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DISCLAIMER 

The contents of this report reflect the views of the authors, who are responsible for the 

accuracy of the data presented herein. This document is disseminated through the Transportation 

Research Center, University of Alaska Fairbanks. This research has been funded by the Alaska 

Department of Transportation and Public Facilities (AKDOT &PF) via the Federal Highway 

Administration (FHWA). The contents of the report do not necessarily reflect the views or the 

policies of AKDOT&PF or any local sponsor. This work does not constitute a standard, 

specification or regulation. 



ABSTRACT 

Efficient highway bridge design requires a good understanding of channel bottom scour 

around the pier and abutment foundations. While research on bridge pier hydraulics has resulted 

in rcliable equations for estimating the depth of pier scour, bridge abutment scour depth equations 

have so far proved to be not completely reliable when applied to field problems. We were able to 

develop a method depends on simple fluid principles of uniform horizontal that shear distribution, 

nUlllerical solution of the Laplace equation for 2-dimensional flow around bridge abutments, 

adjustment of empirical parameters by comparison to laboratory measurements, and the 

assumption a fully mobile bed sediment movement. The theoretical development results in a 

prediction of dimensionless scour depth as a simple function of the stream tube contraction at the 

upstrcam corner of the abutment. The prediction equation, when compared to laboratory 

experimental results and a standard regression equation, showed consistent results. When a direct 

comparison can be made, the prediction equation seemed to give more reasonable results and 

predicted less scour than that of the standard regression equation. Case studies of two highway 

bridge crossings near Fairbanks. Alaska showed that the prediction technique has promise as a 

practiealmcthod for evaluating channel scour at bridge abutments. 

ii 



TABLE OF CONTENTS 

DISCLAIMER .................................................. 1 

ABSTRACT .................................................... ii 

TABLE OF CONTENTS ......................................... iii 

LIST OF FIGURES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. vi 

ACKNOWLEDGEMENTS ........................................ vii 

I. INTRODUCTION ............................................. 1 

2. BACKGROUND .............................................. 2 

.1 THEORETICAL DEVELOPMENT ................................ 3 

4. COMPUTATION PROCEDURE ................................. 10 

5. LABORATORY PARAMETER EVALUATION ..................... 14 

6. RESULTS AND DISCUSSION ................................ " 19 

6.1 Vertical Wall Abutment .................................... 19 

6.2 Spill Through Abutment Results ............................. 21 

6.3 Guidehank Abutment Results ................................ 22 

7. CONCLUSION ............................................... 24 

APPENDICES ................................................. 25 

Appendix A: Laboratory Data and Calculated Results of Various 
Configurations ............................................ 25 

Table 1. Raw Data and Calculated Results for Vertical Wall 
Abutment Computer Model ............................ 26 

iii 



TABLE OF CONTENTS (continued) 

Table 2. Raw Data and Calculated Results for Vertical Wall 
Abutment Laboratory Experiments . . . . . . . . . . . . . . . . . . . . . .. 27 

Table 3. Raw Data and Calculated Results for the Spill Through 
Abutment Computer Model ............................ 28 

Table 4. Raw Data and Calculated Results for the Spill Through 
Laboratory Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 29 

Table 5. Raw Data and Calculated Results for the Guidebank 
Abutment Computer Model ............................ 30 

Table 6. Raw Data and Calculated Results for the Guidebank 
Abutment Laboratory Experiments ....................... 31 

Appendix B: Calculations of Best Fit Curve to Laboratory Results ..... 32 

Table I. Best Fit Calculations and Results for Vertical Wall 
Abutment ......................................... 33 

Table 2. Best Fit Calculations and Results for Spill Through 
Abutment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 33 

Table 3. Best Fit Calculations and Results for Guidebank 
Abutment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 33 

Appendix C: Comparison of Laboratory Results, Best Fit Equation, 
Prediction Equation and Standard Equation .................... " 34 

Graph 1. Results from Computer Models, Flume Experiments, 
Best fit Equation. Liu's Equation and Laursen's Equation for the 
Vertical Wall Abutment ............................... 35 

Graph 2. Results from Computer Models, Flume Experiments, 
Best Fit Equation and Liu's Equation for the Spill Through 
Abutment ........................................ " 36 

Graph 3. Results from Computer Models, Aume Experiments, 
and Best Fit Equation for the Guidebank Abutment .......... 37 

iv 



TABLE OF CONTENTS (continued) 

Graph 4. Comparison of Laboratory Results from the Vertical WalL 
Spill Through and Guidebank Abutments .................. 38 

Appendix D: Laplace Equation Streamline Solution for Various 
Abutlllcnt Configurations .................................... 39 

Figures I a (1) - Id (2). Computer Models of Vertical Wall Abutments 
with Varying Encroachment Ratios and 45° Separation 
Zones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40-47 

Figures 2a (I) - 2d (2). Computer Models of Spill Through Abutments 
with Varying Encroachment Ratios and 45° Separation 
Zones ............................................ 48-55 

Figures 3a ( I) - 3d (2). Computer Models of Guidebank Abutments 
with Varying Encroachment Ratios and 45° Separation 
Zones ............................................ 56-63 

Figures 4a (I) - 4d (2). Computer Models of Vertical Wall Abutments 
with Varying Encroachment Ratios and no 45 ° Separation 
Zones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64-71 

Figures Sa (I) - 5d (2). Computer Models of Spill Through Abutments 
with Varying Encroachments Ratios and no 45° Separation 
Zones ............................................ 72-79 

Figures 6a (I) - 6d (2). Computer Models of Guidebank Abutments 
with Varying Encroachment Ratios and no 45 0 Separation 
Zones ............................................ 80-87 

Appendix E: Case Studies ................................... 88 

A. Case Study 1: Chatanika Bridge Abutment .............. 89 

B. Case Study 2: Chena Bridge Abutment ................. 95 

Appendix F: Summary Report on Exsisting Methods ............... 107 

Appendix G: Summary Report on Research Strategy ............... III 

v 



LIST OF FIGURES 

Figure 1: Streamlines TIlrough a Channel ............................... 5 

Figure 2: Depth (Yo) and Velocity (vo): A Representation of Channel Row ...... 5 

Figure 3: Distance of Streamline From Bank or Abutment .................. 6 

Figure 4: A View of Channel Tranverse ................................ 8 

Figure 5: Distance of Streamlines from Bank or Abutment ............... " 11 

Figure (I: Plan View of Vertical Wall Abutment ....................... " 15 

Figure 7: Plan View of Spill! Through Abutment ........................ 15 

Figure iI: Plan View of Guidebank Abutment ........................... 18 

Figure 9: Encroachment Ratio for Vertical Wall Abutment ................. 18 

VI 



ACKNOWLEDGMENTS 

This work has been sponsored by the Alaska Department of Transportation and Public 

racilitics under Project SPR-UAF-92-3. The writer would like to thank Mark Miles and Dean 

Griggs, Bridge Section, AKDOT &PF, for this project idea and their support of it. This project 

was administered through the Alaska Cooperative Transportation and Public Facilities Research 

Program (CTPRP) and the Federal Highway Administration (FHWA). 

VlI 



I. INTRODUCTION 

This project. "Field and Laboratory Investigation of Bridge Abutment Scour," was 

designed to be conducted with two funding phases. This final report describes the activities 

accomplished with the available funds. The Phase II portion of the work can be completed when 

funds become available. In the Phase I activity, researchers conducted a literature search of 

methods for determining bridge abutment scour that could be adapted to Alaska streams, 

developed a conceptual framework for calculating bridge abutment scour, evaluated equation 

parameters in the laboratory and conducted limited field evaluations at two bridges. 

The original project ohjectives were: 

I) Survey present ll1t:lhods of bridge abutment scour in Alaska and in the Western region 

states. Assess what methods seem effective and what portions need improvement. 

Carefully delineate the abutment scour computation needs of AKDOT &PF hydraulic 

designers including characterization of stream channels, type and size of abutments, flood 

flow estimation and ease and reliability of present methods. 

2) Dt:vdop a rt:search strategy that will lead to a useful computation of bridge scour in 

Alaska. Coordinalt: with other stream data programs such as the U.S. Geological Survey 

(USGS) stream measurement program. 

3) Usc a combination of laboratory and field experiments to investigate the depth of 



abutlllent scour and adjust current empirical equations. Make extensive use of the newly 

developed UAF-CE bottom scour sensor. 

4) Work closely with AKDOT&PF hydraulic engineers to develop a final estimation 

method that will allow for better design of bridge structures and present the results in a 

useful manner. 

With the resources available for this first phase, researchers completed the first two 

ohjectives and part of the third. The remaining work must wait on funding of a Phase II project. 

proiect. 

The project proposal called for three reports: 

I) SUlllmary report on existing methods (Submitted 8/3/93). 

2) SU1llmary report on research strategy (Submitted 8/3/93) . 

.I) Final Draft Report. 

The first two are induded as appendices in this final report. This report completes the 

2. BACKGROUND 

The purpose of this project was to determine whether improved equations could be 

developed for predicting scour depths around bridge abutments. A working theoretical 

expression was developed by making several assumptions (discussed in section 3) and then 

applying Bernoulli's equation. With the developed theoretical expression, the results from the 
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computer and laboratory experiments were used to evaluate the equation parameters. Some 

limited field tests were conducted. If a second phase of the work should be conducted, the 

equatioll prediction valucs could be tested with further field tests throughout the state. 

3. THEORETICAL DEVELOPMENT 

The development of a theoretical equation for determining the extent of flood scouring 

around a bridge abutment began with the following assumptions: 

I) Most of the channel shear resistance with the flow is equally laterally distributed along 

the bOllom of the channel. The channel sides have relatively little effect on the flow 

distribution and the flow is assumed to be of constant depth. 

2) As a consequence of item I, the ideal flow principles of fluid mechanics can be used 

and the Laplace equation can be applied for numerical computation. 

3) The Froude number for open channel flow can be used for scaling the results of 

laboratory and computation results to a full size abutment configuration. 

4) The abutment scour problem is determined primarily by the flow between the channel 

side and a streamline boundary adjacent to the bank. 

3 



Using the previous assumptions. the abutment scour can be computed through the 

Ii lilowing steps: 

I) Estahlish the upstream flow conditions as uniform during the design flow under 

consideration. This condition is illustrated in Figures I and 2. 

2) Select the nU1l1ber of stream tubes to be used for the analysis, usually a convenient 

numher such as ten. The upstream flow is then considered to be equally distributed and 

given by Q, for each of the m stream tubes. QT represents the total flow of the stream. 

The width of the side stream tube of interest is calculated as bo' where B is the total width 

of the stream. 

Qi = Qr/m; bo= B/m. 

3) At this point. the streamline location must be determined. An abutment configuration 

is established and the now distribution is assumed to be given by the ideal fluid flow 

distributioll. Laplaee's equatioll for ideal fluid flow can be used as a first approximation. 

Later. a more complete finite element-based determination could be made. 

4) Now consider the side stream tube illustrated below in Figure 3. The points of interest 

arc the upstream width. h" and the width at a point of interest, bo• In the present case, the 

point of interest is the upstream corner of the bridge abutment. 

4 



bo-+ 

Figure I: Streamlines Through a Channel. 
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Figure 2: Depth Iy,,) and Velocity (vo): A Representation of Channel Flow 
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Figure 3: Distance of Streamline from Bank or Abutment 
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5) The ~pecific discharge, q, is defined as, 

and the velocity is given as 

Y=q/yo, 

where y is the nonnal depth. 

6) A key asslImption is that the bed sediment is in a live phase. The live bed phenomenon 

is often considered to be a condition of maximum scour. Maximum scour occurs when 

the rate or material removal equals that of replenishment, thus resulting in an equilibrium 

depth (sce Figure 4). At the equilibrium condition, the flow velocity is considered to be at 

the critical scour velocity as dictated by the bed material grain size. This yields the 

assumption that the upstream velocity is approximately equal to the scour hole velocity: 

Y=Yo=Ycr 

7)The Bernoulli equation can be written along a streamline between an upstream point and 

the upstream corner of the abutment, 

y + y2/2g + Z = Yo+Yo2/2g +Zo' 

7 



+ 
Yo 

f 

Water 

~ 
J ~ 

~ ____ 1~ ____ ~ 
t 
z 

l / 
/ 

Bed Material (sand) 

Figure -I: Longitudinal View of Channel and S<.:our Hole 

8 



X) The final scollr depth equation is developed in the following steps: 

Max scour at V = Yo, and y + Z = Yo + Zo, 

(Z - Z)/y = v/y - I o 0" 0 

bjba = y/Yo OR 

(Zo - Z)/Yo = bjb, - 1. Eq. 1 

Equation I gives a prediction of dimensionless scour depth as a simple function of the 

stream tuhc !low contrauion at the upstream comer of the abutment. The next step is to 

dctcl1lline the width of thc strcam tubc. As previously mentioned, this step can be accomplished 

with a s(liutillll of Laplac(;'s Equation at ideal fluid flow conditions. Ideal fluid flow, in turn, is 

~lppn)X illlated hy the assulllption of equally distributed bottom shear stress. The scour prediction 

equ;lI ion requires a determination of the stream tube width at the upstream corner of the 

abutlllcnt. In ordcr to dctermine the stream tube width, a calculation of the flow or streamline 

distrihutlon for the pertinent abutlllent configuration was required. The streamline distribution 

was detcm1ined by solving the Laplace Equation for the stream function using a computer 

!!cncratcd model. 
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4. COMPUTATION PROCEDURE 

Six ahutment conditions were modeled using an iterative solution of Laplace's equation, 

Thc cquation was simplified using two assumptions: 

I) The channel ooundary shear resistance is equally distributed laterally along the bottom 

of the channel. 

2) The channel sides have relatively little effect on the flow distribution. 

Since the finite difference method requires an iterative process, a spreadsheet program was 

utilized to tabulate the results. The general procedure used to create the computer models is 

described in the following method: 

I) For each trial, the right edge of the solution (represented on the left side of the diagram, 

Figure 5 was specified to be a stteamline value of 1.0. The streamline valued at 2.0 was 

used as the left side of the stream tube for the analysis. (The streamline values have no 

signiticancc in themselves. but they serve as labels for the streamlines, and they allow the 

location of the streamlines to be calculated.) The boundaries across the stream channel, 

both upstrcam and downstream of the abutment, are specified to give a uniform flow 

condition. The numerical computation proceeds as follows: 

2) The lXllIndary values arc set as described above, 1.0 for the right bank and an arbitrary 

value for the middle of the channel. 

3) Each or the interior points are calculated to be the average of the surrounding points. 

This computation is discussed in most fluid mechanics books, and it satisfies the condition 

that Laplace's eLJuation explain the position of the streamlines for equal bottom shear and 

10 
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Figure 5: Distance of Streamlines from Bank or Abutment 
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the principle of continuity. Special equations are specified for the boundaries. 

4) The computation is repeated through the automatic iteration mode in the spreadsheet 

program. When the values no longer change, the solution is achieved and the distribution 

of the streamline values represents that of the channel flow. 

Six abutment conditions were modeled and are shown in Appendix D: 

I) Vertical wall with a 45° stagnation point. 

2) Spill through with a 45" stagnation point. 

3) GuiJebank with a 45" stagnation point. 

4) A vertical wall without a stagnation point. 

5) A spill through abutment without a stagnation point. 

6) A guidcbank without a stagnation point. 

The results of the flow distribution determination are shown in Appendix D. Note that 

several figures arc shown in two parts. The two points of interest for each encroachment 

configuration are the upstream width between streamlines I and 2 and the corresponding 

horizontal width between 1 and 2 at the upstream corner of the abutment. These are the 

rcspel·tive widths h" and h, lIsed in the scour prediction equation. 

The I ,aplace equation solution results in a grid of numbers. From this grid, streamline 2 

W:IS l"hosC!l :IS the poi!lt ()r reference. Interpolation between the numbers was used to determine 

the precise location or thi, streamline. for interpolation purposes, the exact location of any 

!lumher was chosen as its decimal point. 
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Two solution scales were prepared for each configuration: 

I) A global view, which presented the abutment and the surrounding region. 

2) An expanded view, which focused on the region immediately surrounding the tip of the 

abutment. 

The global view provides an overall solution to the model from which constant boundary 

conditiolls were obtained from points of known values. Interpolation between these points is 

used 10 l,!cnerale the necessary boundary conditions for the expanded view. The size of the grid 

wa.-';1 function of accuracy requirements. computational time considerations and approximation of 

uniform flow conditions. A trade-off occurred between the accuracy of the solution and the time 

required to solve the equation. As the accuracy increased, the time required for the computer to 

solve the equation increased proportionally. 

The expanded view illustrates the area encompassing the tip of the abutment. This view 

was produced by expanding the lengths of the global view by a scaling factor. The scaling factor 

varied by abutment type and ranged from 4 to 5. The initial conditions were obtained from the 

final global solution. In order to locate global data points, a similar coordinate system was used in 

Ihe expanded view. This coordinate system was enlarged in both the horizontal and vertical 

directions hy the scaling factor. 

In hoth the global and expanded view, symmetry was used to help determine the reliability 

oj re~lIlts. A properly designed model should be symmetrical about a horizontal axis intersecting 

Ihe hridge ahutment. The three flIimary causes for an asymmetrical solution were: 

13 



1) Error in the finite difference fonnula. 

