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ABSTRACT 

The main objective of this research is to estimate the sizes of 

riprap (loose rock) on highway or railroad embankments approaching 

bridges, that would be stable in major floods. Two assumptions about 

the flow direction were made: one horizontal to the bridge abutment 

and the other normal to the projection of the bridge abutment. Three 

dynamic conditions of stability of riprap were observed and classified 

as shaking, some movement, and large movement (washing out). 

Shaking is the most conservative criteria for design because it indicates 

more stability than is necessary, requires larger rock, and is less cost 

efficient. Some movement suggests a conservative design criteria and 

is the most desirable because it requires smaller riprap and is therefore 

less expensive. Large movement or washing out means the least stable 

condition; it may leave the structure as well as human lives exposed 

to danger. 
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CHAPTER 1 

INTRODUCTION 

Flowing water in rivers, streams, canals, channels and over 

lands during floods or normal flow is a natural phenomenon. It has 

potential adverse effects on water courses by changing them, on flood-

plains by transferring their materials and by changing their slopes, and 

on the foundations and faces of hydraulic structures by scour. These 

structures include dams, bridges, culverts, dikes, bridge abutments, 

etc. Hydraulic engineers must pay attention to and study this natural 

phenomenon in order to predict the hidden or covered factors of dif

ferent rates of flowing water and sediment discharges (water regime), 

the geometrical characteristics (boundary conditions) of water courses 

and hydraulic structures for approaching the optimum design and pre

venting damage to structures. There is a large number of reported 

statistics on hydraulic structures, such as bridges, etc., that have been 

damaged during floods in many countries. In addition to that, these 

damages have exposed people's lives and national economies to 

danger. 

During the useful life of a well designed and well maintained 

bridge, the most common cause of failure is a major flood. The cost 

of a bridge is such that a new bridge should be designed so that it will 

not fail even in the maximum flood that can be expected. The addi

tional depth of foundations required will be such a small percentage of 



the total bridge cost, that the chance of failure during the nominal life 

of the bridge must be reduced to practically nothing. For an old, 

existing bridge, it is not as clear that the bridge should be made in

vulnerable to the maximum flood because its remaining nominal life is 

less and the cost of making the bridge less vulnerable to floods may 

well be much more. One method of making the bridge less vulner

able is to place riprap around the piers and abutments, some depth 

below the streambed. A recent M.S. Thesis by Pacheco gives sug

gested rules for sizing riprap for this problem. 

The highway or railroad crossing of a valley consists of the 

bridge (or bridges) and the approach embankments to the bridge. 

These embankments are also vulnerable to floods and their design is a 

problem separate from that of the bridge. The embankments are gen

erally much less costly than the bridge and they can generally be 

rebuilt and traffic restored in much, much less time. Therefore, it is 

not apparent that the embankments should be designed for the maxi

mum flood; this would be a question both for new and old bridges. 

In order to design approach embankments properly it is necessary to 

know how to build them to be resistant to floods of different magni

tude and, therefore, frequency. There are probably numerous possi

ble ways to make embankments resistant to floods. The method stu

died in this thesis is riprap on the slope of the embankment. 

The major concern of this research is concentrated on the dam

ages that might occur on the sloping faces of hydraulic structures, (eg. 
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bridge abutments), eroded as a result of water velocity, water elevation 

above the bed of water courses, water and sediment discharges, geo

metrical shape, and slope faces of bridge abutments. All of these fac

tors require research to design the protective layers of riprap (loose 

rocks) that do not wash out as a result of design flood or probable 

maximum flood expected. Briefly the main object of this research is 

to find a relationship that can be used to design the size of riprap that 

does not wash out from a major flood. 

Two bridge abutments were used in this research as obstructive 

structures, protective structures for the flood plain, regulating struc

tures to regulate the flow, or foundation structures of bridges for 

transporting purposes, etc. Each of the two abutments was con

structed in the left bank of the flume and filled with sand to make it 

stable from bending or moving as a result of flowing water in the 

flume. Sharp edged rocks were constructed on the slope faces of the 

abutment to provide or simulate the surface friction. Three kinds of 

sharp edged rocks with different diameters, 0.79 in, 0.67 in, 0.42 in., 

were tested to determine their stability on the slope faces of the bridge 

abutment. 
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BACKGROUND INFORMATION 

AND SOME ANALYSIS 

Stability of water courses and hydraulic structures in rivers, 

channels, canals, etc., subject to flowing water and sediment is the 

most important design related to sediment-transport mechanics. 

Design of these structures under the effects of generated hydrostatic 

and hydrodynamic forces is required in order that they be stable aga

inst the major floods that will be expected at the site. Finding an 

accurate solution to these problems is a rigorous task because of the 

many parameters involved. An approximate solution to these prob

lems, however, is acceptable to meet the requirements of a reasonable 

design. 

A set of different hidden parameters anticipated in the^ natural 

phenomenon of flowing water with sediment must be investigated. 

These parameters belong to the hydraulic and geometric characteristics 

of the flow, water course, bed material, and the shape and of the 

hydraulic structures. Some hydraulic parameters are depth of flow, 

average velocity of the cross section at the approach flow section, 

stagnation pressure, etc. Some geometric parameters are flow width, 

shape of cross-section, longitudinal slope (s), shape of the hydraulic 

structure and its slope faces, size of bed material, etc. All of these 
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parameters may play important roles in the applied forces on the 

water bed and structures. Some of these forces are boundary drag 

"forces" on the streambed, on the particles composing the streambed, 

and on the slope face of the approach embankment. These forces will 

depend on the geometry involved, and the resulting complex, three 

dimensional flow pattern. 

Boundary Shear 

Boundary shear can be defined as a drag force or a shear stress 

force generated by a gravity force component and due to the change 

in hydrostatic and hydrodynamic pressure exerted by fluid on the bed 

or slope faces of hydraulic structures. These changes are related to 

the geometric parameters, configuration and size of the material placed 

on both the bed and slope. It also depends on the changes on 

hydraulic parameter depth of flow and velocity distribution at the 

approach inlet and outlet of the control volume or within the cross 

section with distance and time. 

Du Boys (1879) studied the effects of the gravitational force 

acting by water within the control volume in the case of uniform 

flow. 

_ _ F _ Mass x g 
T° - x — (1) 

(2) _ _ 7 A L S _ D o 
0 •— p L— ^ 



Where T0 = average value of the tractive force per unit of wetted 

area. 

Scoby (1926) stated methods based on experience and observa

tion for predicting the rational design for unlined channels. 

Lane (1955) stated the value of the tractive foce on the side 

equal 0.76 tractive force on the bed. 

In the case of uniform flow, the changes in pressure become 

zero. 

Tbank 0.76 Tjjecj (3) 

P2 - P, - 0 

Wx = w sin 6 

sin e ss tan <f> 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

W = M g = p g V 

W = 7(Y - y) 

Wx = 7(Y - y)s 



WcosG 

Fig. 1. Forces on Fluid Mass 

Where W is the total weight of the fluid within the con

trol volume 

g is the gravitational attraction = 32.2 ft/sec2 

p is the fluid density measured in slug 

7 is the specific weight of water measured in lb/ft3 

V is the volume of water within the control 

volume measured in ft3 

r0 is the shear stress or drag force stress measured 

in lb/ft2 

Y is the maximum height of water above the bed 

material measured in ft 

y is the variable height assumed over the point of 

investigation measured in ft 
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Fig. 2. Forces Acting on a Submerged Particle 

Pressure distribution can be classified in two categories. First, 

hydrostatic pressure distribution at the inlet and the outlet of the con

trol volume equals or differs in the case of turbulent flow or gradual 

varied flow. Second, the hydrodynamic pressure distribution differs 

from one point to another due to increasing pressure and dereasing 

velocity. The pressure reaches its maximum in the case of stagnation 

at the obstructive structure face. 

Critical tractive force Tc can be defined as the boundary shear or 

drag for the most exposed particles of the bed or the slope material to 

be in motion. Many empirical methods were set to estimate the 

roughness coefficient n = c d"6 

Garde and Rajn (1978) state that the Strickler equation was 

based on coarse material: 

Strickler 1923: n = 0.034 d'/6 

Raudkivi stated that the Strickler equation should be: 

n = 0.042 d>/6 

(10) 

( 1 1 )  
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n = 0.039 dS0i/6 (12) 

where dso is the diameter of the bed material in feet such that 50 per 

cent of the material by weight is smaller. 

