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ABSTRACT

Efficient highway bridge design requires a good undersianding of channel bottom scour
around the pier and abutment foundations. While research on bridge pier hydraulics has resulted
in reliable 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,
numerical 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

practical method for evaluating channel scour at bridge abutments.
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LINTRODUCTION

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 I 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 objectives were:

1Y Survey present methods 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 abuunent 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) Develop a rescarch strategy that will lead to a useful computation of bridge scour in
Alaska. Coordinate with other stream data programs such as the U.S. Geological Survey

(USGS) stream measurement program.

3) Use a combination of laboratory and field experiments 10 investigate the depth of



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

developed UAF-CE bottom scour sensor.

4y 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
objectives and part of the third. The remaining work must wait on funding of a Phase II project.

The project proposal called for three reports:

1) Summary report on existing methods (Submitted 8/3/93).

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

3) Final Draft Report.

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

project.

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

applyving Bernoulli's equation. With the developed theoretical expression, the results from the



computer and laboratory experiments were used to evaluate the equation parameters. Some
limited ficld tests were conducted. If a second phase of the work should be conducted, the

equation prediction values 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:

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

the bottom 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) Asa consequence of item 1, 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

stde and a streamline boundary adjacent to the bank.



Using the previous assumptions. the abutment scour can be computed through the
lollowing sieps:

1Y Establish the upstream flow conditions as uniform during the design flow under

consideration. This condition is illustrated in Figures 1 and 2.

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

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

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

The width of the side stream tube of interest is calculated as b,, where B is the total width

of the stream.

Q=Q/m; b=B/m

3) At this point. the streamline location must be determined. An abutment configuration
is established and the flow distribution is assumed to be given by the ideal fluid flow
distribution. Laplace’s equation 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

are the upstream width, b, and the width at a point of interest, b,. In the present case, the

o

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



lm

«— B —

ho ~+f e

Figure 1. Streamlines Through a Channel.

Yo

Figare 2: Depth (v,) and Velocity (v,): A Representation of Channel Flow



abutment

by

streamline

Figure 3: Distance of Streamline from Bank or Abutment



5) The specific discharge, g, 1s defined as,
q=Q/b,,
and the velocity is given as
V=q/y,,

where y 1s the normal depth.

0) A key assumption is that the bed sediment is in a live phase. The live bed phenomenon
is often considered 1o be a condition of maximum scour. Maximum scour occurs when
the rate of 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:

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

the upstream corner of the abutment,

y+ V2g +Z =y +V7 {2z +Z,
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%) The final scour depth equation is developed in the following steps:

Max scourat V=V ,andy+Z=y_ +Z,
(Zo-2)yo = Iy, - 1
Q= Vb, = Vbyy,
b/b, = yly, OR

(Z,- D)y, =byb, - 1. Eq. 1

Equation 1 gives a prediction of dimensionless scour depth as a simple function of the
strearn tube flow contraction at the upstream comner of the abutment. The next step is 10
determinge the width of the stream tube. As previously mentioned, this step can be accomplished
with o solution of Laplace's Equation at ideal fluid flow conditions. Ideal fluid flow, in turn, is
approximated by the assumption of equally distributed bottom shear stress. The scour prediction
cquation requires a determination of the stream tube width at the upstream corner of the
abutment. To order 1o determine the stream tube width, a calculation of the flow or streamline
distribution for the pertinent abutment configuration was required. The streamline distribution
was determined by solving the Laplace Equation for the stream function using a computer

generated model



4. COMPUTATION PROCEDURE

Six abutment conditions were modeled using an iterative solution of Laplace’s equation.
The equation was simplified using two assumptions:

1) The channel boundary 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:

1) For each trial, the right edge of the solution {represented on the left side of the diagram,

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

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

significance in themselves. but they serve as labels for the soeamlines, 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 boundary values are set as described above, 1.0 for the right bank and an arbitrary

value tor the middie of the channel.

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

This computation 1s discussed in most fluid mechanics books, and it satisfies the condition

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

10
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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:
1y Vertical wall with a 45° stagnation point.

2) Spill through with a 45° stagnation point.

3) Guidebank with a 15% 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
contiguration are the upstream width between streamlines 1 and 2 and the corresponding
horizontal width between 1 and 2 at the upstream corner of the abutment. These are the
respective widths b, and b, used in the scour prediction equation.

The Laplace equation solution results in a grid of numbers. From this grid, streamline 2
was chosen as the point of reference. Interpolation between the numbers was used to determine
the precise location of this sireamline. Tor interpolation purposes, the exact location of any

number was chosen as its decimal point.

12



Two solution scales were prepared for each configuration:
) 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
conditions were obtained from points of known values. Interpoiation between these points is
used to generate the necessary boundary conditions for the expanded view. The size of the grid
was & 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 cquation 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 abutiment 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
the expanded view. This coordinate system was enlarged in both the horizontal and vertical
dircctions by the scaling factor.

[n both the global and expanded view, symmetry was used to help determine the reliability
of results. A properly designed model should be symmetrical about a horizontal axis intersecting

the bridge abutment. The three primary causes for an asymmetrical solution were:

13



1) Error in the finite difference formula.
2) Non-convergence of the solution.

3 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 slighty
asymmetrical. The use of an abutment that was not symmetrical about the horizontal axis will

create o correet solution that 1s asymmetrical.

5. LABORATORY PARAMETER EVALUATION

The laboratory experiments for the work were performed in a 2x2 foot open channel test
flume at the UAF Deparunent of Civil Engineening’s Hydraulics Laboratory. Three tvpes of
abutments were tested during the laboratory experiments: vertical wall, spill through, and
guidcbank. Atlthough the same computation scheme applied to each abutment type. the
construction procedure changed due to their different shapes. In all of the experiments, the
matcrial for the bed and bridge abutment was sand and bricks. respectively (see Figure 6). For the
spill though and guidebank abutments, small gravel riprap was utilized to create the necessary

shape (see Figure 7).

14
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A general procedure is outlined below with necessary changes to compensate for varying
abuiment types:

1) The bed material was excavated in order to bury the bridge abutment and protect the
toe of the riprap.

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 guidebank shapes.
4) The bed material in the flume was replaced and leveled so the toe of the riprap and the
bricks were protected from the impending scour.
5) The water height was raised to aid in compacting the bed material around the abutment
and exposed riprap.
0) The bed material was leveled.
7y Additional bricks were placed at the end of the flume to control the flow of the water.
%) A cross section of the original bed surface was recorded.
9) The Hume’s manometers were checked for equilibrium.

i0) The pump was started. allowing the flow of water.

I'1) The flow was increased until a live bed condition was achieved.

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

13) The velocity head was measured using a Pitot ube.

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

15) The tlow was haled.

16



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

preventing destruction of the bed profile.

7Y Three cross sections were measured for the vertical wall and spill through abutments,

whercas 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
expression 1s 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 spill through 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
Soils Classification System), passing the 3/8" sieve and retained on the No. 4 sieve. The slope of
the riprap corresponded to the angle of repose for the gravel.

In Step 5. the bed material was compacted around the abutment unti it was the same
consistency as the rest of the hed. This was a necessary step because the scour depth is effected
by the consistency of the bed matertal.

Step 11 required that the flow be increased until a live bed condition existed. At live bed
conditions, the maximum scour will occur when equilibrium is reached between the deposit and
removal of sediments in the scour hole.

The upstream height of the tlowing water was measured in Step 12. This measurement

was taken in the center of the flow. upstream trom the abutment. This location was also used for

17
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measuring 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
cach abutiment. The distances to the cross section, from the upstream corner of the abutment, are

displaved the chart below.

Type of abutment Distance from upstream corner of abutment
Vertical Wall .366 meters
Spill Through .366 meters
Guide Abutment .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.

0. RESULTS AND DISCUSSION

6.1 Vertical Wall Abutment
The raw data and tabulated results for the computer model and laboratory experiments are
found in Appendix A, Tables | and 2 respectively. The computer model for the vertical wall

abutent described a near linear relationship between the dimensionless expressions of BY/B and

19



(Zy-2)y,. The laboratory experiments indicated results in the form of a power curve (y=c*x%).
One probable reason for this difference was that the basic assumptions of the scour prediction
cquation and the corresponding flow distribution computation were violated in real flow
situations. Probably the most 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 1o account for the differences, a procedure was utilized to fit the computer model
to the laboratory experiments. This procedure used the least squared method to determine the
values of two coetficients, ¢ and d. that would best fit the computer model to the laborartory
results. The steps used to calculate these coefficients are listed below:

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

2) Initial values 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 4 = Column 2 * (Column 1 » Column 3)

y=c*¥(x"rd)

4y The results from the liboratory experiments were placed in the fifth column,
5) In the sixth column. the difference of Column 5 and Column 6 was squared. At the
botton of Columm 6, these differences were added to create a sum.

0) Subscquent assumptions were tried and the resulting value at the bottom of Column 6

20



was compared to the previous sum.

7y If the new result of the coefficients created a smaller sum. then those values were used
as the new comparison value.

8) This 1terative method continved until the sum of the squares could no longer be reduced
to the available accuracy.

9) Atthis point, the subsequent ¢ and d values were used to fit the computer model to the

laboratory results.

Through this process. values for the coefficients were determined to the hundredth
decimal place for the vertical wall abutment. Table 1 in Appendix B shows the calculations and
the values for the ¢ and d coeflicients. The coefficients ¢ and d were 1.45 and .54, respectively.

The results from two equations, which are used to predict the scour around a vertical wall
abutment, were overlaid to provide a comparison with the laboratory data (Appendix C, Graph 1).

These cquations, found in Highways in the River Environment (1990), were developed by Liu, et

al.. (1961) and by Laursen (1980). Lui's equation predicts the depth of local scour, whereas
Laursen’s cquation predicts the sum of both local and contraction scour. According to our

laboratory results. both equations over predicted the depth of scour.

0.2 Spill Through Abutment Results
The raw data and tabulated results for the computer model and laboratory experiments are
found in Appendix AL Tables 3 and 4 respectively. The computer model for the spill through

abutment described an approximate linear relationship between the dimensionless expressions of

21



BY/B and (2 -Z)/y,, whereas the results from the laboratorv experiments were in the form of a
powcr curve {y=c*x"). A probable reason for this difference was that the basic assumptions of the
scour prediction equation and the corresponding flow distribution computation were violated in
real flow situations. Probably the most unrealistic assumptions were the exclusion of the free
shear boundary, which often forms upstream of the abutment, and the assumption of equal
velocities 1n 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 to fit the computer model to the lauboratory findings. The calculations and resuits of this
curve are shown in Appendix B, Table 2. The ¢ and d coefficients were .67 and .27 respectively.

As stated earlier. Liu et. al (1961) developed an equation that predicts the scour depth
around a spill through 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.

When compared to the results from our studies, this equation over-predicted the depth of scour.