2) NOll-convergence of the solution. 

J) An asymmetrical abutment. 

The symmetry and accuracy of the solution is dependent upon the number of iterations. 

Too few Iterations will result in a solution that has not converged and thus was slightly 

asymllletricai. The use of an abutment that was not symmetrical about the horizontal axis will 

create a n)rrect solution that is asymmetrical. 

5. LI\B01U,fORY PARAMETER EVALUATION 

'111C lahomtory experiments for the work were perfonned in a 2x2 foot open channel test 

tlullll' at the UAF Department of Civil Engineering's Hydraulics Laboratory. Three types of 

abutments were tcsted during the laboratory experiments: vertical wall, spill through, and 

guideb;\llk. /\lthough the same computation scheme applied to each abutment type. the 

constructton procedure changed due to their different shapes. In all of the experiments, the 

material for the bed and bridge abutment was sand and bricks. respectively (see Figure 6). For the 

spilililollgh and guidchank abutments, small gravel rip rap was utilized to create the necessary 

shapc (sec figure 7). 
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A general procedure is olltlined below with necessary changes to compensate for varying 

<lilllI1l1ellllypes: 

I) The bed material was excavated in order to bury the bridge abutment and protect the 

toe of the ri prap. 

2) The appropriate number of bricks were placed along the edge of the flume to produce 

the proper encroachment ratio. 

3) Riprap was placed around the bricks, at an approximate 40 degree angle, to simulate 

the spill through and guide bank shapes. 

4) The bed material in [he flume was replaced and leveled so the toe of the riprap and the 

bricks were protected from the impending scour. 

5) The watcr height was raised to aid in compacting the bed material around the abutment 

and exposed riprap. 

6) The bed material was leveled. 

7) Additional bricks were placed at the end of the flume to control the flow of the water. 

X) /\ cross section of the original bed surface was recorded. 

I)) The 1111me's manometers were checked for equilibrium. 

I ()) The pump was started. allowing the flow of water. 

II) The now was increased until a live bed condition was achieved. 

12) An upstream height from the bed to the water surface was recorded. 

13) Thc velocity head was measured using a Pitot tube. 

14) The height of the water in the manometers were recorded. 

15) The tlow was halted. 

16 



16) 1\ dam was created at the end of the flume to allow slow drainage of the water, 

preventing destruction of the bed profile. 

17) Three cross scctions were measured for the vertical wall and spill through abutments, 

whereas four profiles were measured for the guidebank abutment (see Figure 8). 

The encroachment ratio, described in Step 2, is defined as B'/B. The denominator B of the 

expn;~sion is the width of the flume and was constant for all abutment types. The numerator (B') 

of the expression was measured from the side of the flume, along the central horizontal axis of the 

bricks, to the point of contact the abutment made with the sand (see Figure 9). This point of 

contact for the vertical wall abutment was the intersection of the sand and the tip of the brick. 

For the ~pillthrough and guidebank abutments, the point of contact coincided with the end of the 

above ground portion of the riprap and the sand. 

The riprap. described in Step 3, was fine gravel (classified as GP according to the Unified 

Soib Classification System). passing the 3/8" sieve and retained on the No.4 sieve. The slope of 

the ripmp corresponded to the angle of repose for the gravel. 

In Step ), the hed material was compacted around the abutment until it was the same 

consistellcy as the rest of the hed. 111is was a necessary step because the scour depth is effected 

hy the c!lIlsistency of the hed material. 

Step I I required that the flow be increased until a live bed condition existed. At live bed 

l"(lnditiClIlS, the maximum scour will occur when equilibrium is reached between the deposit and 

rcmoval of sediments in the scour hole. 

111e upstream hcight of the tlowing water was measured in Step 12. This measurement 

was takcn in the ccnter of the flow. upstream from the abutment. This location was also used for 

17 



Row \ \ \ \ 

Guidebanlc Abutment 

Figure R: Plan View of Guidebank Abutment 

Center Une 

B' 
Encroachment ratio. B'/B 

B 

Square Edge Abutment 

Figure l): Encroachment Ratio for Vertical Wall Abutment 

18 



mcasuring the velocity head. Measurement of the velocity head. for Step 13. was accomplished 

through the use of a Pitot tube. 

The distance to the upstream cross section. referenced in both Steps 8 and 17, changed for 

each ahutmcnt. The distances to the cross section, from the upstream corner of the abutment, are 

displayed the chart helow. 

Type or ailutment 

Vertical Wall 

Spill Through 

Guide Abutment 

Distance from upstream comer of abutment 

.366 meters 

.366 meters 

.50 meters 

Some cross sectional measurements were affected by riprap dislodging from the abutment. 

This displaced riprap created local scour pockets, in addition to the overall scour. During cross 

section measurements. these points were averaged with the surrounding unaffected area in order 

to obtain an approximate reading. 

h. RES LILTS AND DISCUSSION 

6.1 Vertical Wall Abutmcnt 

The raw data and tabulated results for the computer model and laboratory experiments are 

round in Appcndix .\. Tables I and 2 respectively. The computer model for the vertical wall 

abutment described a ncar linear relationship between the dimensionless expressions of B'/B and 
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(Z"-Zl/y,,. The laboratory experiments indicated results in the form of a power curve (y=c*xd). 

One probable rcason for this difference was that the basic assumptions of the scour prediction 

equatioll and the corresponding flow distribution computation were violated in real flow 

siluati()ns. Probably the 1110st unrealistic assumptions were the exclusion of the free shear 

boundary. which often forms upstream of the abutment, and the assumption of equal velocities in 

the side stream tube as the bottom scour develops. 

In order to accoullt for the differences. a procedure was utilized to fit the computer model 

In the laboratory experiments. This procedure used the least squared method to determine the 

val lies Ill' lWO coefficients. l' and J. that would best fit the computer model to the laboratory 

results. The steps used to calculate these coefficients are listed below: 

I) The computer model results were tabulated and placed in the first column. 

2) Initial valucs of one for the coefficients were placed in the second and third columns, 

respectively. 

3) The computer model was recalculated in Column four by the following equation: 

Column -+ = Column 2 * (Column I " Column 3) 

y=c*(x"d) 

-+) The results from the laboratory experiments were placed in the fifth column. 

:')) In the sixth coluilln. the difference of Column 5 and Column 6 was squared. At the 

hOl\()m of Colullln h. these differences were added to create a sum. 

Il) Suhscqut.:nt as,,,u111ptions were tried and the resulting value at the bottom of Column 6 
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was compared to the previous sum. 

7) If the flew result of the coefficients created a smaller sum. then those values were used 

as the flew comparison value. 

X) This iterative method continued until the sum of the squares could no longer be reduced 

to the availablc accuracy. 

l)) At this point. the subsequent c and d values were used to fit the computer model to the 

laboratory results. 

Thrnugh this process. val lies for the coefficients were determined to the hundredth 

decilllal placc for the vertical wall abutment. Table I in Appendix B shows the calculations and 

the v;llucs for the c and d coefficients. The coefficients c and d were 1.45 and .54, respectively. 

The results from two eljllations. which are used to predict the scour around a vertical wall 

abut11lent. were overlaid to provide a comparison with the laboratory data (Appendix C, Graph 1). 

Thesc cljuations. found in Highways in the River Environment (1990), were developed by Liu, et 

al.. ( I % I) and by Laursen (19XOl. Lui's equation predicts the depth of local scour, whereas 

Laursen's eljllation predicts the sum of both local and contraction scour. According to our 

lahoratory rcsults. both cquations ovcr predicted the depth of scour. 

il.':: Spill Through Abutment Results 

Thc raw data and tahulated results for the computer model and laboratory experiments are 

j(lIlnt! in Appendix ;\. Tahles .~ and -+ respectively. The computer model for the spill through 

abutmcnt descrihed an approximate linear relationship between the dimensionless expressions of 
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13'/13 ;tnd (Zo-Z)/y", whereas the results from the laboratory experiments were in the form of a 

power curve (y=c*x"). A probable reason for this difference was that the basic assumptions of the 

scour preuiction e4uation and the corresponding flow distribution computation were violated in 

real flow sItuations. Probably the most unrealistic assumptions were the exclusion of the free 

shear !xlLlIldalY, which often forms upstream of the abutment, and the assumption of equal 

velocities in the side stream tube as the bottom scour develops. 

A best fit curve, using the same procedure listed in the vertical wall abutment results, was 

utilized tll fit the computer model to the laboratory findings. The calculations and results of this 

curvc arc shown in Appendix 13, Table 2. The c and d coefficients were .67 and .'27 respectively. 

As stated carl ier, Li u et. al (1961) developed an equation that predicts the scour depth 

around :1 spill thrOllf!h abutment. For this project. this equation was overlaid and shown in 

Appendix C. Graph 2. In this equation, Lui did not address the effects of contraction scour. 

Whcn l'(l111parcd to the results from our studies, this equation over-predicted the depth of scour. 

(1.3 Cillidebank Abutment Rcsults 

'!lle raw data and tabulated results for the computer model and laboratory experiments are 

found ill Appendix A, Tables:; and 6 respectively. The computer model for the guidebank 

abutmellt described a linear relationship between the dimensionless expressions ofB'/B and (Zo­

Zl/y", whereas the results from the laboratory experiments were in the fonn of a power curve 

(y=c*x·'l. ;\gain. a probable reason for this difference is that the basic assumptions of the scour 

pre(\ictlllil l'quatioll and the corresponding flow distribution computation were violated in real 

nOW'lIl1:1tl<lllS. Prohahly the 1110St unrealistic assumptions were the exclusion of the free shear 
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b()l1IHlary. which often forms upstream of the abutment, and the assumption of equal velocities in 

the .~ide stream tube as the bottom scour develops. 

A best fit curve. as previously described, was utilized to fit the computer model to the 

lab(lratory results. The calculations and results are shown in Appendix B, Table 3. The resulting 

c and d values were .37 and .73 respectively. The results from the computer model, laboratory 

experimcnts and the best fit curve were graphed and the resulting graph is located in Appendix C, 

Graph .~. 

The values of the c and d coefficients are shown below for each abutment type. 

Abutlllent Type c Coefficient d Coefficient 

Vertical Wall Abutment 1.45 .54 

Spill Through Abutment .69 .27 

Guidcbank Abutment .37 .73 

The results for the laboratory experiments were graphed for each abutment type. This 

graph is located in Appendix C Graph 4. The depth of scour for the spill through and guidebank 

abutments were approximately ellual. The small difference may be attributed to laboratory error. 

A large depth of scour was measured for the vertical wall abutment. 
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7. CONCLUSION 

Estim:llioll of stream bottom scour at bridge abutments is a difficult endeavor. Abutments 

arc designed ill many different shapes and configurations. Attempts to develop regression type 

equatiolls based on a few laboratory configurations have been difficult to use and usually tend to 

give overly conservative results. 

We have developed a calculation method that used a few simple fluid mechanics 

principles. nUlllcrical calculation for a particular abutment configuration and parameter estimation 

with laboratory testing. The results indicated in this report suggest that we may be headed in a 

useful direction. The prime estimation equation is simple to use and is based on a sound concept, 

a completely active bed at flood scouring velocities. The application of the Laplace equation to 

shear free now in the horizontal plane is somewhat more tenuous in that the vertical shear 

houndaries along the upstream separation zones cannot be easily accounted for. The use of a 

experimental laboratory test to evaluate the equation parameters appears very promising. For a 

hridge costing several million dollars. the cost of a laboratory test would be but a small percentage 

of the total cost. 

Overall. we feci thc combined approach of fluid principle application. numerical 

L'ornputatinl1 and laboratory testing is a solid advance for the estimation of bridge abutment scour. 

We cilcourage further development work in this area with emphasis on further tests of actual field 

ill stallat it 'liS. 
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LABORATORY DATA AND CALCULATED RESULTS OF 

V ARIOUS CONFIGURATIONS 
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Table 1 (Raw Data and Calculated Results for the Vertical Wall Abutment Computer Model) 
Encroachment Measurement Scaled Actual Determination 

Ratio of bo to Measurement b. Measurement of (Zo-Z)/yo = 

S"S Streamline 2 of ba to Scaling of b. to (bJb.-l ) 
Streamline 2 Factor Streamline 2 

(mm) (mm) (mm) 
1.00 0.00 

0.906 11.0 34 5 6.8 0.62 
0.813 11.0 21 5 4.2 1.62 
0.75 11.0 18 5 3.6 2.06 

0.625 11.0 13 5 2.6 3.23 



T abl e 2 (Raw Data and Calculated Results for the Vertical Wall Abutment Laboratory Experiments) 

Raw Data from Vertical Wall Abutment (Brick Abutment and Sand Base) 
Datum to Manometer 

Brick Datum Datum to Original Velocity Left Right 
across out to Water Scour Surface Head Leg Leg 

(cm) (cm) (cm) (em) (in) (in) 
2 1 39.7 49 44 1.5 4.8 8.6 
2 2 39.5 53 44.4 1.4 4.7 8.7 
2 3 39.5 53 43.6 1.3 6.3 7.1 
2 4 39.8 538 43.6 1.35 5.4 8.2 

Calculations lor Vertical Wall Abutment (Brick Abutment and Sand Base) 
Average Froude Abutment Encroachment Laboratory Results 01 Results to Results Results 

Zo-Z Yo Velocity Number Length Ratio S'/S Results Best Fit Computer From Liu From Liu 
tv 
--J (cm) (cm) (m/s) (cm) (Zo-Z)lyo lab Equation Model Eq 5.17 Eq 5.19 

1.00 0.00 0.00 0.00 0.00 0.00 
5 4.3 0.54 0.84 5.75 0.91 1.16 1.12 0.62 2.28 1.73 

8.6 4.9 0.52 0.76 11.50 0.81 1.76 1.88 1.62 2.73 2.27 
9.4 4.1 0.51 0.80 17.25 0.72 2.29 2.14 2.06 3.56 3.00 
10.2 3.8 0.51 0.84 23.00 0.62 2.68 2.73 3.23 4.19 3.57 



N 
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Table 3 (Raw Data and Calculated Results lor the Spill Through Abutment Computer Model) 
Encroachment Measurement Scaled Actual Determination 

Ratio 01 bo to Measurement b. Measurement 01 (Zo-Z)/yo = 
B'IB Streamline 2 01 b. to Scaling 01 b. to (bJb.-l) 

Streamline 2 Factor Streamline 2 
(mm) (mm) (mm) 

1.00 0.00 
0.906 11.0 34 5 6.8 0.62 
0.813 11.0 22 5 4.4 1.50 
0.75 11.0 18 5 3.6 2.06 
0625 11.0 14 5 2.8 2.93 



N 
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Table 4 (Raw Data and Calculated Results for the Spill Through Abutment Laboratory Experiments 

Raw Data from Spill Through Abutment (Gravel Abutment and Sand Sase) 
Datum to Manometer 

Brick Datum Datum to Original Velocity Left 
across out to Water Scour Surface Head Leg 

(cm) (cm) (cm) (cm) (in) 
2 1 394 46.5 43.76 14 7.5 
2 2 39 47.2 43.8 1.4 7.5 
2 3 39 47.9 43.72 1.2 7.8 
2 4 38.6 48 43.5 1.3 7.3 

Calcutations for Spill Through Abutment (Gravel Abutment and Sand Base) 

Zo-Z 
(em) 

2.740 
3.400 
4.180 
4.500 

Average Froude Abutment Encroachment Laboratory 
Yo Velocity Number Length Ratio S'/B Results 

(em) (m/s) (em) (Zo-Z)lyo lab 

4.360 0.524 0.801 
4800 0.524 0.764 
4.720 0.485 0.713 
4.900 0.505 0.728 

18.750 
26.000 
30.250 
36.000 

5.750 
11.500 
17.250 
23.000 

1.000 
0.692 
0.573 
0.504 
0.409 
1.000 
0.906 
0.811 
0.717 
0.623 

0.000 
0.628 
0.708 
0.886 
0.918 

Right 
Leg 
(in) 
11.9 
11.7 
11.5 
12 

Results 
From Liu 
Eqn 5.16 

0.000 
1.833 
1.978 
2.068 
2.200 

Results of Results to 
Best Fit Computer 
Equation Model 

0.000 
0.606 
0.770 
0.838 
0.922 

0.000 
0.618 
1.500 
2.056 
2.929 



w 
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Table 5 (Raw Data and Calculated ResuUs lor the Guidebank Abutment Computer Model) 

Encroachment Measurement Scaled Actual Determination 
Ratio 01 bo to Measurement ba Measurement 01 (Zo-Z)/yo ; 
B'IB Streamline 2 01 ba to Scaling of ba to (bolba-1 ) 

Streamline 2 Factor Streamline 2 
(mm) (mm) (mm) 

1.00 0.00 
0.906 11.0 27 4 6.75 0.63 
0.813 11.0 20 4 5 1.20 
0.75 11.0 17 4 4.25 1.59 
0.625 11.0 15 4 3.75 1.93 



Table 6 (Raw Data and Calculated Results for the Guidebank Abutment Laboratory Experiments) 

Raw Data from Guide Abutment (Gravel Abutment and Sand Base) 
Datum to Manometer 

Brick Datum Datum to Original Velocity Left Right 
across out to Water Scour Surface Head Leg Leg 

(cm) (cm) (cm) (cm) (in) (in) 
2 0 39.2 46.2 44.62 1.3 7.4 12.3 
2 1 39.2 46.4 44.44 1.4 7.7 12.4 
2 2 39.2 46.5 44.16 1.25 7.6 12 
2 3 38.9 47.4 44.06 1.3 7.4 12.1 

Calculations lor Guide Abutment (Gravel Abutment and Sand Base) 
Average Froude Abutment Encroachment Laboratory Results 01 Results to 

Zo-Z Yo Velocity Number Length Ratio B'IB Results Best Fit Computer 
w 

(cm) (cm) (m/s) (cm) (Zo-Z)/Yo lab Equation Model ...... 