Meyer-Peter and Muller (1948) suggested that 

n = 0.038 d90
1/6 (13) 

where d90 = the diameter of the bed material in meters such that 90 

percent of the material by weight is smaller. 

Shields (1936) stated the important results of the condition of 

movement that related to Reynolds number and to critical shear force 

in the case of the boundary laminar sublayer, found the critical values 

of 

Tc = 4 d or Tc = 5 d(14) 

where tc is the critical shear stress; d50 is the diameter of the particle 

(Fig. 3). 

The same analogy applied to Ward's Diagram (Fig. 4) 

rc = 4d 

rc = 5d 

From Shield and Ward's diagram Tc = 4d50 is the most conserva

tive value for design. Choosing the arbitrary values of rc depends on 

the size of material being chosen. 



I 
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Fig. 4. Ward's Diagram 
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Derivation of particle shear stress on the bed 

Laursen (1963) proposed a formula for clear water scour using 

Mannings equation and approximation of the particle shear stress 

which he derived by applying Manning and Strickler's 

(15) T f  
=  V2 d' /3  

0 30yi/3 

where r'0 is the shear stress associated with the particle on the bed, 

measured in lb/ft2. 

V is the average velocity of flow measured in ft/sec. 

y is the depth of water above the bed material measured in (ft). 

Fluid forces on sloping bed 

Flow is normal to the projection of the bridge abutment. 

Fig. 5. Flow Normal for the Projection of the Slope Faces of 
the Bridge Abutment on y. 
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The forces acting on a submerged particle on the sloping bed of 

river, channel, and stream is shown in the previous sketch. Where 

e is the angle of slope of the bed, 

<t> is the angle of repose of the bed material, 

At = 7s - 7 is the submerged specific weight of the particle. 

The volume of the particle equals ad3 and its weight under the 

water is aA7d3. The exposed particle due to the flow has effective 

surface area /3d2, so the shear stress is /Sd2r0. The manipulation of the 

shear stress approximation was done by the Task Committee on Pre

paring Sedimentation Manual, American Society of Civil Engineers, 

Vol 92. 

Ratio of critical shear on slope to the critical shear on flat bed: 

by taking the moment at the point of support A. 

-<xA7d3 sin (<j> - e)i, + /s rcsn d2 cos (<f>)i2 = 0 (16) 

where Tan is the critical shear stress on the slope bed 

a 
TCS ~ 0 

At d sin (<t> - e) 
COS 0 

(17) 

When 0 = 0, equation (17) becomes 

rcb = s (a7) d ^ tan ct> (18) 

it is very similar to the White equation. 

The ratio of the critical force on the bed to that on the slope 

^ -c o s  6  [ '  -  m] <1 9> 
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0 is the slope angle of the bridge abutment or. embankment. 

When flow is horizontal to the bridge abutment or embankment 

WS 

Fig. 6. Flow Horizontal to the Bridge Abutment. 
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W is the submerged weight of the particle 

Ws = * £ (7l - 7) (20) 

7S is the specific weight of the particle 

7 is the specific weight of water 

e is the slope angle of the abutment 

$ is the angle of repose 

The tractive force acting on the submerged particle is equal to 

tsas' where A,, is the effective area of the particle. The resultant force 

of the shear is acting horizontally on the particle 

Rs = (W sin 0)2 + (TSA)2 = (W cos E)CF (21) 

Rs = J(W sin e)2 + (TsA)2 = W cos 6 tan <j> 

= (W cos e tan <f>)2 - fW ^ 

TS = ^ \/(cos 6 tan (j>)2 - (sin d)2 

w 
Tb ~ tan^ 

—, the tractive force ratio 
Tb 
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T, CS 
1 _ sin2 e 

sin2 <j> j 4d 

The movement on the bed material will occur when 

'cb 

The same analogy can be applied on the slope face for the two 

flow direction. 

The ratio of critical shear on the slope to that on the approach 

bed is determined in the case of flow horizontally and normally 

The ratio of the critical shear on the slope to that on the 

approach ved is determined as follows: when the flow is horizontal 

approxiamtely to the axis of the bridge abutment, the ratio will be 
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Tcfelooe) _ 

^c(bed) 
1 - sin2 B 

sin2 </> 

but if the direction of the flow is normal to the projection of the 

bridge abutment on the y axis, the ratio will be 

îsEei = cos e[\ _ -M-il . 
^c<bed) L tan <f> J 

Both cases are illustrated in Tables in Chapter 5, for the first and 

second abutments respectively. This is assuming movement of loose 

rocks on the slope face by comparison to that on the bed will occur 

when 

^X_o£bedl _ J 

and assuming the approach bed is furnished by the same kind 

and size of riprap that furnished on the slope face of the abutment. 
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CHAPTER 3 

EXPERIMENTAL APPARATUS 

DESCRIPTION AND DESIGN 

In the hydraulic laboratory of the Civil Engineering and Eng

ineering Mechanics Department at the University of Arizona, two 

bridge abutments; one with a slope of 1V:2H. the other 1V:1.75H, 

were constructed in a flume, 4 ft. wide and 24 ft. long. The purpose -

of the experiments is to measure and evaluate the effects of different 

parameters that are involved in the natural phenomenon of flowing 

water with sediment on the stability of riprap (loose rocks) placed on 

the slope faces of the bridge abutments and also to determine their 

degree of stability. This chapter includes a description of the flume 

and its supporting (auxiliary) apparatus, and describes how the experi

ment was designed to evaluate the performance of the two bridge 

abutments. 

Description of the Flume 

The flume, 4 ft. wide and 24 ft. long, used in these experiments, 

is located in the hydraulic laboratory of the Department of Civil Eng

ineering at the University of Arizona. The flume includes the follow

ing parts: the tank reservoir, valve, inlet, settling basin, tailgate, and 

chute channel. The tank reservoir is constructed at the head end of 
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the flume (see Fig. 7 and 8). The tank receives water from a high 

constant level tank through a 12-inch steel pipe by means of gravity. 

A valve on the steel pipe between the constant-level tank and 

the inlet tank controls the magnitude of the flow coming into the inlet 

tank to the flume. The inlet of the flume includes a rock baffle and 

wire mesh to trap the suspended trash. 

At the distance of 2.16 ft. from the inlet of the flume, the bed 

elevation of the flume is depressed 1 ft. This is where the bridge 

abutments were constructed (see Fig. 7 and 8). 

There is a settling basin 4 ft. wide, 8 ft. long, and 2 ft. deep, 

used to collect sediment transported from upstream. It starts at a dis

tance of 8.85 ft. from the inlet of the flume. The settling basin was 

constructed from steel covered by plywood with asphalt and plastic 

cloth mesh to seal the basin joints. 

At the outlet of the settling basin is located a tailgate constructed 

from a sheet of aluminum, 4 ft. wide and 0.5 ft. high. The tailgate is 

used to regulate the level of water upstream, or the water surface pro

file along the flume upstream. After that is a chute channel, 4 ft. 

wide and 7.2 ft. long made of painted wood to convey water to the 

lower tank that leads to a sharp crested weir used to measure the dis

charge by measuring the water head over the weir (See Fig. 10). 
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Auxiliary Flume Apparatus 

A set of pumps is located on the water sump to deliver water to 

the constant-level tank that is located 12 ft. above the ground, which 

in turn transfers the water to the flume by pipe and a control valve 

(see Fig. 7, 8 and 11). 

A sediment hopper consisting of cylindrical steel, 2 ft. in diame

ter, which is connected with a steel funnel having a height of ft. At 

the end of the funnel are different openings that the operator can 

insert to create a range of sand discharge. The funnel is connected to 

a plastic hose to deliver sediment by gravity from the funnel to the 

flume. The sediment is distributed equally across the flume width at 

the inlet by a distributing device. This device is worked by com

pressed air. 