6.3 Guidebank Abutment Results

The raw data and tabutlated results for the computer model and laboratory experiments are
found in Appendix A, Tables 5 and 6 respectively. The computer model for the guidebank
abutment described a linear relationship between the dimensionless expressions of BY/B and (Z -
Z)y,. whereas the results from the laboratory experiments were in the form of a power curve
(y=c*x"). Again. a probable reason for this difference is that the basic assumptions of the scour
prediction cquation and the corresponding flow distribution computation were violated in real

flow situations. Probably the most 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.

A best fit curve. as previously described, was utilized to fit the computer model to the
laboratory results. The calculations and results are shown in Appendix B, Table 3. The resulting
¢ and d values were .37 and .73 respectively. The results from the computer model, laboratory
cxperiments and the best fit curve were graphed and the resulting graph is Jocated in Appendix C,
Graph 3.

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

Abutiuent Type ¢ Coefficient d Coefficient
Verical Wall Abutment 1.45 54
Spill Through Abutment .69 27
Guidebank Abutment .37 713

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 equal. 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

Estimation of stream bottom scour at bridge abutments is a difficult endeavor. Abutments
arc designed in many ditferent shapes and configurations. Attempts to develop regression type
equations bascd on a few faboratory 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, numerical 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
usclul dircction. 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 flow in the horizontal plane is somewhat more tenuous in that the vertical shear
boundarics along the upstream separation zones cannot be easily accounted for. The use of a
cxperimental laboratory test to evaluate the equation parameters appears very promising. For a
bridge costing several million dollars, the cost of a laboratory test would be but a small percentage
of the 1otal cost.

Overall. we feel the combined approach of fluid principle application, numerical
computation and laboratory testing is 4 solid advance for the estimation of bridge abutment scour.
We encourage further development work 1n this area with emphasis on further tests of actual field

mnstallatons.
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APPENDIX A

LABORATORY DATA AND CALCULATED RESULTS OF

VARICUS 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 b, to Measurement b, Measurement of (Zo-Z)/yo =
B'/B Streamline 2 of b, to Scaling of bato {bo/ba-1)
Streamling 2 Factor Streamline 2
(mm) (mm) {mm}

1.00 0.00
0.908 11.0 34 5 6.8 0.62
0.813 11.0 21 5 42 1.62
0.75 11.0 18 5 36 2.06
0.625 11.0 13 5 2.6 3.23
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Table 2 (Raw Data and Calculated Resuits for the Vertical Wall Abutment Laboratory Experiments)

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

Datum to Manometer

Brick Datum Datumto Original Velocity Lett Right
across out to Water  Scour Surface Head Leg Leg
(cm) (cm) (cm) {cm) (in) (in)

2 1 39.7 49 44 1.5 48 8.6

2 2 39.5 53 44 .4 1.4 4.7 8.7

2 3 39.5 53 43.6 13 6.3 7.1

2 4 398 53.8 436 1.35 54 8.2

Cailculations for Vertical Wail Abutment (Brick Abutment and Sand Base)

Average Froude Abutment Encroachment Laboratory Results of Resulisto Results  Results

Zo-Z Yo Velocity Number  Length ARatic B/B Results BestFit Computer FromLiu From Liu

(cm) {cm) (mys) (cm) (Zo-ZMyo e Equation Mode!l Eq5.17 Eq5.19
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 1.62 273 2.27
9.4 41 0.51 0.80 17.25 0.72 229 2.14 2.06 3.56 3.00

10.2 38 0.51 0.84 23.00 0.62 2.68 273 3.23 419 3.57
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Table 3 {Raw Data and Calculated Results for the Spill Through Abutment Computer Model)

Encroachment Measurement Scaled Actual Determination
Ratio of by 10 Measurement ba Measurement of (Zo-Z)/yo =
B'/B Streamline 2 of ba to Scaling of b, to (bo/ba-1)
Streamline 2 Factor Streamiine 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
0.625 1.0 14 5 28 2.93
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Table 4 (Raw Data and Calculated Results for the Spill Through Abutment Laboratory Experiments

Raw Data from Spili Through Abutment (Gravei Abutment and Sand Base)

Datum to Manometer

Brick Datum Datumto Original Velocity Left Right
across out to Water  Scour Surface Head Leg Leg
{cm) (cm) {cm) {(cm) (in) (in)

2 1 39.4 46.5 43.76 1.4 7.5 11.9

2 2 39 47.2 438 1.4 75 11.7

2 3 39 479 43.72 1.2 7.8 11.5

2 4 386 48 435 1.3 7.3 12

Calculations tor Spill Through Abutment {Gravel Abutment and Sand Base)

Average Froude Abutment Encroachment Laboratory Results Results of Resuilsto
Zo-Z Yo Velocity Number  Length Ratio B'/B Resuits FrombLiu BestFit Computer
{cm) (cm) (m/s) {cm) (Zo-Z)yon EQn 5.16 Equation Model
1.000 0.000 0.000 0.000
2.740 4.360 0.524 0.801 18.750 0.692 0.628 1.833 0.606
3.400 4.800 0.524 0.764 26.000 0.573 0.708 1.978 0.770
4,180 4.720 0.485 0.713 30.250 0.504 0.886 2.068 0.838
4.500 4.900 0.505 0.728 36.000 0.409 0.918 2.200 0.922
' 1.000 0.060
5.750 0.906 0.618
11.500 0.811 1.500
17.250 0.717 2.056

23.000 0.623 2.929
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Table 5 (Raw Data and Calculated Resulis for the Guidebank Abutment Computer Model)

Encroachment Measurement Scaled Actual Determination
Ratio of b, 1o Measurement ba Measurement of (Zo-Z)/yo =
B'/B Streamiine 2 of ba {0 Scaling of b, to (bg/bs-1)

Streamline 2 Faclor Streamline 2
(mm) {mm) (mm)

1.00 0.00
0.906 1.0 27 4 6.75 0.63
0.813 11.0 20 4 5 1.20
0.75 11.0 17 4 425 1.59
0.625 11.0 15 4 3.75 1.93
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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 Datumio 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 38.2 46.4 44.44 1.4 7.7 i2.4
2 2 39.2 465 4416 1.25 7.6 12
2 3 389 474 44.06 1.3 7.4 121

Calculations for Guide Abutment (Gravel Abutmenlt and Sand Base)

Average Froude Abutment Encroachment Laboratory Resulis of Resulis to
Zo-Z Yo Velocity Number Length Ratio B'/B Results  Best Fit Computer
(cm) (cm) (mvs) (cm) (ZoD)¥o» Equation  Mode!
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 5160 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 {Best Fit Calcutations and Results for Vertical Wall Abutment)

Computer Best Fit Laboratory Difference
Model c d of Computer Model  Resuits of

Results coeffecient coetfecient y=Cx*d (Zo-Z)/lyo  Squares
0.000 1.450 0.540 0.000 0.000 0.000
0.618 1.450 0.540 1.118 1.163 0.002
1.619 1.450 0.540 1.881 1.755 0.016
2.055 1.450 0.540 2.139 2.293 0.024
3.231 1.450 0.540 2.731 2.684 0.002
Sum 0.044

Table 2 (Best Fit Calculations and Resuits for Spill Through Abutment)

Computer Best Fit Laboratory Ditterence
Medel c d of Computer Model  Resuits of

Resuits coeffecient coeffecient y=cx"d (Zo-ZYyo  Squares
0.000 0.680 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
2929 0.690 0.270 0.922 0.918 0.000
Sum 0.007

Table 3 (Best Fit Calculations and Resuits for Guidebank Abutment)

Computer Best Fit Laboratory Difterence
Model c d of Computer Mode!  Results ot

Results  coeffecient coeffecient y=Cx*d (Zo-Z)lyo  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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COMPARISON OF LABORATORY RESULTS,
BEST FIT EQUATION,
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Figure 1a (1)
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Figure 1b (1)
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100y 1.00) 1 _5.86| 7.07| 824| 9.38/10.51/111.62)12.72)1382/14.9111600} | | |

1400} _1.ear 1. 6.00) 7.16) 830 9.42[10.54/11.64/1274/1383/1491/16001 | | | |

1807 1.45 6.16| 7.27| 8.38| 9.48/10.58|11.67{12.75{13.84/14.92/116.00) | |

1{oo| 1. 6.31 7.38] 8.46| 9.54)10.62|11.70|12.78| 13.85{14.93{16.00

005 1. 6.44| 7.48| 8.54| 9.60110.67)11.73]12.80| 13.87)14.93)16.00f |

100} 1. 6.55| 7.57) 861 966{10.71111.77)12.83)113.88/114.94/16.00] | I -

1100; 1.8 6.64| 7.65| 8.68| 9.71]110.76/11.80;12.85/13.9014.95/116.00] |

1001 1 6711 7.72) 8.73) 9.76/10.79) 1183/ 1287]1391,14.9616.00) | | | _
100} 19 6.77\ 7.77) 8.78| 9.80)10.83)11.86/12.89/13.93/14.96/16.00

100l 1 6.81| 781 862 9.84)10.86|11.88]12.91)13.94]14.97/16.00

R 685 7.85] 8.86| 987/10.88/11.90112.92)13.85/ 149711600y | | e
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100} 1 6.95] 7.95| 895 9.95/10.96(11.96112.97/13.98/ 14.99/ 16.00

ool 1 (696 796) 896, 996 1097|11.9711298{1399 1499116001 | | | 0 | _
1joo} 1 6.98] 7.98) 898/ 9.98)10.98/11.98/12.99|13.99| 16.00{16.00| _ I _
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Expanded view of vertical wall abutment B/B = 0.8125 [scale 5:1] [ DU R _ N U S o
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19| 1.68| 1.367@(_2.22 2.40| 2.58| 2.80) 3.02| 3.24| 3.45| 3.67| 3.90| 4.14| 4.37| 4.60| 4.83| 507] 5.30| 5.54] 577| 6.00
| 1.54] 1.73] 1.98.210] 229} 2.49] 270] 292| 3.15| 3.37| 3.60{ 3.84| 4.07| 4.31| 4.55[ 4.79| 5.02] 5.26| 5.50| 574 5.97
1.41] 159 1.78| 1 217| 238| 2.59] 2.82] 3.05] 3.29| 3.53| 3.77| 4.01| 4.25] 4.50| 4.74| 4.98] 5.22| 546| 571 5.95

1.27] 1.46] 1.64| 1.84{ 04| 2.25| 2.48] 2.72| 296} 3.20] 3.45| 3.70] 3.95| 4.19] 4.44| 4.69| 4.94} 518} 543| 5.67| 592

1.14] 1.31] 1.50{ 1.70| 1.90{ 2.12] 2.36| 2.61| 2.86] 3.11| 3.37| 3.62| 3.88] 4.14| 4.39| 4.65| 4.90] 515 5.40| 564 589