1.000 0.000 0.000 
1.580 5.420 0.505 0.693 13.000 0.787 0.292 0.264 
1.960 5.240 0.524 0.731 15.750 0.742 0.374 0.423 
2.340 4.960 0.495 0.710 23.500 0.615 0.472 0.519 
3.340 5.160 0.505 0.710 30.250 0.504 0.647 0.599 

1.000 0.000 
5.750 0.906 0.630 
11.500 0.811 1.200 
17.250 0.717 1.588 
23.000 0.623 1.933 
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Table 1 
Computer 

Model 
Resuhs 
0.000 
0.618 
1.619 
2.055 
3.231 

(Best Fit Calculations and Results for Vertical Wall Abutment) 
Best Fit Laboratory Difference 

c d of Computer Model Results of 
coeffecient coeffecient y=cxAd (Zo-Z)/yo Squares 

1.450 0.540 0.000 0.000 0.000 
1.450 0.540 1.118 1.163 0.002 
1.450 0.540 1.881 1.755 0.016 
1.450 0.540 2.139 2.293 0.024 
1.450 0.540 2.731 2.684 0.002 

Sum 0.044 

Tabl e 2 (Best Fit Calculations and Results for Spill Through Abutment) 
Computer Best Fit Laboratory Difference 

Model c d of Computer Model Results of 
Resuhs coeffecient coeffecient y=cxAd (Zo-Z)/yo Squares 
0.000 0.690 0.270 0.000 0.000 0.000 
0.618 0.690 0.270 0.606 0.628 0.001 
1.500 0.690 0.270 0.770 0.708 0.004 
2.056 0.690 0.270 0.838 0.886 0.002 
2.929 0.690 0.270 0.922 0.918 0.000 

Sum 0.007 

Table 3 (Best Fit Calculations and Results for Guidebank Abutment) 
Computer Best Fit Laboratory Difference 

Model c d of Computer Model Results of 
Resuhs coeffecient coeffecient y=cxAd (Zo-Z)/yo Squares 
0.000 0.370 0.730 0.000 0.000 0.000 
0.630 0.370 0.730 0.264 0.292 0.001 
1.200 0.370 0.730 0.423 0.374 0.002 
1.588 0.370 0.730 0.519 0.472 0.002 
1.933 0.370 0.730 0.599 0.647 0.002 

Sum 0.008 
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Expanded view 01 ~ uidebank abutment B'IB = 0.91 (scale 4:1 
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Figure 3b (1) 
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Figure 3c (1) 
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~8 
' .. - - ---- - -_._-- 0._ -- ------ .. _. _. ... 

1 00 1. 2.96 3.94 4.93 5.91 6.91 7.90 8.91 9.91 10.92 1193 12.95 13.96 14.98 16.00 
1 00 1 P8 

-- ----- - 0--- ...... 

297 3.96 4.95 5.94 6.93 7.93 8.93 9.94 10.94 11.95 12.96 13.97 14.99 16.00 
1 00 1 ~9 

• I 

~.~~ I 3.97 4.97 5.96 6.96 7.96 8.96 9.96 10.96 1197 12.98 13.98 1499 16.00 
1 00 2 oq 3.99 4.98 5.98 6.98 7.98 

- . I 
8.98 9.98 10.98 11.98 1299 13.99 15.00 16.00 

1 00 2 00 3.00 4.00 5.00 6.00 7.00 
0 __ ' ___ .- _. -

8.00 9.00 1000 11.00 12.00 13.00 14.00 15.00 16.00 . __ .. .- ---- .. -_.- - '-'- -- -_.- ' .. - .. - - ---- - '0 ---- .. - ---- ... -- -- 0 .. , o ... 

I •.... ----- _0- -- .. -- ----.. - ----- - 0 



Expanded view o!~idebank abutment S'/S = 0.72 scale~:~ 
--~ -- ---

C 0 E F G H 
18 -1.00 l.Q.O 1.20 1.40 1J9~4 2.29 ~- ~-

2.54 2.78 3.08 3.37 3.67 3.96 4.28 4.59 4.90 5.21 5.52 6.15 6.46 
1.00 1.00 'j-.QO 1.23 1.52 1.79 ~06 2.33 2.62 2.92 3.22 3.53 3.85 4.17 4.49 4.81 5.13 5.45 5.77 6.09 6.40 
1.00 1.00 1.00 1'1->0..0 1.26 1.54 1.8~ 2.12 2.43 2.74 3.07 3.39 3.72 4.06 4.39 4.72 5.05 5.38 5.70 6.03 6.35 
1.00 1.00 1.00 1.00 "hO.9 1.28 1.58 1':SQ. 2.24 2.57 2.90 3.25 3.60 3.94 4.29 4.63 4.97 5.31 5.64 5.97 6.30 

19 1.00 1.00 1.00 1.00 1.00 '"140 1.31 1.66 '1l....07 2.37 2.73 3.10 3.48 3.83 4.19 4.54 4.90 5.24 5.58 5.92 6.26 
1.00 ~pO ~,.QQ 1.00 1.00 1.00 ~O 1.35 1.A- 2.14 2.54 2.94 3.34 3.72 4.09 4.46 4.82 5.18 5.53 5.87 6.21 --
1.00 1.00 1.00 1.00 1.00 ~,oo_ 1.00 t:h!2.0 1.41 'Nt9 2.35 2.79 3.21 3.61 4.00 4.38 4.75 5.12 5.48 5.83 6.18 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 100 """" 00 1.66'- .2.19 2.66 3.10 3.52 3.92 4.31 4.69 5.07 5'1~ ~·Z~_ ~)~ 

~.09 
---

20 1.00 1.00 1.00 1.00 1.00 1.00 ~OO 100 1 00 1.57 2.56 3.00 3.44 3.86 4.25 4.64 5.02 5.39 5.75 6.10 
Too 

L ____ 

----,-:-
1.00 r-1 1oo c--:- 00 1.00 1.00 1.00 1.00 1.00 c--1 1.52 --~~r 2.50 2.95 3.39 3.81 4.21 4.60 4.99 5.36 5.73 6.09 

1.00 1.00 1.00 1.00 1.00 1.00 1.00 r-j 00 1.50 2:46 ~--- ----:.- -::n8 4.58 4.96 5.34 5.71 6.07 1 00 1 9 2.91 3.35 3.77 f------
1..00" 4.95 r-S.33 

--
1.00 14:~~ 1.00 1.00 ~oo 1.00 1.00 1 00 1.49 U7 2.44 2.89 3.33 3.75 4.16 4.56 5.70 6.06 

21 Tnn ··1-00 100- i-On 1Q(!' 1.0~_ f--!"QQ.. ~ 00 1.49 1.37 2.44 2.89 3.33 3.75 4.16 4.55 4.94 5.~~ 5.69 ,--6.05 
1.00 1.00 1.00 1.00 .J.,OO 1.00 1.00 1.00 1 00 1.49 1. ~8 2.45 2.90 3:"33 3.76 4.16 4.56 4.95 5.33 5.70 6.06 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 ~ .~ 1.51 2 Qo 2.47 2.92 3.36 3.78 4.18 4.58 4.96 5.34 5.71 6.07 

1.00 
:--0--:---

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1 00 1.55 2/05 2.52 2.96 3.39 3.81 4.21 4.60 4.99 5.~g.. ~:73 6.09 
22 1 nn 1 nn 1 nn 1 nn 1 nn 1 nn 1 nn 1 nn 1 00 1.63 J'.14 2.59 3.00 3.45 3.86 4.26 4.64 5.02 5.39 5.75 6.10 

1.00 1.00 1.00 1.00 1.00 1.00 1.00 .tOO' 1.37 1.8:}' 2.28 2.71 3.12 3.53 3.93 4.32 4.69 5.07 5.43 5.79 6.14 
1.00 1.00 1.00 1.00 1.00 1.00 ljW 1.30 1.65 ~4 2.44 2.84 3.24 3.63 4.01 4.39 4.76 5.12 5.48 5.83 6.18 
1.00 1.00 1.00 1.00 1.00 1...00' 1.26 1.55 1.~ 2.23 2.61 2.98 3.36 3.73 4.10 4.46 4.82 5.18 5.53 5.87 6.21 

23 1.00 1.00 1.00 1.00 lJm- 1.24 1.50 1.78 ~7 2.42 2.77 3.13 3.48 3.84 4.19 4.55 4.90 5.24 5.58 5.92 6.26 
1.00 1.00 1.00 lj}G-" 1.22 1.46 1.72 1...99' 2.28 2.60 2.93 3.27 3.61 3.95 4.29 4.63 4.97 5.31 5.64 5.97 6.30 

,1"00 1.00 1,,00- 1.21 1.43 1.67 1~ 2.19 2.47 2.77 3.09 3.41 3.73 4.06 4.39 4.72 5.05 5.38 5.70 6.03 6.35 --

~ 1.00 1.20 1.41 1.62 1.86 ~·11 2.37 2.64 2.93 3.23 3.54 3.85 4.17 ~,49 4.81 5.13 5.45 5.77 6.09 6.40 
24 ~ 1.40 1.59 r--1)9 2.-0'4 2.29 2.54 -2.78 3.08 3.37 3.67 3.96 4.27 4.59 4.90 5.21 r-s.52 5.84 6.15 6.46 ---~-
.-- --- ----- -_.-- ------- ----- ----1----
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§~~~n~~iew.Q!JI~ide~k abutment B"B = 0.625 (sca!e~:11 --
- - .. ~ .. -- I ... . .. !: c-··-- -- -Q--

--
H I J 

--- ---- -- -- -- --- ._-- ----
17 1,00 1.25 !~-1.75 2.Q9 2.30 2.60~~0~20 3.55 3.90 4.25 4.60 4.97 5.33 5.70 6.06 6.43 6.80 7.17 7.54 

~3 
-~ 

1 ... 00 1.15~:~§ ~:~_1.80~ 10 2.40 2.71 3.02 3.37 3.72 4.09 4.45 4.83 5.20 5.58 5.96 6.71 7.09 ~? 
-- J:QQ~O .{J~ J:~~ _1:§1_1'~~f--g:~~ ~:~g 3.18 ~:54 ~:~g ~1~ r-4.68 5.07 ~~§ ~:~§ 6.24 ~~g ~Q! 7.39 

f----
__ .1.:~Q _!,QO 0 !:~Q _1.1~r--1-?Q _' ~:~~ ~59 2.97 3.36 3.75 4.14 454 4.94 5.34 5.74 rs14 6.53 6.93 7.31 
18 1.00 1.00 1.00f1ji0 1.23 1.48 1.76~04 2.29 2.75 3.17 3.57 3.97 4.40 4.82 5.23 5.64 6.05 ~:1§ 6.85 7.24 -----
_.- 1.00 1.00 _J.OQ 1.00 '1-,Q0 1.25 1.53 1.~ 2.17 2_57 2.99 3.41 3.83 4.26 4_69 5.12 5.54 5.96 6.37 6.78 7.18 

1.00 1.00 .-1,22 1.00 11Q0 f't..oo 1.28 1.60 .W 2.38 2.81 3.24 3.68 4.13 4.58 5.01 5.45 5.87 6.29 6.71 f--Z:!g --1.00 1.00 1.00 1.00 1.00 f"'1..Q0 N...,QO 1.33 1.72 ~2.16 2.62 3.08 3.53 4.00 4.46 4.92 5.36 5.80 6.23 6.65 7.06 
19 1.00 1.00 1.00 1.00 1.00 1.00 "f...Qo "4...00 1.41 1\93 2.44 2.92 3.35 3.88 4.37 4.83 5.27 5.73 6.16 6.59 ~O 

1.00 1.00 1.00 1.00 1.00 1.00 1.00 '-1,0(! Noo 1.~ 2.29 2.81 3.30 3.80 4.29 4.76 5.22 5.67 6.11 6.55 6.97 
-

1.00 1.00 1.00 1.00 -.1.00 1.00 1.00 _1~ 1 00 1.62 2.19 2.73 3.24 3.74 4.23 4.71 5.17 5.63 6.07 6.51 6.94 
1.00 ~ c.l:OO f-~ .00 1.00 '1J)b 1.00 100 1 00 1.58 1\ 2.14 2.67 3.19 3.69 4.19 4.66 5.13 5.59 6.04 ~~ ~:91 

21!_ 1.00 ~.OQ 1.00 1.00 1.00 1.00 1.00 1 00 t-1 00 1.56 \2.10 2.64 3.15 3.66 4.15 4.63 5.10 5.56 6.01 ~§ 6.88 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1 00 100 1.55 ::>.09 ~:62 ~:.!~ 3.64 4.13 4.62 !--~~ 5.55 _§,OO L§:~~ ~88 
1.00 r--LQQ 1.00 ~:2Q 

1---'---- -1 ~o - P:Ds ~.61 1--5.54 1.00 ~.OO ~90 1 00 1.54 2.61 3.13 ~:§~ 4.13 ~:2~ ~Q2 6.44 6.88 
-f08 --1.00 1.00 1.QQ 1.00 1.00 1.00 1.00 1 PO 1 00 1.54 2.61 3.13 3.64 4.13 4.62 5.09 5.55 6.00 6.44 ~~8 

21 1M 1 nn 1M 1M 1()() 1 nn 1 nn 1 hO 100 1.55 _~JQ 2.63 ~~§ 3.66 4.15 4.63 5.10 5.56 ~! ~~~ 6.88 
T.oo r--::;--- 5:13 1.00 1.00 1.00 1.00 1.00 1.00 1.00 t-1 22 1.57 h~!~ 2.66 -~:!~ 3.69 4.18 4.66 5.59 6.04 6.48 6.91 

1.00 1.00 1.00 1.00 J.Q9 1.00 1.00 1.00 100 1.59 L 2.16 2.70 3.22 3.73 4.22 4.70 5.17 ~:§~ f-§07 6.51 6.94 
~.00 ~90 1.QQ f-1.00 r+~ 1.00 1.00 1.00 r--! 00 1.64 I/. 2.23 2.77 3.28 3.79 4.28 4.76 5.22 5.67 6.11 6.55 6.97 

22 fM inn 11\(\ -100 1()() 1 nn 1 nn -100 1.7'/ 2.34 2.87 3.35 3.87 4.36 4.82 5.27 5.72 6.16 6.59 7.00 r--::;---- -----1.00 1.00 1.00 1.00 1.00 1.00 1.00 J..OO 1.44 1J!f8 2.51 3.02 3.50 3.98 4.45 4.91 5.35 5.79 6.22 6.65 7.06 --- --
1.00 1.00 1.00 1.00 1.00 1.00 1--00 1.36 1.77. V2.24 2.71 3.19 3.65 4.11 4.56 5.01 5.44 5.87 6.29 6.71 7.12 
1.00 1.00 1.00 1.00 1.00 1.,.00 1.32 1.67 ~5 2.48 2.92 3.37 3.81 4.25 ~:68 5.11 5.54 5.95 6.37 ~78 r-1:1~ 

23 1»e .... 1.29 1:94 ~1 
--1.00 1.00 1.00 1.00 1.61 2.29 2.71 3.13 3.55 3.97 4.39 5.22 5.64 6.04 6.45 6.85 7.24 

1.00 '1.00 1.00 1,00 1-"'1.25 1.55 1.@ 1/2.20 2.56 2.94 3.33 3.73 4.13 4.53 4.94 5.34 5.74 6.14 6.53 ~:92 7.31 
1.00 1.00 1-:.00 1.25 1.50 1.81 ~12 2.45 2.79 3.15 3.52 3.91 4.29 4.68 5.07 5.46 5.85 6.23 6.62 ~:QQ 7.39 
1.00 1..-00 .205 ~.82 ---1.25 1.50 1.75 2.36 2.68 3.01 3.35 3.71 4.08 4.45 5.20 5.58 5.95 6.33 6.71 7.08 7.46 

24 1.00- 1.25 1.50 1.75 --- 2.00 2.30 2.60 2.90 3.20 3.55 3.90 4.25 4.60 4.96 5.33 5.70 6.06 6.43 6.80 f_Z:1Z 7.53 

--f---- f---- -----~ ---~--.- ----.- ----- - ---



Figure 4a (1) 
Global view 01 vertical wall abutment 6'/6 = 0.91 

-f!fT[fn~l-n~ l~~ -·~~r +~~ -1~~1~~~l[~ H:~~a:~~~~:~§n:~~ l~:~~~~:55 ~-=--: .~.~~ .. 
-100 . 200300 400 5.00·6.00·7.00-8.00- 9.00 10.00 11.0012.0013.00 1400 15:00 16:00-- -.-.. -. 
1 00 200 300· 400 5.00 599 1 .6.997.99 -8.99-99911.0012.00 13.00 14:00 15.00 16.00 -~ --. 

