9 Q, “j9 KS9 P9 

P,t ‘b’ P, t, Q, n, g, to9 TW, RHl = Q (34) 

and for cohesive soils 

f [ds, D> Ls> W S’ Vs, P, Y, fk g, P> Q, 9 RH' TW, 'E C’ 

to9 t, Qic9 ‘is9 n9 PSI = Q (35) 

A schematic diagram of the culvert outlet and scour cavity variables are 
shown in Figure 4. By systematically combining these variables a series 
of expressions containing force, length and time terms can be evaluated. 
The results of these variable manipulations is the generation of a com- 
prehensive set of dimensionless parameters. The parameters significant 
in the analysis of ssour cavity development are for the cohesionless 
soils 

y& 4 2 Tw d50 AyD q Q -___ 
'D'D' D39D' DjO, pv2 9 v@' g 

-i/ZD5/2 
9 $I= Q 

0 (361 

and for cohesive soil 

.--..-!L__ -_I -% F-1 = Q g l/2 ,5/29 pv2’ 53 
(331 
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The experimental program was designed to formulate a series of func- 
tional relationships between these parameters applicable to local scour 
in noncohesive and cohesive soils at culvert outlets. 

The investigations of Bohan (13), Fletcher and Grace (27), and 
Robinson (67) identified the variable QD -5/z as a significant param- 
eters in the prediction of various scour hole characteristics. However, 

the parameters QD-5'2 is not a dimensionless expression. A similar 
parameter which is dimensionless was derived by the n-Theorem and is the 
discharge intensity: 

Q 
D'1' = g1/2 D5/2 (38) 

The discharge intensity as utilized throughout this study is applicable 
to circular culverts. 

Tractive Force Theory 

One investigation that relates the cohesive soil characteristics 
with the shear stresses exerted by a moving fluid impacting upon a 
cohesive bed was developed in Dunn's Tractive Force Theory (23). Dunn 
experimented with a submerged jet impinging upon a cohesive soil sample 
and reasoned that a soil grain would scour when the force of the moving 
fluid (Fd) equaled or exceeded the soil resistive forces (F,). Dunn's 

analysis of an erodible cohesive soil defined the shear force of the 
fluid to be 

Fd=lA (39) 

where Fd is the force tending to cause erosion, I is the stress due 

to the viscous drag and turbulent form drag of a moving fluid and A is 
the projected surface area of the soil grain. 

The resisting force holding the soil grain in place is 

Fr = (0 tan oh + ch> A = sh A (40) 

where 'h is the unit strength resisting the hydraulic shear stresses, 
CT is the intergranular surface stress, $h is the hydraulic stress 
resisting friction angle and ch is the cohesive stress resistance. 

The cohesive stress resistance is defined as 

=h = sv f(P) + fl (P) (41) 
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where S 
V 

is the vane shear strength and f(P) and f1 (P) are 
functions of the plastic properties. Consolidating Eqs. (41) and (42) 
yields the expression 

F =tc r = oc tan Qh + Sv f(P) + f1 (P) (42) 

When the stress exerted by the moving fluid on the bed is equal to the 
soil resistive force, the critical tractive shear stress is attained and 
the soil particles become susceptible to suspension and transport. 

Dunn performed the testing phase of his experiment using a variety 
of cohesive soils with plasticity indexes (I,) ranging from 2.5 to 15.6. 
A series of relationships were found correlating the critical tractive 
shear to the vane shear strength and to the plasticity index. Dunn's 
expression for estimating the critical tractive shear stress for a 
cohesive soil is given by Eq. (24) which was later modified to 

% 
= 0.001 (Sv + 180) tan (30 + 1.73 Ip) (43) 

Dunn's equation is limited in its application to cohesive soils with 
sand content and plastic index of 5 to 16. 

Tailwater Conditions 

Investigations by Smith (81,82), Doddiah (22), Laushey (44), Opie 
(61), Bohan (13) and Fletcher and Grace (27) identified the tailwater 
elevations (TW) and subsequent tailwater conditions as an important 
parameter in the determination of the final scour cavity geometry. 
Based upon preliminary tests and the Bohan (13) tailwater categoriza- 
tion, the condition where the tailwater elevation was less than 0.5 D 
but above the culvert invert produced maximum scour hole dimensions. To 
facilitate experimental control, a target tailwater elevation of 

TW = 0.45 D + 0.05 D (44) 

above the invert was established. Tailwater elevations of zero D, 
0.25 D and 0.45 D were tested in the experimental program. 
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Chapter V 

WSULTS ANE DISCUSSION 

General Observations ----- 

Noncohesive Haterials __.- _-.-----.__- 

A series of seventy-five scour tests were conducted, observed and 
documented as water discharged from a culvert outlet onto a bed of 
noncohesive materials. Scocr holes were generally similar in geometric 
configuration and appearance. Scour holes were circular in shape at low 
discharges (D.I. < 1.0) and elongated to an oval shape as the discharge 
intensities excee&d one (D-I. > 1-S). 

Scour holes were created by a water jet impinging upon a horizontal 
bed of noncohesive material. The force of the impacting jet and sub- 
sequent turbulence lifted and entrained the material particles. Large 
diame'ter materials were transported as bed load along the bot%om of the 
scour hole and bed downstream of %he hole. Smaller materials were 
entrained by the flow and deposited around the rim af the hole, in the 
subsequent dune or mound downstream of the hole, or in the makerial 
settling basin. The mounds which formed were fan shaped for discharge 
intensities less than one @.I. < 1.0) and became rectangular as the 
discharge intensity reached one @.I. 2 l-O>, The surface of the mounds 
were flat paralleling the water surface. The mound height was generally 
observed to be approximately 0.6-0.8 of the tailwater depth. 

Cohesive haterial 

A series of twelve scour holes were observed and documented for 
the cohesive bed material. The scour holes were generally similar in 
geometric configuration and appearance to the holes illustrated in 
Figures 5 and 6. Scour holes were circular in shape at low discharges 
(E.I. ( 1.0). As the discharge increased (32.1. > l.O), the holes 
elongat?d to an oval shape as displayed in Figure 5. 

The force of the water jet impacting upon the bed weakened the 
cohesive bonds of the material and dislodged particles from the bed. 
The material was then lifted and entrained into the turbulent flow. 
Large diame%er materials (sands and clods) were transported as bed load 
along %he bottom of the scour cavity and deposited immedia%ely down- 
stream of the jet. impact area. A mound subsequently formed downstream 
of the cavity. The smaller material (clay and silt particles) was 
en%rained by the flow and trapped in void spaces along the mound or 
transported to the facility settling basin. Each mound was generally 
flat, less than 0.25 D in height and fan shaped downstream of the 
caci ty . The mound was comprised of primarily large diameter sands and 
clods with fine material filling the void spaces. 

Considerable deposition of sands and clods was observed around the 
hole rim at the conclusion of each experiment. This armouring effect 
consistently occurred at the downstream face and along the rim of all 
the scour holes. It was observed that limited armouring occurred within 
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Figure 5. Scour cavity, lo-3/4 inch culvert. 

Figure 6. Scour cavity, IO-3/4 inch culvert. 
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the scour hole. Armouring materials could not be supported along the 
cavity walls due to steep side slopes and vertical sidewalls, In some 
cases, cantilevering occurred. 

Quantitative Results 

Upon completion of the scour tests, an analysis was conducted to 
correlate the depth, width, length and volume of scour to materials, 
culvert and discharge. The scour hole characteristics of depth, width, 
length and volume are expressed by the dimensionless parameter of 

dsm/D, WsmD, Lsm/D and Vsm/D3 respectively. Also, the relationships 
presented herein are based upon the maximum scour hole characteristic 
dimensions. Test durations were in accordance with times presented in 
Table 3-1. 