Point Gauges 

Point gauges and a sliding point gauge were constructed on the 

upstream of the bridge abutment at suitable places after preliminary 

runs were completed. The first two point gauges are carried by a 

steel bar which is located at a distance of 2.2 ft. from the inlet. The 

second point gauge is supported by a steel bar at a distanoe of 3.2 ft. 

from the inlet. The point gauges are used to measure the bed eleva

tion and water surface elevation and their changes due to flowing 

water and sediment at the approach section upstream from the abut
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ment where the stagnation pressure area exists, and on the other side 

of the free flow. The point gauge which is located on the stagnation 

pressure is in the front face of the abutment and is called the Left 

point gauge, the other one on the same bar is called the Right point 

gauge. Each one of them is constructed at a fixed point from the left 

and right bank of the flume. 
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Fig. 9. General Scope of the Flume and Its Auxiliary Apparatus 
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The sliding point gauge is used to measure the bed level and water 

surface level on the center line of the constructed section of the flume 

at different points. 

The tailwater point gauge is located over the settling basin near 

the tailgate to measure the surface tailwater elevation and to permit 

control of the water surface elevation upstream due to changing the 

tailgate opening (see Fig. 13, 14, and 15). A manometer point gauge is 

connected to the tank near the sharp-crested weir to measure the head 

on the weir which is used in computing the discharge. 

A Rectangular Sharp-Crested Weir 

The sharp-crested weir is located at the end of the lower tank 

underneath the flume. It measures the head of water over the sharp-

crested weir by gauge pressure according to the following: 

Stagnation. 

I Datum '77̂ 77777 

Fig. 10. Sharp-crested Weir 
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q - \ Cd(2g)'/2 h3/2 

Cd = 0.611 + 0.075 h/w 

where Cd is the discharge coefficient as a function of h/w, h is the 

height of water above the sharp-crested weir, and w is the height of 

the weir, 8 inches (0.667 ft). 
i 

The total discharge released by the weir is Q, and Q = q x L, 

where q is the discharge per unit width of the weir and L is the 

length of the weir (4 ft.). 

Q = \ |o.611 + 0.075 (2g)'/2 (h)3/2 X 4 

Q = (13.075 + 2.408 h) h3/2 

The Abutment/Embankment 

Two bridge abutments, one with side slopes of IV:2H and the 

other with slopes of IV 1.75H. were built from wooden boards and 

sheets of metal to simulate the bridge embankment and spill-through 

abutment located in a natural river. The wooden boards were used 

on the front and back face, and on the side of the bridge abutment, 

while the sheet metal was used on the front and back corners (see Fig. 

9 and 12). Rocks of the largest size used as riprap were glued to the 

model structures and loose riprap was placed on top of the glued-on 

rock. A color difference between the loose and glued-on rock helped 

in observing movement of the riprap, and the texture simulated 
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movement conditions for the riprap better than the metal and wood 

surfaces. Riprap sizes used were 1.5" > 0.79" > 0.75" as the largest, 

0.75" > 0.67" > 0.5" as 

the medium size and 0.5" > 0.42" >0.375" as the smallest. 

Design of the Bridge Abutment 

Measuring the effective length of the bridge abutment (as shown 

below), is a very important step for design. 

Where: 

le is the effective length 

ds is the scour depth measured from 

y0 is the water surface depth measured from the bed of the 

flume; design elevation is 0.25 ft 

T0 is the shear stress associated with the particle 
It^ 

Tc is the critical tractive force that just put particles in motion 

d is the size of the particle in ft 

d's is the depth of assumed scour dependent on the affected 

length of the bridge abutment 

v is the velocity upstream in the approach 
$ 

Assume. -r- = 3, and y0 = 0.25 ft, the water surface elevation y o 
measured from the bed of the flume. This gives 

ie = 3 x 0.25 = 0.75 ft. 

r c  =  4 d  =  4 x . ^  =  0 . 2 5  

The weight of 100 particles is 2.5 lb for 0.75". 
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The weight of 100 particles is 1.5 lb for 0.5" 

The weight of 100 particles is 1.0 lb for 0.375" 

W = mg = pVg 

W = -i-
3*r3 

W = g d3 p g = ir 

W = 7 I d3 

7W = 62.4 lb/ft2 

= 2.65 

where is the specific weight of the solid material to the spec-
' W 

ific weight of water. 

7S = 165.36 lb/ft2 

Equivalent sphere size has an average diameter: 

d, = 0.0661 ft = 0.7932" 0.75" < d, < 1.5" 

d2 - 0.0557 ft = 0.6689" 0.5" < d2 < 0.75" 

d3 = 0.0350 ft = 0.42" 0.375" < d3 < 0.5" 

Rocks of 0.75" < D < 1.5" were glued by thick paint on the slope 

faces of the abutments to simulate the friction surface. The three 

sharp-edged rocks were tested in twelve actual runs with the first 

abutment and nine actual runs with the second abutment. 

The angle of repose of the three sharp edge rocks measured 

experimentally on the plywood as is illustrated on the next page. 
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Table 1. Examining Valve Opening 

n TURNS XAII WATFR HEIGHT OF WATER 
^ OF VALVE OVER THE WEIR (h) 

(Cfs) (ft) (ft) 
1.25 0.800 0.060 0.194 
1.50 0.830 0.068 0.235 
1.75 0.863 0.089 0.353 
2.00 0.892 0.128 0.613 
2.25 0.918 0.162 0.878 
2.50 0.941 0.187 1.094 
2.75 0.947 0.202 1.231 
3.00 0.968 0.222 1.424 
3.25 1.052 0.240 1.605 
3.50 — 0.252 1.731 
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Measurements for the rate of sand flowing through the openings 

of the sediment hopper were made and are shown in Table 2. 

Table 2. Rate of Sand through Different Openings 

CONDITION OPENING RATE OF 
OF SAND DIAMETER SAND 

(in) lb/min 

wet 10 
1 
2 

dry 

wet 18 
5 
8 

dry 4.3 

wet 30 
3 
3 

dry 6.7 

wet 40 
1 

dry 8.5 

wet 73 
11  
T 

dry 15 

Where the wet condition was used in the experiment, a 

0.75" opening was used to avoid the sand plugging the opening. 
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Fig. 12. Constructing the Bridge Abutment at the Left Side of the 
Flume; the Largest Size of Rocks Glued on the Slope Faces 
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Fig. 13. Two Bars with Point Gauges, sand in the Flume and Loose 
Rocks on the Slope Faces 
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Fig. 14. Fixed Point Gauges and Slide Point Gauge, Mechanical 
Device of Sand Distribution, Bridge Abutment with Largest 
Riprap on the Vulnerable Area and the Smallest on the 
Front Face and Side 
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Fig. 15. Fixed Point Gauges, Slide Point Gauge, Medium Riprap on 
Vulnerable Area and Smallest Riprap on Remainder 
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Fig. 16. The Largest Riprap Placed on the Slope Faces 
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Fig. 17. The S1nallest Rip rap Placed on the Slope Faces and the 
Mechanical Sand Distribution Device Shown 
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Fig. 18. The Medium Riprap Placed on the Slope Face and the Artif
icial Scour Depth was Made 
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Fig. 19. Turbulent flow (Three Dimensions) Acting on the Slope 
Faces of the Bridge Abutment 
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Fig. 20. Some Movetnent of Riprap Occurred 
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Fig. 21. Preparing for the Next Run by Sieving the Sand and Rocks 
from the Previous Run 
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CHAPTER 4 

EXPERIMENTAL PROCEDURE 

In order to evaluate different parameters involved in the stability 

of riprap, scale models of bridge abutments, 1V:2H and 1V:1.75H, were 

made and placed in the flume at different times as explained in 

Chapter 3. After the first bridge abutment was placed in the flume, 

first preliminary runs and then eight secondary preliminary runs were 

made. In these runs, first with clear water and then with water and 

sand, appropriate areas were identified across the flume upstream of 

the bridge abutment to determine where in the approach cross-section 

the point gages were to be set. After that, twelve actual runs were 

made for the first abutment and nine actual runs were made for the 

second abutment. The point gages were set to measure the bed level 

and the water surface level until their changes became stable at the 

end of each run to determine a statement of dynamic conditions for 

riprap (loose rocks) on the slope faces of the bridge abutment. 