.._ ..... 

i ~~ . ~ ~~ 300 3.99 ~.~~ ~.~~. §.~~ _7~~ .. 13~~ -_~~~ jQ.~~ j1j~ ]~·QQEQQ j~.QQ j§.QQ=~=_=--=-~ .. -- ... 
100 200 3.00 3.99 4.99 5.99 6.99 7.99 8.99 9.99 10.99 11.99 12.99 14.00 15.00 16.00_ .. 
100 ·200 2.99·399·· ~.~~ 5.99 T~~ .. ?~~ . §~~ -~.~~ lQ·~~Ir§§ l~·§§ 1~:§§j~QQ 1§:QQ -= =_= --.-f---- -._ .. 

1 00 200 2.99 3.99 4.98 5.98 6.98 7.98 8.98 9.98 10.99 11.99 12.99 13.99 15.00 16.00 
1 00 1 99 2.99 398 498 5.98 6.98 7.98·8.98 -9.98 10.98 11.98 12:99 13.99 15.00 16.00 -- ---
100 199 :2 99 398 497 5.976.97 -797 8.979.97 10.9811.98 -12:99 13.9915.00 16.00.----- ----- .. 
100 -1 ~9 - 2 9; 3.97-4.97 5.96·6:96-7.968.97 -9.97 10:9711:98"12.9813.9914.99 16:00 .. _- ... ----- ~~_=_ ____ ._. __ 
1 QO 1 99 2 ~'7 - 396 496 595 .. ~:~~ . ?~§. ~.~§ ~~~§ 1Q·§fn:~?·I[§~ ·1~~§ ·H.§~ 1§.Q~ __ ._ 
1 00 1 138 2.97 3.95 4.95 5.94 §~~ ?-~~ ~.~~ ~.~§ 1Q~§ 11~? 1~§~ n~~ 14~~ 1§QQ 
100 1R7 2.95 3.94 4.93 5.93 6.93 7.93 8.94 9.95 10.96 11.96 12.97 13.98 14.99 16.00 
100 1.36 2.93·391 4.91 5.91 691 7.92 -8.93-9.9410:95 ·11.96"12.9713.98 14.9916:00 --.- --.. -. 
1 00 .·1·~I~,~Q 3~~ ~~~I ~§~ . §~~ ··I~QI ~~~ j.~~ ]Q:~~ Ir~~ ]~§z1~:~~E~§1§,QQ =-~_~ . __ ~ -.----
1 QQ J. Q ~.§~ .. ~~~ ~,~~ .... ~.~~_§~?_7.~§ _~~Q_§§~ .1Q,94 .1!:§§12.96 J~,98 1~§§ 1§:QQ __ . _. ___ . __ . __ . 

. 1 QQ __ 1.~.~·?§~.??~?§ . §:~~_§~~. ?·!E _~:~~_ §:§1 1Q:93 J1,§~ .1~:~§ 1~:~? !~99 !§.QQ __________ ._ 

~1 ~~_~ .~€~:~~. ~:~~ ·-~:~~.H~ J:~~ -~:~~ = ~:~ J:~6 j~:~;1t~ i~~~ .~[~~ J~:~~ J~:~~ == .== .=_ ~= __ . __ 
! [D(}8J~Q~~Q ~?9 ~70 ~:?? §~~ Z~~. ~.~~~~Q 1Q·§~ ! 1·§~ ']~:§§l-:j~,§? 1~~~1§.QQ_._._______ .___ .. ~ ~~ -+~ -~:~~ .. ~:~~H~ . ~:~;t~~-H~ . ~:~ -~:~1 ~6:~~~ ~:~~ -t~:~~ ·H:~~ ~t~~1~:56~· .-----... --. ..-..... . 
. .......... . __ ...... --- ......... -- . __ ._ ... __ . __ ... _-- --_.- _ ... __ ._---. __ ._--_._--_._ .. _-------_. __ .-----... _ .. __ .. 

~ ~~ L ~ ~.~~ ~:~~ .l~~ .. ~:~~ J:~~ _H~J~~J~~ J~:~~n:~~ J~:~~ J~:~~ H:~~ J~:§~ == ~= _~.==I-~ ...... . 
1 00 1. 6 2.93 3.91 4.91 5.91 6.91 7.92 8.93 9.94 10.95 11.96 12.97 13.98 14.99 16.00 
100 1S7 2.95 3.94 4.93 5.93 6.93 7.93 8.94·9.95 10.96 11:96 12.97 13.98 14.99 16.00-

.. 1 ... -. 

1 ~~l!l,lU i:~~,U~ -Ui~l!i-rll~~:!; ~ll; ii!ii ir!iil!i~l!!H~;i ~i;~~ =~~:~~:. ==:~ ~=~ ~=~ ---.-... - .... 9!·- . - -- .. - ... -.-- . - -- -.-- .. -.-- ... --- ------.-- .---::-::- --.- --.-- .----. --.-.- --~ ---.C-~.- --.. - --.. 

1 QQ_1 _~g,~§~.~§ ~:~? ~,~Z_ §~?_Z:~Z §~?~·~Z _1Q·98.1J,9B.1~:§~g99 1~·QQ 1§,QQ_._._____ _ .. _ ... . 
1 QQ __ 1 ~~._~.~§ .~·~fl.~·~§ ~·§fl .. §.~§.z.~§ . §:§§_~:§fl JQ:98 11.98 1~:99!~:~~ J§.QQ 1§QQ . __ .. _ ... _. ___ . _._ ... _ .. __ ... _ 
J QQ ~ QQ.~:~~ _~.~§~:~~ . §~~ .. §:98 __ Z:.§~~:98_.~98 1Q·99 !1,~ .1~:99 .13.9§ J~:QQ J§,QQ ___ ... __ . _________ . __ . __ .. 
100 200 2.99 3.99 4.99 5.99 6.99 7.99 8.99 9.99 10.99 11.99 12.99 13.99 15.00 16.00 100 .. - .. - .- ... - ... -- .-.-.- .. -.--.. --.-- .----- -- .-.---.--- .. -.---- .. ---- .-.-- .--.--t-----.-.--.--.-. --.-.. - .. -.-. 

200 2.99 3.99 ~.~~ 5~~, §~§?:~~ ~.~~ §.§§ 1Q·§§ 1L§§ J~.~~ 1~:QQ1§QQ 1§.QQ ____ ......... _ .... _._._ 
1 00 200 3.00 3.99 ~.~~ ~~~I §~~ Z:~~ ~:~~_~.~~ 1Q:~~ 1 !.~~ 1~·QQ 1~:QQ l~.QQ 1 §.QQ_._ ._ ...... _ .. _._ 1_ 
100 200 3.00 4.00 5.00 5.99 6.99 7.99 8.99 9.99 10.99 12.00 13.00 14.00 15.00 16.00 
1 00 200 3.00 4.00 500 600 700 - 8.00 900 -10.00 11:00 12.0013.0014:0015.0016.00--- -.--.- ---. ---. 
100 200 3.00 4.00 500 600 700 8.00 900 10.00 110012:0013:0014:00 1500 16:00 -- ... -.-.-... -.... -.. -- -
100 2.QrJ 3.00 4.00 ~oo 606 7.00 800 9.00 10.00 ii,QQ i~·QQ i~:QQ EQQ 1~QQ i§.QL ___ __ I.~. 



" n 

Expanded view 01 vertical wallabutmentB'/B = 0.9!Jscale 5:11 
A 

-f16 f.--- B 
19 f-:(oo 1.33 1.49 1.65 1.82 ~01 2.20 2.38 

~ 00 1.16 1.32 1.48 1.64 1.81 1~9 2·1!! 2.36 --
~~79 1 00 ~J~ .....!:~1 1.46 1.63 Up 2.15 2.34 

1 00 1.15 1.29 ~A5 1.60 1.77 1.9~ 2.13 2.31 
1 00 1.14 1.28 1.42 1.57 1.74 1.91 2.09 2.28 

20 100 1.12 1.25 1.39 1.53 1.69 1.86 \2.05 2.24 --
1 00 1.11 1.22 1.34 1---1.48 r-163 r-J.81 1H J--?20 -
1 00 1.G~ 1.18 1.29 1.41 1.56 1.74 1. 2.15 
1 00 1.06 1.13 1.21 1.31 1.45 1.64 1.86 1\.2.09 
100 1.03 1.07 1.12 1.18 1.29 1.53 1.78 

{i3 21 1100 1-no f-1-0n -1-00 LOO 100 ~39 1.70 1. 8 
1------~--- 1 00 1.34 1.66 1. 

1 00 ~3 1.64 1.9 
1 00 1.33 1.64 1.9 
1 00 1.34 1.66 1.9 

22 1 nn 1 nn 1 nn 1 nn _1 nn j 00 1.39 1.70 1.a 
100 1.03 1.07 ~~ _1~!! ~.29 1.53 1.78 2Al3 
100 1.06 1.13 1.21 1.31 1.45 1.64 1.86 -;:l.09 
100 1.09 1.18 1.29 1.41 1.56 1.74 1.94 2.15 
100 1.11 ~.2~ ~4 1.48 1.63 1.81 2.%0 2.20 

23 1 00 1.12 1.25 1.39 1.53 1.69 ~.!!§ ip5 2.24 
1 00 1.14 1.28 1.42 1.57 1.74 1.91 2.09 J--~:~!! 
1 00 1.15 ~29 1.45 1.60 1.77 1~94 '2.13 ~1 
1 00 1.15 1.31 ~6 1.63 1.79 1.9; 2.15 2.34 
1 00 1.16 1.32 1.48 1.64 1.81 iIot t- 2.1~ ~:36 

24 1 00 1.16 1.33 1.49 1.65 1.82 
-----0--

01 2.20 2.38 

----- --f-----
C 0 E 

2.57 2.76 2.96 3.16 3.36 3.57 3.77 3.97 4.18 4.38 4.59 4.79 
2.55 2.75 2.95 3.15 ~~5 3.55 3.75 3.96 4.16 4.37 4.58 4.78 
2.53 2.73 2.93 3.13 3.33 3.54 3.74 ~:95 4.15 4.~§. ~:56 ~,77 
2.51 2.70 2.90 3.11 3.31 ~? 3.73 3.93 4.14 4.35 4.55 4.76 
2.48 2.68 2.88 3.09 3.29 3.50 3.71 3.92 4.13 4.33 4.54 4.75 
2.44 2.65 2.85 3.06 3.27 3.48 3.69 3.90 4.11 4.32 4.53 4.74 
2.40 2.61 2.83 3.04 3.25 3.47 3.68 3.89 4.10 4.31 4.52 4.73 
2.36 2.58 2.80 3.02 3.23 3.45 3.67 3.88 4.09 4";!Q 4.51 4.72 
2.32 2.54 2.77 2.99 3.22 3.43 3.65 3.87 4.08 4.29 ~.51 t-U~ 
2.27 2.51 2.74 2.97 3.20 3.42 3.64 3.86 4.07 4.29 4.50 4.71 
2.24 2.48 2.72 ~§ 3.19 3.41 ~63 3.85 4.07 ~28 ~49 4.70 1------ -

~84 "4:06 4.70 2.21 ~46 2.71 2.94 3.18 3.40 3.62 4.28 4.49 
2.19 2.45 2.70 2.94 ~7 3.40 3.62 3.84 4.06 4.27 4.49 4.70 
2.19 2.45 2.70 2.94 3.17 ~O 3.62 3.84 4.06 4.27 4.49 4.70 
2.21 2.46 2.71 2.94 3.18 3.40 3.62 3.84 4.06 4.28 4.49 4.70 
2.24 2.48 2.72 2.96 3.19 3.41 3.63 3.85 4.07 4.28 4.49 4.70 
2.27 2.51 2.74 2.97 3.20 3.42 3.64 3.86 4.07 4.29 4.50 4.71 
2.32 2.54 2.77 2.99 3.22 3.43 3.65 3.87 4.08 4.29 4.51 4.72 
2.36 2.58 2.80 3.02 3.23 3.45 3.67 3.88 4.09 4.30 4.51 4.72 
2.40 2.61 2.83 3.04 3.25 3.47 3.68 3.89 4.10 4.31 4.52 4.73 
2.44 2.65 2.85 3.06 3.27 3.48 3.69 3.90 4.11 4.32 ~:53 4.74 

J--2.4!! ~68 2.88 3.09 3.29 3.50 3.71 3.92 4.13 4.33 ~?4 4.75 
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Figure 4b (1) 
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Ex~~~i~o,-yerticalwall abutment 8'/8 = 0.8125 {sca!e~L 
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Figure 4c (2) 

Expanded view 01 vertical wall abutmentS'/B = 0.721scale 5:1] 
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Figure 4d (1) 

Global view of verlical wall abutment 6'/6 = 0.625 
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100 166 233 305 382 4.66 5.59 6.60 7.69 8.82 9.99 11.18 12.38 13.59 14.79 16.00 

- ... _.... ._-_. 

100 1.?3L 2.47 3.25 407 4.94 5.88 6.88 7.93 9.03 10.16 11.31 12.47 13.64 14.82 16.00 
1 00 17~ 2~jfl 3.41 4.26 5.16 6.10 7.10 8.13 9.20 10.30 11.42 12.56 13.70 14.85 16.00 
1 00 1-~ 2.(;" 3.53 4.41 5.33 6.28 7.27 8.30 935 10.42 11.52 12.63 13.75 14.87 16.00 
100 1. 7 2.74 3.63 4.53 5.47 1§.4~ 7.41 8.43 9.47 10.53 11.60 12.69 13.79 14.89 16.00 
100 1. 9 2.79 3.70 4.63 5.58 6.54 7.53 8.54 9.57 10.62 11.68 12.75 13.83 14.91 16.00 
100 1.92 2.84 3.77 471 5.66 663 7.62 8.63 9.65 1069 11.74 12.79 13.86 14.93 16.00 

_. ..... ._--

100 1 ~3 2.87 3.82 4.77 5.73 6.71 7.70 8.71 9.72 10.75 11.79 12.83 13.89 14.94 16.00 - ..... 
100 1 ~~ 2.90 3.86 4.82 5.79 6.77 7.76 8.77 9.78 10.80 11.83 12.87 13.91 14.95 16.00 _______ _ 
100 196 2.92 3.89 4.86 5.84 6.82 7.82 8.82 9.83 10.85 1187 12.90 13.93 14.96 16.00 
1 00 1 97 2.94 3.92 4.90 5.88 6.87 7.86 8.86 9.87 10.88 11.90 12.92 13.95 14.97 16.00 

-----~- ----- .. _-_._-- ._-

1 00 1 @f 2.96 3.94 4.93 5.91 6.91 7.90 8.90§!,~L 10.92 1193 rJ~.94 13.96 14.98 16.00 = =..:.. == ==-~~ :_=_ ~_=~ 
100 199 2.97 3.96 4.95 5.94 6.94 7.94 8.94 9.94 10.95!1~ 12.96 13.98 14.99 16.00 _____ .. _ ~ _________ .. 
100 199 2.99 3.98 4.98 5.97 6.97 7.97 8.97 9.97 10.97 11.98 12.98 13.99 14.99 16.00 
100 200 3.00 4.00 5.00 6.00 7.00 8.00 9.00 1000 11.00 12.00 13.00 14.00 1500 16.00 

--_._-- ---
. 



Figure 40 l~) 

Ex~~~~Lew ~!~e!!i~~~~!!~!~U!m~!!1!!:!~-=- Q.§251~ca~?:.! 1_ -- r------~ --- --
F G H I J ----- ---._--- .~--.. -- .-- -_._-- ._--------- ----- --- -----

5.53 6:09 6.64 6.92 7.20 7.48 7.76 8.04 19 3.14 3.32 3.49 3.67 3.84 4.02 4.26 4.51 4.76 5.01 5.26 5.81 6.36 ----- --,:--'~ ~ ----

_~:§1~ _~. q _~.~Q _~:~§ _~:~Z ~:§Z~JQ ~:~~ 4.61 4.87 5.13 5.41 5.70 5.98 6.27 6.55 6.84 7.13 7.41 7.70 7.99 
--- . 