Graphical representations were compiled correlating the depth, 
width, length and volume dimensionless parameters to the Discharge 
Intensity as presented in Figure 7 through Figure 11 for uniform sand 
(dso = 1.86, 0 = 1.33), graded sand (dso = 2.0, CT = 4.38), uniform 
gravel (dso = 7.62, o = 1.32) graded gravel (d50 = 7.34, (T = 4.78), and 
the cohesive sandy clay respectively. A power regression line was fit 
through each logarithmic plot yielding a series of expressions of the 
general form 

y=axb (44) 

where y is the dependent variable of dsm/D, Wsm/D, Lsm/D or Vsm/D3; 
a is a constant; and b is the slope of the linearized plot. A 
summary of equation coefficients is expressed in Table 6. From these 
expressions, it was evident that the maximum scour hole characteristics 
of depth, width, length and volume can be correlated to the culvert 
diameter (D) and culvert discharge (Q) - Replacing the independent 
variable of Equation 44 with the Discharge Intensity yield the 
expressions: 

d 'sm Lsm V sm sm - - - 
D'D'D Or -7= a 

Q b 
[g1/2 D5/21 (45) 

The Discharge Intensity relationships yield a conservative estimate of 
scour hole dimensions for partially filled culverts (D.I. < 1.0). 

Three verification tests were conducted using a fine grained, 
uniform sand (dso = 0.22 mm, c = 1.27) which was similar to the material 
Bohan (13) tested at the Corps of Engineers Waterways Experiment 
Station. These tests were conducted to verify Bohan's results and were 
performed with Discharge Intensities of 0.3, 0.4 and 0.5 for a duration 
of 20 minutes. 

The Bohan relationships depicting the hole dimensionless parameters 
versus the Froude Number is presented in Figure 12 and Figure 13. The 
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Figure 7. Scour vs. Discharge Intensity, Uniform Sand, d 
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1.86 mm, CT = 1 -33 to=1000 min. 
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Figure 8. Scour vs. Discharge Intmsity Graded sand, d5-, = 2,OO mm, CT = t 7 316 minx 0 
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Figure 9. Scour vs. Discharge Intensity Uniform gravel, d5C) = 7.62 nlm, CT = 1.32, to = 316 min, 
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Figure 11. Scour vs. Discharge Intensity Cohesive material, to= 1000 min. 
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Table 6. Summary of Ecpations, Coefficients~~ for Estimating Maxinwm 
Hole Characteristics 

1 

Pkterial 
d5O 

(Yl Qx> 

(ml> 0 
Dependent Independent 
Variable Variable a b 

____. ___-. 
Q g-#.5 D-2.5 --- 

Qs 
-0.5 D-2.5 

Qs 
-0.5 f2.5 

Qs 
-0.5 D-2.5 

(18 -0.5 D-2.5 

Qs 
-0.5 D-2.5 

Qs 
-0.5 D-2.5 

Qg 
-0.5 f2.5 

Qg 
-0.5 D-2.5 

Qg 
-0.5 D-2'5 

Qg 
-0.5 D-2.5 

Qg 
-0.5 D-2.5 

Qg 
-0.5 D-2.5 

QS 
-0.5 D-2.5 

Qg 
-0.5 $-2.5 

Qg 
-0-5 f2.5 

Qg 
-0.5 $-2.5 

Qs 
-0.5 D-2.5 

QS -0.5 D-2.5 

Qs 
-0.5 D-2*5 

2.07 0.45 

9-O? 0.57 

20.87 0.51 

166.91 1.41 

1.24 0.32 

7.47 0.76 

12.77 0.41 

35.81 2.09 

1.80 0.45 

9.13 0.62 

14.22 0.95 

66.58 1.36 

1.50 0.50 

8.67 0.89 

12.83 0.42 

41.89 2.28 

2.18 0.57 

110.32 1.42 

8.91 0.35 

17.57 0.43 

Uniform sand 1.86 1.33 

Duration = 1000 min 

Graded sand 2.00 4.38 

Duration = 316 min 

Uniform gravel 7.62 1.32 

Duration = 314 miu 

Graded gravel 7.34 4.78 

Duration = 316 min 

Cohesive 
Material 0.15 

Duration = 1000 min 

dSiJa 

Wsm/D 

WB 

'sm/D 

dsm'D 

'srnid 

'smJD 

'sm'D 

dsm'D 

'sm'D 

'sm/D 

'sm'D 

dSdD 

'sm/D 

=SdD 

'sm'D 

dsm'D 
Vm/D3 

'sm'D 

Lem/D 3 
b 

---- 
ik Y = a x 
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Figure 12. Bohan’s equations for depth, length and width versus 
collected data (to = 20 min, 

d50 
= 0.22 mm, CJ = 1.26). 
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CSU test results are plotted on or near the Bohan findings. It is 
observed that the CSU data coincides with the Bohan findings for the 
width and length. There is a substantial difference between the CSU and 
Bohan depth and volume comparisons. However, the differences between 
the CSU and Bohan results can be explained in that the Bohan equation 
did not take into account partially full culverts. In most cases, the 
Bohan relationships give larger quantities and are more conservative 
than the CSU results. 

For the cohesive soil, a series of empirical relationships were 
also formulated correlating the maximum dimensionless scour character- 
istics of dsm/D, Wsm/D, Lsm/D and Vsm/D 3 to the inverted shear number. 
The inverted shear number is: 

(46) 

A graphic representation of these relationships are depicted in 
Figure 14. 

Power regression equations were used to mathematically describe the 
linear plots in Figure 14 in the form presented in Equation 45. From 
these relationships, the maximum scour hole characteristic depth, width, 
length and volume can be correlated to the culvert diameter (D), culvert 
outlet fluid velocity (q), fluid density (p), saturated 
stress (Sv) and soil platicity index (Ip). Replacing the 
variable of Equation 45 with the inverted shear number 
equations: 

d W L V -2 b sm sm sm -- 
D , F,-jj- or a [pv -g= 'cl 

soil shear 
independent 
yields the 

results of this analysis are summarized in Table 7 below. 

Table 7. Summary of Equation Coefficients;? for Estimating Maximum 
Hole Characteristics for 1000 min Tests in a Sandy-clay 
Material 

(47) 

(Y) (xl 
Dependent Independent a b 

Variable Variable 

dsm'D [pvZ Tc-ll 0.87 0.18 

vsm/D3 [pG2 rc-ll 3.48 0.17 

Wsm'D [pG2 rc-ll 2.85 0.33 

Lsm'D [pG2 xc-11 0.63 0.93 

*General Equation: y=axb 
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Time Relationships -___- 

Scour hole measurements were taken at 31, 100 and 316 minutes for 
all of the noncohesive materials while a portion of the uniform sand and 
all of the cohesive soil tests extended to 1000 minutes in duration. 
The observed scour bole characteristics were evaluated for each time 
interval. Characteristic values were normalized with reference to the 
final or maximum values obtained after the appropriate test durations. 
The normalized scour hole characteristics are presented in Table 8. 

It was observed that after 31 minutes of testing, a minimum of 
80,O percent of the maximnm scour depth was attained from a 316 minute 
scour test independent of the type of material tested. Furthermore, the 
31 minute values for scour hole width, length and volume averaged 83, 80 
and 61 percent of the 316 minute values respectively. The 31 minute 
rate of scour of the cohesive material was close to tbe average 
31 minute rate of scour of the other material. 

A comparison of the 316 minute scour bole dimensions with the 
1000 minute scour hole dimensions indicates that although the duration 
of scour extended 684 times (216 percent) longer, the scour hole 
dimensions increased on an average by 14 percent in depth, 7 percent in 
width, 16 percent in length and 46 percent in volume. It appears that 
the scour mechanism approaches a state of equilibrium. 

A logarithmic plot of the normalized scour hole characteristic 
versus time (t/to), where t is any time less than or equal to the 
duration of scour and to is equal to the duration of scour, is 
presented in Figure 15 through Figure 19. Utilizing the power relation- 
ship depicted in Equation 44, a series of regressions curves were fit to 
the data where time is the independent variable. Table 9 summarizes 
these equation coefficients. 