20| 100! 1.17] 1.35] 1.55] 1.75 223! 2.49] 2.76f 3.02| 3.29] 355 3.82] 4.08| 4.34| 460| 4.86] 5.11| 5.36| 5.61] 5.86
™~3.00] 1.18] 1.38] 1.60 .2.10{ 2.37| 265/ 2.93| 3.21] 3.48] 3.76] 4.03] 4.29] 4.56| 4.82| 5.08| 5.33] 5.59| 5.84

] - 0] 1.20] 1.43 T™e6| 225 2.55] 2.84] 3.13] 3.41] 3.70! 3.98] 425! 452| 4.79] 505| 531| 557 582
. .00( 1.23 1{ 1.8TN213| 2.44{ 275 3.05] 3.35] 3.64] 3.93] 4.21] 4.48] 4.75| 5.02| 5.28| 5.54| 5.80

R _& ~1.65] 2p1| 2.35{ 2.67| 298| 3.29] 3.60/ 3.89| 4.17) 4.45| 4.73] 5.00| 5.26] 5.53| 5.78

21 _ . ) 150 J-Q&_g_g? _2.60| 2.90| 3.24) 356/ 3.86| 4.15] 4.42) 4.71] 498) 525| 551 576
- 1.44] 185 2.22f 257| 2.89( 322; 3.53) 3.84| 4.13] 4.41) 469 497] 524) 550| 576

N ) _ _1.42 ,1'@2}-2;29,2-@5 288} 3211 3.52| 3.83| 4.12} 4.41] 469 4.96| 5.23| 5.50| 576
U SR P I R R _1.42| 182§ 2.20] 255{ 288 321| 3.52| 3.83| 412! 441} 4.69] 496 5.23| 550| 576
S U S o _1.44| 185] 2.22| 257) 2.89| 3.22| 3.53| 3.84| 4.13| 4.41) 4.69| 4.97 5.24] 550) 576
22 _J@_J;gj _2.27) 260! 290| 3.24; 3.56] 3.86| 4.15| 4.42] 4.71| 498 5.25| 551] 576
I N N T 1.60] 1.65| 201| 235 2.67| 2.98| 3.29] 3.60 3.89| 4.17| 4.45/ 4.73| 5.00 5.26| 5.53| 5.78
1 1.23 1.81| 2.13| 2.44| 2.75| 3.05| 3.35{ 3.64| 3.93| 4.21 4.48; 4.75| 502| 5.28) 5.54] 5.80

16061 1.20] 1.43 1.98] 2.25] 2.55| 2.84| 3.13] 3.41] 3.70| 3.98| 4.25| 452 4.79| 5.05 531| 557 5.82

- 1.18} 1.38] 1.60 710| 2.37| 2.65| 2.93| 3.21] 3.48| 3.76] 4.03| 4.29] 4.56] 4.82| 5.08| 5.33| 5.59| 5.84
__ 23| 100" 1.17| 135 155/ 1.75 '2.23| 243 275 3.02| 3.29| 3.55| 3.82| 4.08| 4.34| 460/ 486/ 511| 536| 561 586
1 114 1.31] 1.50| 1.70{ 1.90, 2.36| 2.61] 2.86| 3.11] 3.37| 3.62| 3.88] 4.14] 4.39| 4.65! 4.90| 515/ 540( 5.64| 589
1.27| 1.46| 1.64| 1.84| 244 248 2.72] 296| 3.20] 3.45] 3.70| 3.95| 4.19] 4.44] 4.69| 494] 518 543| 5.67| 592
1 1.41] 159 1.78] 197 217 259 2.82{ 3.05| 3.29] 3.53| 3.77] 4.01] 4.25| 4.50| 4.74| 4.98| 5.22| 5.46| 5.71| 5.95
1. 1.54] 1.73] 1.91}210] 2.29 270 2@@@4_5 3.37; 3.60] 3.84| 4.07| 4.31] 455/ 4.79| 5.02| 526 550| 5.74| 597
2a] 1.68| 1.86| 264| 2.22| 2.40 280 3.02| 3.24] 345/ 3.67] 3.90| 4.14| 4.37| 4.60| 4.83] 507 530 554] 577 6.00




Figure 1c (1)

Global view of vertizal wall abutment B/B = 0.72 I R B B .

100| 2 3.00] 400] 500| 600[ 7.00] 800/ 900|10.00]1100}12.00!13.00|14.00}15.00| 16.00

1loo| 2loo[ 2.99| 399 498| 598 698 798 898 998]1098)11.99|12.99| 13.99| 15.00|16.00

1j0o| 1 298| 3.97| 497| 596/ 6.96| 7.96| 896/ 9.96/10.97|11.97/12.98|13.98/14.99{16.00{ | _
1jo0| 1 2.97| 396{ 495 594 694{ 7.93] 8.94| 9.94|10.95|11.95/12.96)1398|14 99} 16.00}

1jool 18| 2.96| 394} 193] 592| 691 791 891 992/ 1092]11.94/12.95) 1397 14.98} 16.00

1100) 187| 295/ 392| 490| 589 688| 7.88 888| 989)10.90)11.92)1293|13.96| 1498|1600

1j00] 1P6| 2.93| 390f 4.87| 586/ 685 7.84 885 9.8610.87;11.89)12.92|13.94/1497|16.00| 1

1100] 1 291| 387| 4.84| 582 680| 7.80| 8.81| 982/1084/1187/1290/1393/14.96/1600| | | |
1j00) 1 288 383| 479| 577| 675 7.75| 8.76| 9.78)10.80|11.84|12.87/13.91/14.96/ 16.00} I I
1{00| 1 284} 3.78| 473| 5.70| 6.69| 7.638| 870 9.72({10.76/11.80/12.85/13.89|14.95/16.00) | .
100} H 280y 372} 4.66/ 562; 661 7.61| 8.63| 9.66/10.71/11.76[12.81,13.87/14.94/ 16.00) -

1100 1.86] 2.73] 363 4.56] 5.52] 6.51) 7.52| 8.55| 9.59{10.65/11.71{12.78/13.85(14.93(16.00} | | 1+
1100) 1.811 265 3.52] 444} 539 6393] 741} 845| 9.51|1058|11.66|12.74|13.83(1491{16.00; | | |
1100] 1 252/ 3.36) 4.27) 523 624} 7.28] 8.34] 9.42/10.51]111.60]12.70|13.80{ 14.90{ 16.00| N
1{00| 1 233| 3.14! 4.04] 502| 605 7.12] 8.21] 932|10.43|11.54|12.66/1377{14.83{16.00|

11goj 1 05| 2.83; 3.74] 4.75| 583) 6.94] 8.07| 9.21/10.35| 11.48| 1262|13.75| 14.87| 16.00
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100 1 4.79| 625 7.60; 8.88)10.11)11.32)12.50| 13.68] 14.84|16.00| |

1100] 1. 5.00| 6.37; 7.67| 892)10.14)11.34/12.52]13.68)14.84/16.00) |

1100} 1.00} (1,801 282 402 5.28| 6.55 7.79| 9.0010.20/11.38/12.54| 13.70;14.85]16.00} | | |
1/00) 1.067 1.61,-240| 335| 4421 557; 6.75 7.93| 9.10110.27)11.43) 12.58) 13.72/ 14.86 16.00| .

1160t 1. : 5.83| 694| 8.07| 921/10.35/11.48/12.62|13.75/14.87/16.00) |

100} 1. 6.05| 7.12) 8.21| 9.32/10.43{11.54|12.66/13.77)14.89/16.00) -

1100} 1. 6.24| 7.28| 8.34| 942/10.51111.60{12.70{13.80/ 14.90| 16.00} N .
1]00} 1. 6.39] 7.41) 845| 9.51{10.58| 11.66|12.74| 13.83| 14.91/ 16.00

1j00; 1.t 6.51] 7.52| 855| 9.59/10.65/11.71{12.78)13.85{14.93{16.00} o )
oo 1. 861 7.61} 8.63] 9.66|10.71]|11.76| 12.81) 13.87{ 14.94/16.00( .

1400; 1. 669] 7.69| 870 9.72110.76)11.80/12.85/13.89|14.95(16.00] | .
1jo0| 1.9 6.75) 7.75| 8.76| 9.78/10.80(11.84}12.87|13.91|14.96|16.00

Hoo| 1 680/ 7.80] 8.81] 982|10.84)11.87|12.90]|13.93| 14 96| 16.00

oo 1.9 | 6.85] 7.84) 8.85] 986] 1087|1189 12.92| 13.94| 1197/ 16.00

100 1. /688 7.88) 8.88| 9189|1090 11.9212.93| 13.96/1498/16.00| R R
1100} 18 6.91] 7.91] 891) 9.92}10.92)11.94)12.95/13.97| 14981600 | | _
1100} 1 . 6.94| 793| 894} 9.94/10.95 11.95/12.96|13.98/14.99/16.00) | |
100} 1 _6.96) 796; 8.96] 9.96/10.97)11.97)12.98} 13.98| 14.99] 16.00 e _
1]00; 2 .698) 798/ 898/ 9.98/10.98/11.99)12.99)13.99)15.0011600; |

- 100; 2l _7.00[ 8.00{ 9.00{10.00{11.00{12.00{13.00/14.00)1500:16.00} ! |




Expanded view of vertical wall abutment BYB = 0.72 [scale 5:1]
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d” 281 3.32| 3.58| 3.84] 4.11] 4.37| 4.64] 490 517| 543 569| 595 6.21| 6.47]
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2.41| 2.78| 3.11] 3.49| 3.84| 4.17| 4.49| 479 5.10] 540 5.69| 598| 6.25