6.17 6.47 6.76 ~:Q~ 7.35 -7.64 7.93 2.78 2.94 3.11 329 3.48 3.69 3.93 4.18 4.45 4.72 5.00 5.29 5.58 5.88 
----- -2:60 -2.75 ~ 2.91 -3.08 -3:27-3.493.73 -4:00 -4:28 4.56 4.86 ~:~~ 5.46 5.77 6.08 6.38 6.68 6.99 7.29 7.58 7.88 - ------ --~-- ----- - ---- ---- ----- --.----~-- ---

6.61 
-.:..--~~ 

7.22 7.53 7.83 2.41 2.55 2.70 2.86 3.04 3.25 3.52 3.80 4.10 4.40 4.71 5.03 5.35 5.66 5.98 6.30 6.92 
----:::~ 

4.24 4.56 4.90 5.23 5.56 5.89 6.21 6.53 6.85 7.17 7.48 ~78 20 2.23 2.34 2.47 2.62 2.79 2.95 3.28 3.59 3.91 -- ~-IaA ---- --~-- ----c-,-----::-~-- -~-'---'-~ 
4.07 4.41 4.77 5.11 ~.46 5.80 6.13 6.47 6.79 7.11 7.43 7.74 2.10~~~f7 2.55 2.77 3.06~:38 3.72 
3.90 4.64 5.00 5.72 6.06 6.40 6.74 7.06 7.39 7.71 1.74 1.~ r. .09 2.27 2.50~1 ~6 3.53 4.27 5.36 

1.49 1.57 1.66 1.17"1-:93. 2.17 2.52 2.92 3.33 3.73 4.12 4.51 4.90 5.28 5.64 5.99 6.34 6.68 ~P2 7.35 ~Z -- ---~--~~---- ----
7.31 __ ~.2§ ~.29 _1l~_J~~ 1 ~51 1 :n~·1§1 ~~Z~~ 3.56 3.97 4.40 4.81 ~.~ 5.57 5.93 6.29 6.64 6.98 7.64 

?1 1 nn 1 no 1 00 1001 ~M _ i 00 1~ 2.45 2.97 3.42 3.81 4.30 4.73 5.14 5.52 5.87 6.25 6.61 6.95 7.28 ryso 
~ 00 1.7Q1 2.32 2.86 3.35 3.80 4.26 4.69 ,~:1Q 5.49 ~~~ 6.23 6.59 6.93 7.27 7.60 

------ ----~ --- ~ '6:22 7.27 1 00 1.65 2.26 2.81 3.32 3.78 4.24 _ 4.67 5.08 5.47 5.85 6.58 6.93 7.60 
~--~ 

100 ~5 '2.26 2.81 3.32 3.78 4.24 4.67 5.08 5.47 5.85 6.22 6.58 6.93 7.27 7.60 
f---

100 ~:70 2.32 2.86 3.35 3.80 4.26 4.69 5.10 5.49 5.86 6.23 6.59 6.93 7.27 7.60 
?? 1 nn 1M -1 nn ""Ulii 1 nn 11nO ~lP 2.45 ~~ 3.42 3.81 4.30 4.73 5.14 5.52 5.87 6.25 6.61 6.95 r-7.28 7.60 1. 

-- -- 1.25 1.29 1.34 1.41 1.51 1.72 ~1§1 2.67 3.13 3.56 r-s:97 4.40 4.81 5.20 5.57 5.93 6.29 6.64 6.98 ~1 7.64 
-r~ ~ij'z 

--:::-_.-
4:90 5:28 -~-::-:: 5:99 r-s.34 r--s:ffi 7.02 1.49 1.57 1_66 1.77 2.52 2.92 3.33 3.73 4.12 4.51 5.64 7.35 7.67 

I--~- -~ 1---.::---
1.74 1.84 1.95 ~.27 2.50 2.81 3.16 3.53 3.90 4.27 4.64 5.00 5.36 5.72 6.06 6.40 6.74 7.06 7.39 7.71 
i-"" 2.22 2.37 2.55 c-"2.77 3.06 ~38 3.72 4.07 4.41 4.77 5.11 5.46 5.80 6.13 6.47 r-S.79 7Tf '7:43 7.74 .IV 

23 2.23 2.34 2.47 r-z:62 2.79 2:95 3.28 3.59 3.91 4.24 4.56 4.90 5.23 -§~~ r---~Jl9 6.21 6.53 6.85 7.17 7.48 7.78 
2.41 2.55 2.70 2.86 3.04 3.25 3.52 3.80 4.10 4.40 4.71 5.03 5.35 5.66 5.98 6.30 6.61 6.92 7.22 7.53 7.83 

~.~g ~~§ 2.91 3.08 ~:27 3.49 3.73 r---:4.00 7.28 4.56 4.86 5.16 5.46 5.77 6.08 6.38 6.68 6.99 7.29 7.58 7.88 
3.11 3.29 3.69 3.93 4.45 

r-'--
6.76 7.06 7.35 7.64 7.93 2.78 2.94 3.48 4.18 4.72 5.00 5.29 5.58 5.88 6.17 6.47 

2.96 ~:!~ 
-=-~ 

r-s:48 3.67 3.87 4.10 4.35 4.61 5.41 7.13 7.41 ~p 7.99 ~~Q ~:87 5.13 5.70 5.98 6.27 6.55 6.84 
24 3.14 3.32 3.49 3.67 3.84 4.02 4.26 4.51 4.76 5.01 5.26 5.53 5.81 rs:09 6.36 6.64 6.92 7.20 7.48 7.76 8.04 

--



Figure 5a (1) 

~bal \,i~.,." of ~pilll~r()LJ9~ §~LJlrn~r1! §'I§",Q.§!l __ __ . _ _ ._ 
-

100 200 3.00 400 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 1600 . -.- - .. -- -- --.- ------ - -- ----- -- -.-- ---- ----------- ----- --.-.- -- -- - 1----
100 200 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 ___ _ 
j QQ _~ QQ 3.QQj.QQ _ §,QQ§,QQjQQ_~QQ _j:QQ jQQQ ji,QQ jg,QQ j~QQEQQ J~QQ j§.QQ -~_-_- ---~ ..... __ _. 

. _.- -

100 200 3.00 4.00 5.00 5.99 6.99 7.99 8.99 9.99 10.99 12.00 13.00 14.00 15.00 16.00 
-'1 60 --2 00 --3.00 ---3.99 ---:1:99 --5:99 --6~99 -7:99 -8.99 --9~99 --1o.9911:99~3.00 -14~OO 15.00 16])0 --- ---- --- -- ---.----- --.--
-- --- -- -- --.-.--- -- ------ ---- ---.-- --.-- c--=--- ----- ---.-- -- --- ----'--=- -------- --- -.---- --- --- --. -.----- ---- -----
~ QQ ~ QQ _~,§!§! _~:§§ _~:§!§ _~§!§ _§99 _1,99 __ §99 _§!:§!~ .10.991 1.99 ~.99~,OQ J~,QQ J§,QQr---- _______________ . _____ .. ___ .. __ 
100 ? QO 2.~§ 3.99 ~~9 ~.~~ §.~~ _ ?§§ . §§~§!§!~ !Q,99 .!!,99g:§!§! !~:99!§QQ J§:QQ ____________________ . __ 
100 200 2.99 3.99 4.98 5.98 6.98 7.98 8.98 9.98 10.99 11.99 12.99 13.99 15.00 16.00 _. --- ... _---- ------ ---"- ---- ----- ---- - --- .----- ._--- ~----.-.--- --.-- --.-.- .--- .. - ._----
100 199 2.99 3.98 4.98 5.98 6.98 7.98 8.98 9.98 10.98 11.98 12.99 13.99 15.00 16.00 
100 i ~9 2.99 -398 4.97 -597 697 -797 897 -997 10981"1:98·12.99-13991500 16.00------
i 00 - 1 ~91298 397·4.97 596 -696 -7.96 -897 -99710.9711:98 1298 13:99149916:00 -- ---- --- ----
i 00 199 2.97 396 4.96 595 695 7.96 8.969.96 1097 11.971298 13:99 14991600 --.------- ---
1 00 1~t3 297 395 495 594 6.94 7.95 8.95 996 1096 1197 1298 13.98 1499 16:00 --
1 QQ _1~? 2.9t; 394 4§!~ _ ~~j§,~~.z~~~:94 _ ~.~~ jQj§ j1:96 j~,gZ j~,98 E99 l§,QQ _____ ____ _ 
1 00 1. 6 2~13 3.91 4.91 5.91 691 7.92 8.93 9.94 10.95 11.96 12.97 13.98 14.99 16.00 

.- . -

- . - -

- --- -- - ----- ---. - ----- -"----- -. ---- ------- ._---- ------ ---- "---- ----- ----- --- ._----- ------- .. -._"-- --.----- ----_ .. _--
100 1. 4 2.90 3.88 4.88 5.88 6.89 7.90 8.92 9.93 10.94 11.95 12.97 13.98 14.99 16.00 
--~ .. - - -~-- ----_ .. _---- ---- -----_.---_._---_._---_._----_._---_._- .-.~-~---~-----------.----------------