Each one of the two abutments, was constructed on the left side 

of the flume and tested separately at different times to measure the 

stability of the three sizes of riprap (loose rocks); 1.5" > d, > 0.75", 

0.75" > d2 > 0.5", and 0.5" > d3 > 0.375", on the slope faces as expla

ined in Chapter 3. These tests include the preparation and the proce

dure of obtaining data of the first preliminary runs with clear water 

(without a supply of sand), the eight secondary runs (with a supply of 
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sand), and the twelve actual runs with riprap for the first abutment 

and nine actual runs for the second abutment. 

By measuring the rate of sand fed through various openings in 

the sand hopper, the range of discharges and tailwater in the flume 

gave the operator an idea of the relations between the measurements 

of water discharge (Qmcfs) and valve openings. Also it gave the rate 

of sediment disharge J^Qsm for the sand hopper openings, the 

relationship between discharge (Q) and sediment discharge (Qs) and the 

depth of water in the flume as determined by the setting of the tail

gate. 

The first step is to measure the rate of sand through the sand 

hopper openings at the bottom of the funnel. The size of the open

ings can be changed by attaching sheet metal plates which have vari

ous size openings. 

Procedure for Runs 

Eight runs were made for different rates of sand flow Q, 
[ s min 

and water flow (Qcfs) to predict the relation between them. The range 

of Qs was 2.6, 3.2, 4.33, 5, 6.5, 10, 13 (see Tables 3 and 4). These 

runs required at least two assistants with the operator, one assistant 

sitting on the tower near the sediment hopper to add sand at some 

constant rate or at different rates, depending on the signals from the 

operator. The other assistant helped in operating the inlet valve for 

water flow at the front of the flume through some opening or to 



54 

change the valve opening to give the desirable flow discharge required 

into the flume. This also depended on the operator's instructions. 

Each run is begun with sand to some level in the flume and the 

tailwater gate is adjusted to maintain the level of sand in the flume 

and to avoid the rapid erosion that otherwise might occur during the 

run. Ten, fifteen or twenty buckets of sand needed to be lifted to the 

tower and set beside the sediment hopper, each filled with 60 lbs of 

sand to be ready for use. Other equipment needed to complete the 

experiment include the compressor and air supply which were in

stalled on the sand distributer device at two openings. There is also a 

water hose which runs into the sediment hopper to lessen the ten

dency for the sand to clog in the system. 

Two sets of point gages were constructed as explained in chapter 

3, to determine the bed level and the water surface level. When the 

run begins, the bed elevation and the water surface elevation in the 

flume are measured and adjusted to obtain a depth of approximately 

0.25 ft. When the stable condition is reached in the flume upstream 

and uniform flow exists, then the operator gives his instructions to 

release sand from the sediment hopper at a particular rate. Readings 

of the bed level and the water surface level are made at two minute 

intervals to observe changes and to keep the depth of flow as close as 

possible to 0.25 ft. At the same time one must watch the dunes as 

they form, build up, and creep toward downstream. The changing of 
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the bed level and water surface level with time is due to Qs and Q 

until a stable oondition can be reached. 

Riprap of a particular size placed on the slope faces of the abut

ment was carefully observed to determine when the riprap started to 

shake, move, or wash out. 

If no movement or even shaking of the riprap particles could be 

noted (beginning conditions were chosen that were not expected to 

result in movement), the discharge was increased by a small amount, 

the rate of sand supply was also increased, and the water-surface and 

bed elevations were checked. If it seemed needed, the sand supply or 

the tailgate was then adjusted. The discharge kept being increased 

with appropriate changes in the sand supply and tailgate settings to try 

to maintain the depth of flow as close as possible to 0.25 ft. until 

riprap particles began to shake. Readings were then taken several 

times of water-surface elevation, bed elevation, and head on the weir. 

The discharge was again increased in steps, with appropriate adjust

ments, until a riprap particle definitely moved. Again readings were 

taken. The discharge was again increased until enough riprap parti

cles moved that failure was definite, and readings were again taken. 

These degrees of movements were considered to range from the most 

conservative to the least conservative indication of riprap failure. 

All data and results were recorded for the 12 actual runs 

for the first abutment and in for the 9 actual runs for the second 

abutment. These tables will be discussed later in Chapter 5. Photos 
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were taken for each run. At this time, when the process is completed, 

the run is stopped by turning off the compressor, stopping the flow

ing sand, turning off the valve of the inlet and turning off the pump. 

Also the outlet of the settling basin and the upstream of the flume 

should be opened to allow water to drain and flow into the under

ground reservoir. The settling basin and the upstream of the flume 

should be cleared of sand and riprap that have penetrated there by 

sieving it and putting it back into the flume and buckets. The same 

procedure must be repeated for all runs. 

Brief Discussion of Design Procedure and Obtaining Data 

Before each run: 

1. Design bed level of sand (plane). 

2. Bed elevation design must be the same level as the tail 

water to avoid erosion. 

3. Placing one or two sizes of the riprap (0.79", 0.67", 0.42") 

on the bridge abutment. 

4. The purpose of adjusting the tailgate on actual settings dep

ends on the depth of water upstream. The downstream 

depth must be adjusted to the upstream depth to avoid ero

sion that may happen upstream. Further adjustment 

should be made at the tailgate during each run so that the 

bed level remains high enough to avoid exposure of the 

flume bed. 
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5. Forming an artificial scour around the bridge abutment of 

approximately the right depth. 

Fig. 22. Relation between the Water Gate Elevation Downstream and 
the Water Surface Elevation Upstream 

During each run: 

1. The valve opening is set up to some position to let the 

water fill the flume to a depth of 0.25 ft. 

2. Adding sand at different rates and controlling the water 

disharge by changing the valve opening and adjusting the 

tailgate to let the water approach the abutment at the 

desired depth of 0.25 ft. 

3. Watching the behavior of the riprap when it starts shaking, 

moving and washing out and recording the flow conditions 

at those times. 

Sand 

WS 

Settl ing Basin 
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Using the Laursen equation (1958) about the total load move

ment to adjust the measured values of water discharge to corrected 

values: 

Where Qs is the sediment rate measured in lb/min, 

Q is the water discharge measured in cfs, 

y0 is the depth of flow measured in ft, 

V0 is the velocity of flow measured in fps, 

N is the variable that derived from Laursen's total bed load 

movement for the measured and adjusted Q. 

The purpose of the preliminary runs is to enable the operators 

to distinguish the relationship between Q and Qs to avoid out of range 

values of Qs and Q which are not desirable during the actual runs. 

Table 3. Rate of Flow and Sediment Discharge 

Preliminary 
Run 

Qs 
lbs/min Q y0 v. N 

1 2 1.062 0.243 1.0926 33.19 

2 2.6 1.157 0.248 1.1663 34.32 

3 3.2 1.297 0.224 1.4475 54.70 

' 4 4.33 1.345 0.274 1.2272 36.56 

5 5.00 1.463 0.266 1.3750 46.33 

6 6.50 1.524 0.218 1.7477 79.96 

7 10.00 2.186 0.244 2.239§ 126.0 

8 13.00 2.244 0.234 2.3974 145.0 

Consider Constant Value of N = 34.32 



Table 4. Corrected Values for Rate of Flow 

un 

1 

Qs 

Lb 
min 
2.00 

Qmeas 

(cfs) 

1.062 

Qc 

(cfs) 

1.085 

2 2.60 1.157 1.170 

3 3.20 1.297 1.480 

4 4.33 1.345 1.200 

5 5.00 1.463 1.350 

6 6.50 1.524 1.780 

7 10 2.186 2.230 

8 13 2.244 2.410 
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CHAPTER 5 

DATA ANALYSIS 

RESULTS AND DISCUSSION 

This chapter deals with the data obtained from twenty one 

experimental runs, and analyzes them by the methods explained in 

Chapter 2. The analysis shows the dynamic conditions of shaking, 

some movement, and washing out of riprap from the slope faces. It 

also points out the vulnerable areas that are more sensitive to the 

shearing stress. 