Scour Relationships 

Utilizing the dimensionless parameters and characteristic 
relationships thus far developed, it is possible to formulate a series 
of equations which estimate scour hole dimensions at any finite time 
between 31. minutes and the tes,t duration of 316 to 1000 minutes. 
Combining Equation 44 with the time expression yields an equation which 
relates a desired hole characteristic to its maximum value as a function 
of time. The resulting equation is 

Y = a (x)b:‘; ($)c (481 

where a is a coefficient; b is the slope of the desired character- 
istic curve; c is the slope of the desired time relationship; x is 
the independent variable of Q g -0.5 f-2.5 or p V2(Tc)-1; and y is the 
dependent variable of ds/D, Ws/D, Is/D or Vs/D3. Furthermore, since 
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Table 8. Normalized Scour Hole Characteristics for 316 Minutes and 
1000 Minutes 

Material 
d50 
mm 

Time in Minutes 
CI Parameter 31 100 316 1000 

Uniform sand 1.86 1.33 

tO 
= 316 min 

Graded Sand 2.00 4.38 

tO 
= 316 min 

Uniform gravel 7.62 1.32 

tO 
= 316 min 

Graded gravel 7.34 4.78 

tO 
= 316 min 

Uniform sand 1.86 1.33 

tO 
= 1000 min 

Cohesive Soil 
Sandy Clay 

tO 
= 1000 min 

0.15 

ds/d sm 

ws/w sm 

LSD sm 

vs/v sm 

ds/d sm 

wp sm 

LSD sm 

Vs'Vsm 

ds/d sm 

WJW sm 

LJL sm 

's"sm 

ds'dsm 

wp sm 

LSD sm 

vp sm 

ds/d sm 

WJW sm 

LSD sm 

Vs/V sm 

ds/d sm 

wp sm 

LSD sm 

vp sm 

0.81 0.81 1.00 

0.87 0.93 1.00 

0.67 0.82 1.00 

0.45 0.67 1.00 

0.83 0.90 1.00 

0.85 0.90 1.00 

0.91 0.96 1.00 

0.65 0.81 1.00 

0.88 0.93 1.00 

0.83 0.91 1.00 

0.76 0.88 1.00 

0.63 0.80 1.00 

0.92 0.96 1.00 

0.80 0.90 1.00 

0.86 0.94 1.00 

0.70 0.83 1.00 

0.73 0.81 0.90 1.00 

0.81 0.87 0.93 1.00 

0.57 0.70 0.85 1.00 

0.29 0.43 0.64 1.00 

0.69 0.79 0.86 1.00 

0.77 0.90 0.95 1.00 

0.71 0.82 0.88 1.00 

0.45 0.58 0.73 1.00 
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Figure 1.5. Uniform sand, normalized scour hole characteristics 
versus normalized time. 
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Figure 16. Graded sand p normalized scour ha1.c characteri.stics 
versm normalized time. 



Fi.gure 1’7” Uniform gravel) normalized scour hole characteristics 
versus normalized ti.me. 
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Figure 18. Graded gravel, normalized scour hole characteristics 
versus normalized time. 

50 



l Wdsm 

O wwsm 

a Ls’Lsm 

q %/Vsrn 

IO-’ 
t/1000 

Figure 19. Cohesive material, normalized hole characteristics 
versus normalized time. 
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Table 9. Summary of Equation Coefficients+; for Time versus 
Characteristic Lengths 

Material 
d50 

(Yj b) 
Dependent Independent 

bd cl- Variable Variable a b 

Uniform sand 1.86 

to = 1000 min 

Graded sand 2.00 

to = 316 min 

kiform gravel 7.62 

tQ = 314 min 

Graded gravel 7.34 

tO 
= 316 min 

Cohesive Sandy 
Clay 

tO 
= 1000 min 

1.33 dsld sm 

ws/w sm 

LsiLsm 

VslY sm 
4.38 ds/d sm 

ws/w sm 

LJL sm 

vp sm 
1.32 ds/d sm 

WJW sm 

LJL sm 

VpJ sm 
4.78 Q'd sm 

wp sm 

Ls/s sm 

vs/v sm 

ds/d 
Sill 

wp sm 

Es/L 
SKII 

vp sm 

t/to 
tjt, 
t/to 
t/to 
t/to 
t/to 
tit, 
t/to 

t/t0 
t/to 
t/to 
t/to 
t/to 
t/to 
t/to 
t/to 
t/t 

0 

t/to 

t/to 

t/to 

1.00 0.09 

1.00 0.06 

1.03 0.17 

0.95 0.34 

0.98 0*07 

0.97 0.04 

1.00 0.04 

1.01 0.19 

0.99 0.04 

1.00 0.08 

1.01 0.12 

0.99 0.19 

0.99 0.03 

1.01 0.10 

1.02 0.07 

1.01 0.17 

0.99 0.10 

1.02 0.07 

0.99 0.09 

0.99 0.23 

Equation y = a xb 
t ( 1000 minutes, to = 1000 minutes or 316 minutes as Lndicated - 

-- 
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some of the tests were run for a 316 minute duration and others were run 
for 1000 minutes, the coefficient "a" can be multiplied by the appro- 
priate time normalization percentages from Table 3 so that all of the 
materials will have the same divisor for the time parameter. Table 10 
presents a summary of the coefficients and exponents for each material 
and scour hole parameter. The exponents b and c are the same as the 
component regression analyses for each independent variable. The coef- 

r1 If fients a are the product of the coefficients from the component 
regression analyses for each independent variable times the normal- 
ization percentages d 

'316 
/d 

slooo' 
W L /L and 

'316 
/W 

slooo' '316 slooo 
v 

'316 
IV for the runs that extended to 1000 minutes. 

slooo 
A compilation of maximum scour hole depths versus discharge 

intensity for four uniform materials and two graded materials is shown 
in Figure 20. 

Tailwater Effects 

A series of tests were run to further investigate the effects of TW 
depth on the scour hole dimensions. Previous tests by Bohan (13) and 
Fletcher and Grace of the U.S. Army Corps of Engineers demonstrated that 
maximum scour occurred when the TW was below the culvert center line. 
Current tests for TW of zero, 0.25 D and 0.45 D were run to determine 
where below the culvert centerline the TW tended to maximize scour. 

The tests were run for a uniform sand and a uniform gravel as 
presented in Figure 21 through Figure 24 respectively. The results were 
not conclusive for the gravel. For the sand bed depicted, little 
difference in scour between zero tailwater and 0.25 D tailwater is 
observed. As the tailwater was raised from 0.25 D to 0.45 D, the depth 
and width of scour were lower while the length and volume of 
scour were larger. Overall, the 0.25 D tailwater, scour hole dimensions 
were no more than 10 percent greater than basic tests with the 0.45 D 
tailwater. Therefore, little difference was observed in the maximum 
scour hole dimensions as the tailwater varied from zero to 0.45 D for 
Discharge Intensities of 1.5 and greater. 

Effects of Similitude 

Throughout the investigation, two facilities were used to conduct 
the scour tests in the uniform sand bed material. To insure that the 
two facilities would generate compatible results, data from the 20-foot 
outdoor facility was compared with the data from the 4-foot model which 
was a 1:5 Froude scale model of the outdoor facility. Plotting the 
dimensionless scour hole parameters of dsm/D, Lsm/D and Vsm/D versus 
the Discharge Intensity yielded Figure 25. 