1 QQ_1: Q _~,~~ _~&~~:~~ _~~§ _§~Z ..189_~~Q _~~~ .1Q,94 .1!:~~ 12§!§!~,98 !~:§!~ !§:QQ____ _____ ______ _ .___ 

-~ ~~ -l6~-H~-H~N~1~~-~:~~ -;:~~1~ -~:~~~~:~; -R~~ i;:~~~~:~~ -~~:~~~~:~~r---- .. ------ .. -------- •.. -
~T~~ ~~nGf~r~·~-li[~:~r~l~r~H~ ~~::~§:~~ ]~:§~ iH~~~:§~ 1i:U~~:i! ]~:~~_ --. _____ r-- -~ ~ ~ ~:_= ~_-~~ ~-_~ 

~~~ ·~:M-~~k-~:~~ g~ -H~-~:~~-H~ ~:~-~:~~ ~~:~~ n:~g ~~:~~H:~~ ~t~~~~:~~----------- I·· .--

100 1.- 0 2.85 383 4.845.856.87 7.89 890 -992 10:9411:9512.9613.98 14.9916.00 -- ~----- --.- ---.-.--- -.--.-- ----
. . -- ---- .- -- - -- ---- - -- --- -- _.-._- --~--- ------- _._- -- .-._- --'-- --- -~ --_ .. ---- ----- -- ---- _.------- --_.------

~ ~~ ~ ·9~ -~~§ ~§~ :~~ ~§~ -1§~ . H§-1§~-§:§~~5:§~H:~~ -~~:~~ H:§~ ~H§~~:56------r-------- --
1 00 1 S7 2.95 3.94 4.93· ~.§~ - §.~3 ·7.93 . ~~4 - ~.~~ jQ.~§1L~§ jg·§Z i~:§§ H.~~ }§.QQ -- -- --- ___ .-- ----- ---
100 198 29? 3.95 4.95 5.94 694 7.95 8.95 9.96 10.96 11.97 12.98 13.98 14.99 16.00 
1 00199 - 2.97 3.96 4.96 5.956.95 7.96 8.969:96 -10.97 -11:9712:98 13:9914.9916.00--- .. -- - .. 
- ------- -- -------.--- ----- ---.-- -.--- ~.--. ----- -- ------ ----:-::-\---:--.-- ---- .--- .--- --- ---f--------- ---- - -- .-. 
100 199 2.98 3.97 4.97 5.96 6.96 7.95 8.97 9.97 10.97 11.98 12.98 13.99 14.99 16.00 
100-1992.99 398 4:97 5.97 -6.97-7:97 8.97 -9.9710:981T98 12.99 -13.99 15:0016.00 ---c------- .------.--. --.-----
- --- -- -- _. -'-- .--.-~- -._---, -_. ---- "-'--- _._---- - -- --- -- ----- - -.- .--.- _._---- ,-_._--- --'-- ------- --------- -----_ .. - -_.------- ----- ._----- ----_.--
100 199 2.99 3.98 4.98 5.98 6.98 7.98 8.98 9.98 10.98 11.98 12.99 13.99 15.00 16.00 

-1 oo-~ 00-2.99-3.99 -4:98 -5.986.98-7:98 8.98 -9:9810:99~1.99 -12:9913:99 15.0016:00 --.- ----- ---- -- -- . -- ··1- I·· -- . 
-- -- -~ -- --_.- --------------- .--- -_._- --.-- ------ --------\---:---- ---.- ----- ------- --- ~. ------- --~- ----_. -.-.. ---

.1 QQ _=: QQ_~:~~_:3.:§!§! _ ~:~§!_~,~9_§:§!§! __ Z~~ §~§!_~.~§! JQ.99 .!.!.99g,§!~ J~:~~ J§:QQ J§.QQ _______ . ______ ~ ___ . ___ ~ ________ _ 
100 200 2.99 3.99 4.99 5.99 6.99 7.99 8.99 9.99 10.99 11.99 12.99 14.00 15.00 16.00 _______ _ 
1 Do ~ 00 3.00 399 499 5.99' 699 --7.99·- 899-9.99109911.9913.0014:00 15.00 16:00 ---- ------------
100 200 3.00 4.00 5.00 5.99 6_99 -7.99 8.99 9.99 10:99 12:00 13.00 14.00 15:00 16:00 ------~ .~--- -- .- -.---- --.---,-
1 oli -g ~~ 3.00 4.00 ~99 §QQ-700-~·QQI-~QQ1Q·QQ}Ioo jg:QQ }~.ooEQQ j~.QQ l§:QQ====~"':- =~~=_= _____ _ 
100 :2 00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 
10ei ? QQ 3.00 4.00 5.00 600 700 800 g0Q 10·Q0 11QQ i~·QQ i~0Q HoD 1500 1600 

1 



""paodod "ew 01 'r Ihrough """menl B"B - 0.91 I",a', "11 __ --- ----;::;-- ----, 
A B C D -,-L 

~-- ----- .---.-------.- -·-----c--:--- --- -----
20 100 1.12 1.24 1.36 1.49 1.61 1.81 2..01 2.21 2.41 2.61 2.83 3.04 3.25 3.46 3.68 3.89 4.10 4.31 4.53 4:~ 
~ __ ~Q!!..-~:.!1~,-1.22 1.34 1.46 1.61 1.79 1.~ 2.18 2.38 2.59 2.80 3.01 3.23 3.45 3.66 3.88 4.09 4.30 4.52 4.73 

100 1.09 1.19 1.30 1.43 1.58 1.75 1.9~ 2.14 2.35 2.56 2.77 2.99 3.21 3.43 3.64 3.86 4.08 4.29 4'~1- ~:72 
100 1.07 1.15 1.24 1.37 1.52 1.70 1.90 2.10 2.31 2.52 2.74 2.96 3.19 3.41 3.63 3.85 4.07 4.28 4.50 4.72 
100 1.04 1.08 1.15 1.28 1.44 1.64 1.84 :,?05 2.26 2.47 2.71 2.94 3.17 3.39 3.61 3.83 4.06 4.28 4.49 4.71 

21 1 nn 1 nn 1 nn 1 no 1.15 1.34 1.56 1.78 ~O1 2.22 2.40 2.67 2.92 3.15 3.38 3.59 3.82 4.05 4.27 4.49 4.70 

,--1 00 1.00 1.00 1.00 N-.QO 1.20 1.47 1.73 q7 2.20 2.43 2.67 2.91 3.14 3.37 3.59 3.82 4.04 4.26 4.48 4.70 
---

1 00 1.00 1.00 1.00 1.00 ~OO 1.39 1.69 H 'is 2.19 2.43 2.67 2.90 3.14 3.37 3.59 3.82 4.04 4.26 4.48 4.70 
100 1.00 1.00 ""1:00 1.00 1100 1.39 1.69 1.~ JS 2.19 2.43 2.67 2.90 3.14 3.37 3.59 3.82 4.04 4.26 4.48 4.70 
1 9~ 1.00 1.00 c--!"OO J-OO" 1.20 1.47 1.73 1·n 2.20 2.43 2.67 2.91 3.14 3.37 3.59 3.82 4.04 4.26 4.48 4.70 

22 1 nn .. QlL inn ·i£W 1.15 1.34 1.56 1.78 

~U-
2.22 2'1~ 2.67 2.92 3.15 3.38 3.59 3.82 4.05 4.27 4.49 4.70 --- '--;------- ~ --:-::- ~--- '2:26 L2.47 2.71 4.71 1 00 1.04 1.08 115 1.28 1.44 1.64 1.84 2.94 3.17 3.39 3.61 3.83 4.06 4.28 4.49 - r: ----- 2.74 [-2.96 -,----- '3.63 '4:72 1 00 1.07 115 1.24 1.37 1.52 1.70 1.90. 2.31 2.52 3.19 3.41 3.85 4.07 4.28 4.50 

'00 f-- --c-c- '1.58 '3.64 f---- 4:72 
--

1 1.09 1.!~_ f--!~Q.. 1.43 1.75 1.94; 2.14 2.35 2.56 2.77 2.99 3.21 3.43 3.86 4.08 4.29 4.51 
'1 1.00 

--
00 1.11 1.22 1.34 1.46 1.61 1.79 2.18 2.38 2.59 2.80 3.01 3.23 3.45 3.66 3.88 4.09 4.30 4.52 4.73 

23 ~Q!!"- 1.12 1.24 1.36 1.49 1.61 1.81 4'01 2.21 2.41 2.61 2.83 3.04 3.25 3.46 3.68 3.89 4.10 4.31 4.53 4.74 
f------ ---

----- --~-- i------- ------ ... ------- f------ ----I---- --
-- -

1---I---

----
- -

r---



Figure 5b (1) 

Global view of spilll~rollgh ilbulmel1l (3"(3 = 0.81?ti 
100 200 3.00 4.00 500 600 7.00 800 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 . '-.- - ---. - -- . -- - ---- -- .-". - . ---- -- .. -- --- --- - ----.-
100 200 3.0() 3.99 4.99 5.99 6.99 7.99 8.99 9.99 10.99 11.99 12.99 14.00 15.00 16.00 - ---- ------ - --- - --- ------ ---- _._._- - ---- ... -- ------ ------ - - --.- - .. - -

100 200 2.99 3.99 4.98 5.98 6.98 7.98 8.98 9.98 10.98 11.99 12.99 13.99 15.00 16.00 . --.- .. _.-- - --.~ --_. - ._- - --- ----- ----- ----- ------ --_._-. ----- -'--
100 199 2.99 3.98 4.97 597 6.97 7.97 8.97 997 10.97 11.98 12.98 13.99 14.99 16.00 - --- ----_. -_.- - --- -. ---- - --- --_._- -.------- ---- --- -- ----- --_.. ---- -- . _. 

16~ -~ ~§ ~:§~ j~~ :~~ ~.§~ ~:~~ H~ ~.~~ J~~-j~:~~ ]j'~~ ]~:~t ]~~:~ H:~~~~:~~ == _____ .. __ ~~~_- ~ ______ ~~~~~_=__ 
1 QQ j ~~ ?~§ ~.~~- 4.94 ~.~~ 692 7.92 8.92§.§~ jQ:94 j1,§§ Jg§§ g§Z 1~:§~ !§.QQ __ 
! QQ ! ~~ g.§§ ~:§~ 4.92 §§L 6.90 7.90 8.90§:§~ J~§g 11.93 ~§§ 1~:96 1~:§~ 1§.Q.Q __________________ . ____ . __ _ 
1 00 1.97 2.94 3.92 4.90 5.88 6.88 Z:~Z __ ~~ §:891~§Q ~!.92 ~2.9~ J~.9§ 1~:98 J§'QQ __ _ _____ _ 
1 QQ j.~§~~~_ j~~ 4.87~~§ 6.84 7.84 8.85§~L1Q88 11,90 !g:§g !~:§§ J~·§Z 1§:QQ _____________ .. _~ ____ . ____ . __ 
1 QQ ! .~§ 2.90 3.86 4.83§:~L 6.80 7.81 8.81~~~ 1Q·85 11e88 .12·§113.94 l~:§Z J§.QQ __________ ~ ______________ .. _____ . 
100 1. 3 2.87 3.82 4.78 5.76 6.75 7.76 8.77 9.80 1Q.82 11.85 12.89 13.92 14.96 16.00 
- -- -- --1---- ---- --- --.--- --- ---- ---- _.---- .. ---- --·--·1~-1--

100 1. 1 283 3.77 4.72 5.70 6.69 7.70 8.72 9.75 10.79 11.83 12.87 13.91 14.96 16.00 - ---- - -- . ---- -.--- .- .-- ---.- .-- ----c--:-.-- ---- -.--- -- .---- --.-.-._-r------. 
100 1. 8 2.77 3.69 4.64 5.62 6.62 7.64 8.67 9.71 10.75 11.80 12.85 13.90 14.95 16.00 - ... __ . . --- -- - - ------ - ----- ----- ----- .---- ----- --- --~ ------- ----- --- ------_.-
100 1. 3 2.69 3.59 453 5.51 6.52 7.56 8.60 9.65 10.71 11.77 12.83 13.88 14.94 16.00 

1 i~ l~J'~!il m m Hi ;:~UliH Ii!! ~!~l~!~ e liHHUllt-= ~== =-:: ----- _ 
~I~±~~ .l]~t~ ~6~ ::~ ;~; ;:~~ ~~§ l~~ j6~~~ n:~~ ~H~ H.~~ a~~ ~~:66' .- - . 

~ ! Inn~00-8~QQ-~~~.QQ :.;1 ~.~~_~~~~ ~.~ ~.~~ lUi -n:u ]~:~~ ]l~~ JU~ J~:~~ ~=~~~~~=_ ==--~---~ 
~ ~~.l~~liif ~.~~ ~·~t 4.98 6.12 7.26~:~~~:~g 1~591168 J2.T~ 1~:~§ .!~:92 J§:QQ __________________ _ 

1 ~~ lU'II!Hl Hf lItm Hi lii!liltl!jtHjH!lt~ll!llU~ _ _=~=-~= ... 
J QQ.1,~,*_g:zz_~:§§ _~:§~ §§g __ §,§gX64 __ !!:§Z __ .§:ZLl 0.7§ .11e80 ~§~ _t~:90 J~:§§ !§:oo . _____ . __ . ___ . ___ . ___ _ 
1 00 1. 1 2.83 3.77 4.72 ~:?Q~69Z:?Q ~:Zg _~l§..r10.7§ .11:83 J2.87 .1~.91j~:96 j§:QQ 
1 00 -1~ 3 -2~8i3.824.78 5.76 6.75 7.76 8.77 980 10.82 11.85 12.89 13.92 14.96 16.00 --t--j---- --- -- ------

100 ·1:35 290· 3.86 4.83 5~816.80-7.81 8.81 9.8310:85 Tl.8812:91 ~i9414:9716:00 ------1------ -.----- --- -.--.. 

J QQ ~J~§~~g ~.~~ I~t· ~.§~_ j.84. f84 .. ~.~~ I§§~ lQ:as .1190 }2.9~!~.95E~f j§:QQ = ===-=: ~~-===-~= .. 
1 QQ 1 ~7 ?~4 3.92 4.90 5.88 6.88 7.87 8.88 9.89 10.90 11.92 12.94 13.96 14.98 16.00 
1 ()() I! ~~ ?§~ ~§l3 4.92 591- 690 7.90 8.90 991 10:9211:9312.9513.96 1498 16:00 ----- -- ,--------- ------- -.---
1 00 1 98 2.96 395 4.94 5.93 6.92 7.92 8.92 9.93 10.94 11:95 12.96 13.97 14.99 16.00 -
! QQ ! ~~2.97 396 4.95 5:94 6.94 7:94 8:94 9.94- 10:95 1T9612.9713.9814:99 16:00 -- ----- -----
! QQ ! §~ 29'j 3.97 4.96 5.96 §§l§ t,~~ 8.96 ~~§ jQ]§n~Z 1~·~? i~~~ H·99 j§.QQ I-::-"~ _______ _ 
100 199 2.99 3.98 4.97 5.97 §:§'I __ r9z.~:§? __ §:§L 10.97 11.98 12.98 J~.99 J~:99 J§:QQ. ______________ j __ -j-

1 QQ~ QQ_ 2.99 3.99 4.98 5.98§:98 .1:98 ~:98 §:98_ 10.98 11.99 12:99 J~.99 J5.00 J§.OO _______ .. _________ . __ . ___ _ 

f.~§ jJ~ ;:~~ ~:~~ ~ .. ~~ ~:~~ ~:~;- 1;; ~:ro 1~§Q§Q II:~ ][~ ~~~ 1~:~~ 1~:~~ j~]~.--= = =-= = __ =~~==_~~~=~= 
- - .. -------- ------ _.-. -_ .. -. 



Expanded view of spill through abutment B'IB = 0.8125 (scale 5:1) 
C 0 E F G 

, 

20 1.66 1.78 1.89 2..Ql 2.13 2.25 2.49 2.73 2.98 3.22 3.46 3.72 3.97 4.23 4.48 4.74 4.99 5.23 5.48 5.73 5.97 
1.53 1.64 1.75 1.88 ,-2..02 2.19 2.40 2.64 2.89 3.14 3.39 3.65 3.91 4.17 4.43 4.69 4.95 5.20 5.45 5.70 5.95 _. 

1.40 '1.50~ 1.60 1.73 1.81t- 2.08 2.30 2.54 2.79 3.05 3.31 3.58 3.85 4.12 4.38 4.65 4.91 5.17 5.42 5.68 5.93 

~:~~ ~~~ ~~~~ r1.5~_ r-U~- -J~ 2.17 2.43 2.69 2.96 3.23 3.51 3.79 4.07 4.34 4.61 4.87 5.13 5.39 ~~ 5.91 --
~.03 r-H~-Hi8 1.23 .J.~~_ ~52 1.76 2.31 2.59 2.86 3.13 3.44 3.73 4.02 4.30 4.57 4.84 5.10 5.37 1-5.63 5.89 

?t fifi· (lD ~o 1 no 1.27 1.55 1.18.. 2.19 2.49 2.77 3.00 3.37 3.69 3.98 4.27 4.54 4.81 5.08 5.34 5.~~ 5.87 
1.00 1.00 1.00 1.00 M-QO 1.32 1.71 ~.09 2.43 2.74 3.03 3.35 3.66 3.96 4.25 4.52 4.80 5.06 5.31 5"~ 5.76 
1.00 1.00 1.00 1.00 1.00 --{,OO 1.58 ~ 02 2.39 2.72 3.03 3.35 3.65 3.95 4.24 4.52 4.79 5.05 5.30 5.54 5.76 
1.00 1.00 1.00 1.00 1.00 VOO 1.58 2 02 2.39 2.72 3.03 3.35 3.65 3.95 4.24 4.52 4.79 5.05 5.30 5.54 5.76 
1.00 1.00 1.00 1.00 ~ 1.32 1.71 .,l.09 2.43 2.74 3.03 3.35 3.66 3.96 4.25 4.52 4.80 5.06 5.31 5.55 5.76 

22 100 100 .1...00 ~um- 1.27 1.55 1.8V 2.19 2.49 2.77 3.00 3.37 3.69 3.98 4.27 4.54 4.81 5.08 5.34 5.60 5.87 
1.13 1.18 1.23 1.33 1.52 1.76 :¢3 2.31 2.59 2.86 3.13 3.44 3.73 4.02 4.30 4.57 4.84 5.10 5.37 5.63 5.89 --

5.13 1-5.91 1.26 ~~4 ~~3 1.55 1.72 1.93--- 2.17 2.43 2.69 2.96 3.23 3.51 3.79 4.07 4.34 4.61 4.87 5.39 5.65 
1.40 1.50 1.60 1.73 1.89 ~8 2.30 2.54 2.79 3.05 3.31 3.58 3.85 4-1~ 4.38 4.65 4.91 5.17 5.42 5.68 5.93 -- 1.75~ ¢ 5:70 5.95 1.53 1.64 1.88 2.19 2.40 2.64 2.89 3.14 3.39 3.65 3.91 4.17 4.43 4.69 4.95 5.20 5.45 

23 1.66 1.78 1.89 UW 2.13 2.25 2.49 2.73 2.98 3.22 3.46 3.72 3.97 4.23 4.48 4.74 4.99 5.23 5.48 5.73 5.97 

1 -- ---- .-~. --- -- -- --
----.----

_. 
----L--



Figure 5c (1) 

~1%~al~i6~ ~ll§~1 ~hJ~oUt~~bt6rn~nb~'I~ib~7~00 9.00 ·10.00 11.00 12.06 13.66 14.00 15.00 16.00 
. 

100 206 2.99 I 399 499 5.99 6.98 7.98 8.98 ·9.98 10~99 11.9912:99 13.99 15.00 16.00···· ..... . 
1 00 199 299 398 4.97 5.97 697 7:"97 8.97 9.9710.97 11.98 ·12.9813.99 149916.00-·~--·---

. ...•. -

1 00 1 99 2.98 397 4.965.95 6.95 795 8.95995 10.96 11:9612.97 13.981499 16.00~-·- ... ~ .. 
1 00 1~8 297 395 494 1 594 693 7.93 8.93993 10:9411.95 12:9613.97 14.991606 ._-
1 00 j ~~ 296 3.94 ~§~ ~§i ~E J~Q. 8.91 j~i ifi:~~ jf93ig·~~ j~.~§ E~~1§:QQ .. ~=_- ~_-__ .:~- .... ~ .. 
1 00 HZ 2.94 3.92 ~~Q §89 §.~ _Z:88 8.88 . 9.~~ lQ:~Q 11.~~ .!~93!~:95 1i·98 !'§':QQ __ . __ ~_. _ .. __ ... _ .. 
1 00 1~6 2.93 3.90 4.87 5.86 6.84 7.84 8.85 ~~§. 1Q:~Z 11:89g:~~ l~~i 1i~Z 1§.:00 _.-r-- .. ___ ._. ~_ ... __ 
1 00 1 ~~ 2.91 3.87 484 5.82 ~~Q ?~Q 8.81 ~.~~ 1 Q~~ 11 :~? 1 ~:~Q 1 ~.~~ 1 ~~§ 1 §..QQ ._. _.._. _.... 
1 001.~ 2.88 3.83 ~:7~ 5.77 .§:?§.u§ 8.76~?~ 1Q~Q 11:~~~28? 1~~1 1~~§ J§.QQ_..... ..... . 
100 .1 ~ 2.85 3.79 ~?~ 5.71 §.§.~ 7.69 8.70~:n JQ:?§' 11,80 J~:85 1~:~Q 1~~§ 1§':QQ.~ ___ . __ . __ .. _ ........... _._. 
1 QQL 0 ~~1 3.73 ~§? 5.S3 §:§1 7.62 8.64~§.Z 1Ql111,?§. J~821~:88 1~~~ 1§':QQ ____ .. _ .. _.. . .. _._ ..... 1 .. 

! QQ 1:~? .? Z§ 3 65 ~§? 5.53 §§! 7.53 8.56 960 10.66 11.72 12.79 13.86 14.93 16.00 f----. 
1 00 1.~~ 267 354 445 540 6.39 741 846 9.52 10:5911~6712:75 1"3.83 14.92 1600 --- -_. . .. ~-....... ~ .. -.-. 

~ ~~ ~~~~ ~ ~~ ~ 1~ ~§~ ~:;; ~:~l ~:~~ ~:ilIJ~l I~j~ jH~U.~~ JU~ JU~n:~~~= _~==~~=~~=~~._-.. :=-~=-
l~! l!i 'H~Ji m ,Hi !~ m HI.!n l!illlUlt~n!iHU1U! .~.-~= ...=- = ___ =~ :---_~ ~-=.~= -.=-
1 ~ "t~~ ~~rlltlln !!! i~~ i!i Inl~illl;! lIn Uil HH!!i ~=-=-~= -.... -.---~~- ..... 
1 Q() .1.43. 150 2.48 3 .. 26 .. 4~3 5.53 6.74 ?-95 ~14 1Q:~1 11:~§.g§.1 !E~ !~~? 1§.QQ_ ..... . 
100 1.58 ~~0 2.90 3.74 4.72 5.81 6.94 809 9.23 10.37 11.51 12.64 13.76 14.88 1600 

·a§. +¥~ ~· .. ~l,H~t~~ . ~~ .. ~~ ~:~~ ~:~~ 1~~ ~·~~·t~~~ +H~ 4~~~t t~i~H~~ .~~~~~ --... -.. --. _ ... _- ... -~ 
I QQ jW,g.§Z" I~~~:~§ §.~Q 6.39 7.41 ~:~§: j~g.1[§~!L67 -J{Z~ j~:~~E-~~ j§:QQ .-_=--. -._-_-_. ~.~= ._.-~_ :==.. __ . 
100 1. 7 2.75 3.65 4.57 5.53 6.51 7.53 8.56 9.60 10.66 11.72 12.79 13.86 14.93 16.00 
106 1: 6 281 3.73 4.67 5.63 6.61 7.62 8.64 9.67 10:7111-.7-612:8213.88 14.9416:00 - ..... ~-- .. -.-. -.. .---........ . 

i QQ fJg g~~ 3.79 JE~:zI. 6.69 7.69 ~.?Q j.?~ 1_0:7_6 11_:8oj_2:8_5 }F]QE~~ i§:oo _.-=--=-... _-._-:. =-~=I.~_~ 
100 194 2.88 3.83 4.79 5.77 6.75 7.75 8.76 9.78 10.80 11.84 12.87 13.91 14.96 16.00 
1 DO 195 2.91 3.87 484 5.82 6.80 7.80 8.81 9:82 10:841 f8712:90 13.93 1496 1600 r--~ .. - ... -... - ..... - .. 

--- -----. ----- ------ ---- ---- ------ ------ .. _-.----- ._-"-- .---,.~- ---_ .. --- . 

100 196 2.93 3.90 4.87 5.86 6.84 7.84 8.85 9.86 10.87 11.89 12.92 13.94 14.97 16.00 
-._-. ---- ----- ----- ----- ----- .. _---- ----- ~.---- .-.-----" ------

100 197 2.94 3.92 4.90 5.89 6.88 7.88 8.88 9.89 10.90 11.91 12.93 13.95 14.98 16.00 
J QQ _~ ~~ 2.96 3.94 ~:~~. ~~I 1 I~1 7.90 8.91 9.91 10:92 11~93 12.9513.96 14.98 16:06 --- -.- .-- ... - ... - .. -. -.--. 

~ ..... ~.~ ... --.-r.-- --~ -~.~- -~.-~ .~ ..... -- .. ---.... --- .--. 
1 00 1 ~!L.~:~? 3.95 4.94§:~~_. ~~~. Z:~~ ~~:~~ .~:~~ J!94 .D"~§'1~:96 J~:~Z J~:991§:QQ ______ ... _._ .... __ ... 
100 199 2.98 3.97 4.96§:~§ §.:~§ Z:~§~:~§~:~~ .10.96 ~.LQ§' J~.QZ 1~.981~·~~ !6.0Q __ .. ___ .... __ .. __ 
100 199 2.99 3.98 4.97 5.97 6.97 7.97 8.97 9.97 10.97 11.98 12.98 13.99 14.99 16.00 1 0 .. ~.~- -.--.. ~-~ .~.~-. -~-. ~.~.---- .--~ .. ~.~ .--.- --.~ _.- .-~ -- .. - ... - ..... . 

o 200 2.99 399 4.99 5.99 698 7.98 8.98 9.98 10.9911.9912.9913.99150016.00 
1 00 200 3.00 4.00 5.00 6~OO 7:00 8:00 9.00 1-0~O-O -11.00 -12~OO 13:00 14:00 15-.00 16:00 '---- ------ -----"-. ----- --- -.. ----.--

. . 



E!<Q~nQed ~!~~_Q! ~Q!!! !!"!~o~9!!~b~!!!Ient !=!~~= Q,72 [~~~ ?;~ L_ ----,- -------- --- c----o E F G H ---- ------ ------ --- ----- -- -----~ 

20 1_87 1 ~ 2.12 2.24 2.36 2.49 2.76 3.02 3.29 3.56 3.83 4.11 4.38 4.66 4.94 5.22 5.49 5.75 6.02 6.29 6.55 --
~ 1.69 1.81 2.07 2.23 2.41 2.65 2.91 3.18 3.46 3.74 4.02 4.31 4.60 4.88 5.16 5.44 5.71 5.99 6.26 6.53 

1.52 1.63 1.75 1:-ss-. 2.06 2.27 2.52 2.78 3.06 3.35 3.64 3.94 4.23 4.53 4.82 5.11 5.40 5.68 5.95 6.23 6.50 
1.35 1.4~_,--:).53 1.67 1~ 2.09 2.36 2.65 2.94 3.24 3.54 3.85 4.16 4.47 4.77 5.06 5.35 5.64 5.92 6.20 '6:48 
1.17 1.22 1.29 1.39 1.61 f:8a.. 2.19 2.51 2.82 3.12 3.42 3.76 4.09 4.41 4.72 5.02 5.32 5.61 5.90 6.18 6.45 

.,1 1 nn 1 nn 1 nn i_no 1.31 1.64 Nl-.oo 2.36 2.71 3.02 3.27 3.68 4.04 4.37 4.68 4.97 5.29 5.59 5.88 6.16 6.43 
1.00 1.00 1.00 1.00 N--.QO 1.36 1.S&.. 2.24 2.63 2.97 3.30 3.66 4.01 4.34 4.66 4.97 5.27 5.57 5.86 6.15 6.43 
1.00 1.00 1.00 1.00 1.00 ~OO 1.66 1\2.16 2.58 2.95 3.30 3.65 4.00 4.33 4.65 4.96 5.27 5.57 5.86 6.14 6.43 

- ~:oo_ 1.00 1.00 1.00 I--~'OO ..uOO 1.66 12.16 2.58 2.95 3.30 3.65 4.00 4.33 4.65 4.96 5.27 5.57 5.86 6.14 6.43 
------ c--;---

-1.00 1_00 1.00 1.00 ~ 1.36 1~ 2.24 2.63 2.97 3.30 3.66 4.01 4:~~ 4.66 ~~7 5.27 5.57 5.86 6.15 6.43 
-:>2 -100 ion- -inn 1Qff- 1.64 -~-o 

'--:------
1.31 2.36 2.71 3.02 ~27 3.68 4.04 4.31._ 4.68 4.97 5.29 5.59 ~:~ 6.16 6.43 

1.17 1.22 1.29 1.39 1.61 1:sa:: V2'1~ ~51 2.82 3.12 3.76 4.09 4.72 5.02 5.32 5.61 
r.--.,-----

6.45 3.42 4.41 5.90 6.18 -----.- ------. 

~q§! 1.35 1.43 1.53 1.67 
~ 

2.36 2.65 2.94 ~:g~- 3.54 3.85 4.16 -4.47 4.77 5.06 5.35 5.64 5.92 6.20 6.48 ---"- .-"_. - r.--:------ ~-:---

4.23 
r-;---r---1.52 1.63 1.75 1.89 . 6 2.27 2.52 2.78 3.06 ~,35 3.64 3.94 4.53 4.82 5.11 5.40 5.68 5.95 6.23 6.50 

1.69 1.81 1.9~ l::f:[7 2.23 2.41 2.65 2.91 ~8 3.74 4.02 4.31 4.60 4.88 5.16 5.44 5.71 5.99 
r.--.,-----

6.53 3.46 6.26 
23 '1.87-~1t.12 c£?4 ~:36 2.49 2.76 3.02 3.29 3.56 3.83 4.11 4.38 4.66 4.94 5.22 5.49 5.75 E!~ r 6.29 6.55 

1-



Figure 5d (1) 

ql()bal "i~~ 01 ~Rill thr()Llgh il~ut~~rlt ~'/~ := 06~~ 
100 200 3.00 400 5.00 6.00 7.00 8.00 9.00 1000 11.00 12.00 13.00 14.00 15.00 16.00 - - ---- -- -- ------- -- --~ -- ----
100 199 299 :J ~m <1 ~)8 597 6.97 7.97 8.97 9.97 10.97 11.98 12.98 13.99 14.99 16.00 1 

100 199 297 3.96 495 5.94 6.94 7.9<1 8.94 994 1095 1195 1296 13.98 14.99 16.00 
1 00 1 98 296 3.94 4.93 5.91 6.91 7.90 8.90 9.91 10.92 11_93 12.94 1i96 1498 16.00 --- --- ------ ------ ----- - - .-- .----- --
100 197 2.94 3.92 4.90 5.88 6.87 7.86 8.86 9.87 10.88 11-90 12.92 13.95 14.97 16.00 
100 196 2_92 3.89 4.86 5.84 6.82 7.82 8_82 9.83 1085 11.87 12.90 1i93 1496 16_00 -- ... 
_~ ~~ _~_~ ~.~ ~ ___ .~_~_:~~ -l~~. _I~~_§:z~~~:ZZ ~Z:Z§ ~~:~Z _~9.78 jQ]Q lL83 12·~Z 3~·91 j~.~~ i§·oo ==-__ ~~ ______ _ 
_ ____ __ ;:}._ _ _____ ~-?? _ ~Z~§?1 UQ_fl:?l _~:Z~ 1Q:?~ 11:?~ 1~~~nfl~ 1~:~~ 1§:QQ __ ~ _____________ _ 
100. 1~2. 2_81 3.77 471 5.66 6.63 7.62 8.63 9.65 1069 11.74 12.79 13.86 14_93 16.00 
1 QQ ~H~ =~~i~j.7Q j§L§·§~ ~I54 -:n~ -_-~:~~ ~_~~Z]Q-62 JIG8 j2:7§ jI~~E~11§-QQ =-== _==~ ~.__ _ _________ _ 
100 1. 7 2_74 3_63 4.53 5.47 6.43 7.41 8.43 9.47 10.53 1160 1269 13_79 14.89 16_00 -- ---- -_. - - -_.- - --- --------- ------ ._---- - --- --_._-- .- --- --------------- ----- ----- -_.---- -------- - .. 

100 1. 3 2.67 3.53 4.41 ~n§~fl J~? ~~Q _ ~.~~ 1Q~~ 11§~ 1~:§~n?§ l~fl? l§QQ __ __ _ 

j ~~-t~ ~.~~ ;~~ ~.~~ ~.~~ _~~~ ~.~~ t~~ J~~ ~~:~~ n~~ 1~~~ iN~ ~t~~ ~~:~~-
1 00 166 \~~~ 3.05 3.82 4.66 5.59 6.60 7.69 8.82 9.99 1 U8 12.38 13.59 14.79 16.00 

~ ~~ ~:~~~l ~.~~ ;~; ~~; ~;~ ~.~~ ;~~ ~:~~ ~:~~ U:~~ ~H~1n~ ~n~ ~~:~~=--~=- ... --
100 132 i66 -----2.05 252 3.14 4.02 5.26 6.64 8.04 9.42 1077 12.10 1341 14.71 16.00 
i 001.-17 135 -156H~Bi 223 2.95 4.56 6.21 7.78 925 106712:03 13.37 1469 16.00 

- -

m~=f~ cJ:~Liiti ~=t:~ti J:~~~~ H~ ;~; ;:~~ -~:~~ i~:~~ ~~:~~ in~~H~ .~~.~~ __ __ __ _ _ _ _ _ ____ _ _ _ o~ ______ .. ___ __________ ______ _ ___________ . __ . ___ . __ _ 

100 117 1.35 1561. 1§3-d?J 2.95 ~56 6.21 7.78 ~?§ 10.§? gQ~ n~7 14§~ 16.00 
10Q ! ~~ 1 §S yO~~5? ~ 1~ 4.02 5.26 6.64 8.04 ~.~~1Q,?? 1~:IQ 1~~1 14.71 16.00 

l!: H!~' m H! H~ m !ii, i!i UI HIllUit!! l!ii 1m 1!!!·· -_. 
j ~~ Hl ~ ~~ ~ ~~ H~ ~:f~ ~.~~ . H~ -H~-~:~~ fH~ .~ l:!1-a:~~ . ~~~6 ~H~~~:~~ ---
j QQ 1E@ 2.67 3.53 441 5:33 6:28 7_27 8.309.35 10.4211:5212.63 13:75 i4.87 i6_00 ~---- -----.-
1 00 1. -7 2.74 363 4.53 5.47· 6.43 7418.439.47 10:5311.6012:69 13.7914.8916.00 ----------­
i 00 1 9 279 370 463 558654 7.53 854 9_57 1062 11:68 -12:7513.83 14.9116_00-
100 192 2.84 3.77 471 5.66 663 1-62 8.63 965 10.69 11.74 12.79 13.86 14.93 1600 
100193 2.87 382·477 5.73 1 6.71 7.70 1 8_71.9.72 10_75 1i:7912:83 13.89 i494 16.00 
1 00 .: i ~~I .. ~.~~ 3~~ 4~~ ~.~~ _ §Z~ 776 8.77·9.78 10.80 11 :83 12.87 13.91 1495 1600 

... -

. 

---

-I·· 

.... --

1 00 196 2.92 3.89 4.86 5_84 6.82 7.82 8_82 1 9:83 10.85 11-137 12.90 13.93 14_96 16.00 --
1 QQ~l ~?~I~~-3.92 -~.~()5.88 -6:87 --7:86 -8.86 -98710:8811:90 T2_9213.95 14.97 16_00---+---- -~- ---.-----
1 Q() _ 1 ~~~.~§ ~.~~ ~:~~ §·~l~I~II!iq - ~~Q ~I~11Q~~ ji,93 j~.~~ j~~§E~~ j§.QQ~~==-~~-=_---~ . 

. 

100 199 297
1 

3.96
1 
495~~L ~:94?:~~ _fl~~_~:941Q:~~~L95 ~~:96~~:981~-99 J~:QQ ______ . _ . __ . ___ . ______ _ 

1 QQ -1 ~~~:~~j.~~ .~.~~ 5.97 6.97 7_97 8.97 9.97 10.97 11_98 12_98 13_99 14_99 16.00 
100 ~OO 3.00 4.00 ~oo 6.00 700--~oo-~oo 10QQi1:QQ12:00 -1~QQ j~.QQ 1~.QQ -1§QQ ~=--- -- ---- ~~_-

. -

-- -



Expanded view 01 spilllhrough abutment S'/S = 0.625 [scale 5:1 ) 
-~-~ 

F G H I J 
.-------

20 2.23 2.37 2.52 2.66 2.81 2.95 3.27 3.59 3.91 4.24 4.56 4.89 5.22 5.55 5.88 6.21 6.52 6.84 7.15 7.46 7.78 
1..9a 2.12 2.27 2.43 2.61 2.83 3.12 3.44 3.76 4.10 4.43 4.77 5.12 5.46 5.80 6.13 6.46 6.78 7.10 7.42 7.74 

~ ~!-
~ 

1.74 2.18 2.39 2.04 2.94 1-3.27 3.61 3.95 4.30 4.66 5.02 5.37 5.72 6.06 6.40 6.73 7.06 7.38 7.71 --
~ 41~ __ 2.73-1.49 1.60 1.72 2.40 3.09 3.44 3.80 4.17 4.54 4.92 5.29 5.65 ~.QQ- 6.34 6.68 ~:~~ 7.35 7.67 .-----. ------ -,---

1.25 1.31 1.38 1.51 1.79- 2.13 2.51 2.90 3.28 3.65 4.01 4.43 4.83 5.21 5.58 5.94 6.29 6.64 6.98 7.31 7.64 
21 1 nn 1 nn 1 nn 1 00 1.40 1~ 2.26 2.71 3.13 3.51 3.81 4.32 4.75 5.15 5.53 5.87 6.25 6.61 6.95 7.28 7.60 

1.00 1.00 100 -~ .qQ::: NJ:j0 1.46 ~- 2.55 3.03 3.45 3.85 4.29 4.72 5.12 5.50 5.87 6.23 6.59 6.94 7.27 7.60 -----
1.00 1.00 1.00 1.00 1.00 ~OO 1. 2.45 2.97 3.42 3.85 4.28 4.70 5.10 5.49 5.86 6.22 6.58 6.93 7.27 7.60 
1.00 1.00 1.00 1.00 1.00 1JOo 1.8.t 2.45 2.97 3.42 3.85 4.28 4.70 5.10 5.49 5.86 6.22 6.58 6.93 7.27 7.60 
1.00 1~~ ~.oo 1.00 j..OO' 1.46 ~2 2.55 3.03 3.45 3.85 4.29 4.72 5.12 5.50 5.87 6.23 6.59 6.94 7.27 7.60 

22 1 nn 1 nn 1 nn 1O!Y 1.40 1.1!:Jr 2.26 2.71 3.13 3.51 3.81 4.32 4.75 5.15 5.53 5.87 6.25 6.61 6.95 7.28 7.60 
1.25 1.31 1.38 1.51 1.79 ~13 2.51 2.90 3.28 3.65 4.01 4.43 4.83 5.21 5.58 5.94 6.29 6.64 6.98 7.31 7.64 
1.49 1.60 1.72 1.88 ~2 2.40 2.73 3.09 3.44 3.80 4.17 4.54 4.92 5.29 5.65 6.00 6.34 6.68 7.02 7.35 7.67 
1.74 1.87 ?Jl.1-rz.18 2.39 2.64 2.94 3.27 3.61 3.95 4.30 4.66 5.02 5.37 5.72 6.06 6.40 6.73 7.06 7.38 7.71 
tOR.. ~ 2'~I- 2.43 2.61 2.83 3.12 3.44 3.76 4.10 4.43 4.77 5.12 5.46 5.80 6.13 6.46 6.78 7.10 7.42 7.74 

23 2.23 2.37 2.52 r-2.66 2.81 2.95 3.27 3.59 3.91 4.24 4.56 4.89 5.22 5.55 5.88 6.21 6.52 6.84 7.15 7.46 7.78 

-- --------- _._--"-r~ -- _.----- ---1------
----" --'- .. _---- .------ --------------

-

._- -- -- ----- ---- ~-- ---
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Figure 6a (1) 
~~~--··-----~---~-~-·-·~-,------C~----------·----~· ---,----,--r----.---~---__c_--___._-_._--__r-____.--r__-,_____. 

