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Highways crossing the flood plains of major streams are combina-
tions of bridges and approach embankments. The decision as to
which portion of the total roadway length shall be on bridge and

which on fill 1nvolves engineering economy as well as bridge design.
Bridges cost more per unit length than approach fills so that, within
reasonable limits, the combination of short bridge and long approach
has lower first costs. On the other hand, this combination restricts
the channel and during floods raises the water level upstream, which
may cause damage from flooding. A second and interrelated decision
concerns the roadway elevation of the approach fill. Lower fills are
overtopped by smaller floods, with damage to the fill and interruption
of traffic during and after a flood. On the other hand, overtopping
lowers the upstream water level, thereby reducing upstream flood
damage.

This paper presents a procedure for determining the most eco-
nomacal combination of bridge and embankment lengths and approach
roadway elevation. The analysis takes account of the following costs:
capatal recovery on the mitial investment, maintenance, embankment
flood damage, traffic delay and detours, and backwater damage. Two
separate examples are presented considering streams 1n flood plains
900 and 5, 000 ft wide.

@ FUNDS for highway improvement are limited and highway needs are great. Because
a s1zeable percentage of mghway expenditures 1s for major drainage structures, econ-
omy 1n their design 1s highly desirable. In the case of bridges crossing streams having
broad flood plains, the first decision probably 1s to determine how long the bridge 1s
to be and at what height to place the approach embankments if they are to serve as over-
flow spillways during major floods. This paper proposes a method for determining the
most economical combination of bridge and approach embankments for this situation.
To demonstrate the proposed method, two typical examples are worked. The pro-
cedure is as follows:

1. Based on an analysis of crossing conditions at the site 1n question, several
bridges ranging from short to long are laid out and priced. The elevation of these
structures 1s set sufficiently high to clear any anticipated flood.

2. Approach fills built to several heights are fitted to each of these bridges and
their costs determined. It is anticipated that under extreme flows all but the highest
of these approach fills will be overtopped.

3. By an analysis 1nvolving the predicted flood flows on the stream, the character-
1stics of the site, the length of the bridge, and the height of the approach embankment,
stream water surface elevations are determined for the several conditions.

4. For each length of bridge, the most economical approach embankment height is
determined. Factors taken into account include the capital costs of embankment and
pavement, the statistically predicted annual costs of anticipated flood damage to the
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particular site would, if possible, be based on past stream flow records. For more
information on frequency curves see Linsley et al (4, pp. 555-559).

Number of days and times a given flow has been exceeded. — This information 1s
given 1n two graphs; one, the number of days that a given flow 1s exceeded, and the
other, the number of times various flows have been exceeded (see Figs. 7 and 8). On
large streams, this information may be available from past records,

Stage-discharge curve. — The stage discharge relationship is shown in Figure 9.
The values for plotting this curve may be computed for any site by using conveyance
and river slope described by Bradley (1). Normal stage represents the elevation of
the water surface at the bridge site when the channel is unrestricted by any crossing
at all.

Stage-damage curve. — The stage-damage curve is a plot of expected damage to 1m-
provements lying in or adjacent to the flood plain for a given stage (see Fig. 10). This
must be constructed for each individual bridge site, recognizing future changes in flood
plaimn use. In constructing the damage curve for the example problems, it has been
assumed that damage 1s linear with stage to simplify the computations. Some of the
U.S. Geological Survey water-supply papers give information on various flood magni-
tudes and damages. Also, the U.S. Army Corps of Engineers has made numerous
studies on this subject. As yet, however, authoritative procedures for estimating flood
damages are still lacking.

Stage-damage relationships are, of course, dependent on bridge site location.
Damages 1n unsettled areas would be extremely low; they would increase with the
intensity of land use. Again, stage-damage relationships would vary depending on
encroachment of developments into the flood plain and the presence of dikes or levees
that might be overtopped.

Traffic detour costs. —The traffic detour cost 1s the added cost to vehicle owners
who detour by way of another stream crossing or who defer an intended trip. A detailed
presentation on detour driving costs 1s outside the scope of this paper. As 1s the case
with flood damage costs, basic data and procedures for making such computations have
not yet been fully agreed on. Their magnitude will, of course, be dependent on such
factors as the number of cars, the added distances traveled i1n using the detour, detour
road configuration, expected speeds, and appropriate charges for added commercial
and noncommercial time.

Methods and cost data for reasonably approximating the cost of detouring by another
crossing are found 1n Woods (5). On the other hand, economic measures of the cost
of postponed travel are lacking.

Costs of damage to embankment from flood overflow detour time during damage
repair. —In the example problems, embankment damage 1s assumed to be proportional
to the stage above the embankment roadway. The time for damage repair 1s assumed
to be proportional to the embankment damage. These approximations were made be-
cause very limited information was available on how these damages might be evaluated.
(It 1s assumed that the bridge proper 1s designed to withstand a flood of any magmtude
without damage.)

Maintenance costs for bridge and embankment . — This information should come from
cost records of the mmghway agency. It 1s to be expected that bridge maintenance costs
will vary with the type of bridge, climate, and region; embankment maintenance costs
(exclusive of flood repairs) will be a function of rainfall and other happenings that bring
erosion and parallel deterioration. In this study, these maintenance items have been
charged as an annual cost per lineal foot of bridge or embankment.

SELECTING LEAST COSTLY COMBINATION

In this study, cost comparisons are made between bridges of several selected lengths.
In turn the bridge of each length has several alternative approach embankments of dif-
ferent heights. The first step 1n the analysis 1s to determine, for each bridge length,
the least costly embankment height. Then the total costs of bridges of different lengths
are compared, each with its most favorable embankment arrangement. The tables ac-
companying the report show in detail how the various costs are computed. In an actual
cost study some of the columns and tables can be combined to simplify the computations.
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embankment, traffic detours or delays during and after flooding, and backward
damage to upstream property.

5. The total annual cost of bridge, approaches, and anticipated flood damage and
traffic detours or delays for each bridge length 1s determined by combining the capital
and maintenance costs of the bridge with those associated with the embankment. The
bridge length of lowest total cost 1s the most desirable from an economic point of view.

In certain instances irreducibles may assume such importance that economy alone
should not govern the final decision. For example, 1t could be undesirable to have a
strategic bridge on a major route completely out of service for even a short time. On
the other hand, the possibility of a short loss of use should not be controlling 1n the de-
s1gn of a stream crossing for a secondary road carrying little traffic. Even where
such irreducibles might appear 1mportant, however, an economy study provides a dollar
measure against which such irreducibles can be weighed, thus narrowing the area of
uncertainty and providing a valuable tool for decision making.