Observation of the dimensionless comparisons indicate that the laws 
of similitude relative to noncohesive materials were maintained and that 
data was complemented from the two sources. As illustrated in 
Figure 25, data from both facilities were randomly scattered with few 
extraneous points. 
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Table 10. Summary of Equation;: Coefficients and Exponents in Terms 
of a Constant 316 Minute Duration 

d50 
(Y) (xl 

Dependent Independent 
Material mm 0 Variable Variable a b C 

Uniform sand 1.86 1.33 ds/D Qg-"'5D2'5 1.86 0.45 0.09 

Ws/D Qg-"'5D2*5 8.44 0.57 0.06 
LJD Qg-"'5D2-5 18.28 0.51 0.17 

Vs/D3 Qg-"*5D2.5 101.48 1.41 0.34 

Graded Sand 2.00 4.38 ds/D Qg-0*5D2'5 

Ws/D Qg-"*5D2'5 
LJD Qs-O'~D~.~ 

VsJD3 Qg-"'5D2'5 

Uniform gravel 7.62 1.32 ds/D Qg-0.5D2'5 

WJD Qg-O*5D2'5 
LJD Qg-".5D2.5 

Vs/D3 Qg-O'5D2'5 

Graded Gravel 7.34 4.78 ds/D Qg-"-5D2*5 

WJD Qg-"-5D2'5 
Ls/D Qg-"'5D2-5 

Vs/D3 Qg-"'5D2-5 

1.22 0.82 0.07 

7.25 0.76 0.06 
12.77 0.41 0.04 

36.17 2.09 0.19 

1.78 0.45 0.04 

9.13 0.62 0.08 
14.36 0.95 0.12 

65.91 1.86 0.19 

1.49 0.50 0.03 

8.76 0.89 0.10 
13.09 0.62 0.07 

42.31 2.28 0.17 

Cohesive Sandy 0.15 dJD Q g-OS5 D-2a5 1.86 0.57 0.10 
Clay 

WJD Q g-Oe5 D-2-5 8.63 0.35 0.07 
Ls/D Q g-Oe5 D-2*5 15.30 0.43 0.09 

Vs,D3 Q g-o*5 D-2.5 79.73 1.42 0.23 

Cohesive Sandy 0.15 ds/D3 P v2 'cc -1 
Clay 

WJD p v2 -c -"l 
Tc c-l LJD P v2 

Vs/D3 p v2 It-l 

+rModified Equation y = a (x)~ + (t/316 min)c 
where t ( 1000 minutes and t > 31 minutes. - 

0.86 0.18 0.10 

3.55 0.17 0.07 
2.82 0.33 0.09 

0.62 0.93 0.23 
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UNIFORM FINE SAND, D,, - 0.22mm UNIFORM FINE SAND, D,, - 0.22mm 
(FROM BOHAN (13)) (FROM BOHAN (13)) 

COHESIVE SANDY 
CLAY, D,,-0.15 mm 

- UNiFORiM SANDS, - UNiFORiM SANDS, 
B,,-1.86 & 762mm - D,,-1.86 & 762mm . GR ADED SAND, 

GRADED SAND, 
* III,,-2mm UNIFORM GRAVEL) 

NOTES: ( I 

(2 

) CURVES HAVE BEEN ADJUSTED TO A 
COMMON TIME BASE OF 316 min. 

) USEBTHE TIME FUNCTION FOR THE 76mm 
MATL TO ADJUST THE 56mm CURVE. 

Figure 20. Cohesive and cohesionless material, d /D versus B.I. 
curves adjusted to a common time base 'of 316 minutes. 
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Figure 21. Uniform sand, 
and length. 

tailwater comparison of scour hole depth 
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Figure 22. Uniform sand, tailwater comparison of scour hole 
width and volume. 
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Figure 23. Uniform gravel, tailwater comparison of scour h0le 

depth and length. 
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Figure 24. Uniform gravel, tailwater comparison of scour hole 
width and volume. 
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Figure 25. Similitude comparison of scour hole depth, length and volume 
in uniform sand. 
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Gradation Effects 

An analysis was performed comparing noncohesive materials of 
similar nominal mean grain diameters (d 50 ) but different material grada- 
tion to maximum scour hole dimensions for similar testing conditions. 
The gradation is expressed in terms of the material standard deviation 
(a) where 

o=m (49) 
The uniform sand (a = 1.32) and graded sand ((5 = 4.38), both having 

nominal mean grain diameters of 2.0 mm, were compared in Figure 26. 
Similarly, the uniform gravel (CT = 1.33) and graded gravel (a = 4.78), 
both having nominal mean grain diameters of 8.0 mm, were compared in 
Figure 27. It is evident that as the material uniformity increased, the 
maximum dimensions of the scour hole increased. Furthermore, the 
smaller the mean grain diameter of the material, the more significant 
the gradation effects. It is also evident that the graded materials 
tend to armour the scour hole reducing ultimate scour hole dimensions 
from those of more uniform materials. 

The convergence of the scour curves for graded and uniform 
materials of the same mean diameter is limited by the resistance to 
motion by the soil particles and the dissipation of the erosive forces 
in the scour hole. At lower discharge intensities the larger fractions 
of a graded material resist motion and stabilize the scour hole with an 
effective size material that is much larger than the mean. At higher 
discharge intensities the dissipation of erosive forces in the scour 
hole becomes the dominant factor. 

Graded materials were observed to have steeper slopes than those 
derived for uniform materials of similar mean grain diameters. There- 
fore, at low discharge intensities, the graded material is more desir- 
able to maximize energy dissipation and minimize the volume of material 
eroded. However, at high discharge intensities, materials of similar 
mean grain diameters scour in a similar manner independent of the 
material gradation. 

Effects of Culvert Shape 

A series of test runs were performed investigating how the shape of 
a culvert influenced the scour hole dimensions of depth, length and 
volume. Only circular and square culverts were considered in this 
analysis. 

Culverts were sized such that the diameter of the circular culvert 
was equivalent to the length of one side of the square culvert. Since 
the cross-sectional areas of the two culverts were not identical, it was 
necessary to compare the results based upon parameters other than the 
Discharge Intensity and culvert diameter. The Froude relationship was 
selected for analysis where the Froude number is defined as 
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Figure 26. Effects of gradation for sand materials having similar mean 
grain diameter. 
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Figure 27. Effects of gradation for gravel materials having similar 
mean grain diameter. 
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v F=---- 
hi3 

(50) 

where g is the acceleration of gravity, L is the culvert 
characteristic length and t is the average fluid velocity mea.sured at 
the culvert outlet. The hydraulic radius $1 was selected as a 
common denominator characteristic length and is defined as 

where A is the cross-sectional area of flow and WP is the wetted 
perimeter. 

A series of analyses were performed using an equivalent depth 
parameter (Ye). The equivalent depth is a characteristic length 
applicable to any shape culvert and is expressed a.s 

Y e = (A/2)1'2 (52) 

where A is the cross-sectional area of flow. 

A comparison of the Froude number with the dimensionless scour hole 
parameters of dsm/RR, Lsm/RR and Vsm/RR3 is presented in Figure 28. 
It is observed that the dimensions of scour are greater for circular 
shaped culverts than for square shaped culverts of similar character- 
istic lengths. The relationships illustrated are based on tests where 
Froude numbers varied from 2 to 6.5. 

A comparison of the equivalent depth with the dimensionless scour 

Role parameters of dsm’y e' 'srn" and e Vsm/Y 3 e is presented in 
Figure 29. It is again observed that the dimensions of scour are 
greater for circular shaped culverts than for square shaped culverts of 
similar characteristic lengths. 

An analysis was performed evaluating which parameter, Froude number 
or equivalent depth, more closely predicted scour hole dimensions when 
culverts were flowing full. It is observed that the slopes of the 
equivalent depth curves are flatter than the curves using the hydraulic 
radius in the Froude number parameter. The slope differences between 
the parameters can be attributed to the spreading of data at discharge 
intensities of less than 1.0 in the equivalent depth parameter analysis. 
The resulting equations in the equivalent depth analysis yields a con- 
servative estimate of scour hole dimensions at low discharge intensities 
(D.I. < 1.0) and tends to under estimate scour hole dimensions at higher 
discharge intensities (D.I. 2 1.5). 
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Figure 28. Froude number comparison of circular and square shaped 
culverts in uniform sand. 
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Figure 29. Equivalent depth comparison of circular and square shaped 
culverts in uniform sand. 



It was observed that as the flow discharged from the square outlet, 
the jet dispersed and impacted over a wider area than the more concen- 
trated jet from the circular culvert. Therefore, it is anticipated that 
rectangular culverts having width greater than height, the estimated 
depth of scour will be less than that predicted by circular and square 
shaped culverts at identical Froude numbers. In this case, the height 
dimension is used as the characteristic length. 

These test results indicate that circular shaped culverts yield 
more conservative scour hole dimensions than do square shaped culverts 
of similar characteristic lengths. The Froude number analysis using the 
hydraulic radius and the equivalent depth analysis adequately predict 
scour hole dimensions at all Discharge Intensities. 