QI()[)a! ~ie\\l 01 gLJi~e[)<1Il~ a~lltlnellt [3'/[3 '" Q~ 1 
1 00 2PO 3.00 4.00 5.00 6.00 7.00 8.00 ~.QQ !QQQ 11QQ gQQ 13:QQ~~QQ !§QQ l§QQ 
j Qq ~PQ ~.QQ ~OQ ~.QQ ~,QQ IjQQ 8.00 ~.QQ lQQQ !! .QQ!~.QQ !~.QQ HQQ ! ~QO 1 §.QQ __ 
100 . 2p0300 4.00 5,00. 600 7.00 8.00_~QQ !Q.QQ 11.QQ 1~.QQ j~QQ!~.QQ l§QQ ~§QQ __ 

:} QQ ~~RQ ~jQQ_i·qQ _ ~.Q(j ~~:~~ ~~,~~_Z:99 ~~~_g.99 jQ.99 !~:QQ j~.OO !4~OQ !§QQ !§.QQ __ 
1 00 2PO 3,00 3.99 499 5,99 699 799 899 9.99 109911.99 !~:QQ jj:QQ ! §.QQ !§.QQ ____ ~ ____ _ 
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CASE STUDY 1: CHAT ANlKA BRIDGE ABUTMENT 

This case study focused on the bridge at approximately mile 50 of the Steese Highway. 

Upstream from the bridge, a bend in the river is causing an increased amount of scour at the left 

abutment. Scour is further increased due to the uneven distribution of the flow of water across 

the bridge opening. Most of the water is concentrated between the left pier and left abutment. 

This study focused only on the left abutment, since the right was not experiencing significant 

levels of scour. The purpose of the case study was to model the bridge abutment and calculate 

a dimensionless depth of scour using computer solutions and laboratory experiments. 

Computer Model 

Three computer models were created, due to the complex nature of determining the 

boundary conditions of the pier. The models were generated using an iterative solution of 

Laplace's equation. Due to printing constraints, the horizontal scaling factor was 1 to 1000. 

Constant streamline values were assigned to the boundary conditions, shear boundaries 

and eddies. The site and location of each structure was determined from observations of the 

prototype and laboratory experiment. Once the boundary conditions and eddy regions were 

specified, an initial computer model was solved using the aforementioned process. The results 

from this model were used to incorporate the left pier into the three models. From field 

observations and the initial computer model, three boundary condition values were chosen for the 

pier: 7.00, 8.82, and 10.00. Each model illustrated was evaluated and the predictions of scour 

were compared to the prototype. 
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Results: 

In each computer model, the expression b!bo -1 was evaluated at the upstream comer of 

the abutment. The results are listed below in Tables A l-A3. The values obtained were compared 

to observations of the bridge site to determine the accuracy of the solution. 

The results of the first computer model, pier vaLUe 7.00, are listed below in Table AI. 