Some of the costs employed 1n this paper are not based on actual situations. Rather,
seemingly reasonable values have been taken from a variety of sources or, 1n some
cases, assumed without detailed explanation. This was purposely done 1n order not to
obscure the main reason for the paper, which 1s to develop a procedure for the analysis.
It is anticipated that the analyst following this procedure i a real-life situation will
develop his own cost information from a study of the site coupled with data supplied by
the various divisions of his highway agency.

Another criticism of the proposed method concerns the considerable amount of data
collecting and computation required to carry out the procedure as outlined. For many
years design engineers have been attempting to weigh the factors included in this analy-
s1s. Often thus weighing could only be done in a qualitative way because data and pro-
cedures were lacking. What 1s now proposed is that these factors be quantified and
converted to money terms to provide a more reliable appraisal of eachsituation. In-
vestments in major structures are large; 1t would seem logical to apply an added incre-
ment of time and effort to prove that the design makes solid economic sense.

DESCRIPTION ON EXAMPLE PROBLEMS
Problem 1

A two-lane bridge with approach embankment 1s proposed for crossing a river and
wide flood plain. Five alternative bridge lengths are to be compared; these are 800,
1,100, 1,500, 2,000, and 2,500 ft. With each bridge, approach embankments have
been set at several levels. Bridges less than 800 ft in length were not considered be-
cause they would encroach on the natural channel of the stream (see Fig. 1).

Background information and graphs necessary for the economy study are found
in Figures 1 through 13. Tables 1 through 5 outline the method of computation, Table
6 shows the resulting costs. A detailed description of the procedure is included in the
text of this report.

Problem 2

This example shows the results of an economy study for a shorter bridge. Lengths
considered are 100, 150, 200, and 300 ft. It was chosen because the lengths fall within
the range of field verification for the backwater method employed in the analysis.

The proposed bridge and embankment are to carry a two-lane road across a river
and flood plain whose cross-section at the bridge site is shown 1n Figure 14. Table 7
summarizes the results of the analysis; Figures 15 through 20 supply a portion of the
necessary data. The remainder comes from source documents.

DATA SOURCES FOR EXAMPLES

For an actual situation, much of the hydraulic and cost information for an economy
study is developed as a part of the conventional design process; the remainder can be
obtained with a reasonable amount of additional effort. For this paper, however, the
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Figure 1. Section of river at bridge facing upstream, example 1 (long bridge)
(courtesy of J.N. Bradley).
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Figure 2. Bridge backwater (courtesy of J.N. Bradley).
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Figure 3. Total cost of embankment and paving (courtesy of J.N. Bradley).
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Figure 4. Water surface elevation at upstream embankment slope (courtesy of
J. N. Bradley).

In an economy study such as this, cost comparisons should be between alternative
bridge-roadway combinations of equal lengths. In cases where, because of differences
in approach embankment height, the bridge plus embankment lengths differ among al-
ternatives, pavement lengths have been increased for the shorter alternatives to give
each the same over-all length. Again, an economy stu‘dy 1s concerned with differences
between alternatives. It 1s differences in costs that are relevant. This means that
costs common to all alternatives may be 1gnored as far as choosing the most attractive
alternative 1s concerned. Furthermore, it 1s often proper to employ a "with" and
"without" approach. For example, this 1s done with backwater damage costs for each
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Figure 5. Flow with limited backwater for several bridge lengths (courtesy of
J. N. Bradiey).
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Figure 6. Frequency curve (assumed).

combination of bridge and embankment. With large floods, some damage will probably
occur with no bridge at all; this 1s the base condition. Only the increment of damage
resulting because of each bridge-embankment combination 1s pertinent and 1s computed.

Costs Related to Embankment Height

There are several annual costs included in most economy studies of approach em-
bankments: (a) capital recovery for embankment, (b) embankment maintenance,
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Figure 7. Number of days flow exceeded in past 50 years (courtesy of J. N. Bradley).
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Figure 8. Number of times a flow exceeded in past 50 years (courtesy of J.N. Bradley).

(c) expected flood damage to embankment, (d) expected detouring, and (e) expected
increment of backwater damage. Any other variables that might affect vehicle-operating
or other costs 1n a particular case should also be included.

Method for Predicting Expected Average Annual Damage

A numerical procedure suggested by B. Franzin: (6) 1s used to evaluate the annual
expected flood damage. A typical annual probability-damage curve 1s shown as Figure
11. The probability axis is divided into elements P1P>----Pp. For each probability
P, there 1s a damage d,. The area of a typical element 1-2 1s given by

D

Elemental area 1-2 = ( i Dz—) (Pg -P1). The sum of all elemental areas under
the probability-damage curve 1s the expected annual cost. A method for summing these
elemental areas 1s shown in Table 1.
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Figure 9. Stage discharge curve for river at bridge site (courtesy of J.N. Bradley).

Method of Computing Embankment Costs

Cost comparisons are made on an annual cost basis; each of the embankment costs
1s listed with a brief discussion and explanation of how it is computed.

Annual cost of capital recovery for embankment. —Annual cost = {first cost) x
(crf-i-n), where First cost = Total cost of embankment and paving; (crf-i-n) = capital
recovery factor for interest rate i and analysis period n. The example problems are
solved at an 1nterest rate of 7 percent, a period of 30 years for bridge and embankment
and with zero salvage value (see Woods (5) or Grant and Ireson (7) for detailed proce-
dures for economy studies and for compound interest tables.)

Annual embankment maintenance. — Embankment maintenance costs have been
assumed to be proportional to embankment length. They were set at $0. 30 per lineal
foot, based on maintenance cost figures supplied by G.S. Paxson of the Oregon High-
way Department. This figure 1s approximate and may be low because it is not neces-
sarily for embankments subject to flooding.

Annual expected embankment damage. — These costs are for repairing damage
caused by flood flows overtopping the embankment. Anticipated annual costs decrease
as embankment heights increase because overtopping of higher embankments is less
frequent. For Example 1 damage costs were assumed to be 5 percent of the total
embankment cost for each foot of flow energy head above the embankment roadway
elevation.

Very little has been published concerning damage to embankments from overtopping.
Kindsvater (8) reports how embankment damage by flood watersoccurs and Yarnell and
Nagler (9) give some examples of damages from flood flows.