Headwall Effects and Scour Profiles 

A series of tests were performed placing a headwall adjacent to the 
culvert outlet in the uniform sand material. The scour hole dimensions 
were compared to tests performed under similar conditions without the 
headwall. The test results of both headwall and no headwall conditions 
are depicted in Figure 30. 

Examination of the results indicates that little difference exists 
in the scour hole dimensions between the headwall and no headwall 
conditions. 

Dimensionless profiles of the scour hole centerline are presented 
in Figure 31 and Figure 32 for headwall and no headwall conditions 
respectively. Superimposing Figure 31 and Figure 32 indicates that the 
scour hole depth and length are approximately the same with or without a 
headwall. The maximum depth of scour was observed to occur at a point 
between approximately 0.3 Lsm and 0.43 Lsm downstream of the culvert 
outlet where L sm is the maximum length of scour. Furthermore, erosion 

directly under the culvert outlet was observed to be 0.4 dsm where 
d sm is the maximum scour depth for the no headwall condition. 

It is observed in Figure 31 that if a headwall is installed at the 
culvert outlet, scour can extend downward adjacent to the headwall to a 
depth equal to the maximum depth of scour. Therefore, the headwall 
should extend below the maximum expected depth of scour to prevent 
headwall from being undermined. 

Dimensionless scour hole profiles for the gravel and cohesive sandy 
clay are presented in Figures 33 and 34 for the no headwall condition. 
The maximum depth of scour occurs at a distance ranging from 0.30 L 

Sill 

to 0.45 Lsm downstream from the culvert outlet where Lsm is the 
maximum length of scour. Little scour occurs directly under the culvert 
outlet, but the scour cavity sidewall slope is considerably steeper on 
the culvert side than it is on the opposite side where the water jet 
impacts. 
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Scour Influence 

It was found that the scour mechanism influences areas downstream 
of the scour hole through the deposition of scoured materials. The 
length of scour influence is defined as the length of scour hole (Lsm) 
plus the length of mound deposition (Lmm). The width of influence is 
the width of mound deposition. In order to identify the magnitude of 
material deposition of scour influence 61) 9 a series of tests were 
performed in uniform sand which documented the extent of mound movement. 
Figure 35 presents the relationship found between the Discharge 
Intensity and the maximum length and maximum width of scour influence 
expressed in culvert diameters. 

An analysis indicates that the length of the mound is approximately 
the same length as the maximum length of scour hole for a culvert flow- 
ing full. The length of scour influence is twice the length of the 
scour hole measured downstream of the culvert outlet. It was observed 
that the width of scour influence ranges from two to three times the 
scour hole width for Discharge Intensities of 1.0 to 3.0. The scour 
influence relationships apply to culverts flowing full. 
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Chapter VI 

.CONCLWIONS 

Erosion at culvert outlets caused by disrupted flow is a :ma,+or 
engineering problem in highway design. Severe erosion in the Vscinity 
of culverts often results in the instability and failure of the embank- 
ment adjacent to the outlet. A method is needed to control .an2l manage 
the scour phenomenon and thus prevent these damages. Selection of .a 
control method requires an estimate of the extent of scour downstr%eam of 
culvert outlets. Therefore, scour at culvert outlets in noncohesive and 
cohesive materials was investigated. 

Scour holes produced by different discharges in varying materials 
were observed and contoured. Experimental results were analyzed and 
empirical equations and graphs were developed for estimating the maximum 
depth, length, width, volume and influence of scour. 

Analysis of the experimental results led to the following 
conclusions: 

Noncohesive Materials 

1. Approximately 80% of the maximum depth, width and length of 
scour is attained in the initial 31 minutes of scour. 

2. The depth, width, length and volume of scour were directly 
correlated to the Discharge Intensity. As the Discharge 
Intensity increased, the ultimate dimensions of scour 
increased. 

3. The maximum scour depth was located approximately between 0.3 
and 0.4 of the maximum scour length. 

4. The headwall foundation should be placed below the predicted 
maximum scour depth. The headwall prevented undermining of 
the culvert barrel and protected the embankment. 

5. The rate and magnitude of scour are the same for headwall and 
no headwall conditions. 

6. It was observed that a circular culvert yields larger scour 
hole dimensions than a square shaped culvert when the circular 
culvert diameter is equivalent to the side of the square 
shaped culvert. 

7. For materials having similar nominal mean grain sizes (dSO) 
but different standard deviations ((T), it was observed that as 
u increased, the maximum scour hole dimensions decreased. 
The larger particles in the graded material appear to armor 
the scour hole. 
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8. 

9. 

10 

11 

12 

. 

The rate of increase of scour depth with time was approxi- 
mately the same for uniform and graded soils materials having 
similar nominal mean grain diameters. 

Mounds were formed downstream of the scour hole as a result of 
deposition of scoured materials. Mounds were generally fan 
shaped, flat and were approximately 0.6 TW to 0.8 TW in height 
where TW is the tailwater depth. 

The area influenced by the scour process was directly related 
to the Discharge Intensity. It was found that the length of 
impacted area was approximately twice the length of scour hole 
while the width of impacted area was approximately 2-3 times 
the width of scour hole for culverts flowing full. 

It was observed that when Discharge Intensities exceeded 1.0, 
undermining of the culvert became significant for culverts 
cantilevered. 

Scour hole dimensions for tests conducted at tailwater depths 
of 0.0 D and 0.25 D were about 10 percent greater than those 
observed at a tailwater depth of 0.45 D. Differences of this 
magnitude were not considered to be significant. 

13. All scour holes were observed to be similar in geometric 
configuration and appearance independent of the material or 
culvert diameter. 

14. Scour hole relationships can be predicted based on relation- 
ships using the Discharge Intensity, Froude number or 
equivalent depth. 

15. The Discharge Intensity relationships yield a conservative 
estimate of scour hole dimensions for partially filled 
culverts (D.I. < 1.0). 

Cohesive Material 

1. The results indicated that the soil parameters of saturated 
shear strength and plasticity indices, fluid parameters of 
density and velocity and time could be correlated to predict 
the depth, width, length and volume of a scour hole in an SC 
cohesive material. 

2. The scour hole dimensions were directly related to the 
Discharge Intensity for an SC cohesive soil. The Discharge 
Intensity relationships yield a conservative estimate of scour 
hole dimensions for partially filled culverts (D.I. < 1.0). 

3. All scour holes were observed to be similar in geometric 
configuration and appearance independent of culvert diameter 
and discharge. 
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4. It was observed that 70% of the maximum depth, length and 
width of scour occurs during the initial 31 minutes of dis- 
charge. 

5. The location of the maximum depth of scour occurs at approxi- 
mately 0.35 times the maximum length of scour measured down- 
stream of the culvert outlet. 

6. The mounds which formed downstream of the scour hole were 
generally flat and less than 0.25 D in height. 
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Appendix I. Summary of Data 

Soil Model (ft) (sq-ft) (fps) (min) D.I. (cfs) (ft) (ft> (ft) (cu-ft) 

Part Full 
A v Time of 

Dia. Flow Scour Q 
D 

S ws Ls % 

Uniform Sand 4’ w/o .33 .038 4.16 
Headwall .33 .054 4.41 

d50=1 .86 .33 .075 4.22 

IT = 1.33 TW/D=.45 

.33 .038 4.16 

.33 .054 4.41 

.33 .075 4.22 

14 0.44 0.16 0.39 2.40 0.67 
0.65 0.24 0.42 2.65 0.85 
0.87 0.32 0.32 3.00 1.21 
1.09 0.40 0.47 2.80 1.25 
1.50 0.55 0.51 3.70 1.92 
2.00 0.73 0.56 4.30 3.39 
2.50 0.91 0.66 5.30 6.25 

14 1 0.44 
0.65 
0.87 
1.09 
1.50 
2.00 
2.50 

.33 .038 4.16 1000 0.44 0.16 0.50 2.73 4.9 2.41 

.33 .054 4.41 0.65 0.24 0.58 2.74 5.7 3.16 

.33 .075 4.22 0.87 0.32 0.70 2.90 5.6 4.54 
1.09 0.40 0.79 3.62 6.5 7.33 
1.50 0.55 0.93 4.66 7.6 17.75 
2.00 0.73 0.87 4.61 8.6 17.65 
2.50 0.91 0.89 5.27 10.9 22.45 