2.36| 2.74| 3.10| 3.46] 3.81] 4.15| 4.47| 4.78| 5.09] 539 568/ 597| 6.25

&y

- 147 233 2.72| 3.00) 3.45| 3.80| 4.13| 4.46| 4.77| 508| 5.38] 567 5.96| 6.25
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149 236/ 274| 310 346 3.81| 4.15| 4.47| 4.78| 509| 539] 568 597| 6.25
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] 2.54 3.09| 337| 365[ 303 423 450 4.78| 505/ 533| 560 587| 6.14| 6.40
- 268 3.21] 3.48| 3.75| 402 4.29] 457| 484| 5.11| 538 564 591] 6.17| 6.44
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Figure 1d (1)
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Global view of vertical wall abutment B/B = 0.625 oo b ,
100]1200]3.00)4.00) 500600700800} 9.0010.00]11.00(1200|13.0014.00{1500{16.00| | _
1100 29813971497 |596)696)|796)896|996|10.96]11.97/12.98/13.98/14.99|116.00| | | _
100 29613941493 )592|691)791|891|992|1092(11.94/12.95/13.97(14.98116.00| _ | | _
1100 8.86 | 9.87 |10.88/11.90{12.92[1395/14.97/16.00| |
1100 | 1p6| 291388485582} 6.81|7.80 881|982 (10.84111.86/12.89/13.93/14.96/16.00 R
1j00 | 1.p4 | 288 | 383 | 479|576 675774 8.74|9.76 [10.79]11.82(12.86(13.90{14.95/16.00| | |
1000 | 192 | 285]3.78 | 4.73 | 5,69 | 6.67 8.67 | 9.69 |10.73/11.77|12.82/13.88 14.94/ 16.00 _
100 8.58 | 9.61 [10.65[11.71[12.77/13.85/14.92|16.00] ]
oo | 1. 46 | 8.48 | 9.52 [10.57|11.64{12.72{13.81|14.90| 16.00
1001 1831267 |3.54|443|637|633|733 8.36 | 9.41 /10.48/11.56{12.66/13.77/ 14.88/16.00| |
1foo | 1. 8.21 927 10.36/11.47({1259/13.72| 14.86/16.00| | _
100 | 1. 8.03 | 9.12 |10.23/11.37/12.52/13.67| 14.83, 16.00 ]
1100 | 1. 7.82 | 894 |10.08/11.25/12.43/13.61)14.81] 16.00
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1100 6.95|823|953)10.83/12.13/13.42)14.71}1600| | |
100 6.59 | 7.96 | 9.33 | 10.68/12.03/13.36/14.68116.00) | |
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100 6.95| 823 | 953 |10.83)12.13{13.42|14.71[1600| | [ _
100 7.28 1 849 1 9.73 |110.98/12.23|1349(14.74|16.00f | |
e8] 7571873 ] 991 11.12]12.33{13.55/14.78{16.00
1100 7 7.82 | 8,94 |10.08) 11.25/12.4313,61|14.81|16.00| _
1100 : 803|912 /10.23/11.37/12.62/13.67{14.83[16.00| | |
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100 : 8.36 | 9.41 110.48/11.56|12.66113.77|114.88|16.00| | | _
1{00 647746 848|952 110.57)11.64)1272/13.81/14.90{16.00
1100 2801372)465|561)658757|858)96110.65/11.7111277/113.85/1492{16.00| | | _
1100 12851378 | 473|569 667)766)867)969)10.73/1177/1282/1388|14.94/16.00{ | |
1400 1.288)383)4791576,875|7741874976|10.79111.82/112.86/13.90{1495{16.00| | |
1100 | 1.96 1 2.91 | 3.88 | 4.85 | 582 | 681 7.80 | 881 | 9.82 | 10.84|11.86/12.89/13.93/14.96/16.00f | |
100 2941391)489)|587 1 686|786|886|9.87)10.88|11.90/12.92(13.95/1497{16.00| | |
1100 2963941493 592691791 )8919.92/1092/11.94|1295|13.57|14.98/16.00 RN
100 29813971497 596 696|7.96|896|9.96|10.96/11971298|13.96/1499}16.00{ |
1100 | 2/00 1 3.00 | 4.00 | 5.00 | 6.00 | 7.00 | 8.00 | 9.00 | 10.00|11.00|12.00(13.00|14.0015.00{16.00{ B
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Expanded view of vertical wall abutment BB = 0.625scale &1 _ [~ | F [ 1 1} R R N AN
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T4.00| 128 159 T4} 2.32| 2.71| 3.10| 3.49) 3.88| 4.26] 4.63| 500 5.36| 571| 6.05 6.40| 6.73| 7.06| 7.39
R 11| 2.53{ 2.08| 3.37| 3.77| 4.16| 4.55| 493| 530| 565/ 6.01| 6.35] 6.70| 7.03| 7.36
7 ] _189| 237| 283 325 3.66 4.08 4.48] 487| 524| 561| 597| 6.32 666] 7.00{ 7.33
222 2.71] 3.16| 3.56| 4.01| 4.43| 482] 520 556| 594 6.29) 664 688| 730

14| 2.64| 3.11| 3.54] 3.98| 4.39| 4.79| 5.18] 5.55| 592| 6.28| 662| 697 7.30
11| 2.61| 3.08] 3.53| 3.06| 4.38| 4.78| 5.17| 5.54| 591| 6.27| 662 6.96/ 7.30
11| 261| 308( 3.53| 396( 4.38| 4.78| 5.17| 5.54| 591| 6.27| 6.62| 6.96| 7.30

N

L

eI

t
dl‘—h
IO

—
—

14} 264| 311 3.54| 3.98| 4.39| 4.79| 5.18| 555 592! 6.28| 662| 6.97| 7.30
22] 2.71] 3.16] 3.56] 4.01] 4.43| 4.82| 5.20] 556 5.94| 6.29| 6.64] 6.98 7.30
2.37| 2.82| 3.25| 3.66| 4.08] 4.48| 4.87] 524] 561| 597[ 6.32| 666 7.00] 7.33
53| 2.96| 3.37| 3.77| 4.18| 4.55/ 4.93| 530{ 5.65| 6.01| 6.35] 6.70{ 7.03| 7.36
2.71] 3.10| 3.49) 3.88] 4.26| 4.63] 5.00{ 5.36{ 5.71| 6.05] 6.40| 6.73]| 7.06; 7.39
251] 2.88| 3.25| 3.62| 3.99] 4.36| 4.72] 5.07| 542| 5.77| 6.11| 6.44| 6.77 7.10| 7.42
2.70] 3.05! 3.40| 3.76] 4.11] 4.46{ 481| 515/ 549 583| 6.16| 6.43] 6.82] 7.14} 7.45
2.88{ 3.22| 355 3.89] 4.23] 4.57| 490| 5.24| 557/ 590| 6.23| 6.55| 6.87] 7.19] 7.50
3.06] 3.38] 3.70{ 4.02{ 4.35| 4.68| 5.00| 533 6565/ 5.97| 6.29| 6.61| 6.92| 7.24| 7.55
3.23) 3.54] 3.84| 4.16] 4.47| 4.79| 510{ 542 573 6.05| 6.36] 6.67] 6.98| 7.29| 7.59
3.39| 3.69; 3.98| 4.28] 4.59| 4.89| 5.20| 551| 5.82| 6.12| 6.43| 6.73| 7.04| 7.34| 7.64
3.54] 3.83{ 4.12] 441] 4.70] 5.00] 530] 5.60] 590] 6.20] 6.50] 6.80| 7.09{ 7.39| 7.69

o230
RO
nN
[\
Do

—h | b | -

A
PIN:
PRI
N | —
N
[#4]
w

VW
1867 1.28

1607 1.26| 1.54

23| 16807 1.241 1.49] 1.77

1 1.20) 145] 1.71] 138
1.41) 16| 192219

1.61] 1.87-Z12 | 239
1.81]_207| 2.32| 258
24 2.27] 2.51] 2.76




87

Figure 2a (1)
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Expanded view of spill through abutment B/B = 0.91 [scale 5:1] .
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Figure 2b (1)
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Figure 2d (1)

Global view of spill through abutment B/B = 0.625 1 . _
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Expanded view of spill through abutment BB = 0.625 [scale 5:1]
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Figure 3a (1)
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Expanded view of guidebank abutment B/B = 0.91 [scale 4:1
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Figure 3b (1)

|Global view of guidebank abutment 878 = 0.8125

1.00 ) 1 3.00 1 40015004600 700]|800)900(1000{11.00(/12.00/13.00/14.00)15.00}16.00

1100} 2991399{499(599|698|798 898|999 |10.99|11.99/1299/1393}15.00 1600

1,00 29313981497 1597|697)7.97|887|9.971097/11.98/1298113.99114.93/16.00}

1,00 298397496 |595|695|7.95|895|9.951096/11.96{1297|13.98/1493/16.00] | _ - .

1100) 1188 | 297 1395494 15941693793 |893|9.9411094111.95(12.96/13.97|149941600) | | | | 4
100 | 1. 2961394)492)591]691]791|891|991(10.92/11.94{12.95/13.97/14.98/16.00 S R N S
100 187 ) 2941392490589 )688|788|888)9.89|1090/11.92|1294/13.96/1498/1600} | | | | 1
11001 186 | 293 1 3.90 | 487 | 585 | 6.85| 7.84 | 885 | 9.86 |10.88(/11.90|/12.92/13.95/14.97¢1600} | | SN R
1j004 1951280 | 3.86 | 4.83 | 5.81 | 6.81 | 7.81 | 8.81 | 9.83 |10.85|11.88/12.90|13.93|14.97, 16.00 S I D S S
1100 | 1.93 : 576 1675)7761877|979(10.82/11.85{12.88{13.921149611600 |  ( |
100 | 1.91 570|669 | 770! 8721975 |10.78{1182{12.8613.91{14.95|16.00

1100} 1.48 562|662 | 763|866 |969|10.74]11.79|12.84|13 89| 14.94] 1600

100 | 184 552 | 6.52 | 7.55 | 8.59 | 9.63 |10.69{11.75/12.81{13.87|14.94|16.00| -

100 | 1.7 538 | 6.40 | 7.45 | 8.50 | 9.57 |10.64]11.71|12.78|13.86|14.93|16.00

1100 | 1.664 522|627 734 842|950 [10.59|11.67|12.76|13.84|14.92| 16.00

10| 1.44 2017611 |7211832)94311053)11.63112.73113.82/14.91116.00y | I )
1j001~+.00 47715931709)823)937)10.49/11.60/1271)113.81]14.90/16.00} |

11001 1.00 4511576698815} 9.3111045/11.57)12.69/13.79|14.90|16.00} | . _
11001 1.00 4291564 |689810)9.27)1042/{1155/12.67}13.79/14.89/16.00} | [ R }
00100 ] 4221559 |686|808|926110.41/11.55/12.67/13.78)14.891600) | [ | |
110043.001 1 14291563 |6893|810(927(1042/1155/1267)13.79/1483/1600 | B I SR _
1001100 ) 1 1456115761698 |815| 931 1045/1157112.69/13.79/1490/16.00} | | S S SO
1100 ,,LQfﬂ F 14771593)7.09]|823)9.3710.49/11.60{12.70/13.81}14.90/16.00} S D B

11807 1.44 1 2 5150116111 7.211832]| 943 [1053{11.63/1273(13.82}14.91/1600) | | _ _
1100} 1.65 ¢ 2.41 522 16.27 | 7.34 | 8.42 | 9.50 |10.58 11.67{1275/1384;14.92/1600( | | | | -
100 l:?f 5381640 | 745850 | 9.57 [10.64|11.71|12.78/13.86{14.93/1600{ | | _ ]
11001 1.84 | 2.70 55216.52)754)|858]1963|1069]11.75|12.81(1387(1494/1600 | | | |

11001 1.48 | 2. 5621661 )7.63|866|9.69|10.74/11.78/12.84|13.89/14.94{16.00 | o o
11001 191283 5.70 1 669 ) 7.70 | 8.72 | 9.74 110.78/11.82/12.86/13.91|14.95[16.00 |

11001 1.93 | 2. 576 | 6.75 | 7.76 | 8.77 | 9.79 |10.82)11.85/12.88/13.92| 14.96| 16.00{_ . o .
100 195|290 | 3.8 5811680780 881)9.8310.85/11.87/1290)13.93{14.97{16.00| | _ ~

1100 1.96 | 292 | 3.89 5851684 |784|885/|986)1088/11.90{1292)13.95/149711600] | . B .
1100] 1971 2 3.92 1 4.90 588688787 888|989 10.90|11.92/12.93)13.96/14.98|16.00 ) .
1100|198 1296 [ 394 | 4.92 1591|690 | 790890 991[10.92/11.93/1295/13.96/1498/16.00] .