The computation for embankment damage is an application of the method described
earlier for evaluating annual expected damage. The embankment damage computation
can be set up as shown in Table 2. (A sample calculation for this item combined with
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background information of Example 1 has
been taken, for the most part, from ma-
terials supplied to the authors by Bradley
(1). Example 2 employed the same meth-
ods; however, the specific problem was
assumed by the authors of this paper.
The following i1items of information
are needed before the economic analysis

sssl can be made.

STAGE (El above MSL)

1. Cross-section of the river and
flood plain at the bridge site (see Figs. 1
and 14).

2. Bridge costs for the various bridge
lengths. For preliminary studies such
as these, cost might be roughly approxi-
mated as the sum of a fixed cost, plus a
constant times the bridge length; e.g.,
for a bridge length L, bridge cost =a+bl,
in which a = the sum of all fixed costs
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Figure 10. Stage-demand curve (assumed).

Dy (abutments, etc.) and b = the cost per

[ unit length for piers and superstructure.
w Bridge costs for Example 1 are plotted
g D, on the right-hand ordinate of Figure 2.
ol For Example 2 they were assumed as

3 $6, 300 + $420 x bridge length (see Fig.

18).
s 3. Embankment costs for various
Dn bridge lengths and embankment elevations.

Estimated costs have been plotted against
embankment elevation with bridge length
as a parameter (see Figs. 3 and 17).

4. Water surface elevation at the up-
stream embankment slope. Figure 4
shows this as a plot of water surface ele-
vation discharge using length of bridge as
a parameter. The method for calculating values for this plot is found in Bradley (1).

5. Bridge backwater. This is recorded 1n a plot showing bridge backwater without
embankment overflow for a given river discharge and bridge length (see Fig. 2). The
method for calculating values is found in Bradley (1).

6. Flow with laimited backwater for bridges of several lengths. This 15 shown in a
plot of backwater vs river discharge, with bridge length as a parameter (see Fig. 5).
The data for the curves of backwater vs discharge without embankment overflow are
the same as are found 1n Figure 2. To develop the portions of the curves to the right
of their peaks, it is first necessary to choose a specific value for backwater height,
which 1s the rise in the water surface resulting from the presence of bridge and embank-
ment. The river discharge corresponding to that backwater height represents the flow
at which the approach embankment is first overtopped. At higher discharges, the road-
way acts as a broad crested weir with a head equal to the difference in elevation between
the water surface (flow energy line) and the roadway elevation. The backwater height
decreases after overtopping.

Figure 11. Probability-damage curve.

Most of the data on Figure 5 was supplied by Bradley. However, the authors approxi-
mated the curves sweeping downward to the right for backwaters at overtopping of 1.0,
1.5, and 2.0 ft. Further information on the flow of water over roadway embankments
can be found 1n Sigurdsson (2) and Bradley (3). The backwater computation method 18
based on model tests conducted at Colorado State University for the Bureau of Public
Roads.
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Figure 13. Combined annual cost of bridge and embankment.

Limitations

A few of the limitations of backwater computations, taken from Bradley (1), should
be noted:

1. The method of computing backwater 1s intended for use with relatively straight
reaches of streams with approximately uniform cross-section and slope.

2. The U.S. Geological Survey field measurements which were used to verify the
application of the laboratory data to field conditions were limited to single bridges up
to 220 ft 1n length on streams with a maximum width of % m1 at flood stage. Verifica-
tion for flood plains of much greater widths 1s lacking at the present time.
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Figure 15. Stage-discharge curve (example 2, short bridge).

3. The computations for backwater assume no scour occurs at the bridge or em-
bankment.

Frequency curve, —The frequency curve gives the probability of an equal or larger
mean daily flow occurring in a given year. Figure 6, the assumed frequency curve for
Example 1, is developed on Gumbel probability paper. However, any comparable
method for finding probabilities is acceptable. In actuality, flow probabilities for a
particular site would, if possible, be based on past stream flow records. For more
information on frequency curves see Linsley et al. (il, pp. 555-559).

Number of days and times a given flow has been exeeeded.—This information
is given in two graphs; one, the number of days that a given flow is exceeded, and
the other, the number of times various flows have been exceeded (see Figs. 7 and 8).
On large streams, this information may be available from past records.

Stage-discharge curve. —The stage discharge relationship is shown on Figure 9.
The values for plotting this curve may be computed for any site by using conveyance
and river slope described by Bradiey (l). Normal stage represents the elevation of
the water surface at the bridge site when the channel is unrestricted by any crossing
at all.

Stage-damage curve. —The stage-damage curve is a plot of expected damage to im-
provements lying in or adjacent to the flood plain for a given stage (see Fig. 10). This
must be constructed for each individual bridge site, recognizing future changes in flood
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plain use. In constructing the damage curve for the example problems, it has been
assumed that damage is linear with stage to simplify the computations. Some of the
U.S. Geological Survey water-supply papers give information on various flood magni-
tudes and damages. Also, the U.S. Army Corps of Engineers has made numerous
studies on this subject. As yet, however, authoritative procedures for estimating
flood damages are still lacking.

Stage-damage relationships are, of course, dependent on bridge site location.
Damages 1n unsettled areas would be extremely low; they would increase with the
intensity of land use. Again, stage-damage relationships would vary depending on
encroachment of developments into the flood plain and the presence of dikes or levees
that might be overtopped.

Traffic detour costs. ~The traffic detour cost is the added cost to vehicle owners
who detour by way of another stream crossing or who defer an intended trip. A de-
tailed presentation on detour driving costs is outside the scope of this paper. As is
the case with flood damage costs, basic data and procedures for making such compu-
tations have not yet been fully agreed on. Their magnitude will, of course, be depend-
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300-ft bridge (example 2).

ent on such factors as the number of cars,
the added distances traveled 1n using the
detour, detour road configuration, ex-
pected speeds, and appropriate charges
for added commercial and noncommercial
time.

Methods and cost data for reasonably
approximating the cost of detouring by ano
another crossing are found i Woods (5).
On the other hand, economic measures of
the cost of postponed travel are lacking.

Costs of damage to embankment from
flood overflow detour time during damage
repair, — In the example problems, em-
damage 1s assumed to be proportional to
the stage above the embankment roadway.
The time for damage repair 1s assumed to
be proportional to the embankment damages
These approximations were made because
very limited information was available on
how these damages might be evaluated.