0.16 0.42 4.50 1.93 
0.24 0.46 5.00 1.80 
0.32 0.59 4.20 2.31 
0.40 0.63 4.00 3.13 
0.55 0.73 5.20 5.01 
0.73 0.76 6.30 8.20 
0.91 0.84 7.20 12.15 



Summary of Data (continued) 

Soil 

Part Full 
A v Time of 

Dia. Flaw Scour d 

Model Ft. (sq-ft) (fps) (min) D.I. (CL) (fE) 
ws L % 

(ft) (cu-ft) 

Uniform Sand 4’ w/ .33 
Headwall .33 

d50=1.86 . 33 

(5 = 1.33 TW/D=. 45 

.33 .038 4.16 

.33 .054 4.41 

.33 .075 4.22 

.33 .038 4.16 

.33 -054 4.41 
.33 .075 4.22 

.038 4.16 

.054 4.41 

.075 4.22 

14 0.44 0.16 0.37 2.40 0.59 
0.65 0.24 0.37 2.70 0.59 
0.87 0.32 0.44 3.00 1.18 
1.09 0.40 0.44 3.10 1.12 
1.50 0.55 0.50 3.65 2.05 
2.00 0.73 0.52 4.50 3.88 
2.50 0.91 0.62 5.50 5.71 

141 0.44 0.16 0.43 4.30 1.35 
0.65 0.24 0.53 3.70 1.50 
0.87 0.32 0.56 4.70 2.47 
1.09 0.40 0.54 4.50 2.50 
1.50 0.55 0.68 5.10 4.40 
2.00 0.73 0.78 6.30 8.53 
2.50 0.91 0.80 7.30 12.35 

1000 0.44 0.16 0.47 2.75 5.0 2.31 
0.65 0.24 0.61 3.50 5.4 3.18 
0.87 0.32 0.68 3.25 5.9 4.68 
1.09 0.40 0.71 3.45 6.2 5.29 
1.50 0.55 0.78 3.90 6.9 8.50 
2.00 0.73 0.92 4.00 8.5 16.68 
2.50 0.91 0.88 4.00 10.3 21.61 



Summary of Data (continued) 

Soil Model 

Part Full 
A v Time of 

Dia. Flow Scour Q ds W 

(ft> (sq-ft) (fps) (min) D.I. (cfs) (ft) (fS) 
Ls % 

(ft> (cu-ft) 

Uniform Sand 4’ 

d50=1.86 

CT= 1.33 

4”X4” 
Square 
pipe .33 .080 3.15 

.33 .091 3.77 
TW/D=.45 

.33 .080 3.15 
cc \D .33 .091 3.77 

.33 .080 3.15 

.33 ,091 3.77 

14 2.48 0.45 0.41 3.7 3.6 0.70 
3.82 0.69 0.46 3.7 4.3 1.68 
5.11 0.93 0.59 3.7 5.8 3.34 
6.37 1.16 0.67 3.7 6.3 5.92 
1.76 0.25 0,48 2.0 2.6 0.85 
2.06 0.35 0.41 3.7 3.6 0.70 

141 2.48 0.45 0.53 3.7 4.0 2.16 
3.82 0.69 0.66 3.7 6.1 4.42 
5.11 0.93 0.75 3.7 7.3 7.68 
6.37 1.16 0.82 3.7 7.7 10.99 
1.76 0.25 0.59 2.7 3.0 1.31 
2.06 0.35 0.51 3.7 4.0 1.80 

316 2.48 0.45 0.65 3.7 4.5 3.53 
3.82 0.69 0.69 3.7 7.2 5.66 
5.11 0.93 0.80 3.7 8.7 9.32 
6.37 1.16 0.88 3.7 10.2 12.05 
1.76 0.25 0.59 3.7 3.2 1.69 
2.06 0.35 0.54 3.7 4.1 2.28 



Summary of Data (continued) 

Soil Model 

Part Full 
A v Time of 

Dia. Flow Scour D.I. Q ds 
W 

% 
v 

(ft) (STft) UP4 (min) (cfs) (ft) (ft) (cuSft) 

Uniform Sand 20’ .33 
.33 

TW/D=.45 
d50=1 .86 

0 = 1.33 

.33 

.33 

.33 

.33 

.030 3.67 14 0.3 0.11 0.22 1.20 2.40 0.17 

.044 4.09 0.5 0.18 0.16 1.04 3.20 0.15 
1.0 0.36 0.61 2.46 3.76 1.86 
1.5 0.55 1.09 4.08 8.00 10.456 
2.0 0.73 0.82 3.37 7.50 6.25 
2.5 0.91 0.76 2.80 9.00 4.961 
3.13 1.14 0.96 8.89 13.69 20.53 

.030 3.67 141 0.3 0.11 0.28 l&43 3.70 0.49 
.044 4.09 0.5 0.18 0.55 2.14 3.30 1.19 

1.0 0.36 0.79 3.57 4.37 3.00 
1.5 0.55 1.03 3.09 5.87 4.026 
2.0 0.73 1.15 4.08 10.83 10.37 
2.5 0.91 1.08 6.10 15.00 24.247 
3.13 1.14 1.09 8.34 14.06 27.94 

.030 3.67 316 0.3 0.11 0.36 1.60 3.90 0.63 

.044 4.09 0.5 0.18 0.56 2.58 3.10 1.16 
1.0 0.36 0.88 3.96 3.90 5.90 
1.5 0.55 1.11 5.04 8.50 12.30 
2.0 0.73 1.13 6.56 11.20 15.20 
2.5 0.91 1.01 6.50 16.00 28.60 
3.13 1.14 1.12 9.14 15.00 29.10 



Summary of Data (continued) 

Soil Model 

Part Full 
A v Time of 

Dia. Flow Scour 
(2s) 

ds W L % 
(ft) (sq-fd (fpd (min) D.I. (ft) (cu-ft) 

Uniform Sand 20’ .85 0.15 7.67 
d50=1.86 .85 0.29 6.58 

CT = 1.33 TW,‘D=O 

.85 0.15 7.67 
-85 0.29 6.58 

.85 0.15 7.67 

.85 0.29 6.58 

31 0.3 1.15 .96 4.28 5.50 8.28 
0.5 1.91 1.50 7.10 8.06 24.26 
1.5 5.74 1.75 12.50 13.56 100.35 
2.0 7.65 1.86 15.00 16.68 131.41 

100 0.3 1.15 1.10 6.00 6.68 11.46 
0.5 1.91 1.58 8.63 9.68 78.58 
1.5 5.74 1.93 12.50 15.68 156.10 
2.0 7.65 2.18 20.00 19.15 178,97 

316 0.3 1.15 1.10 5.13 7.43 14.18 
0.5 1.91 1.49 9.40 10.32 45.39 
1.5 5.74 2.19 10.59 18.48 161.94 
2.0 7.65 2.55 11.53 22.77 259.09 



Summary of Data (continued) 

Soil 

Part Full 
A v Time of 

Dia. Flow Scour d 
(CL) (fS) 

ws L v 
Model Ft. (sq-ft) (fps) (min) D.I. (ft> US) (CIA) 

Uniform Sand 20’ .85 0.15 7.47 31 0.3 1.15 1.28 5.47 6.43 13.66 
d 50=1.86 TW/D=.25 .85 0.29 6.58 0.5 1.91 1.49 7.35 7.28 27.12 

1.5 5.74 1.93 14.64 14.46 137.35 
CT = 1.33 2.0 7.65 2.25 17.56 19.15 197.95 

.85 0.15 7.67 100 0.3 1.15 1.35 7.27 6.65 20.18 
.85 0.29 6.58 0.5 1.91 1.64 9.79 10.16 34.57 

1.5 5.74 2.22 14.64 17.19 177.19 
2.0 7.65 2.44 23.42 21.87 285.99 

.85 0.15 7.67 316 0.3 1.15 1.10 5.13 7.43 14.1% 
0.5 1.91 1.49 9.40 10.32 45.39 

Lo 1.5 5.74 2.19 10.59 18.48 161.94 
rv 2.0 7.65 2.55 11.53 22.77 259.09 



Summary of Data (continued) 