As explained in Chapter 2, the two bridge abutments or 

embankments were tested for twenty-one runs for three different sizes 

of riprap (loose rocks) on the slope faces of the abutments in order to 

determine the degree of their stability under three dynamic conditions 

due to the shear stresses on its slopes by comparison to the shear 

stress on the approach bed. 

A reference shear stress on the bed of the approach is 

determined by assuming the bed is covered with riprap all the same 

size. By applying a formula, T'0 = V2 ^^/3, which can be derived 

from the Manning formula and Strickler's evaluation of n, it is found 

that T'0 is related to the velocity and depth of the water, and size of 

the riprap. The approach flow decelerates as it nears the embankment 

and rides up .to a stagnation height, then dives into the scour hole, 

accelerating as it flows down the slope (see Fig. 23). The particle 

boundary shear can be expected to be greater than the reference 
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Turbulent Flow 

Fig. 23. Three Dimensions of Flow Pattern 
ON 
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boundary shear calculated for uniform, fully developed boundary 

layer flow in the approach. The flow pattern, especially at the 

upstream corner of the abutment, is complex and three-dimensional 

with a spiral roller in the scour hole. 

The critical tractive force for the riprap is a function of the 

slope at the embankment, the angle of repose of the riprap, and the 

direction of the resultant of the hydrodyanamic forces on the riprap 

particles. The effect of the embankment slope and angle of repose in 

ratio to the critical tractive force on a horizontal bed is given by the 

equation 

Tcsh _ L sin2e 
Tcb J sin20 

when the flow is horizontal and by the equation 

when the flow is normal to the projection of the bridge abutment 

(where 6 is the embankment angle and <f> the angle of repose). 

Both of these ratios were recorded in Tables 5,6, 7, and 8 for 

the embankment abutment and the riprap studied. Tables 5 and 6 list 

the critical tractive force for the three sizes of riprap on the first 

abutment (slope 1:2) for flows assumed to be horizontal and normal 

respectively. 
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Tables 7 and 8 list the critical tractive force for the three sizes 

of reprap for the second abutment (slope 1:1.75) for flows assumed to 

be horizontal and normal, respectively. 

Tables 9 and 10 show the averaged values of the runs with the 

first and second abutments, respectively. The columns of the two 

tables are explained following: 

Column 1: The riprap size, d, represents the equivalent size of 
riprap in inches. 

Column 2: Expresses the dynamic statement whether the 
criteria for critical is shaking, moving, or washing 
out. 

Column 3: y is the average mean value of water depth above 
the bed level measured in feet. 

Column 4: V is the average mean velocity of the approach 
section of the flow upstream of the bridge 
abutment measured in feet per second. 

Column 5: Qs is the average mean rate of sand supply 
measured in lb/min. 

Column 6: fl is the average mean of particle shear stress on 
the bed of the approach flow assuming a riprapped 
bed. 

Column 7: Is the average mean ratio of the reference particle 
shear stress to the critical tractive force on the 
slope faces of the bridge abutment under one of 
the conditions of incipient motion when the flow is 
assumed to be horizontal. 

Column 8: Is the average mean ratio of the reference particle 
shear stress to the critical tractive force on the 
slope faces of the bridge abutment under one of 
the conditions of incipient motion when the flow is 
assumed to be normal. 



64 

Tables 11, 12, 13, and Tables 14, 15, and 16 are the observed 

and calculated values from the runs that were made. The columns in 

these tables are explained following: 

Column 1: Is the run number of the experiment. 

Column 2: The water depths over the bed material of the 
flume were taken from two different sets of point 
gages in the approach of the flow —water surface -
bed = y. 

Column 3: Is the discharge or the flow rate that was measured 
by the sharp-edged weir. 

Column 4: Is the average velocity of the flow in the approach 
section upstream of the abutment that was 
measured with two point gages. 

Column 5: Is the reference particle shear stress calulated as 

T' = V2 d'/3 
0 30y>/3 ' 

where d represents the size of riprap (diameter 
equals 0.79" for the largest size, 0.67" for the 
medium, and 0.42" for the smallest size)^ which 
must be converted from inches to feet, y is the 
average depth of water shown in Column 2, and V 
is the velocity of flow in Column 4. 

Column 6: Is the ratio of the reference particle shear stress to 
the critical tractive force on the slope, assuming 
horizontal flow. 

Column 7: Is the ratio of the reference particle shear stress to 
the critical tractive force on the slope, assuming 
normal flow. 

Column 8: Is the Froud-Number F = 
vfy 

Column 9: Is the sediment load carried by the flow (lb/min). 
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Column 10: Remarks indicate observations made during the 
experimental runs. 

The data in the previous tables are shown graphically in Fig. 24 

- 38. Fig. 26, 27, and 28 are the averaged conditions for shaking, 

moving, and washing out, respectively, with the critical tractive force 

evaluated assuming horizontal flow. Fig. 29, 30, and 31 are the same 

but with all the observed data. 

Fig. 32, 33, and 34 and Fig. 35, 36, and 37 are equivalent except 

that the critical tractive force is evaluated assuming the flow is 

normal. Note that the smallest riprap always plots high, indicating 

that it would require a relatively high reference particle shear to cause 

shaking, movement, or washing out. It is believed that this is because 

the smaller riprap was placed on the glued-on riprap which was the 

largest size riprap used. Therefore, it was more stable than it would 

have been if the glued-on riprap had been varied in size. The 

straight lines drawn through the data were somewhat conservative, 

and follow a simple progression in the coefficient of the linear 

relationship 

T O K TCS 

V2 tTTTTT = k4d 
30y'/3 

j _ sin29 
sin20 

or - k4d - SS) 



Table 5. First Bridge Abutment; Flow Horizontal 

d 

(in) degrees 

0 

degrees 

^csh _ 

Tcb ^ 

I sin20 
sin20 

rcb = 4d 

(psf) 

Tcsh 

(psf) 

0.75 < 0.79 < 1.5 38.157° 26.57° 0.6899 0.263 0.1814 

0.5 < 0.67 < 0.75 35.537° 26.57° 0.6386 0.223 0.1424 

0.375 < 0.42 < 0.5 32.347° 26.57° 0.5488 0.140 0.0768 

Flow is horizontal to the (x) axis of each slope face 

^ is the angle of repose 

0 is the slope angle of the abutments 7*5^ 

Gravels were used in the experiments of three sizes with specific gravity of 2.75 

Kr' 
—- = 1, movement on the slope face will occur. 

Tcs 

= k 
Tcs 

OS ON 



Table 6. First Bridge Abutment; Flow Normal 

d * « = C°se[l - gg|] rcl = 4d Tcsn 

(in) degrees degrees (psf) (psf) 
i 

0.75 < 0.79 < 1.5 . 38.157° 26.57° 

0.5 < 0.67 < 0.75 35.537° 26.57° 

0.375 < 0.42 < 0.5 32.347° 26.57° 

0.325105 0.263 0.85503 

0.268166 0.223 0.05980 

0.188128 0.140 0.026338 

Flow is normal to the (y) axis of each slope face 

0 is the angle of repose 

0 is the slope angle of the abutments 

Gravels were used in the experiments of three sizes with specific gravity of 2.75 

^2- = 1, movement on the slope face will occur. 
'cs 

Tob _ \r 



Table 7. Second Bridge Abutment; Flow Horizontal 

d 

(in) 

<t> 

degrees 

d 

degrees 

Tcsh _ 

*cb 
1 - sin2 9 

sin20 
Tcb 

= 4d 'csh 

(psf) (psf) 

0.75 < 0.79 < 1.5 

0.5 < 0.67 < 0.75 

0.375 < 0.42 < 0.5 

38.157° 

35.537° 

32.347° 

29.74° 

29.74° 

29.74° 

0.5961 

0.5212 

0.4012 

0.263 0.1568 

0.223 0.1162 

0.140 0.0562 

Flow is horizontal to the (x) axis of each slope face. 