(It 1s assumed that the bridge proper 1s
designed to withstand a flood of any magni-
tude without damage.)

Maintenance costs for bridge and embankments. — This information should come from

cost records of the mghway agency.

It 1s to be expected that bridge maintenance costs

will vary with the type of bridge, climate, and region; embankment maintenance costs
(exclusive of flood repairs) will be a function of rainfall and other happenings that

bring erosion and parallel deterioration.

In this study, these maintenance items have

been charged as an annual cost per lineal foot of bridge or embankment.

SELECTING LEAST COSTLY COMBINATION

In this study, cost comparisons are made between bridges of several selected
lengths. In turn the bridge of each length has several alternative approach embank-
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ments of different heights. The first step 1n the analysis 1s to determine, for each
bridge length, the least costly embankment height. Then the total costs of bridges of
different lengths are compared, each with its most favorable embankment arrange-
ment. The tables accompanying the report show 1n detail how the various costs are
computed. In an actual cost study some of the columns and tables can be combined to
simplify the computations.

In an economy study such as this, cost comparisons should be between alternative
bridge-roadway combmations of equal length. In cases where, because of differences
1n approach embankment height, the bridge plus embankment lengths differ among
alternatives, pavement lengths have been increased for the shorter alternatives to
give each the same over-all length. Again, an economy study is concerned with dif-
ferences between alternatives. It is differences in costs that are relevant. This
means that costs common to all alternatives may be 1gnored as far as choosing the
most attractive alternative 1s concerned. Furthermore, 1t is often proper to employ
a "with" and "without' approach. For example, this is done with backwater damage
costs for each combination of bridge and embankment. With large floods, some damage
will probably occur with no bridge at all; this 1s the base condition. Only the incre-
ment of damage resulting because of each bridge-embankment combination is pertinent
and 1s computed.

Costs Related to Embankment Height

There are several annual costs included 1n most economy studies of approach em-
bankments: (a) capital recovery for embankment, (b) embankment maintenance,
(¢) expected flood damage to embankment, (d) expected detouring, and (e) expected
increment of backwater damage. Any other variables that might affect vehicle-operat-
ing or other costs 1n a particular case should also be included.

Method for Predicting Expected Average Annual Damage

A numerical procedure suggested by Franzim (6) 1s used to evaluate the annual
expected flood damage. A typical annual probability-damage curve 1s shown as
Figure 11. The probability axis 1s divided into elements P, P.----P,,. For each
probability P, there is a damage d,. The area of a typical element 1-2 1s given by

Elemental areal-2 =(@) (P2 - Py).

The sum of all elemental areas under the probability-damage curve is the expected
annual cost. A method for summing these elemental areas is shown in Table 1.
Method of Computing Embankment Costs

Cost comparisons are made on an annual cost basis; each of the embankment costs
is listed with a brief discussion and explanation of how it is computed.

Annual cost of capital recovery for embankment. — Annual cost = (first cost) x
(crf-i-n), where first cost = total cost of embankment and paving; (crf-i-n) = capatal
recovery factor for interest rate 1 and analysis period n. The example problems
are solved at an interest rate of 7 percent, a period of 30 years for bridge and embank-
ment and with zero salvage value (see Woods (5) or Grant and Ireson (7) for detailed
procedures for economy studies and for compound interest tables. )

Annual embankment maintenance. - Embankment maintenance costs have been
assumed to be proportional to embankment length. They were set at $0. 30 per lineal
foot, based on maintenance cost figures supplied by G.S. Paxson of the Oregon Highway
Department. This figure is approximate and may be low because it 1s not necessarily
for embankments subject to flooding.

Annual expected embankment damage. - These costs arefor repairing damage caused
by flood flows overtopping the embankment. Anticipated annual costs decrease as em-
bankment heights increase because overtopping of higher embankments is less frequent.
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TABLE 1
COMPUTATION OF EXPECTED ANNUAL FLOOD DAMAGE
Damage D‘—;D—' Probabulity, Py - Py P‘—;—D’ (P2 - Py
D P
Dy P,
D + Da (P2 - Py (Dy_+ D)(P3 - P))
2 2
D. P2
D: + Dy (Ps - Pa)
2
Ds Ps
DN-1+DN (PN - PN -1) DN-I + DN PN-PN—x
2
DN PN
1=N-1 D, + D, e
Expected annual damage = I it Bl G § \PI+I-P1>

1=l

TABLE 2
COMPUTATION OF EXPECTED ANNUAL EMBANKMENT DAMAGE

Bridge Emb Emb Bridge Flow Stage Energy Percent Incre- Incre- Proba- Incre- Incre-
Length Elev Cost Stage (efc) at Head Damage mentof mentof bility ment ment
No Embank- Above to Average Average of flow Proba- Embank-
ment Embank- Embank- Percent Damage Occur- bility ment
ment ment Damage Cost ring Damage

(a) () ] (d) (e) ¢4 (8 (h) () )} (k) ) (m)

Total annual embankment damage cost = E (m)

TABLE 3
COMPUTATION OF EXPECTED ANNUAL DETOUR COSTS DURING EMBANKMENT REPAIR
Bridge Embankment  Flow Increment Increment Increment Increment Increment
Length Elev (cfs) Average % Probability  Average Average Detour
Damage to Time to Detour Cost
Embankment Repair Cost

(a) ) (e) 8] m (m) (o) ®

Average annual detour cost during repair = Z (p)




TABLE 4
COMPUTATION OF EXPECTED ANNUAL COST TO DETOURED TRAFFIC

Bridge Embankment Flood Flow Days Times Average Cost  Probability Expected

Length Elev. Routing (cfc) Above Above Days per per of Cost of
Stage Stage Stage Time Time Occurrence Detoured
Traffic
(a) (b) (c) (d) (e) ) () (h) (1) 6)
TABLE 5

COMPUTATION OF EXPECTED ANNUAL INCREMENTAL OF BACKWATER DAMAGE CAUSED BY BRIDGE

Bridge Embankment Stage Flow Increment of Incremental Average Probability Incre- Incre-
Length Elev. No. (cfec) Backwater to Backwater Incre- of mental mental
Bridge Cause Damage Damage mental Occurrence Proba- Damage

Damage bility

(a) (b) (c) (d) (e) ® (g) (n) (1) 6)