11004 198 1297 1 3.9514.94 | 593 1693 |792|893|99310.94/11.95 12.96/13.9714.99/16.00] _ R
1001 191297 | 3961495595694 | 7.94 | 894 | 9.9510.95(11.96112.97|13.98/14 991600 | ~ | | | |
1j001 1B9 | 299 13.97 | 497 | 596 | 696 | 7.96 | 8.96 | 9.96 [10.97|11.97(1298|13.98/1492/1600 | | | | |
100} 199 1269 1398|498 598|697 797|897 |998|10.98/11.98(1299/13.99/14.99/16.00f | | | i
1100| 2J00 1299 | 3.99 ) 499 | 599 | 6.99 | 7.99 | 8.99 | 9.99 [10.99|11.99(12.99/14.00/15.00/16.00

1:00| 2J00 | 3.00 | 4.00 | 500 | 6.00 | 7.00 | 8.00 | 9.00 {10.00{11.00{12.00{13.00|14.00{15.00{ 16.00 |




TIYdio il (&)

Expanded view of guidebank abutment B/B = 0.8125 [scale 4:1] |
1 anr 2led L3 -

c B == — RS SN RN IS DU S AU i

18 167} 1894211233|255|282|3.09|3.36|362|391|420|448|477|506)535|564|593
- 11501173} 1: 2.19}12431270(2.97|3.25(353|382|412!4.41|471)|500]530]559] 5.89

133 [ 156 | 1.79 203 | 229 | 256 | 2.85 (314 (343 { 3.73 [ 4.04 | 434 | 464 | 4.94 | 525 | 555|585

| 14711297162 | 1.874.2.13 | 242 | 271 | 3.02 | 3.33 | 3.64 | 3.95 | 4.27 | 468 | 489 | 619 | 5,50 | 6.81
\1\&4 2261 258|129043.22|135513871419{451(483 514|548 576

1.00 .00 1:23 1:49 1j78\\_g.10 2441278 13121346379 41214451478 [5.10| 642 [ 573

1.00 [ 1.00 00 | 1.27 [ 1.57 | 1793 | 2.29 | 2.65 | 3.01 | 3.37 | 3.72 | 4.06 | 4.40 | 4.73 | 5.06 | 5.38 | 5.70

1.00 | 1087 1.00 14.00 | 1.33 | 1.74.2.15 | 2.564 | 2.01 | 3.28 | 3.65 | 4.00 | 4.34 | 4.68 | 5.02 | 5.35 | 5.67

20 | 1.66771.00| 1.00 [ 1.0 00 [ 1.67 | 2p2 { 243 | 2.81 | 3.21 | 359 | 3.95 | 4.29 | 464 | 498 | 5.32 | 5.64

00[149 (1952371277316 /354{391[427|462]4.96]530]|5863

00 ] 1.46 | 1.91 233(2741313[ 351386424460 494]|528] 562

00]145,189 123112721311 {13.50[387 423|458 493 5.27 | 561

6s

13
1
, | 1100 ) 1.4 2.3 3l
21| 1.00 [ 1.00 |1.00 | 1.00 | 100 | 144 | 188|230 | 271 | 3.11 | 3.49 | 3.86 | 4.22 | 4,58 | 4.93 | 5.26 | 5.59
1.00 { 1.00 | 1.00 | 1.00 | {00 | 1.45 | 1.80 | 231 | 272 | 3.11 | 3.50 | 3.87 | 4.23 | 4.58 | 4.93 | 5.27 | 5.60
]300} 1.00| 1.00{1.00 1|oo | 1.46 | 1.91 | 233|274 | 3.13| 351 | 3.88 | 424 | 460 | 494 [ 528 | 5.61
| 1.00]1.00|1.00|1.00[1f00 | 149|195 237 [277 316|354 391 427 |462|496 |529|5662] | |
22 [100]1.001.00)1.00 1l00 | 1557 | 262243 | 2.81 [ 3.21 | 350|385 | 4.29 | 464 | 4.98 | 6.31 | 5.63
~ | 1o0] 100|100 1007133 1.74 | 215|254 | 291 | 3.28 | 3.65 | 4.00 | 4.34 | 4.68 | 5.02 | 5.34 | 5.67
1.00 | 1,00 10677 127 | 1.57 | 1.9%'| 2.29 | 2.65 | 3.01 [ 3.37 | 3.72 | 4.06 | 4.39 | 4.73 | 5.06 | 6.38 | 6.70
— |00 1.23[1.49|1.78 27510 2441 278|312 (3.45|3.79 | 4.12 | 445 | 4.78 | 5.10 | 5.42 | 5.73

23 | 1867 1.21 | 144|168 1.947226 | 2.58 | 2.90 | 3.22 | 3.55 | 3.67 | 4.19 | 4.51 | 483 | 5.15 | 5.46 | 5.76
117|139 | 1.62 [ 1.87 243 | 242|271 | 3.02 ] 3.33 | 3.64 | 395 | 4.26 | 4.58 | 4.89 | 5.20 | 5.50 | 5.81 |
133156 | 1.79 [ 2097 229 | 2.56 | 2.85 | 3.14 | 3.43 | 3.73 | 4.04 | 4.34 | 4.64 | 4.94 | 5.25 | 5.55 | 6.85

1.50 11731951219 2:43 270 129713251353 |3.82412,441)471)500;530) 559 | 589

24} 1.67]1.89.1211| 233 [ 255|282 (309336362391 |420]448)|477|506|535] 564|593




Figure 3¢ (1)
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Figure 3d (1)
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Figure 4a (1)
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1j00] 1P8| 297| 395 495 594| 6.94 : 11.97[12.98(13.98{14.99{16.00] | | | i 1
1j00{ 1. 11.97/12.98/13.99/ 14.99 16.00 R R
1joo| 1 5 795! 897 9.97/10.97 11.98/ 12,98/ 13.99| 14.99] 16.00 I
1{00{ 1 98 11.98/12.99/13.99/15.00{1600, | | | i
1001 1499} : 598) 6.98) 798) 898) 9.98/10.98/11.98/12.99|13.99/15.00|%600) | | | | |
(1|00} 2joo) 299 3.99| 498| 598 6.98| 7.98| 898 9.98|10.99|11.99]12.99|13.99 15.00| 16.00 - e
‘1joo| 2joo| 299 399| 499| 599 699 7.93| 899 9.99(10.99]11.99{12.99(13.99(15.00{16.00{ . N
1100 2/00| 2.99] 399 499 599 699 7.99| 893/ 9.99(10.99/11.99/12.99/14.00{15.00/ 16.00] _ |
1j00} 2[00} 3.00f 3.99| 4.99| 599/ 6.99| 7.99| 899| 999/10.99|11.99}13.00/14.00/15.00/16.00f | | |

1100/ 200/ 3.00{ 4.00) 500| 599 699 7.99] 8.99| 9.9910.99/12.00|13.00} 14.00{ 15.00| 16.00 B I D
1Joo| 2foo] 3.00] 4.00! 500/ 6.00| 7.00| 8.00{ 9.00|10.00|11.00|12.00(13.00|14.00| 15.00| 16.00 i

1joo| 2f00| 3.09| 4.00| 500 6.00{ 7.00{ 8.00| 9.00{10.00{11.00{12.00(13.00{14.00(15.00{16.00{ | T o
loo| 2loo| 3.00| 4.00 500/ 6.00] 7.00 8.00 900/10.00] 1100|1200 13.00]14.00| 15001600, | | |~
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rigurc 4d ()

Exganded view ot vertical wallabutment B/B = 0.91 [scale 5:1]

),,

A 1 B i c ) E
19| 1,00] 1.16] 133 1.49] 1.65| 1.82| 201| 2.20| 238] 2.57| 2.76| 2.96| 3.16 3.36| 3.57| 8.77| 3.97| 4.18| 4.38| 4.50| 4.79
L 1jool 1.16] 1.32] 1.48] 1.64] 1.81 1%&3_48 2.36] 2.55| 2.75| 2.95| 3.15] 3.35| 3.55| 3.75| 3.96( 4.16] 4.37| 4.58| 4.78
1j00} 1.15] 1.31| 1.46| 1.63] 1.79] 1§7| 2.15] 2.34] 2.53] 2.73] 293| 3.13] 3.33| 3.54] 3.74| 3.95| 4.15] 4.36] 4.56| 4.77

| 1100| 1.15| 1.29( 1.45| 160 1.77| 1.94| 2.13] 2.31] 2.51] 2.70] 2.80| 3.11{ 3.31| 3.52| 3.73] 3.93] 4.14] 4.35] 4.55| 4.76
1j00] 1.14] 1.28] 1.42] 1.57| 1.74] 1.91) 2.09| 2.28{ 248] 268] 2.88] 3.00| 3.20| 3.50] 3.71] 3.92| 4.13] 4.33] 4.54| 4.75

20| 1i00| 1.12| 1.25| 1.39] 1.53] 1.69] 1.86|\2.05] 2.24| 2.44| 2.65| 2.85] 3.06| 3.27| 3.48] 3.69] 3.90] 4.11| 4.32| 4.53| 4.74
_ 1 100} 1.1 1.22] 1.34] 1.48| 1.63] 1.81] Ap0| 2.20] 2.40] 2.61| 2.83] 3.04] 3.25] 3.47! 3.68] 3.89] 4.10] 4.31] 452 473
1]00] 109} 1.18] 1.29] 1.41| 156( 1.74] 1.94| 2.15] 2.36] 2.58] 2.80] 3.02| 3.23| 3.45{ 3.67| 3.88] 4.09] 4.30] 451] 472

i 1]00] 1.08] 1.13) 1.21] 1.31] 145! 1.64] 1.86N\2.09{ 2.32| 2.54| 2.77| 2.99] 3.22| 3.43| 3.65| 3.87| 4.08| 4.29| 451 472
1{00|_1.03| 1.07| 1.12] 1.18| 1.29] 1.53| 1.78| R.03] 2.27| 2.51] 2.74| 297 3.20| 3.42] 3.64| 3.86] 4.07| 4.28] 4.50] 4.71