0 is the angle of repose 

9 is the slope angle of the abutments 75^ 

Gravels were used in the experiments of three sizes with specific gravity of 2.75 

K'T, 
—- = 1, movement on the slope face will occur. Tcs 

lloh = k 



Table 8. Second Bridge Abutment; Flow Normal 

d * 9 ^ = c°sa [' - ggl] rcb = 4d 

(in) , degrees degrees (psf) (psf) 
i 

0.75 < 0.79 <1.5 • 38.157° 29.74° 0.236925 0.263 0.062311 

0.5 < 0.67 < 0.75 35.537° 29.74° 0.173780 0.223 0.0387529 

0.375 < 0.42 < 0.5 32.347° 29.74° 0.085012 0.140 0.011902 

Flow is normal to the (y) axis of each slope face 

<t> is the angle of repose 

0 is the slope angle of the abutments iy^: 75JJ 

Gravels were used in the experiments of three sizes with specific gravity of 2.75 

K'r 
——2- = 1, movement on the slope face will Gccur. 

Tcs 

lEob a k 
Ten 
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Table 9. Averaged Values for Runs with First Abutment 

d Dynamic y V Qs % *ob 
Tcs 

1 

Tcs 
2 

(in) Statement (ft) fps _lb_ 
min 

lb/ft2 

in 
r-s 

shaking 0.283 1.438 5.6 0.043 0.239 0.506 

o 
_A 

ON 
movement 0.296 1.736 11.2 0.062 0.343 0.728 

o 
A washout 0.363 1.897 20 0.069 0.385 0.857 

in 
r-1 

In shaking 0.239 1.293 6 0.025 0.246 0.587 

o 
_A 

VD 
movement 0.261 1.480 8 0.044 0.313 0.746 

o 
A 

Ih 
r^ 

washout 0.313 1.774 13.4 0.058 0.409 0.976 

o 

in 
CO 

• shaking 0.251 1.270 4 0.286 0.372 1.085 

A 
csl 
<r movement 0.260 1.465 7.2 0.037 0.492 1.435 

o 
_A 

ih washout 0.313 1.705 13 0.047 0.613 1.789 
o 
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Table 10. Averaged Values for Runs with Second Abutment 

2nd Abutment 

d Dynamic y V Qs Tob (^1, (51, 

(in) Statement (ft) Tps J?_ 
min 

lb/ft2 

in shaking 0.255 1.30 6.5 0.036 0.230 0.579 

o 
A movement 0.276 1.588 9.5 0.052 0.333 0.839 

IT* 

o washout 0.291 1.780 CO
 

~*4
 

0.065 0.41! 1.035 

to 
»—( 

Ih shaking 0.249 1.238 6 0.031 0.267 0.803 
r-~ 
o 
j\ movement 0.275 1.444 10 0.041 0.354 1.063 
F» 
VO 
o 
A washout 0.289 1.608 15 0.05 0.429 1.289 

in 

o 
• Ih -

r-ro shaking 0.231 1.105 4 0.027 0.516 2.275 
o 
A 

C-J <f movement 0.25 1.264 8 0.035 0.673 2.970 

O 
_A 
So 
o 

washout 0.27 1.496 15 0.044 • 0.829 3.658 



Table 11. Observed and Calculated Values for the Largest Size Rinratr 
First Abutment 

First A The Largest Size of Riprap 
0.75" < 0.79" < 1.5" First A DUtment 

The Largest Size of Riprap 
0.75" < 0.79" < 1.5" -'Tb l-M^ - 0.181 lb/ft2 

smz0 

Run y 

(ft)? 

Q 

(cfs) 

V 

f/s 

/ 

\ k 

lb 
ft2 

'Tob 
. Tcs 

l 

V 
TCS 

2 

F Qs 

lb 
min 

Remarks 

0.323 1.763 1.365 0.037 0.201 0.427 0.423 2 Some rocks start shaking at the side. 

9 0.329 2.220 1.687 0.055 0.306 0.649 0.518 8 A few rocks move from the corner of the 
front face. 

0.320 2.543 1.987 0.078 0.428 0.908 0.619 10 Many rocks wash out from the lower part 

of the front face, side and corner. 

0.239 1.534 1.605 0.056 0.308 0.653 0.578 2 Few rocks shake, some rocks from the 
lower side. 

0.244 1.952 1.795 0.069 0.383 0.812 0.640 8 
10 Part of rocks failed from side comer. 

0.309 2.244 1.816 0.066 0.362 0.767 " 0.576 20 
Many rocks wash out from the lower part 

0.441 3.550 2.144 0.083 0.458 0.971 0.587 20 of upstream corner. 

0.315 1.763 1.400 0.039 0.214 0.453 0.440 8 Some rocks are shaking. 

0.296 1.936 1.635 0.054 0.298 0.632 0.530 10 Some rocks are moving. 

12 
0.329 2.220 1.690 0.056 0.307 0.651 0.519 20 Many rocks wash out. 

0.339 2.543 1.875 0.068 0.374 0.794 0.568 30 



Table 12. Observed and Calculated Values for the Medium Size 
Riprap; First Abutment 

"irst Abutment The Medium Size of Riprap 
0.75" > 0.67" > 0.5" 

COS0 
/ 

1- t£0 
tg0 

Run y 

(ft) 

V 

fps 

Q 

(cfs) lb 
ft2 

'To 

1 

'T0 

.V 2 

F Qs 

lb 
min 

Remarks 

0.245 1.199 1.176 0.029 0.206 0.490 0.427 6 Some rocks shake. 

11 0.231 1.246 1.151 0.032 0.226 0.539 0.457 8 A few move from side corner and along 

lower side. 

0.343 1.687 2.314 0.052 0.364 0.866 0.508 10 Rocks wash out from the side corner and 

lower side. 

0.236 1.255 1.185 0.033 0.230 0.547 0.455 4 Some rocks start shaking. 

13 0.244 1.551 1.513 0.049 0.344 0.820 0.553 6 A few rocks start moving. 

0.332 1.742 2.314 0.056 0.392 0.934 0.468 10 Many rocks wash out. 

0.276 1.381 1.524 0.037 0.262 0.624 0.511 8 Some rocks are moving. 

14 
0.255 1.802 1.838 0.065 0.458 1.091 0.641 12 Many rocks wash out 

0.263 1.162 1.222 0.027 0.189 0.452 0.400 8 Some rocks are shaking from the side and 
corner. 

17 0.303 1.635 1.982 0.051 0.356 0.853 0.523 10 Rocks are moving 

*M&L 
0.344 1.848 2.543 0.062 0.436 1.038 0.560 20 Rocks wash out from both locations (at the 

rnmpr anH ciHM 



Table 13. Observed and Calculated Values for the Smallest Size 
Riprap; First Abutment 

First Abutment The Smallest Size of Riprap 
0.5" > 0.42" > 0.375" 

'cs 
Tcb 

1- sin2fll 
in2 0 J c 4d 

Run 

# 

y 

(ft) 

Q 

(cfs) 

V 

(fps) 

/ 

'To 

lb/ft2 

'T„b 

TCS 

l 

Tob 

. 1"cs 

i 

2 

F Qs 

lb/min 

Remarks 

0.249 1.032 1.036 0.019 0.247. 0.721 0.366 2 Some rocks are shaking from the upstream 
corner. 

15 0.257 1.317 1.281 0.028 0.365 1.063 0.445 6 Some rocks are moving from the corner. 

0.286 1.849 1.616 0.043 0.560 1.633 0.533 10 Rocks from the vulnerable area wash out. 

0.238 1.123 1.180 0.025 0.326 0.949 0.426 2 Some rocks are shaking from the upstream 
corner. 

19 0.252 1.225 1.215 0.026 0.339 0.987 0.427 6 Some rocks are moving from the upstream 
corner. 

0.276 1.287 1.421 0.034 0.443 1.291 0.477 10 Rocks washout from the upstream corner. 

0.244 1.110 1.137 0.023 0.300 0.873 0.405 2 Some rocks are shaking from the upstream 
corner. 

20 0.261 1.370 1.312 0.029 0.382 1.101 0.453 6 Some rocks are moving from the upstream 
corner and side. 

0.290 1.816 1.566 0.040 0.526 1.519 0.512 10 Some rocks washed out. 

0.275 1.827 1.661 0.046 0.600 1.747 0.558 8 Some rocks are shaking. 

16 0.277 2.140 1.930 0.062 0.807 2.354 0.646 10 Some rocks are moving. 
L& 

Some rocks are moving. 