G¢
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TA

SUMMARY AND RESULTS OF EX

Row
Bridge length (ft) TAY 800 800 800 800 1,100 1, 10(
Max backwater (ft) (B) 05 10 20 25 05 1
Embank elev (ft) (C) 887 5 890 5 893 7 895 2 888 9 89:
Embank length (ft) (D) 4,400 4,500 4, 600 4,625 4,150 4, 25(
Embank andpaving cost ($) (E) 61,000 16,000 92,500 103,000 64,750 82, 70(
Length of paving for equal length (ft) (F) 225 125 25 175 ki
Paving cost (at 50, 000/m1) (§) ()] 2,131 1,184 237 1, 657 71
Total cost embankment paving ($) () 63,131 77,184 92,737 103,000 66,407 83, 41
Expected Annual Costs, embankment (§)
Capital recovery, embank and paving [41] 5,088 6,220 7,474 8,301 5,352 6, 72
Embank maintenance {at $0 30/1t) J) 1,320 1,350 1,380 1,388 1,245 1, 27!
Flood damage to embankment (K) 1,221 605 239 167 777 271
Detour during repair (L) 3,876 1,846 728 463 2,698 93
Detour during flood (M) 4,995 3,042 1,261 764 4,004 1, 80
Increment backwater damage (N) 866 2,132 3,394 3,725 1,055 1, 85
Total (0) $ 17,366 15,195 14, 476 14,808 15,131 12, 85’
Expected annual costs, embank and bridge
Bridge length (ft) (P) 800 1,100 1, 500 2,000 2,
Bridge cost ($) (Q) 460,000 525,000 680,000 875,000 1,070,
Length of combination (ft) (R) 5,400 5,350 5,375 5, 400 5,
Length of pave for equal length (ft) (S) 0 50 25 0
Capital recovery of bridge wnvest ($) (T) 37,071 42,310 54,801 70,516 86,
Added pave (capital recovery) (Length x 9 4,797/ft x
0 08059) (crf - 7% - 30) (U) 0 38 19 0
Bridge maintenance at $0 $0/ft v) 160 220 300 400 |
Embankment ($) (W) 14,476 12, 857 11,518 9,730 8,
Total ($) (X) 51,707 55,425 66,638 80, 646 95,
Present worth (pwf - 30 - %) = 12 409 (Y) $641,632 687,769 826,910 1,000,736 1,178,
SUMMARY AND RESULTS O
Row
Bridge length (ft) (A) 100 100 100 10
Max backwater (ft) (B) 0.5 1.0 1.5
Embank elev (ft) (o] 834.7 837 3 839.7 84
Embank. length (ft) (D) 490 600 690 75
Embankment cost {(including paving) ($) () 17,750 10,700 13,500 15,50
Paving needed for equal length projects (ft) (F) 310 200 110 5
Paving cost (at $50, 000/mi) ($) (@ 2,939 1,896 1,043 47
Total cost embankment and paving ($) (H) 10,689 12,596 14,543 15,97
Expected annual costs, embankment ($),
Capital recovery (embankment and paving)
(erf-7%-30 = 0 08059) [$1) 861 1,015 1,172 1,28
Embankment maintenance (at $0 30/ft) [8)] 117 180 207 21
Flood damage to embankment (K 214 109 64 5
Traffic interruption during embankment
repair (based on $5, 000 for detour/day) (L) 1,265 573 285 19
Traffic interruption during flood (based
on $5, 000 per detour/day) (M) 3,400 1,530 712 29
Increment backwater damage (N) 1,733 3,189 3,740 3,94
Total (0) 7, 590 6, 596 6,180 5,98
Expected annual costs, embankment and bridge
Bridge length (ft) (P) 100 150 200 3(
Bridge cost ($) (Q 48,300 69, 300 90, 300 128, 30
Combination length (ft) (R) 900 950 960 91
Length of pavement for equal length (ft)
added pavement ($) (9 60 10 - 5
Bridge capital recovery 569 95 - 47
(crf-1%-30 = 0 08059) ($) (1 3,892 558 7,277 10,%6
Added pavement capital recovery ($) [4)] 46 7 - 3
Bridge maintenance (at $0 50/ft) w 50 75 100 15
Embankment ($) w) 5, 989 4,012 2,839 1,43
Total ($) [$.4] 9,977 9,679 10,216 12,28
Present Worth (pwf—30-7°/o) =12 409 ($) 123,805 120,107 126,770 152, 44




.E PROBLEM 1 (LONG BRIDGE)

»

100 1,100 1,500 1,500 1,500 2,000 2,000 2,000 2,500 2,600 2,500 2, 500

15 20 05 1.0 15 05 1.0 11 023 05 75 1
893 5 895.5 8903 893.4 8956 891 9 8945 8960 8900 893 2 8950 896
275 4,325 3,800 3,875 3,950 3,350 3,400 3,450 2,775 2,850 2,800 2,950
750 103,000 66,750 84,000 98,500 67,750 81,750 91,000 53,500 65,200 74,000 82, 000

50 150 75 100 50 175 100 50
473 1,420 710 947 473 1, 657 947 473
223 103,000 68,170 84,710 98,500 68,697 82,223 91,000 55,157 66,147 74,473 82, 000
352 8,301 5,494 ¢ 827 7,938 5,536 6,626 17,334 4,445 5,331 6, 002 6, 608
282 1,297 1,140 1 162 1,185 1,005 1,020 1,035 832 855 870 885
205 105 445 159 82 238 82 59 m 112 59 44
691 356 1,568 566 249 800 234 154 1,592 423 214 133
225 576 3,088 1 040 470 1,604 576 246 3,042 930 333 80
410 2,882 1,386 1 7g4 2,026 976 1,192 1,204 462 726 800 832
165 13,317 13,122 11,518 11,950 10,159 9,730 10,032 10,744 8,371 8,278 8,582
BLE 7
MPLE PROBLEM 2 (SHORT BRIDGE)

100 150 150 150 200 200 200 300 300 300 300

2.5 1.0 15 2.0 0.5 1.0 1.5 0.1 0.2 0.3 0.4

842.3  839.3 841 5  843.7 838 3 841.8 844.0  837.0 839.5 841.3 8427

800 620 710 800 530 670 760 380 480 560 610
,700 11,800 14,250 16,900 9,300 13,300 15,700 5500 7,750 9,300 10,700

- 180 90 - 230 90 - 230 130 50 -

- 1,706 853 - 2,180 853 - 2,180 1,232 474 -
,700 13,508 15,103 16,900 11,480 14,153 15,700 7,680 8,982 9,774 10,700
,346 1,088 1,217 1,362 925 1,141 1,265 619 724 788 862