Scour was predicted throughout the evaluated area with the larges values occurring between 

streamlines I and 3. The smallest amount to scour, 0.91, was between streamlines 8 and 10. 

Table A1: Computer model results with pier value at 7.00 

From To Streamline b bo b!bo-l 
Streamline (mm) (mm) 

1 3 8 12 0.5 

3 5 10.5 12 0.143 

5 8 16 18 0.125 

8 10 11 12 0.091 

10 12 10 12 0.2 

12 14 10.5 12 0.143 

In the second computer trial, Table A2, the value of the pier was 8.82. Generally, this 

prodUl:ed a model with decreasing values of scour as the analysis approached the center of the 

stream. Between streamlines 7 through 9 and 9 through 11, negative values of scour were 

produced. This indicated the presence of a depositional environment between the streamlines. 
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Table A2: Computer model results with pier value at 8.82 

From To Streamline b bo b/bo-l 
Streamline (mrn) (mrn) 

1 3 6 12 1.0 

3 5 7 12 0.714 

5 7 9 12 0.333 

7 9 13 12 -0.077 

9 11 13 12 -0.077 

11 13 12 12 0.0 

13 14 6 6 0.0 

For the third computer trial (see Table A3), the value of the pier was 10.00. The 

dimensionless expression, b/bo-l, predicted a large depth of scour at the left bank gradually 

decreasing to a depositional environment at the center of the stream. 

Each model predicted the highest level of scour at the left abutment and the smallest 

behind the pier. As the boundary condition values or the pier increased, the range between the 

maximum and minimum value of scour increased. This increase in range was the result of a 

change in the distribution of streamlines. As more streamlines traveled between the abutment 

and pier, the distance between the streamlines decreased. The smaller distance produced larger 

depths of scour. Simultaneously, fewer streamlines were between the center of the river and pier, 

thus produdng a greater distance and smaller depths of scour. 
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Table A3: Computer model results with pier value at 10.00 

From To Streamline b bo b/bo-l 
Streamline (mm) (mm) 

1 3 5 12 1.4 

3 5 7.5 12 0.6 

5 7 8 12 0.5 

7 9 10.5 12 0.143 

9 11 14 12 -0.143 

11 13 13 12 -0.077 

13 14 6.5 6 -0.077 

Observations of the prototype showed a large depositional environment behind the left 

pler. The first model did not account for this environment and thus was not representative of the 

prototype conditions. Both the second and third models resulted in a depositional environment 

behind the pier. However, the magnitude of the prediction varied between the models. Since 

a large depositional environment was present in the prototype, it is reasonable to assume that the 

third computer model best simulated the conditions present in the stream. In the future, it is 

likely that boundary conditions for piers may be approximated by the flow distribution of the 

stream. This conclusion is supported by the limited scope of the computer models used in this 

experiment. 

Laboratory Experiment 

The laboratory experiments were performed in a two foot flume at the University of 

Alaska Fairbanks. A diagram of the general apparatus is shown below in Figure AI. The size 
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and shape of the model was determined using a horizontal scaling ratio of 1 to 130. The 

materials for the bed and bridge abutment were sand and wood respectively. 

Procedure: 

Four cross sections (their locations are shown in Figure A2) were measured to define the 

original height of the bed. Once the original height was recorded, the flow of water was started 

and raised until a live bed condition existed. At this point, the experiment was 

Figure A I: Diagram of general apparatus 
Chatinika Laboratory Apparatus 

Left Abutment 

Row 

~ Lett Pier 

Lcenterline 

allowed to run until maximum scour was achieved. During this time, the velocity head and 

height of water was recorded. At the end of the experiment, the flow of water was stopped and 

each scoured cross section was measured. The data for the experiment is located in Appendix 

A2, Table I. 

Figure A2: Diagram of cross section measurements 
Chatinika Laboratory Apparatus 

Left Abutm ent 

I~ 
2 3 4 

Row 

Centcrtlne 

• AU measurements In centimeters 
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Using the data obtained from the experiment, the dimensionless expression, (Zo-Z)!Yo, was 

evaluated and the results are shown below in Table A4. Generally, the larger values of the 

expression were produced by the right bank. At approximately five centimeters, the values for 

the general expression increased. This discrepancy is due to the influence of the pier. 

Table A4: Laboratory Results of Abutment Scour 

Point of Cross Section 3 
Measure 

.. 
(Zo - Z) /yo 

(em) Original Height Scoured Heigrt 
(em) (em) 

1.0 39.0 40.5 0.366 

11.0 41.6 43.8 0.328 

21.0 44. 1 47.4 0.359 

31.0 44.3 46.5 0.234 

41.0 44.3 46.9 0.277 

50.0 44.2 44.9 0.Q75 

60.0 43.9 44.2 0.033 

The maxImum level ot scour occurred at the abutment, whlle the rrummum was at the 

center of the stream. Unlike the computer and the prototype, no negative scour values were 

present. This may be due to the exaggerated vertical scale required for the experiment. 

According to the theoretical portion of this report, the dimensionless expressions bjb-l 

and (Zo - Z)/Yo are equal. Since these expressions are equal, the results from the two experiments 

should show similar values at approximately the same location. Although the values at the 

location were not similar, both models predicted the highest depth of scour at the abutment and 

the lowest behind the pier. From the prototype observations. the computer model simulated the 

actc<ii conditions to a higher degree of accuracy. 
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CASE STUDY 2: CHENA BRIDGE ABUTMENT 

This case study focused on the bridge at mile 37.5 of Chena Hot Springs Road near 

Fairbanks. Alaska. The bridge was chosen due to problematic scour that developed from a 

change in the river's channel. Originally, the Chena River flowed perpendicular to the bridge 

with scour occuring at acceptable levels. After the flood episode, the river changed course and 

now parallels the bridge. This change in course has resulted in the scour and costly repairs. The 

purpose of the case study was to model the bridge abutments and calculate a dimensionless depth 

of scour using computer solutions and laboratory experiments. 

Computer Model 

The computer model was generated using an iterative solution of Laplace's equation. A 

horizontal scaling factor of 1 to 450 was used to determine the dimensions of the model. 

Constant streamline values were assigned to the boundary conditions, shear boundaries and eddies 

with the size and location of each structure determined from observations of the prototype and 

laboratory experiment. Once the boundary conditions and eddy regions were specified, an initial 

computer model was solved using the iterative process. The results from this model, displayed 

in Appendix B I, Model I, were used to incorporate the pier into the model. The size of the pier 

was determined from observations of the laboratory model and the prototype. The numeric value 

of the pier was estimated by the amount of flow on either side of the prototype's pier. After the 

value and size of the pier were defined, the initial model was solved to obtain the final results. 

This solution (illustrated in Appendix B 1, Model 2) created a grid of numbers in which the third, 
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fifth, eleventh and thirteenth streamlines were drawn. These streamlines were used to evaluate 

the expression blbo -1. 

Results: 

The results from the computer model are shown below in Table B 1. Generally, as the 

streamlines approach the left bank of the computer model, the dimensionless expression blbo -1 

increases. There was a notable exception between the 13th and the 15th streamlines. At this 

section, the dimensionless expression predicted a negative number. A negative number should 

represent areas of negative scour or depositional environment. This result is supported from field 

observations of the prototype. The largest value, 0.87, was produced by the increased depth of 

scour resulting from the pier. 

Table B 1. Results from Computer Model with Pier at 10.78 

From To b bo blbo-l 
Streamline Streamline (mm) (mm) 

1 3 14 10 0.4 

3 5 14 8.5 0.65 

11 13 14 7.5 0.87 

13 15 14 27 -0.48 

Laboratory Experiment 

The laboratory experiments were performed in a two foot flume at the University of 

Alaska, Fairbanks. A diagram of the general apparatus is shown below in Figure B 1. The size 

and shape of the model was determined using a horizontal scaling ratio of 40 feet to 1 inch. The 

materials for the bed and bridge abutment were sand and wood respectively. To represent field 

conditions accurately, while accounting for the size constraints of the flume, a .:hanneiing vane 
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was used to direct the approach of the water toward the abutment (Figure B 1). A Pitot tube and 

floating plastic beads were used to ensure that the flow was uniform throughout the channel and 

parallel to the road. 

Figure B 1. Diagram of General Laboratory Apparatus 

Procedure: 

Cross Section Upstream of Vane 

Row -
Cross Section 
Upstream of 
Abutment 

Cross Section at Abutment 
Cross Section Below Abutment 

Four cross sections, the locations of which are shown in Figure B 1, were measured to 

define the original height of the bed. Once the original height was recorded, the flow of water 

was started and raised until a live bed existed. At this point, the experiment was allowed to run 

until maximum scour was achieved. During this time, the velocity head and height of water was 

recorded. At the end of the experiment, the flow of water was stopped and each scoured cross 

section was measured. The data for each experiment is located in Appendix B 1, Table 1. 

Using the data obtained from the experiment, the dimensionless expression, (Zo -Z)/Yo, 

was evaluated and the re:;ults are shown below in Table B2. Generally the largest va.!ues of the 
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dimensionless expression were produced by the right bank. At approximately five centimeters, 

the values for the general expression increase. This discrepancy is due to the influence of the 

pIer. 

Table B2 

Measurement from Original Maximum Depth of (Zo-Z)/Yo 
Right Abutment Surface Scour Water 

(cm) (cm) (em) (em) (cm) 

1.00 44.8 50.7 39.2 1.05 

2.00 44.9 50.7 39.2 1.02 

3.00 44.9 50.2 39.2 .982 

4.00 44.8 50.2 39.2 .964 

5.00 44.8 50.8 39.2 1.07 

6.00 45.0 50.7 39.2 .983 

7.00 45.0 50.0 39.2 .862 

8.00 45.1 49.5 39.2 .746 

Acwrding to theoretical portion of this report, the dimesionless expressions bjb-l and 

(Zo-Z)/yo are eljual. Since these expressions are equaL the results of the two experiments should 

show similar values at approximately the same location. Although the values at a location were 

not similar, both models predicted the highest depth of scour at the pier and the lowest at the left 

bank. From the observations of the prototype, the computer model simulated the actual 

conditions to a higher degree of accuracy. Due to the limited size of the flume, the accuracy of 

the results obtained in the laboratory experiments may have been skewed. The information 

obtained from this project should be helpful in the prediction of scour around these abutments. 
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Table A4. Laboratory Results of Abutment Scour 

Point of Measure Cross Section 3 (Zo-Z)(Yo 
(cm) 

Original Height Scoured Height 
(cm) (cm) 

1.0 39.0 40.5 0.366 

11.0 41.6 43.8 0.328 

21.0 44.1 47.4 0.359 

31.0 44.3 46.5 0.234 

41.0 44.3 46.9 0.277 

50.0 44.2 44.9 0.075 

60.0 43.9 44.2 0.033 

The maximum level of scour occurred at the abutment, while the minimum was at the 

center of the stream. Unlike the computer and the prototype, no negative scour values were 

present. This may be due to the exaggerated vertical scale required for the experiment 

According to the theoretical portion of this report, the dimensionless expressions bjb-1 

and (Zo-Z)(Y 0 are equal. Since these expressions are equal, the results from the two experiments 

should show similar values at approximately the same lo(;ation. Although the values at a location 

were not similar, both models predicted the highest depth of scour at the abutment and the lowest 

behind the pier. From the observations of the prototype. the computer model simulated the actual 

conditions to a higher degree of accuracy. 
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Introduction: This report gives the results of the tasK activity which 
was aimed at assessing the present methods of estimation of bridge 
abutment scour. Because the present approaches are rather limited In 
scope and not worKing well, another report will descr Ibe a research 
approach which we feel may Improve the reliability of the design estimate 
for scour at bridge abutments. The two reports together represent the 
progress report of the first phase of the project. 

Review of current practice: From conversations with ADOT&PF and FHWA 
hydraulic engineers, the current approach for abutment scour design 
relies on using the empirical equations In the FHWA publications: 
"Highways In the River Environment" (Richardson et al., 1988). Because 
these equations have been developed with laboratory data and with 
limited field verification, the results often appear much too 
conservative and are often not trusted. Adjustments are often made 
with the design engineer's best judgement and with consideration of local 
conditions. 

A search of recent literature revealed over 30 articles on the general 
subject of bridge scour. However, nearly all are directed towards pier 
scour related phenomena which Is only of peripheral Interest to this 
project. The two references of Interest to this project are briefly 
summarized below; complete Citations, abstracts and copies of all of the 
articles are available on request. 

1) Mellville. B.W .. 1992. Local Scour at Bridge Abutments. Journal of 
Hydraulic Engineering, 118:4, April. 

Mr. Melville has done much of the substantial research on bridge 
pier and abutment scour over the past several years. Of the 24 
references listed In this paper, 13 were wr Itten on research done at 
Melville's program at the University of AucKland, AucKland, New Zealand. 
He does not reference any recent contemporary worK In the U.S. other 
than Richardson et al. The advantage for AlasKan projects Is the New 
Zealand streams are very similar. However, In Melville's words. "The 
design method presented herein Is derived from laboratory flume data and 
has not been field tested." In summary, this paper represents the state­
of-the-art for bridge abutment design. 

2) Richardson, E.V., D.B. Simons and P.Y. Julian. 1988. Highways In the 
River Environment. Federal Highway Administration. U.S. Dept. of 
Transportation. Washington D.C. 

The mater lal on br Idge abutment scour design Is embedded In a much 
larger report on highway stream crossing design. The abutment scour 
design guidelines are presented as regression eqUations which In turn 
are based on worK done at Colorado State University and elsewhere. It 
represents the state-of-the-art for the U.S. As already mentioned, the 
equations seem to give scour depth values Which are much too 
conservative and result In an expensive design. 
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Summary of literature review: The two references descr Ibed above 
represent the current practice for determining the depth of scour at 
bridge abutments. The relationships presented therein are based on 
laboratory Investigations. They do not appear to scale up to field 
conditions In a reasonable fashion. Also. some parameters may be 
represented In certain specific conditions which are not covered In the 
ranges of laboratory values. 
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Introduction: This report discusses a research plan which Is intended 
to improve the reliability of prediction and design for bridge abutment 
scour. A companion progress report assesses the current state-of-the­
art. The two reports together represent the progress report of the 
first phase of the project. 

Some possible research approaches: The current literature and 
conversations with hydraulic engineers reveal that, although a great 
amount of laboratory research has been completed, there is a 
considerable lack of confidence In applying the results to field design 
situations. In contrast, laboratory work on bridge pier scour seems to 
be well established and has proved to be usefu I for field appllcat Ion. 
When compar Ing the two situations, most pier designs are In the middle of 
the stream and are fairly standard within a narrow range of varlabi Iity 
while abutment designs are much more influenced by nearby channel and 
bank configurations. 

Another frustration with the abutment design problem Is that the 
abutment zone in many Alaskan streams may be almost unaffected by the 
main channel flow for many years but then may be finally subject to 
stream channel attack brought about by a main channel shift. As a result, 
field verification data may take many years to observe and acquire. 

The current suite of laboratory studies appear to be very through and 
well done. Another set of general laboratory studies would need to be 
extensive and possibly Investigate different ways to present the 
results so as to be more useful and reliable. This type of stUdy Is beyond 
the resources of the current project. 

One promising note is the growing usefulness of hydraulic streamflow 
computer models which are capable of examining detai led flow situations 
on 486 class computer platforms. With this tool, the design engineer 
could reconstruct existing or expected channel configurations, impose 
historic or expected design flows and predict the regions around an 
abutment where critical scour velocities may be exceeded. 

Proposed research plan: With the above considerations in mind, the 
following plan has been developed which should lead to a useful approach 
to bridge abutment design for Alaskan design engineers and within the 
limited resources of the present project. It uses all three tool of 
hydraulic analysis-laboratory modeling. computer modeling and field 
study. By focusing on bridge abutments which are posing some erosion 
stress, we wi II maximize the opportunity for explaining a field 
occurrence. Each of the three analysis approaches wi II lead to a more 
complete understanding of the abutment fai lure problem and, when 
compared to the standard prediction equations, will lead to a better 
understanding of abutment scour design. 
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1) We will select bridge abutments which appear to have undergone 
some erosion stress In the recent past. At this time we will use two sites 
near Fairbanks: the Chatlnlka River on the Steese Highway and the Chena 
River on the Chena Hot Springs Highway. Both are undergoing some 
abutment erosion, the Steese Highway site due to a long term channel 
shift and the Chena Hot Springs site due to a dramatic cutoff of an 
upstream meander bend. SUfficient channel Information will be collected 
to characterize the flow regime for the laboratory and computer model 
studies. 

2) We will reconstruct each bridge site at the appropriate laboratory 
scale. A set of flood flows will be simulated In the laboratory and the 
results of abutment scour noted. Various remediation measures can be 
easily examined and evaluated. The laboratory results will be compared 
to the field data. 

3) The bridge site channel regime will be simulated with the FHWA finite 
element model flow model. Areas which may exceed a critical sour velocity 
will be noted and the consequences for excessive scour assessed. The 
results will be compared to the field and laboratory results. 

4) The results of the three scour analysis approaches will be 
synthesized Into a statement which will descr Ibe the occurrence of scour 
at each site. A compar Ison will be made to the eXisting design prediction 
equations. Following this phase, the design engineer will have a useful 
set of tools for estimating abutment sour and an Indication of the degree 
of reliability of the estimate. 
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