M" 0.369 2.895 1.961 0.058 0.755 2.202 0.569 20 Some rocks washed out. —i 



Table 14. Observed and Calculated Values for the Largest Size 
Riprap; Second Abutment 

The Largest Size of Riprap 
1.5" > 0.79" > 0.75" 

Second Abutment 

Run y Q V V 
'l"ob 

.v 1 

'Tob 

.T« . 2 
F Q* 

Remarks 

TT (ft) (cfs) f/s lb 
ft* 

1 
lb 

miii 

0.266 1.356 1.265 0.033 Q.214 0.537 0.432 6 Few rocks shaking from the corner of from 

28 0.286 1.723 1.506 0.046 0.295 0.743 0.496 10 
face 

Some movement from the comer and lower 

0.252 1.770 1.756 0.065 0.419 1.055 0.616 15 
side of abutment 
Some washing out from the vulnerable area 
of front corner of abutment. 

0.234 1.242 1.327 0.038 0.245 0.617 0.483 4 Few rocks shaking. 

•29 0.259 1.682 1.624 0.05& 0.355 0.894 0.562 8 
1 

Some movement of rocks. 

0.291 2.077 1.784 0.065 0.412 1.037 0.583 20 Rocks washing out. 

0.261 1.476 1.414 0.042 0.268 0.676 0.488 8 Shaking 

24 0.276 1.823 1.651 0.056 0.359 0.904 0.553 10 Moving 

S 0.305 2.252 1.846 0.068 0.435 1.093 0.589 20 Washing out 

0.258 1.232 1.194 0.030 0.192 0.484 0.414 8 Shaking 

25 
*L& 

0.282 1.773 1.572 0.050 0.323 0.820 0.522 10 Moving 

M 0.315 2.185 1.734 0.0595 0.379 0.954 0.545 20 Washing out | 



Table 15. Observed and Calculated Values for the Medium Size 
Riprap; Second Abutment 

Second Abutment ^rc . 4d 

Run 

n 

y 

(ft) 

Q 

(Cfs) 

V 

fps 

X 

lb 
ft* 

'Tob 

_ T C S  _  

1 

'Tob 
/cs . 

2 

F Qs 

lb 
min 

Remarks 

0.237 1.148 1.211 0.030 0.779 0.259 0.438 6 Few shaking from the front comer. 

26 0.274 1.394 1.272 0.032 0.819 0.273 0.428 10 Some moving from the front corner and 
side of abutment. 

0.304 1.970 1.620 0.050 1.283 0.427 0.518 15 Some rocks washing out from the front 
corner and middle side. 

0.254 1.240 1.220 0.030 0.773 0.257 0.427 6 Few shaking from the vulnerable area at 
the front comer. 

27 0.289 1.618 1.400 0.038 0.975 0.325 0.459 10 Some moving from the front comer and 
side. 

0.247 1.437 1.455 0.043 1.110 0.369 0.516 20 Some rocks wash out from the front 
corner, side, and lower part of front 

0.246 1.304 1.325 0.036 0.921 0.307 0.471 8 Medium rocks start shaking. 

23 0.253 1.549 1.531 0.047 1.219 0.406 0.536 10 Some movement of small rocks from the 
side, stable on the front. Medium rocks 

S 0.289 1.876 1.622 0.051 1.309 0.436 0.532 20 moving from the lower, middle. 
Some rocks wash out. 

0.258 1.232 1.194 0.029 0.740 0.245 0.414 8 Shaking from the front comer and side. 

25 0.282 1.773 1.572 0.048 1.239 0.412 0.522 10 Moving from the lower part of the front 
*L& face and corner. 

M 0.315 2.185 1.734 0.056 1.453 0.484 0.545 20 Some washing out from the front comer 
and the middle nan of the 
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Table 16. Observed and Calculated Values for the Smallest Size 
Riprap; Second Abutment 

Second Abutment T° ' 4d 

Run y. 

(ft) 

Q 

(Cfs) 

V 

fps 

'To 

lb 
ft2 

'Tob 

1 

f 
l 

1
? 

0
 

h-
i 

2 

F Qs 

lb 
min 

Remarks 

0.235 1.112 1.183 0.025 0.445 2.100 0.430 4 Few rocks shaking from the corner of front 
face. 

21 0.258 1.335 1.294 0.029 0.516 2.436 0.450 6 Some movement of rocks from the corner 

and lower side. 

0.274 1.667 1.521 0.039 0.694 3.276 0.512 10 Some washing out from the vulnerable area 
of front corner. 

0.226 0.928 1.027 0.019 0.338 1.586 0.381 2 Few rocks shaking. 

22 . 0.241 1.190 1.234 0.026 0.480 2.268 0.470 6 Some movement of rocks. 

0.265 1.559 1.471 0.036 0.641 3.025 0.504 10 Rocks washing out. 

0.246 1.304 1.325 0.030 0.523 2.520 0.471 8 Shaking. 

23 0.253 1.549 1.531 0.040 0.711 3.360 0.536 10 Moving. 

S 0.289 1.876 1.622 0.043 0.768 3.613 0.532 20 Washing out. 

0.261 1.476 1.414 0.034 0.605 2.856 0.488 8 Shaking. 

24 0.276 1.823 1.651 0.045 0.819 3.865 0.554 10 Moving. 

*L& 
S 0.305 2.252 1.846 0.055 0.958 4.621 0.589 20 Washing out. 
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Table 17. Critical Shear Ratio When Flow is Horizontal and Normal 

Dynamic 

Statement 

shaking 

moving 

washing out 

k » llob 
Tcsh 

0.235 

0.325 

0.400 

0.500 

0.714 

0.800 
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Practical Example Using the Results of this Investigation 

1. Assume the river has a velocity of 10 fps and water depth 

in the approach section upstream of the abutment of y = 8 

ft. The kind of rocks available in the area have an angle 

of repose <j> - 40° and the slope of the abutment is 1:2. 

What is the size of rocks that will stand against the three 

dynamic conditions (shaking, moving, washing out) for 

both the horizontal and normal flow? 

2. If the velocity of the river changes to 15 fps what will be 

the size of riprap for the same conditions? 

3. If the velocity of is 15 fps but the slope angle of the bridge 

is reduced to 1:4, what is the size of riprap? 

4. If the velocity is 8 fps, the depth of flow is 8 ft. and the 

side slope 1:2. 

SOLUTION: e = arc tan 0.5 = 26.57° 

0 = 40° 

Horizontal flow on bridge abutment 

Tcsh — 1 
•s 

(1) Tcsh 

~  =  ° - 7 1 8  

sin20 

= 4d x 0.718 



Normal flow on projection of bridge abutment 

^ = 4d x cosefl -
rc [ tan<6 J 

(2) Tcs,, = 0.361 x 4d 

When the flow is horizontal: 

^2. = k 
^CS 
y2 d'/3 ' 

30v'/3 = k 
Tcsh 

From (1) 

= 4d x 0.718 

d Y2 
0.718 x k x 120(y)'/3 

For shaking 

k = 0.325 

d = Y? = 3 9 ft 
0.718 x 0.235 x 120(y)'/3 u" 

For some movement 

k = 0.325 

d = 2.4 ft. 

For washing out 

k = 0.4 

d = 1.8 ft. 
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When the flow is normal: 

From equation (2) 

rcsn = 4d x 0.361 

V2 

d = 

d>/3 
30v'/3 = k 

V2 
k x 0.361 x 120(8)1/3 

3/2 

For shaking 

k = 0.5 

= (o.i 
100 

.5 x 0.361 x 120(8)1/3 

For some movement 

3/2 = 3.6 ft. 

by substituting k = 0.714, d = 2.1 ft. 

For large movement, washing out 

d = 1.7 ft. 

Table 18. Results for the Example 

v _ lio_ v _ T'o Horizontal Normal 
" Tcsh K " Tcsn d (ft) d (ft) 

k = 0.235 k = 0.500 3.9 3.6 

k = 0.325 k = 0.714 2.4 2.1 

k = 0.400 k- 0.800 1.8 1.7 
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2. When V = 15 

Table 19. Results for th 

Dynamic 
Case 

Shaking 

3s; 0 and <j> remain the same. 