270 186 218 240 159 201 228 114 144 168 183

56 37 24 25 35 20 8 41 15 ] 8

175 193 88 7 226 65 23 303 81 36 24

178 510 157 46 690 83 20 1,160 284 88 32
,089 2,124 2,313 2,363 1,166 1,320 1,346 258 328 346 403
,114 4,138 4,012 4,107 3,201 2,839 2,880 2,495 1,574 1,435 1,512

57
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TABLE 8

SAMPLE COMPUTATION FOR PROBLEM 1 (1,100-FT BRIDGE), COST OF FLOOD TO EMBANKMENT
AND OF DETOUR COSTS DURING REPAIRS'

Water %of Ave %  Ave Ave Prob Incre- Incre- Incre-
Bridge Embank- No Q Stage  Head Damage Damage Damage Time to Ave of ment ment ment
Length ment Bridge (000 cfs) at over Em- to to Costs Repair Detour Occur- Proba- Emb Detour
(ft) Elev, Stage Embank- bank- Embank- Embank-  ($)  (days) Costs rence bility Damage Costs
(ft) ment ment ment ment ($) (%)
[¢] (2) (3 (9 (5) ® (U] (8) (9 (10) an (12 1) (149 (15)
1,100 888 9 140 888 9 0 0 0,10
58 3,756 0.58 5,800 0.065 244 3
891 0 205 891 22 2 32 11 6 0 035
14 05 9,097 1 405 14,050 0 005 45 70
892 0 235 892 20 3 30 16 5 0 030
18 95 12,270 1 895 18,950 0013 160 246
893 0 270 893 18 4 28 21 4 0 017
239 15,475 2 39 23,900 0008 124 191
894 0 310 894 18 528 26 4 0 009
289 18,713 2 89 28,900 0 005 94 144
895 0 360 895 18 6 28 31 4 0 004
339 21,950 3 39 33, 900 0 003 L1 102
896 0 450 806 18 7 28 36 4 0 001
68 2 44,159 682 68,200 0001 44 68
largest - - 100 O 00
Total M 1,198
‘Embankment cost = $64, 750
TABLE 8
SAMPLE COMPUTATION FOR PROBLEM 1 (1,100-FT BRIDGE) DETOUR COSTS DURING FLOOD
Bridge  Embankment Routing Days Times Average Costper Probability Cost of
Length Elev Stage Flow Above Above Days Time of Detoured
1] (ft) of Bridge (000 cfs) Siage Stage per Time ($000) Occurrence ’l‘z&f)ﬂc
() (b) (c) @ (e) n ® (] ) [6)]
1,100 888 9 887 9 129 18 2 5 3 64 3 64 011 4,004
TABLE 10

SAMPLE COMPUTATION FOR PROBLEM 1, (1,100-FT BRIDGE), INCREMENT OF BACKWATER DAMAGE CAUSED BY BRIDGE

Bridge Embank- No Increment of Incremental Average Probability Incremental
Length ment Bridge Flow B to  Bach Damage of Probability Incremental
(ft) !(Zle)v Stage (000 cfs) Cause Damage Damage (9 Occurrence
1t)
(a) (b) (c) () (e) ¢4} ® (0 6V 6}
1,100 888 9 883 0 80 01 0 0 20
2, 600 0 06 156
886.0 110 028 5,200 014
7, 600 0 04 304
888 0 140 05 10, 000 010
7,200 0 065 468
891 0 205 0 22 4, 400 0 035
4,200 0 005 21
892 0 235 020 4,000 0 030
3,800 0 013 50
893 0 270 018 3, 600 0 017
3,600 0 008 28
894 0 310 018 3, 600 0 009
3,600 0 005 18
895 0 360 018 3, 600 0 004
3, 600 0 003 10
896 0 450 018 3, 600 0 001

Estimated Annual Backwater Damage = $1, 055
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TABLE 11

SUMMARY OF EFFECT OF EMBANKMENT HEIGHT ON VARIOUS
EMBANKMENT COSTS

Embank- Mainte- Damage to Traffic Increment
Embank- ment nance Embank- Routing Backwater
ment Cost Cost ment Costs Costs
High Higher Higher Lower Lower Higher
Low Lower Lower Higher Higher Lower
TABLE 12

COMPARISON OF ESTIMATED COSTS FOR BRIDGES NF¥ VARIOUS LENGTHS

Percent
Bridge Total Present Savings
Length Expected Worth of Most
(ft] Annual Cost (%) Economical
(% Bridge
Example 1:
800 51,710 641, 630 0.00
1,100 55, 430 687,770 7.20
1, 500 66, 640 826, 910 28.9
2,000 80, 650 1,000, 740 56.0
2, 500 95,010 1,178,970 83.8
Example 2:
100 9,980 123,810 3.1
150 9, 680 120,110 0.0
200 10, 220 126,770 5.5
300 12,290 152, 450 26.9

For Example 1 damage costs were assumed to be 5 percent of the total embankment
cost cost for each foot of flow energy above the embankment roadway elevation.

Very little has been published concerning damage to embankments from overtopping.
Kindsvater (8) reports how embankment damage by flood waters occurs and Yarnell
and Nagler @ give some examples of damages from flood flows.

The computation for embankment damage is an application of the method described
earlier for evaluating annual expected damage. The embankment damage computation
can be set up as shown in Table 2. (A sample calculation for this item combined with
detour costs, appears as Table 8.) Explanation of Table 2 where the headings may not
be fully descriptive are as follows:

Col. (c) Embankment costs taken from Figure 3.

Col. (d) No bridge stage. These are water surface elevations without the bridge
and embankment. They are computed for selected values of Q (flow) as given in
Col. (e) see Fig. 9).
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Col. (f) Stage at embankment 1s found in two steps. First, the rise in the water
surface resulting from backwater after the fill 1s overtopped is read from Figure
5, for this appropriate roadway (approach fill) elevation and bridge length. This
value is added to the water-surface elevation, without bridge, as shown in Col. (d).
It 1s an approximation of the flow energy line because Figure 4 is computed without
embankment overflow.

Col. (g) Head above the embankment 1s the stage at the embankment minus the
embankment elevation:

Col. (g) = Col. (f) - Col. (b).
Col. {h) Percent damage to embankment is an assumed constant stated as percent

damage per foot of energy head above embankment times the head above the embank-
ment (Col. g).

Col. (h) = k. Col. (g) in which k = percent
damage per foot energy head above embankment.