21| tloal 100l _t0al 106 100 1,00 1.39 1.70| 198 2.24] 248| 272| 296| 3.19| 3.41| 3.63| 385| 4.07| 4.28] 4.49] 4.70
_ T T loo] 134 166 1.8¢] 2.21] 2.46] 2.71] 2.94] 3.18| 3.40| 3.62| 3.84| 4.06| 4.28 | 4.49] 4.70

o 1100] 1.33] 1.64] 1.9%| 2.19] 245/ 2.70| 2.94] 317) 3.40| 3.62| 3.84] 4.06] 4.27] 4.48| 470

1j00f 1.33) 1.64] 193] 2.19] 245| 2.70{ 2.94| 3.17| 3.40] 3.62] 3.84] 4.06] 4.27] 4.49] 4.70

1100 1.34| 1.66] 1.98] 2.21) 246] 2.71] 2.94] 3.18] 3.40| 3.62] 3.84] 4.06] 4.28] 4.49| 4.70

22| 1 10011001 1001100} 1400| 1.39( 1.70{ 1.98] 2.24] 2.48] 2.72| 2.96] 3.19] 3.41| 3.63] 3.85] 4.07| 4.28] 4.49| 4.70
1100} 1.03| 1.07{ 112} 1.18] 129] 153 1.78] 243| 2.27| 2.61] 2.74| 2.97( 3.20| 3.42| 3.64| 3.86] 4.07| 4.29] 4.50| 4.71

1j00] 1.06) 1.13| 1.21} 1.31| 1.45/ 1.64] 186 ,£.09] 2.32] 254| 2.77| 2.99] 3.22| 3.43( 365 3.87| 4.08] 4.29] 4.51| 4.72

1100 1.09) 1.18] 1.29] 1.41| 156 1.74| 1.94/ 2.15] 2.36] 2.58] 2.80| 3.02] 3.23| 3.45| 3.67| 3.88] 4.09] 4.30{ 451| 472

1j00] 1.11] 1.22] 1.34| 1.48] 1.63) 1.81] 200( 220 240 2.61| 2.83| 3.04| 3.25| 3.47| 3.68] 3.89) 4.10| 4.31] 452 473

23| 1j00|_1.12| 1.25/ 1.39 1.53] 1.69] 1.86| Z05| 2.24] 2.44] 2.65] 2.85| 3.06| 3.27| 3.48| 3.69| 3.90| 4.11| 4.32] 4.53| 474
__|-1j00) 114} 128 1.42] 157 174] 1.91|/2.09] 2.28( 2.48] 268 288] 3.09] 3.29| 3.50] 3.71| 3.92( 4.13| 433{ 4.54| 475
1{00| 1.15) 1.29) 1.45| 1.60| 1.77| 1.94 213| 2.31| 251] 2.70{ 2.90; 3.11] 3.31| 3.52] 3.73| 3.93| 4.14] 4.35| 455 476

100 1.15| 1.31| 1.46] 1.63| 1.79] 1.97| 2.15| 2.34] 2.53] 2.73| 2.93| 3.13] 3.33| 3.54| 3.74| 3.95| 4.15] 4.36] 4.56] 4.77
_1jool 1.16] 1.32] 148| 1.64] 1.81] 1.89| 2.18] 236 2.55| 2.75| 2.95| 3.15| 3.35| 3.65| 3.75| 3.96| 4.16| 4.37| 4.58| 4.78

24] 1l00] 1.16] 1.33] 149] 165 1.82 2/o1| 2.20] 2.38| 257 2.76] 2.96] 3.16] 3.36] 3.57| 3.77| 3.97| 4.18] 4.38] 4.59 4.79
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Figure 4b (1)

Global view of vertical wall abutment BB = 0.8125 |

1j00{ 2J00| 3.00[ 4.00/ 500] 6.00/ 7.00] 8.00f 9.00|10.00}11.00|12.00|13.00(14.00] 15.00{16.00

1{00{ 2{00 3.99| 4.99| 599| 699 7.99| 899 9.99]1099|11.99|12.99|14.00/1500{16.00{ |

1100 2{00{ 299} 3.99} 4.98/ 598/ 6.98| 7.98| 898| 9.98/10.98|11.99{12.9913.99/1500/16.00{ |  |_ I R T
1100{ 1]9g 398! 4.97| 597| 697, 7.97| 897| 997/1097|11.98/1298|13.99[1499/1600( | B

1100} 1l99f 298| 3.97| 4.96| 596/ 696/ 7.95/ 8.96| 9.96/10.96/11.97/1297/13.98|1499[1600| [ | ' & |
1joo} 1ie9| 396| 495/ 594| 694 7.94| 8.94| 9.94)10.95| 11.96]12.97|13.98| 14.99| 16.00 N
1]oo| 1p8 '3.95| 4.94] 593| 692| 7.92) 892 9.93/10.94)11.95/12.96/1397/1499|1600| [ | ~f | 4
1joo| 1b8 .393| 492 591| 690/ 7.90| 8.90| 9.91)10.92/11.93)12.95/13.96/1488/16.00| | | | | |
1]00 mE s 392| 490\ 588| 688/ 7.87( 888 9.89/10.90}11.92/12.94|13.96|14.98| 16.00 B _
1joo| 1.96| 292| 389 487 585 6.84] 7.84| 885 9.86/10.88/11.90/1292/13.95{1497/1600| | | | | |
1j00] 145 386| 483 581 680 7.81{ 8.81| 9831085/ 11.88]12.91|13.94|14.97)16.00 I
1joo] 1.93 3.82| 4.78| 5.76| 6.75{ 7.76| 8.77| 9.80|10.82|11.8512.89|13.92|1496/16.00) e .
1100} 1.4 3.77| 4.72] 5.70| 6.69] 7.701 8.72| 89.75(10.79 ,11.8§"]g§2_,]§§! ]59@ ]§QQF¥i I o

1j00| 1.8 369| 464| 562| 6.62| 764 867 971(10.75/11.80{12.85{13.90}14.95/16.00| |} | R

1j00| 1.8 359| 453] 551 6.52| 7.56{ 8.60| 9.65/10.71{11.77{12.83| 13.88| 14.94} 16.00 T

1loo] 17 344} 437) 537| 6.41| 7.46| 853 9.60(1067|11.74/12.80|13.87/14.94)16001 | | _

1100) 1.67) 239| 321 4.16| 520| 6.27| 736/ 8.45(_ 9.54|1063|11.71]12.78| 13.86| 14.93) 16.00| R R T
1]00f 1.52 286| 386| 498 6.12| 7.26| 8.38| 9.49/10.59/11.68{1277/1385/1492/1600] | | | | d
1{00} 1.29 2.25| 346| 4.74) 597| 7.16| 8.32| 9.45/10.56|11.66(12.75(13.84{1492/1600] | | | o
1j00}1.00 ~4,06), 3.00) 454| 587| 7.11| 8.29| 9.43|10565/11.65{12.75(1383/1492/1600; | | | | |
14001 1,001 1.00+ 400}/ 3 00} 454/ 587| 7.11| 8.29| 943|10.55|1165/1275/1383{1492/1600¢ |~ + | | |
1100/ 1.29 275 346| 4.74| 597| 7.16| 8.32| 9.45/10.56|11.66)12.75/13.84(14.921600( | |

1100{ 1.52 286| 3.86| 4.98| 6.12] 7.26! 8.38| 9.49|1059/11.68/12.77/13.85/1492)1600( | | ~ { | |
1j00{ 1.67 3.21| 4.16) 520| 627 7.36| 8.45| 9.54|10.63)11.71|12.78|13.86| 14931600 | [ " | |~
1}00| 1.77, '3.44) 437) 537| 641 7.46| 853 9.60|10.67|11.74/12.80! 13.8714.94/16.00| | i _
100 1.8%| '3.59| 4.53| 551| 6.52| 7.56| 8.60| 9.65/10.71/11.77/12.83/13.88/14.94/1600] | | -

ool 18 _3.69| 4.64| 562| 6.62( 7.64| 867, 9.71/10.75/11.80; 12.85] 13.90/ 14.95| 16.00 I T I

1100] 191} 283| 377| 4.72| 570| 669 7.70{ B.72f 9.75|10.79|11.83]12.87|13.91}14.96| 16.00 B I
1100] 1.93] 287| 382 4.78| 576| 675 7.76| 8.77| 9.80{10.82/11.85/12.89/13.92/ 14.96/16.00] | | R
1100 1.95| 2.90) 3.86| 4.83| 581| 6.80| 7.61| 881 9831085/ 11.88/12.91|13.94|1497/1600] IR
1]00] 1.96) 292 389) 487) 585 6.84| 7.84| 8.85/ 9.86(10.88/11.90{1292/13.951497|1600) | | | | |
1100, 197| 294} 392/ 490, 588| 6.88] 7.87| 888| 9.89/10.90/11.92(12.94/1396{1498/1600, | | ~ | [~ "4
11007 1.88) 2.95) 393 4.92f 591| 6.90| 7.90| 8.90| 9.91(10.92{11.93(12.95/13.96/14.98/16.00 | | | | "

1100} 1.p8) 296| 395 4.94| 593) 6.92| 7.92| 892 9.93/10.94/11.95/12.96/1397(1499/16.00 | 1 | ol
100} 199f 297) 3.96) 4.95| 594] 694} 794) 894| 9.94/10.95(11.96(1297/13.98/14.99(1600( b )
100] 1999] 298| 3.97| 496 596| 696| 795 896/ 996,10.96(1197(12.97{13.98/14.99(1600( | | |

1100 19901 2.99| 3.98| 497/ 597, 6.97| 7.97| 8.97| 9.97]10.97|11.98]12.98| 13.99( 14.99| 16.00 . . .
11001 2j00| 299/ 399) 4.98) 598 698 7.98) 898| 9.98)10.98]11.99(1299]13.99| 15.00{ 16.00

1100} 200f 3.00f 3.99/ 499 599 699 7.99) 899 9.99)10.99)11.99|1299]14.00{1500(1600( | [~ |
100} 200 3.00f 4.00; 5.00 6.00; 7.00| 800 9.00/10.00]11.0012.00/13.00)14.00|15.00(1600 | | | |
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i TR AT

Expanded view ol vertical wall abutment BYB = 0.8125 [scale 5:1] )
C ;. D 1 E . F | G_

19| 211| 226 241 256 271 286| 3.06| 3.26| 346| 3.66| 3.86| 4.09| 4.31) 4,53 476/ 498| 521| 544| 566 589 6.12
. |_ap2| 216 _231| 246| 262| 278) 257| 317| 3.37| 3.58| 3.80| 4.02| 425" 4.47| 4.70| 4.93| 616/ 540 563|586/ 6.0
11934 207| 221 236{ 251 268 287 . 3.95| 4.18 4.3% 4.65] 4.88 5.1g 5.36| 559| 583| 6.06
| Tisal TS 20| 224) 240| 257) 276 3.88 4.11] 4.35[ 469| 4.84] 508/ 532| 556/ 579| 6.03
1.75] 1.86] + 2.12| 2.27| 2.43] 2.63 3.80] 4.05] 4.29| 4.54| 4.79; 5.03] 5.28| 552| 5.76| 6.00