Example 

Horizontal Normal 
d (ft) d (ft) 

13.1 11.8 

Moving 8.6 6.9 

Washing out 6.0 5.9 

3. When the side slope is 1:4 the size of rocks becomes 

smaller. 

Where the flow is horizontal, 

^csh _ 
Tcb 

1 - sjnii = 0.926 
sm20 

Table 20. Results for 

Dynamic 
Case 

Shaking 

Moving 

Example 

Horizontal Normal 
d (ft) d (ft) 

8.9 4.4 

5.5 2.7 

Washing out 4.0 2.2 
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4. When V = 8 fps; slope 1:2 

y = 8 fps; <j> = 40° 

Table 21. Results for the Example 

Dynamic 
Case 

Shaking 

Horizontal Normal 
d (ft) d (ft) 

2.0 1.8 

Moving 1.2 1 . 1  

Washing out 0.9 0.9 

The results of the practical example seem to be reasonable. The 

more conservative the criteria for the critical condition, the larger the 

rock riprap must be. Some movement and even minor washing out 

failure may be acceptable if it occurs very seldom and can be repaired 

quickly. If the 6 ft. riprap would wash out at a very rare flood with 

a velocity of 15 fps, it would stay in a less rare flood with a velocity 

of 10 fps. 

High velocity requires large riprap. This can be compensated 

for somewhat by reducing the side slope. Otherwise, other methods 

of protection should be considered. 

It was noticed that riprap away from the upstream corner of the 

abutment did not move. Some runs were made with larger riprap on 



the corner than elsewhere. The results suggested that the riprap on 

the embankment could be half the size of the riprap on the corner. 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

The flow approaching the bridge abutment or the embankment 

goes to a stagnation pressure at the front face, rides up, then turns 

and dives and rotates, due to a change from kinetic energy to potential 

energy and back into kinetic energy. This energy transformation 

causes the flow to form a spiral vortex around the toe of the bridge 

abutment in a scour hole which forms there. Part of the flow acceler

ates around the upstream corner of the abutment because of the pier-

zometric gradient due to the stagnation ride up on the upstream 

embankment. The upstream corner is therefore the area of greatest 

boundary shear where the riprap particles first move. This research 

indicates that the most vulnerable area of the bridge abutment is at the 

upstream corner. 

Less vulnerable areas are located on the upstream face and the 

downstream area of the end of the spill-through abutment. The least 

vulnerable areas are at the downstream face because the shear stress 

there is minimum. Indeed, the downstream corner and face are 

affected by a build up of sand into a sand bar in the lee of the 

embankment. Therefore, the largest riprap should be placed on the 

most vulnerable areas of the upstream corner, and the smallest riprap 

should be used on the upstream face of the embankment and the 

downstream portion of the end face of the abutment. The down
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stream corner and face need little or no protective riprap because they 

are not subject to a high shear stress and because they are also located 

where the sand accumulates. 

This investigation has focused on the conditions at the end of 

the approach embankment which terminates in a spill-through abut

ment. This is the most vulnerable geometry: a rigid wing-wall abut

ment itself should not be vulnerable in this way, and it should be 

possible to protect its approach embankment by riprap sized by the 

rules given herein. Erosion protection of the embankment farther 

back from the abutment needs to be studied independently in a much 

wider flume with various flow patterns that could occur, including 

overflow. In general, this other part of the embankment should 

require a lesser degree of protection because the velocity of flow and 

the boundary shear would ordinarily be expected to be much less. 

This investigation indicates that the embankment near the vulnerable 

upstream needs riprap of perhaps half the diameter needed on the 

corner. 

This investigation has provided relationships which can be used 

to size the riprap on the embankment-abutment subject to high velo

cities and high boundary shear. Because the size and quantity of 

riprap increases with the magnitude of the flood being tested as the 

design flood, the cost of protection increases with larger, rarer floods. 

However, the rarer the flood is, the less the chance that flood will 

occur in the nominal life of the valley crossing and bridge. Thus, the 
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probable loss, including life, property, and traffic delay, decreases the 

larger and rarer the flood is. The sum of the cost of protection and 

the total probable loss should have a minimum at some magnitude-

frequency flood, which should be the design flood. All factors that go 

into determining the design flood will not be known as well as one 

would wish. Fortunately, the optimum curve is bound to be flat in 

the vicinity of the "correct" design flood, and any design within a 

range is probably as good as another. Nevertheless, the relationships 

for sizing riprap presented herein are the relationships required to 

make a prudent design decision. 

A reference boundary shear can be written assuming the velo

city and depth of the approach flow and a bed of riprap particles: 

= yz dl/3 
0 (30yo)'/3 

Further investigation of embankment riprapping could consider 

several topics: 

1. The use of soil-cement or gabions as a substitute for 

riprap. 

2. The flow conditions along the embankment at a distance 

from the abutment, and possible protective measures such 

as vegetation, spur dikes, diversion of overbank flow soil-

cement, clay, fences and jacks, as well as riprap. 
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3. Design for overtopping flow or "fuse plugs" in the. 

embankment with due consideration of interference to 

traffic as well as the correct physical design. 

4. Optimizing the length of bridge in a valley crossing; the 

bridge should be designed for the maximum flood to be 

expected, but the embankment might be designed for a 

lesser flood. The shorter the bridge, the less the cost of 

the bridge, but the greater the cost of the riprapped 

embankment because it will be longer. There should be 

some "best" length of bridge which considers all aspects of 

the valley crossing. 

Where 

V is the average velocity of the approach flow, 

y is the average depth of the approach flow, 

d is the equivalent particle diameter of riprap, and 

T'0 is the boundary particle shear stress that would be 

expected if the bed of the approach flow was covered 

with 

riprap particles. 

The critical tractive force for the riprap on the bed is calculated 

rc = 4d. 
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The critical tractive force for the riprap on the slope faces of 

the bridge abutment is calculated by the relationship 

Tcsh = 4d 2 _ sin2 0 
sin2 <t> 

for flow horizontal and parallel to the side slope, or 

, f l  _  tanll 
[ tan <t> J 

Tcs„ = 4d cose |1 

for flow "vertical" and parallel to the slope. In those equations 0 is 

the angle of the side slope and <j> the angle of repose. 

Ordinarily, movement of the most exposed particle is expected 

when 

This criteria is equivalent to the definition of critical tractive force. 

However, what really happens when the ratio of particle shear to criti

cal tractive force is unity depends on (1) whether the two terms are 

evaluated correctly, and (2) what the flow pattern, and the pressure 

and shear pattern on the most vulnerable riprap particle is. 

The particle shear on the upstream corner of the spill-through 

abutment would be expected to be higher than the reference boundary 
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shear as evaluated. The critical tractive force in the complex flow at 

the corner is probably somewhere in between the two extreme values 

evaluated as if the flow was horizontal or "vertical" (for normal), and 

could also be different because the velocity distribution is not that of a 

fully developed boundary layer. 

Therefore, the criteria for movement is 

where K is less than unity, depends on the evaluation of rc chosen, 

and also depends on the amount of movement permitted: (1) shaking 

but no movement, (2) a few riprap particles moving, or (3) enough 

movement to cause failure over a limited area. The values of K sug

gested on the basis of this investigation are: 

Table 22. Summary Table of Results for this Investigation 

Assumed flow Shaking Some movement Limited failure 

Horizontal 0.235 0.325 0.400 

Vertical 0.500 0.714 0.800 
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The ability to size riprap on the embankment and/or abutment 

is a key element in being able to design this feature of the valley 

crossing in a judicious, prudent manner, taking the following factors 

into consideration: 

(1) How important the crossing is and what kind of purpose it 

will serve; is the area inhabited and what will be the effects 

on the lives of the people from any dangers they might be 

exposed to? 

(2) Hydraulic data about the probable maximum flood and the 

return interval of other major floods. 

(3) The appropriate criteria for sizing the riprap whether for 

the very conservative dynamic condition (shaking), the 

conservative (some movement), or the least conservative 

(large movement or washing out). The very conservative 

condition (shaking), requires the largest size of riprap when 

compared with the conditions of movement and washing 

out. All of these condition factors must take into consider

ation the cost of rocks (actual costs, transportation and 

labor), and the importance of the existing or new structure. 
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