Fart Full 
A v Time of 

Dia. Flow Scour d ws Ls vs 
Soil Model (ft) (sq-ft) (fps) (min) D.I. (CL) (fL) (ft) (ft) (cu-ft) 

Uniform Sand 20’ .85 .29 6.58 31 0.5 1.89 0.85 2.30 8.0 - 
1.0 3.78 1.17 4.00 8.0 - 

d 50=1.86 TW/D=.45 1.0 3.78 1.17 4.47 9.0 - 
1.5 5.67 1.44 4.93 9.5 - 

CT = 1.33 2.0 7.56 1.68 5.93 13.5 - 
2.5 9.45 1.96 8.29 17.0 - 

.85 .29 6.58 100 0.5 1.89 0.98 3.00 9.0 - 
1.0 3.78 1.12 - 8.5 - 
1.0 3.78 1.15 4.00 7.5 - 
1.5 5.67 1.73 6.33 11.5 - 

’ 2.0 7.56 1.95 6.00 15.0 - 
W 2.5 9.45 2.05 8.00 18.0 - 
w 

.85 .29 6.58 1000 0.5 1.89 1.40 4.9 19.0 112.28 
1.0 3.78 1.50 6.3 19.0 - 
1.0 3.78 1.41 5.5 18.0 104.67 
1.5 5.67 1.91 7.2 24.0 226.15 
2.0 7.56 2.15 9.8 28.0 256.25 
2.5 9.45 2.41 11.6 33.0 550.04 



Summary of Data (continued) 

Soil Model 

Part Full 
A v Time of 

Dia. Flow Scour 
(CL) 

ds ws L vs 
(ft) (sq-ft) (fps) (min) D.I. (ft> (ft) (cu-ft) 

Uniform Sand 20’ 1.13 .50 7.62 31 0.5 

d50 =1.86 TW/D= .45 1.0 
1.5 

CJ = 1.33 2.0 
2.5 

1.13 .50 7.62 100 0.5 3.85 
1.0 7.70 
1.5 11.55 
2.0 15.40 
2.5 19.26 

1.13 -50 7.62 1000 0.5 3.85 1.89 
1.0 7.70 2.08 
1.5 11.55 2.66 
2.0 15.40 3.38 
2.5 19.26 3.51 

3.85 1.14 3.13 12.5 
7.70 1.61 5.20 9.5 

11.55 1.98 7.40 14.5 
15.40 2.23 8.90 17.5 
19.26 2.65 11.25 22.0 

1.85 

2.10 
2.20 
3.25 

5.13 

7.53 
9.14 

13.50 

13.5 
10.5 
16.5 
19.0 
22.5 

22.0 239.75 
22.0 172.61 
27.0 343.29 
31.0 635.52 
35.0 721.11 



Summary of Data (continued) 

Soil Model 

Part Full 
A v Time of 

Flow Scour 
d 

(CL) (f$ 

W 
Dia. Ls % 
Ft. (sq-ft) (fps) (min) D.I. (ft) (cu-ft) 

Uniform Sand 20’ 1.46 .83 8.77 31 0.5 

d50 
=1.86 TW/D=. 45 1.0 

1.5 
0 = 1.33 2.0 

2.0 

1.46 .83 8.77 100 0.5 7.31 1.62 5.40 11.5 
1.0 14.62 1.67 8.00 14.0 
1.5 21.91 2.80 12.33 20.0 
2.0 29.23 3.30 12.00 23.0 
2.0 29.23 3.22 12.86 23.5 

1.46 .83 8.77 1000 0.5 7.31 1.81 6.99 22.5 141.91 
1.0 14.62 2.80 11.61 24.0 256.65 
1.5 21.91 3.91 12.29 32.0 716.88 
2.0 29.23 4.07 12.91 38.0 958.88 

7.31 1.41 5.07 13.5 
14.62 1.98 7.07 13.0 
21.91 2.40 9.80 18.0 
29.23 2.55 12.00 22.0 
29.23 3.00 13.00 22.0 
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Summary of Data [continued) 

Soil Model 

J&t F)lJ~ 
A V’ Time of 

Dia. Flow Scour 
(ft) (sq-ft) (fps) (min) D.I. 

-__ -~ 

ds w v 

(ft) (A 
Ls 

(ft) (cuf ft) 

Graded Sand 4’ .33 * Q44 4.09 14 0.5 .18 .177 -924 2.6 .131 
d50 =2.00 TW/D=. 45 .33 a 030 3.67 0.3 .ll -177 .691 2.7 .057 

1.0 .36 .348 2.16 3.1 .703 
(T= 4.38 .33 L 035 4.17 0.4 .15 .113 .874 2.7 -085 

1.5 .55 .486 3.7:‘; 4.0 1.736 
2.0 .73 .649 3.7;‘1 5.4 4.049 

.33 .044 4.09 141 0.5 .18 -228 1.237 3.5 .244 
.33 .030 3.67 0.3 .ll .123 ‘863 2.7 .080 

1.0 .36 .378 2.86 3.2 .933 
‘33 L 035 4.17 0.4 .15 .165 1.742 3.8 -236 

1.5 .55 .535 3.7” 2.802 
\o 2.0 .73 .718 3.7’; 2:: 5.797 -4 

.33 .044 4.09 316 0.4 .18 .23 1.41 3.5 .30 

.33 .030 3.67 0.3 .ll -15 .97 2.7 .lO 
1.0 .36 .38 2.97 3.6 .93 

.33 .035 4.17 0.4 15 
1.5 :55 

.19 2.27 3.8 .26 
-58 3.70 5.3 3.36 

2.0 .73 .82 3.70 6.4 6.44 
*Exceeded Facility Boundaries 



Summary of Data (continued) 

Soil Model 

Part Full 
A v Time of 

Dia. Flow Scour 
d 

(CL) (fS) 
ws L v 

(ft) (sq-ft) (fps) (min) D.I. (ft> (cu-St) 

Uniform Gravel 20’ .85 ,29 4.58 31 0.5 1.91 0.75 4.00 5.01 4.70 
d50=7.62 TW/D=. 25 1.5 5.74 1.62 10.60 12.81 57.77 

2.0 7.65 2.03 12.50 15.48 93.90 
CT = 1.32 

,85 .29 6.58 100 0.5 1.91 0.79 4.00 6.97 6.32 
1.5 5.74 1.73 11.38 13.98 67.86 
2.0 7.65 2.12 12.50 13.60 121.65 

.85 .29 6.58 0.5 1.91 0.79 4.61 7.28 7.09 
1.5 5.74 1.85 12.21 15.68 81.88 
2.0 7.65 2.17 12.39 19.68 155.09 

\o 
W 



Summary of Data (continued) 

Soil 

Part Pull 
A v Tim@ 6f 

Dia. Flow $c@ug L ws vs 
Model (ft) (Eq"f&] (fpsj f&g D.1; (f&:3 (f S) (Ewft) 

Uniform Gravel 20' %8% .29 6.58 d50 =7.62 31 0.5 1:91 0.71 3.51 7.39 8.86 TW/D=. 45 I:6 3A3 1.35 7.29 20.97 8.53 

(7= 1.32 
1-5 5.74 1.55 7.80 15.29 48.42 
2.0 7.69 1.93 11.05 17.24 88.84 

.!35 .20 6.58 100 0.5 1.91 1.00 4.05 7.19 9.25 
1:O 3.83 1.35 7.70 8.03 27.03 
1.5 5.74 1.66 8.83 16.87 60.46 
2.0 7.65 2.05 11.31 20.17 118.90 

iQ5 ii29 6,3$ 3i6 0.5 1.91 1.15 5.04 9.09 12.25 
1.0 3.83 1.49 7.94 10.35 36.41 
1.5 5.74 1.84 9.79 19.58 86.13 
2.0 7.65 2.15 12.11 23.64 164.28 



Summary of Data (continued) 

Soil 

Part Full 
A V Time of 

Dia. Flow Scour w L vs 
Model Ft. (sq-ft) (fps) (min) D. I. (fS) $1 (cu-ft) 