Col. (1) Increment of average percent damage is the average between the successive
rows in Col. (h).

Col. (i)l_2 = Col. (h); + Col. (h).
2

Col. (j) Increment of average embankment damage cost is the average percent
damage times the cost of the embankment.

Col. (j) = Col. (i) x Col. (c).

Col. (k) Probability of flow occuring is taken from the frequency curve (Fig. 6)
for the flows found in Col. (e).

Col. (1) Incremental probability is the difference between successive rows of flow
probabilities.

Col. (1);-2 = Col. (k); - Col. (k).

Col. (m) Incremental embankment damage is the product of the increment average
damage times the incremental probability.

Col. (m) = Col. (j) x Col. (I).

Expected annual flood damage to the embankment is the sum of all incremental
embankment damages.

Annual n
Embankment = Y Col. (m),
Damage i=1

Annual expected detour costs. —Detour occurs when flood waters are of sufficient
stage that traffic cannot cross the bridge and embankment. The delays caused by
flood are divided into three types: (a) flood detour, (b) recession detour, and (c) repair
detour.

Traffic rerouting 1s assumed to occur when the flood waters reach an elevation
somewhat below the embankment roadway elevation. Any time that a flood is above
this stage traffic is to be detoured. The cost of routing vehicles during these flood
stages is computed separately under the heading of annual expected detour cost during
flood.

If the flood has a stage above the roadway elevation, it is assumed to cause embank-
ment damage. If damage occurs, traffic will be detoured during the time the flood
recedes from the flood detour elevation to the elevation where repair can take place
(recession detour) and also during the time of repair (repair detour). Recession and
repair detours are closely related so both are included in the computation of annual
expected detour cost during embankment repair.
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Annual expected detour costs during embankment repair. — The detour cost during
embankment repair is the added cost for vehicles and drivers caused by the detour
plus detour set-up and maintenance costs. The detour time in this paper was assumed
to be directly proportional to the damage. For instance, in Example 1, the detour
time was assumed as 1 day for each 10 percent embankment damage. The traffic de-
tour cost per day was set as a flat sum; no detailed computations were made for it.

Repair detour costs and embankment damage costs can be computed in the same
table. The detour cost computation columns are shown separately in Table 3 in order
that the procedure can be followed more easily. Table 8 is a calculation from Ex-
ample 1; this shows how Tables 2 and 3 look when combined.

The computation procedure for Table 3 is described as follows:

Columns (a), (b), (e), (j), and (}) are taken from Table 2, Annual Expected
Embankment Damage.

Col. (n) Incremental average time to repair is the product of the incremental
average percent damage to the embankment times the time to repair for a given
percent damage.

Col. (0) Incremental average detour cost is the product of the incremental average
time to repair times the cost per day of detour.

Col. (p) Incremental detour cost 1s the product of the incremental probability
times the incremental average detour cost.

Col. (p) = Col. (1) x Col. (o).

Total annual expected detour cost is the sum of all figures in Col. (p) plus the annual
expected cost of detour while the flood causing damage is receding before repair (re-
cession detour).

The recession cost was assumed to be the product of the detour costs during the
time the flood recedes multiplied by the annual probability of having a flood of magni-
tude to cause damage. The recession time is the time for the flood water to recede
from flood detour elevation to an elevation where embankment repair can begin. This
time was assumed as constant in the examples.

Recession > _ ( time for ~ ( cost/unit for ~ (annual probability of
Cost - recession ./ detour time / damage occurring

For instance, in Example 1 of this paper, the time to recede is assumed as 1Y, days
at a cost for detouring of $10,000 per day. Thus the expected annual cost of detour-
ing is $15,000 times the probahility of a flood of stage above the embankment roadway
elevation. For example, the $2, 698 shown in Col. 5 under Item (L) in Table 6 equals
the sum of $1,198 from Col. (15) of Table 8 and $15,000 x 0. 10,

Annual expected traffic detour costs during floods. ~ The annual cost of detouring
during floods is the product of the annual probability of having a flood equal to or higher
than the flood routing stage times the cost per occurrence of detouring for the days
above this stage. The number of days a flow has been exceeded (see Fig. 7) and the
number of times a flow has been exceeded (see Fig. 8) and the detour cost per day will
be available.

The computation form for annual expected detour cost during floods is shown in
Table 4 and Table 9. The columns are described as follows:

Col. (c) Flood routing stage is the flow when detouring begins. This detouring
begins when the water surface at the embankment 1s some assumed distance be-
low the elevation of the embankment.

Col. (d) Flow is taken from the water surface elevation at the upstream embank-
ment slope curve (Fag. 4).

Col. (e) Days above stage is taken from Figure 7 for the flow given in Col. (d).
Col. (f) Times above stage is taken from Figure 8 for the flow given in Col. (d).
Col. (g) Average days per time is the ratio of days exceeded per flow to times
exceeded per flow.

Col. (g) = Col. (e) - Col. (9).
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Col. (h) Cost per time is the product of detour days per time (Col. g) times the
cost of detouring per day.

Col. (h) = ¢ times Col. (g),
where ¢ = cost/day of detouring.

Col. (1) Probabuility of occurrence is taken from the flood frequency curve (Fig 6)
for the flow in Col. (d).

Col. (j) Expected annual cost of detouring traffic because of flood is the product
of the cost per time (Col. h) times the probability of occurrence.

Col. (j) = Col. (h) x Col. (i).

Annual expected incremental backwater damage cost. — This cost is the difference
in damage costs between the annual expected flood damage that would occur with a given
bridge and approach embankment and the annual expected flood damage in the natural
stage without the bridge.

Calculation of the backwater damage cost is another evaluation of the annual expected
damage by numerical integration. The calculation form for backwater damage cost is
shown in Table 5 (see Table 10 also). The various columns in Table 5 are described as
follows:

Col. (c) Stage without bridge is the normal stage (see Fig. 9).

Col. (d) Flow 1s for the stages found in Col. (c).

Col. (e) Increment of backwater to cause damage is found from Figure 5. After
the flood stage reaches embankment elevation, the backwater effect will follow
the receding curve for increased flows.

Col. (f) Incremental backwater damage is the difference between the damage for
the stage with incremental backwater Col. (e) plus normal stage Col. (c) and the
damage at normal stage Col. (c). These damages are found from the stage-damage
curve (Fig. 10) for the respective stages.

Col. (g% The average incremental damage is the average of successive rows in
Col. (f).