20] 166/ 1.75! 1.86! 2.12] 2.25| 2.49 3.72] 3.98| 4.23] 4.49| 4.74] 499| 524 549| 5.73| 597
1.53 1.§gF41._zg - 1.84] 2.14] 236 3.64] 3.91] 4.17| 4.43]| 4.69] 495 5.20| 546] 571| 585
11401 148y 1.57| 1.67] 1.81| ~+Q8| 221 3.57| 3.84{ 4.11| 4.38| 4.65| 4.91| 517 543| 5.68] 593
1.26] 1.32] 1.39| 1.48] 1.60{ 1.77]~2.03 3.49| 3.78] 4.06] 4.34| 4.61] 4.88] 5.14] 540| 566 5.91

1.13] 1.17] 1.20) 125 1.33 1.4§#l_3‘!§ 3.42| 3.72] 4.01] 4.30] 457] 485 512] 538 5.64] 589
21100, 1.00/1.00]_1.00l_ 100/ 100| 1.58 3.36] 3.68| 3.98| 4.26) 4.54| 4.82| 5.10| 536| 5.62| 5.87
S AN AN O IO I 1 ) 333| 2.65| 3.95| 4.25] 453| 481 5.08| 535 561| 587
S R R A - 1100| 1.46 | 3.32] 3.64] 3.94] 424] 4.52{ 480 508 535 561 587
~ - 1{00{ 1.46 3.32| 3.63] 3.94| 424] 452| 4.80] 508{ 535 5.61] 5.87

R | 1]00} 1.49 3.33] 365/ 3.95| 425/ 4.53| 4.81| 5.08 535| 5.61] 5.87

22; 100 1.00 1.00, 1001l 100} 1i00] 1.58 3.35{ 3.67{ 3.98] 426] 454, 4.82] 510, 536| 562| 587
_ 1. 113] 1.16] 1.20; 1.25] 1.33] 1.47| 1.80 3.42| 3.72| 401| 430{ 457 4.85 512 538) 564, 589
b 12e6] 132 1.39] 147! 1.59( 1.77 3.49| 3.78| 4.06{ 4.34| 4.61| 4.88{ 514| 540| 5.66; 5.91
| 140|147[ 158|167 1.80] 19817220 | 3.56) 384| 4.11] 4.38| 4.65 4.91| 517| 543] 568 593
_1.83] 162 1.72| 1.83] 1871 2.14] 236 3.64; 391] 4.17) 4.43| 4.69] 4.95| 520| 546| 571 595

28| 1.66| 1.75| 1.86) 1.8/ 2.11] 2.25| 2.49) 372| 398| 4.23| 443 474/ 49| 524| 549 573 597
| 175 i8s i9er211] 2.06| 2.42| 263 3.80[ 4.04| 420 4.54| 475 503| 528) 552 576/ 6.00
_1.84] 1.9277210] 2.24| 239 256| 2.76 3.87] 4.11) 4.35| 459, 4.84| 5.08] 532 556/ 579 6.03
193,207 221 235 251 2.68] 287 3.95| 4.18] 4.41| 4.65) 4.88] 512| 536 559; 5.83| 6.06

202 216; 231 M2_116 2.61] 2.78| 2.97 4.02 4.25[:21."42 470, 4.93] 5.16| 540/ 5.63] 5.86| 6.09

24| 211] 2.26{ 2.41| 2.56{ 2.71| 2.86] 3.06 400 4.31] 453| 476/ 498] 5.21] 544] 566 589] 6.12




Figure 4c (1)
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Global view of vertical wall abuiment B/B =072 (U MU SN N NN SUN S B ] _
100 2,00| 3.00] 4.00| 500] 6.00] 700] 8.00| 9.00|10.00{11.00|12.00|13.00|14.00{1500{16.00 | | ~ | ]
1]00| 2[00 2.99) 3.99| 499 599 698/ 7.98| 898| 9.98/10.99)11.99/1299(13.99(1500{1600| | | | _ )
1100] 189| 597| 697 7.97| 897| 997/1097|11.98/12.98/1399}1493|16.00f | | | B
1100| 1891 595 695 7.95| 895 995/1096/11.96/1297/13.98/1499/16.00} | |} R
1100| 168 594! 693 7.93} 893} 993/1094|11.95/1296{13.97(1499(1600] | | | |
1)00| 198 591| 691 790/ 891 9.91/10.92|11.93/12.95] 13.96| 14.98] 16.00 )
1jool 197 589| 6.88| 788 888/ 989/10.90/11.91/1293/1395/1498/1600| | | | (¢
1foo| 1pP6 586/ 6.84) 784 885 986/10.87/11.89/1292(13.94]/1497/16.00] | ]
1j00| 195 582 680/ 7.80| 8.81| 9.82)1084]11.87|12.90{13.93|14.96/16.00
100} 1p4) 577\ 675/ 775/ 8.76| 9.78/10.80/11.84/12.87)13.91|14.96/16.00} | |
1j00| 1p2 571) 669| 769 870| 9.73{10.76/11.80{12.85/13.90)14.95/16.00| | | | e
1100| 1p 563] 661 762, 864) 9.67/10.71/11.76/12.82/13.88/1494/1600) | |
oo 1. _553| 651| 7.53| 856( 9.60/10.66;11.72/1279|1386/14931600f | | | 4 |
11001 1.8 540} 6.39| 741| 846| 9.52(1059/11.67/12.75/13.831492|16.00 | | {1 |
100] 1.7 523| 624 7.28| 835 9.43[1052{11.62/12.71/13.81/14.90{16.00| | B R R
1100| 1.69H 502 605 7.12| 8.22| 9.33]10.45|11.56/12.67[13.78/14.89{1600{ | | |\ | |
1100/ 1.58 4.72| 581| 694| 809 9.23/10.37)11.51/1264)13.76/14.88/16.00| | | | R
1}00) 143 4.33) 553 6.74| 7.95| 9.14/10.31{11.46|12.61]13.74 14.87/16.00 [ U D I R
1100} 1.23 383| 522 655 7.83| 906/10.25/1143/1258(13.73{1486{1600 | | | | |
!QQ ,LQQ. 327 497 6.43; 7.76f 9.01{10.22 11.41 ]ggz 1§'{2 14.86 1§90 o R _
10al 100 3.27; 497) 643| 776| 9.01{10.22/11.41/12.67{13.72/14.86/16.00) | | |
1loo} 1.23 3.83| 522 655/ 7.83| 9.06|10.25/1143|12.58(13.73{14.86{16.00} | | |
1j00] 1.43 433} 553| 6.74{ 7.95| 9.14/10.31/11.46/1261]13.74/ 1487|1600 | -
1{00|_1.58 4.72 581| 694 809| 9.23{1037|11.51}1264|13.76|14.88] 16.00|
1100 .1:59_ ~5.02] 6.05 7:12 822! 9.3311045|11.56 12.67 13.78{ 14.89) 16.00

:Z | 523! 6.24] 7.28) 8.35] 9.43!10.52] 11.62|12.71113.81;14.901186.00

00| 1 .

00f 1. _540| 6.39] 7.41| 8.46| 9.52/10.59)11.67) 12.75 13.83| 14.92 16.00 _ U ——
00} 1. 71 553 651 7.53) 856/ 9.60(10.66|11.7211279{1386/1493,1600) | | | | |
0ol 1. 671 5631 661 7.62| 864| 9.67/1071111.76112.82) 13.88|14.9411600f | _ |

00y 1.B 5711 6.69] 7.69) 870) 9.73;10.7611.80| 1285/ 13.90)14.95;16.001 | | | | |
00} 1.p4 577) 75| 7.75 8.76) 978/10.80)1184/1287(1301114.9611600) | | | | |
00} 1p5 582 6.80| 7.80) 8811 9.82]10.84)11.87)1290/13.83{14.96(1600) | | | {1
00f 198 586) 6.84] 7.84] 8.85( 9.86(10.87/11.89)1292113.94)1497/1600) | | e e
00p 1197 589, 6.88) 7.88| 888 989/ 10.90111.91/12.93/1395/1498/1600) | | 1 |
00) 1108 591|691 7.90| 891 991/10.92/11.93/1295(1396{1498/16.00f | | . 1 |
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Figure 4c (2)

Expanded view of verical wali abutment BYB = 0.72 jscale 5:1]
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Figure 4d (1)
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Figure 5b (1)

Global view of spill through abutment B'/B = 0.8125 IR N ) ._
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Expanded view of spill through abutment B/B = 0.8125 [scale 5:1}
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Figure 5¢ (1)
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Figure 5d (1)
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Figure 6a (1)

|Global view of guidebank abutment B/B = 0 91 B )
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Figure 6a (2)

Expanded view of guidebank abutment B"/B = 0.91 [scale 4:1] ~
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Figure 6b (1)

[4:

Global view of guidebank abutment BB = 0.8125 T T T T 1
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Expanded view of guidebank abutment BB = 0.8125 [scale 4:1]
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Figure 6¢ (1)

Global view of guidebank abutment B'/B = 0.72 | _
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Figure 6d (1)
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CASE STUDY 1: CHATANIKA 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/b, -1 was evaluated at the upstream corner of
the abutment. The results are listed below in Tables A1-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 medel, pier vaiue 7.00, are listed below in Table Al.
Scour was predicted throughout the evaluated area with the larges values occurring between

streamlines 1 and 3. The smallest amount to scour, (.91, was between streamlines 8 and 10.

Table Al: Computer model results with pier value at 7.00

From To Streamline b b, b/b,- 1
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 0.051
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
produced 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 b, b/b,-1
Streamline (mm) (mm)

1 3 6 12 1.0

3 3 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/b,-1, predicted a large depth of scour at the left bank gradually
decreasing to a depositional environment at the center of the stream.

Each mode! 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 producing a greater distance and smaller depths of scour.
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Table A3: Computer mode] results with pier value at 10.00

From To Streamline b b, b/b,-1
Streamline (mm) (mm)

1 3 5 12 1.4
3 5 7.5 12 0.6
5 7 & 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
pier. 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 simuiated 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
stteam. 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 Al. 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 Al: Diagram of general apparatus
Chatinika Laboratory Apparatus

Left Abutment
Flow
* .\ Left Pier

Centeriine

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 1.