Uniform Gravel 20’ .85 0.29 6.58 31 0.5 
d50=7.62 TW/D=O 1.5 

0= 1.32 2.0 

.P5 0.29 6.58 100 0.5 
1.5 
2.0 

.85 0.29 6.58 316 0.5 1.91 1.05 5.55 5.34 9.78 
1.5 5.74 1.89 11.02 14.41 84.33 
2.0 7.65 2.27 12.64 19.53 166.98 

1.91 1.05 4.58 5.48 8.14 
5.74 1.54 11.01 11.68 51.23 
7.65 1.99 12.50 15.68 101.73 

1.91 1.06 5.37 5.35 9.62 
5.74 1.75 12.50 12.68 71.41 
7.65 2.16 12.50 17.51 130.19 



Summary of Data (continued) 

Soil 

Part Full 
A v Time of 

Dia. Flow Scour d 

(& (fS) 
ws 

L 
% 

Model Ft. (sq-ft) (fps) (min) D.I. (ft> (fs) (cu-ft) 

Grad. Gravel 20’ .85 .29 6.58 31 0.5 1.91 0.67 2.50 9.07 3.07 
d50=7.34 TW/D=.45 1.0 3.83 1.08 6.50 7.25 14.82 

1.5 5.74 1.50 8.89 11.93 46.42 
cr = 4.78 2.0 7.65 1.65 11.25 15.29 86.32 

.85 .29 6.58 100 0.5 1.91 0.82 3.31 8.46 4.26 
1.0 3.83 1.17 7.28 7.44 19.65 
1.5 5.74 1.44 11.60 14.32 54.83 
2.0 7.65 1.77 10.73 16.84 105.77 

.85 .29 6.58 316 0.5 1.91 0.91 3.82 9.30 
1.0 3.83 1.24 7.61 8.31 

c-r 1.5 5.74 1.54 12.21 14.9 
0 w 2.0 7.65 1.87 12.21 18.57 

5.84 
22.11 
65.02 

139.78 



Summary of Data (continued) 

Soil Model 

Part Full 
A V Time of 

Dia. Flow Scour d 

(CL) (fs-) 
ws Ls vs 

Ft. (sq-ft) (fps) (min) D.I. (f-1 (ft> (cu-ft) 

Cohesive 20’ .85 .29 6.58 31 0.5 1.91 1.16 5.5 7.5 16.1 
1.0 3.83 1.56 6.0 8.5 25.2 

d50=. 15 TW/D=.45 1.5 5.74 1.78 10.0 12.5 62.0 
2.0 7.65 2.08 12.0 16.0 97.6 

.85 .29 6.58 100 0.5 1.91 1.43 7 .‘O 8.0 17.3 
1.0 3.83 1.62 7.0 9.0 33.0 
1.5 5.74 1.95 10.0 14.0 67.4 
2.0 7.65 2.08 12.0 17.0 107.1 

.85 -29 6.58 1000 0.5 1.91 1.50 6.6 9.8 28.9 
1.0 3.83 2.11 8.6 11.5 61.6 
1.5 5.74 2.07 11.0 19.9 84.4 

z: N 2.0 7.65 2.32 12.5” 22.1 209.5 

2Exceeded Facility Boundaries 



Summary of Data (continued) 

Soil Model 

Part Full 
A v Time of 

Dia. Flow Scour d 

(2s) (fS) 
“s =s % 

Ft. (sq-ft) (fps) (min) D.I. (ft> (ft) (cu-ft) 

Cohesive 20’ 1.13 .50 7.62 31 0.5 3.81 1.03 7.0 11.5 44.8 
1.0 7.62 1.43 6.0 12.5 29.3 

d50=. 15 TW/D=.45 1.5 11.43 2.04 12.5 15.5 121.4 
2.0 15.23 2.27 13.0 20.0 174.0 

1.13 .50 7.62 100 0.5 3.81 1.14 7.0 14.0 53.3 
1.0 7.62 1.43 7.0 14.0 42.4 
1.5 11.43 2.09 12.0 17.0 149.1 
2.0 15.23 2.43 13.0 23.0 

4 
225.4 

i 
. 1.13 .5 7.62 1000 0.5 3.81 1.60 8.0 20.3 66.3 

1.0 7.62 3.07 10.4 16.9 139.3 
1.5 11.43 2.75 11.0 20.9 198.2 
2.0 15.23 4.09 12.5+ 28.7 554.5 

1 “Exceeded Facility Boundaries 
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FEDERALLY COORDINATED PROGRAM (FCP) OF HIGHWAY 
RESEARCH AND DEVELOPMENT 

The Offices of Research and Development (R&D) of 
the Federal Highway Administration (FHWA) are 
responsible for a broad program of staff and contract 
research and development and a Federal-aid 
program, conducted by or through the State highway 
transportation agencies, that includes the Highway 
Planning and Research (HP&R) program and the 
National Cooperative Highway Research Program 
(NCHRP) managed by the Transportation Research 
Board. The FCP is a carefully selected group of proj- 
ects that uses research and development resources to 
obtain timely solutions to urgent national highway 
engineering problems.* 

The diagonal double stripe on the cover of this report 
represents a highway and is color-coded to identify 
the FCP category that the report falls under. A red 
stripe is used for category 1, dark blue for category 2, 
light blue for category 3, brown for category 4, gray 
for category 5, green for categories 6 and 7, and an 
orange stripe identifies category 0. 

FCP Category Descriptions 

I. Improved Highway Design and Operation 
for Safety 

Safety R&D addresses problems associated with 
the responsibilities of the FHWA under the 
Highway Safety Act and includes investigation of 
appropriate design standards, roadside hardware, 
signing, and physical and scientific data for the 
formulation of improved safety regulations. 

2. Reduction of Traffic Congestion, and 
erational Efficiency 

s concerned with increasing the 
operational efficiency of existing highways by 
advancing technology, by improving designs for 
existing as well as new facilities, and by balancing 
the demand-capacity relationship through traffic 
management techniques such as bus and carpool 
preferential treatment, motorist information, and 
rerouting of traffic. 

3. vironmental Considerations in H way 
sign, Location, Construction, and era- 

tion 

Environmental R&D is directed toward identify- 
ing and evaluating highway elements that affect 

* The complete sevenwlume offkial statement of the FCP is available from 
the National Technical Information Service, Springfield, Va. 22161. Single 
copies of the introductory volume are available without charge from Program 
Analysis (HRD-3), Offker of Research and Development, Federal Highway 
Administration, Washington, D.C. 20590. 

the quality of the human environment. The goals 
are reduction of adverse highway and traffic 
impacts, and protection and enhancement of the 
environment. 

4. Improved Materials Utilization and 
Durability 
Materials R&D is concerned with expanding the 
knowledge and technology of materials properties, 
using available natural materials, improving struc- 
tural foundation materials, recycling highway 
materials, converting industrial wastes into useful 
highway products, developing extender or 
substitute materials for those in short supply, and 
developing more rapid and reliable testing 
procedures. The goals are lower highway con- 
struction costs and extended maintenance-free 
operation. 

5. Improved Design to Reduce Costs, Extend 
Life Expectancy, and Insure Structural 
Safety 

Structural R&D is concerned with furthering the 
latest technological advances in structural and 
hydraulic designs, fabrication processes, and 
construction techniques to provide safe, efficient 
highways at reasonable costs. 

6. Improved Technology for 
Construction 

igh way 

This category is concerned with the research, 
development, and implementation of highway 
construction technology to increase productivity, 
reduce energy consumption, conserve dwindling 
resources, and reduce costs while improving the 
quality and methods of construction. 

7. Improved Technology for 
Maintenance 

i&way 

This category addresses problems in preserving 
the Nation’s highways and includes activities in 
physical maintenance, traffic services, manage- 
ment, and equipment. The goal is to maximize 
operational efficiency and safety to the traveling 

ublic while conserving resources. 

This category, not included in the seven-volume 
official statement of the FCP, is concerned with 
HP&R and NCHRP studies not specifically related 
to FCP projects. ese studies involve R&D 
support of other F A program office research. 