_ Col. (f)r + Col. (f)2
2

Col. (h) Probability of occurrence is the probability of the flows in Col. (d).
This is taken from the frequency curve (Fig. 6) for the respective flows.
Col. (i) Incremental probability is the difference between successive rows of
flow probabilities.

Col. i =(Col. h); - (Col. h):

Col. (j) Incremental damage is the product of the average incremental damage
{Col. g) times the incremental probability (Col. 1).

Col. (j) = Col. (g) x Col. (i).

The total incremental backwater damage caused by the bridge and embankment is the
summation of incremental damages found in Col. (j).
n
Backwater damage = 2, Col. (3,
i=1

Col. (g)1 - 2

Method for Finding the Most Economical Embankment Height

The procedure for finding the most economical embankment height for a given
bridge length is to choose the embankment heights to be compared, evaluate the various
embankment costs for these heights (see Table 6), and plot embankment height vs cost
(see Fig. 12). The most economical embankment will be the minimum point on the
summation curve. If the most economical embankment height is not included in those
for which costs have been developed it may be necessary to compute the costs of other
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embankment heights. Finally, the costs of the most economical embankment height
are evaluated as a check, by using the normal calculation methods for finding embank-
ment costs. To illustrate, for the 1,100-ft bridge in Example 1, embankment costs
for an elevation of 892.2 can be computed to be $12,860, which checks Figure 12.

Costs Affecting the Most Economical Combination of Bridge Length and Embankment
Height

There are two bridge costs that will be common to all economy studies: (a) annual
capital recovery cost of bridge and (b) annual bridge maintenance cost. Methods for
evaluating these have already been outlined.

Total costs for a given alternative bridge length are the sums of embankment costs
plus bridge costs. Because the total length of bridge plus embankment roadway for the
compared alternatives must be the same, a length of roadway must be added to the
shorter alternatives to make the compared project lengths equal. The capital recovery
cost of extra pavement 1s added to the other bridge costs. Often the added pavement
cost is small and may be 1gnored.

Selection of the Most Economical Alternative

The lower portion to Table 6 summarizes total and annual costs for the most eco-
nomical combination of bridge and embankment. In it the annual costs of the least
costly embankment for each bridge length 1s combined with the annual costs associated
with the bridge (and added pavement length). The combination with the least total
annual cost is most desirable from an economy point of view.

ANALYSIS

Findings of this study favor the 800-ft bridge in Example 1 and the 150-ft bridge in
Example 2. As stated earlier, there well may be "irreducibles' that cannot be put in
money terms. The final choice of bridge length will be made by weighing both the
"dollar considerations’ outlined here along with other important factors.

The graphs for embankment costs (Figs. 12 and 19) show that costs 1ncrease quite
slowly with small departures from the economical embankment height. This indicates,
for these examples at least, that embankments a foot or so higher or lower than the
"most economical'’ represent acceptable alternatives. Table 11 summarizes the effects
of embankment height on the individual cost items that make up total embankment
costs. Such a table may prove useful 1n selecting embankment height for the final
design.

Bradge length, the other principal variable in the analysis, makes a significant
difference in total annual cost. This is indicated clearly by Table 12. Results of
both examples favor short rather than long bridges. It would seem that in spite of
the many uncertainties in the data on which the analysis is based, such a study warrants
the time and effort it requires, particularly if it questions present practices.

In the two examples, the effects of channel scour resulting from high velocities
were not considered in the calculation of bridge backwater nor in the economy study.
This might be an important design or cost factor in some i1nstances. For example,
velocities under a short bridge with high approach embankments might be so great as
to require expensive channel and slope protection. The overtopping of low approach
fills reduces the velocities under the bridge and therefore reduces scour. Even so,
where velocities are high enough to threaten stream bed or embankment erosion, the
analysis must be modified to recognmze design changes and cost factors. Bradley (1)
has a discussion on the effects of scour and how to allow for it 1n backwater computa-
tions.

The authors have concentrated on developing an economy-study procedure. They
recognize that this procedure involves a considerable amount of routine computation.
However, with electronic computers readily available to carry out such manipulations,
computation time becomes of little importance.
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CONCLUSIONS

An economy study, basically the same as the one 1n this paper, could be used to
good advantage in the design of many bridge and approach embankment combinations.
The writers acknowledge that some of the methods proposed here for evaluating costs
are at best approximate. Often they were assumed without supporting data. It i1s to be
presumed that other more direct and accurate ways of obtaining them are available to
engineers 1n the various highway agencies; 1f so, these better methods should be used.
However, the principles for the economy study remain the same.

A literature search indicates that research 1s needed at least 1n three areas before
reliable cost data will be available for studies such as these-

1. A sound basis on which to evaluate flood damages so that reliable stage-damage
curves can be constructed. Joint efforts with other agencies concerned with this
problem should be fruitful.

2. More knowledge of the behavior of embankments when they serve as spillways
so that reliable estimates of first cost and damage can be made.

3. Better measures for determining the market and extra market costs that ac-
company rerouting of or delays to traffic. Considerable work 1s currently under way
1n this field and results should be forthcoming 1n the near future.

It 1s to be observed that the importance of 1items 1 and 3 1s minimized on low-volume
highways in rural areas. Thus, an analysis such as proposed here, supported by the
underlying hydrologic and hydraulic studies, seems particularly appropriate for major
bridges on rural farm to market and other secondary roads.

All things considered, efforts towards collecting the supporting data and in making
economy studies such as proposed 1n this paper should lead to better grounds for deci-
sion making by highway engineers.
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Discussion

GENE E. WILLEKE, Hydraulic Research Engineer, Division of Hydraulic Research,
Bureau of Public Roads. -1t is refreshing to have a laghway problem in which hydrology
1S less uncertain than some of the other factors.

One point that stands out very clearly 1s the insensitivaity of change in backwater to
a change 1n bridge length. A considerable change in bridge length has a small effect
on the amount of backwater. The experimental errors inherent in the development of
the procedure for computation of backwater would lead one to question a bridge length
determination based on such a procedure. This 1s especially true in the case of the
examples given in this paper 1n which all costs other than capital recovery and routine
maintenance for the long bridge amount to less than 11 percent of the total cost. The
same figure for the short bridge 1s less than 27 percent.

Although all the figures are quite fictitious, the evidence presented would certainly
indicate that backwater computations are a poor criterion for bridge length deter mina-
tion and that a search for better criteria 1s in order.