Figure A2: Diagram of cross section measurements
Chatinika Labaratory Appsratus

Left Abutment
/
N
1 2 3 4
Fiow Left Pier
e—— bamts
L " <—~w-u‘__ 25
Centerline

* Al meagurements in centimeters
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Using the data obtained from the experiment, the dimensionless expression, (Z,-2)/Y, 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 = Z, - 2) 1y,
(cm) Original Height Scoured Heignt

(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 oI scour occurred at the abutment, while the MINIMuUM 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 by/b-1
and (Z, - Z)/y, are equal. Since these expressions are equal, the results from the two experiments
shouid 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

actuai 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 Lapiace’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 B1, Model 1, 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 B1, 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 b/b, -1.
Results:

The results from the computer model are shown below in Table B1. Generally, as the
streamlines approach the left bank of the computer model, the dimensionless expression b/b, -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 B1. Results from Computer Model with Pier at 10.78

From To b b, bfb,-1
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 B1. 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 channeling vane
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was used to direct the approach of the water toward the abutment (Figure B1). A Pitot tube and
floating plastic beads were used to ensure thaf the flow was uniform throughout the channel and

parallel to the road.

Figure B1. Diagram of General Laboratory Apparatus

Cross Section Upstream of Vane

J

Flow \ r'%fant:

__:L_____\
Cross Section
t
Upstream of __— AbU_ment
Abutment LP:er

7
A

Cross Section/t;Ahutment \
Cross Section Below Abutment

Procedure:

Four cross sections, the locations of which are shown in Figure B1, 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 B1, Table 1.

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

was evaluated and the results are shown below in Table B2. Generally the largest values 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 (Z,-D)ly,
Right Abutment Surface Scour Water

{cm) (cm) (cm) (cm) (cm)
1.00 44.8 50.7 39.2 1.05
2.00 449 50.7 39.2 1.02
3.00 449 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

i 8.00 45.1 49.5 3%.2 746

According to theoretical portion of this report, the dimesionless expressions b/b-1 and
(Z,-2)/y, are equal. 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 (Z,-D)/Y,
(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
31.0 443 46.5 0.234
41.0 443 46.9 0.277
50.0 442 44.9 0.075
60.0 43.9 442 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 b /b-1
and (Z,-Z)/Y, are equal. Since these expressions are equal, the results from the two experiments
should show similar vaiues at approximately the same location. Although the vaiues 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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Appendix A2 Table 1

Experiment 3

Experiment 3 focussed on the Chatinika laboratorymodet =~ |~ | N

Technicians Nar Names B ;sh gws | Date | 8/9/94 Experiment #chatmlkaS NS s -
Material Ma*enal Experiment{ Datum | Datum ; Datumto} Velocity Manom_gggr I D I o
InBed |{or Abulment Number | to Water 10 Scour | Surface,; Head |LeftlLeg|Rightleg; | B

_sand | gravel |Chatnikad| 349 | —— | -—— } 12 | -15 9.8 o 1

Pomt of | Cross S Section 1 ~_Cross Section 2 Cross Section 3 Cross Section4 |

Measure | Original | Scoured | Original | Scoured |Original ~| Scoured [Original{ Scoured { |~} |~

Jfem) | fem)  } fem) j {om) | (cm) | (cm) em) | fem) | (emy | 4 b
00 | 440 435 | 438 | 439 439 _ 442 443 | 456 I
.25 _ _ S (N A N R SR R R R
50 I N _ 44.8 S _ ] A R
A I IR P U I B
100 435 37 717437 | 7445 | 442 | 449 | 440 | a4 | . .
125 | ol foas2 | o b . e

150 | B 46.7 45.3 BN L o

s oy S 479 | _ I I . —
180 ¢ 435 434 | 437 | 487 | 443 | 469 | 442 | 447 S

_2l5 . o o R B o T P

240 435 48.0 45.6 A48 R )

X3 A (O IO X L
29.0 | 435 432 | | 472 44.3 46.5 443 48.3

35 ) _ N R _ 48 | ) S R N N 3
2340 | _ 1439 | 444 458 | 486 | | I I S
(365 | B B _|_ 450 T —
390 | 435 434 ) ] 440 ) 4441 47.4 44.0 475
41.5 o 445 | 463 | 478 |

_44.0 | . ].439 | 463 | | 437 40 | 1 o
46.5 R R |._465 | 442 | R o o
490 ) 438 435 | 462 | 416 | 438 | 435 ( 435 | S N R
51.5 ] _ ) o R D I N I )
54.0 44 1 442 39.5 420 |

_56.5 . I I I I . I I R
59.0 44.0 43.9 44.2 442 39.0 40.5
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Appendix B2 Table 1

Experiment 5 | R
This experiment focused on the Chena River laboratorymodel | | [ R
Technicians Names: JSH GWS - time: 12:05-12:50 - S D T e B
7_4*7___P‘E Xp. Malenal Material Abutment Datum | Datum | Datum to| Velocity | Manometer - ) -
Date # !g ggq Lo_rAbutment Width | Thickness jgr\L\Iater to Scour| Surface ,| Head | Ditference [ R S e
28-Jul 5 Sand ~Wood | 1inch | 2inches 39.2 | 508 449125/ 13ecmj} o4 o p N
—_— L — . I A S
Cross Section Upsiream of Vane o
) 1.00 | 200 3.00 4.00 5.00 6.00 7.00 8.00 9.00 I P D
Original | 451 | 451 | 452 451 45 449 449 44.8 448 | N I
Scoured| 44 | 44 | 44 44 44 43.9 43.9 44 441 | | _
I S - JEN TR N N - . [ [N ISR PR R
Cross Section Upstream of Abutment L -
1004y 200 | 300 4.00 5.00 6.00 7.00 8.00 9.00 I S R R
Original| 45 | 449 | 448 449 45 45 45 45 451 I A e
Scoured| 44.5 | 448 451 | 453 | 452 457 | _ 461 | 46 | 458 | . [N I A AN S
Cross Section at Abutment | | R Ty T T ] 0
...\ 100 200 | 3.00 400 | 500 6.00 7.00 8.00 N I S B B I N
Original| 448 | 449 | 449 | 448 | 448 | 45 | 45 451 ,__ _ S AR N PR SR
Scoured| 50.7 50.7 50.5 50.2 50.8 50.7 50 49.5 .
i ﬁ__,,,‘_,,___,_,}_____,__‘,___ ’, S
Cross Section below Abuiment )
1100 200 | 3.00 4.00 5.00 6.00 7.00 | 8.00 9.00 10.00 11.00 112.00/13.00]|14.00{15.00{16.00
Originalj 44.8 448 447 446 445 446 447 T 44.8 448 44.7 448 144814471448 |449449
Sco_u_red _437 | 442 44 441 44.2 441 43.9 43.7 436 | 435 43.9 4381439435 | 43 | 435
Measurements of length for flume modell | - | R e
a_ b c d € 1 q h [ N SR
=== 40 oSO SR 1 SN s S T SN NNceclOON SR L - __ R S R
. SRR N SE SUN S N SUN SUN SN SR AU SN S I
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Introduction: Thisreport gives the results of the task activity which
was almed at assessing the present methods of estimation of bridge
abutment scour. Because the present approaches are rather limited Iin
scope and not working well, another report will describe a research
approach which we feei 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: Fromconversations with ADOT&PF and FHWA
hydraulic englneers, the current approach for abutment scour design
relies onusing the empirical equations in the FHWA publicatlons:
"Highways in the Rlver Environment” (Richardson et al., 1988). Because
these equations have been develcoped with laboratory data and with
limited field verification, the resuits often appear much too
conservatlive 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 reveated 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 coplies of all of the
articles are avaitable on reguest.

1) Mellviile, B.W.. 1992, Local Scour at Bridge Abutments. Journal of
Hydraulic Engineering, 118:4, Apri!.

Mr.Meiville 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 werewritten 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 Rlchardscn et al. The advantage for Alaskan projects is the New
Zealand streams are very similar. However, inMelville'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. Jullan. 1988. Highways [n the
River Environment. Federal Highway Administration. U.S. Dept. of
Transportation. Washington D.C.

The material on bridge abutment scour design Is embedded in a much
larger report on highway streamcrossing design. The abutment scour
design guldellnes are presented as regression equations which tn turn
are based onwork done at Colorado State University and elsewhere. |t
represents the state-of-the-art for the U.S. As already mentioned, the
equations seem to glve scour depth values which are much too
conservative and result in an expensive design.

109

Page 2 of 3



Summary of llteraturereview: The two references described 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 scaile up to field
conditions in a reasconable fashion. Also, some parameters may be
represented Iincertain specific conditions which are not covered in the
ranges of laboratory values.
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Introduction: This report discusses a research planwhich Is intended
to improve the reitabiilty of prediction and design for bridge abutment
scour. A companion progress report assesses thecurrent state-of-the-
art. The two reperts together represent the progress report of the
first phase of the project.

Some possiblie research approaches: Thecurrent 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. Incontrast, laboratory work on bridge pier scour seems to
be well established and has proved to be useful for field application.
when compar ing the two situations, most pier designs are in themiddle of
the stream and are fairly standardwithin a narrow range of variability
while abutment designs are much mere influenced by nearby channel and
bank configurations.

Another frustrationwith the abutment design problem is that the
abutment zone inmany Alaskan streams may be almost unaffected by the
main channel flow for many years but thenmay be finally subject to
stream channel attack brought about by a main channe! shift. As a result,
field veriflcatlon data may take many years to observe and acqulre.

The current suite of laboratory studies appear to be very through and
well done. Ancther set of general laboratory studies would need to be
extensive and possibiy investigate different ways to present the
resuits so as to bemore useful and reliabie. This type of study is beyond
the resources of the current project.

One promising note is the growing usefulness of hydraullc streamfiow
computer models which are capabie of examining detailed 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 arocund an
abutment where critical scour velocities may be exceeded.

Proposed research plan: With the above considerations inmind, the
following plan has been developed which should lead to a useful approach
to bridge abutment design for Alaskan design engineers andwithin the
Iimited resources of the present project. 1t uses all three tool of
hydraulic anaiysis—-laboratory medeling, computer modeling and fleid
study. By focusing on bridge abutments which are posing some erosion
stress, wewill maximize the opportunity for explaining a field
occurrence., Each of the three analysis approaches will lead to a more
compiete understanding of the abutment failure 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 timewe will use twe sites
near Fairbanks: the Chatinika 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 termchannel
shift and the Chena Hot Springs site due to a dramatic cutoff of an
upstream meander bend. Sufficient channel Informationwill be colliected
to characterize the flow regime for the {aboratory and computer mode|
studies.

2) We will reconstruct each bridge site at the appropriate taboratory
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 resuits will be compared
to the fleld data.

3) The bridge site channel regime will be simulatedwith 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 fleld and laboratory results.

4) The results of the three scour analysis approaches will be
synthesized Into a statement which will describe the cccurrence of scour
at each site. Acomparisconwill 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 indicatlon of the degree
of rellabliity of the estimate.
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