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COMPUTATION OF BACKWATER AND DISCHARGE 
AT WIDTH CONSTRICTIONS OF 

HEAVILY VEGETATED FLOOD PLAINS 

By Verne R. Schneider, James W. Board, B. E. Colson, 
Fred N. Lee, and Leroy Druffel 

ABSTRACT 

The U. S. Geological Survey, cooperated with the Federal Highway 
Administration and the State Highway Departments of Mississippi, Alabama, 
and Louisiana, to develop a proposed method for computing backwater 
and discharge at width constrictions of heavily vegetated flood plains. 
Data were collected at 20 single opening sites for 31 floods. Flood-plain 
width varied from 4 to 14 times the bridge opening width. The recurrence 
intervals of peak discharge ranged from a 2-year flood to greater than 
a 100-year flood, with a median interval of 6 years. Measured backwater 
ranged from 0.39 to 3.16 feet (0.12 to 0.96 meters) . Backwater computed 
by the present standard Geological Survey method averaged 29 percent 
less than the measured, and that computed by the currently used Federal 
Highway Administration method averaged 47 percent less than the measured. 
Discharge computed by the Survey method averaged 21 percent more than 
the measured. Analysis of data showed that the flood-plain widths and 
the Manning's roughness coefficient are larger than those used to develop 
the standard methods in current use and the accurate computation of backwater 
and discharge depends on improving the method of computing the energy 
loss. 

With the proposed method for computing backwater and discharge, 
the contracted and natural water-surface profiles are computed using standard 
step-backwater procedures. The difference between the profiles is defined 
as backwater. The energy loss terms in the step-backwater procedure 
are computed as the geometric mean of the energy slopes and the representative 
flow distance between the ends of the reach. An estimate of the average 
flow path was derived from potential flow theory for the approach reach 
while an empirical method based on the straight-line distance between 
the bridge and a valley cross section one-bridge-opening width downstream 
was developed for the flow expansion reach. The mean error using the 
proposed method for computing backwater was 1 percent. The mean error 
using the proposed method for computing discharge was 3 percent. 

INTRODUCTION 

Backwater, caused by the contraction of flow through a width constriction, 
is the increase in the water-surface elevation above the natural condition. 
Some width constrictions occur naturally but the most severe, such as 
highway encroachments, are man-made. Backwater is involved in designing 
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a bridge including the size of its opening, elevation of the low bridge 
chord, and size of the inundated flood-plain area. 

The change in water-surface elevation induced by flow through existing 
structures is used to compute the peak discharge of floods. The maximum 
water-surface elevations upstream and downstream of a constriction after 
a flood event are determined from high-water marks. The peak discharge 
is computed from the constriction and flood-plain geometry, flood-plain 
roughness, and the difference in water-surface elevations upstream and 
downstream of the constriction. 

The U. S. Geological Survey developed methods to compute backwater 
and discharge based on model studies and verified them with field data. 
The backwater computation method was reported by Tracy and Carter 
(1955) , and the procedure for applying the method by Cragwall (1958) . 
The method for computing peak discharge at width constrictions was developed 
by Kindsvater, Carter and Tracy (1953) and Kindsvater and Carter (1955) . 
The procedure is discussed by Matthai (1967) . 

The FHWA (Federal Highway Administration) developed a method of 
computing backwater based on model studies and Survey field data. This 
method was developed by Liu, Bradley and Plate (1957) . The computational 
procedure is described by Bradley (1960, 1970) . 

Backwater and discharge can be computed with acceptable accuracy 
with the Survey and FHWA methods for the range of conditions for which 
they were developed. However, field data reported by B. Neely (written 
commun. , 1966) showed that backwater computed by either method averaged 
approximately 50 percent less than the measured backwater; the discharge 
computed by the Survey method with these field data averaged 50 percent 
more than the measured discharge. Neely's field data were collected at 
bridge sites on wide, heavily vegetated flood plains with widths varying 
from 3.5 to 11 times the bridge opening width. Manning's roughness coefficient 
varied from 0.030 to more than 0.25. The Survey and FHWA methods were 
developed for flood plains whose widths ranged from 0 to 5 times the bridge 
opening width and Manning's roughness coefficient up to 0.050; therefore, 
these methods were not intended for the conditions reported by Neely. 

Attempts have been made to develop methods for computing backwater 
and discharge at width constrictions of heavily vegetated flood plains. 
Bradley (1970) increased the backwater coefficient for highly-constricted 
channels based on studies using the field data repprted by B. Neely (written 
commun. , 1966).Laursen (1970) suggested that the flow moving laterally 
toward the bridge accumulates upstream of the bridge and the accumulating 
flow (accretion rate) causes backwater. Furthermore, heavy vegetation 
downstream of the bridge causes downstream backwater because of the 
flow moving back (abstraction rate) onto the flood plain. Laursen combined 
the accretion and abstraction rates with the flow equations to develop a 
method to predict backwater. Unfortunately, there is no known method 
for determining the accretion and abstraction rates from measurable flood-
plain variables. 
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Franques and Yannitell (1974) developed a two-dimensional finite 
element flow model. The model was applied to one flood on a wide, heavily 
vegetated flood plain. Although the method is promising, additional work 
is needed to develop the model to compute backwater for general field applica-
tions. 

In 1969 the Survey, in cooperation with the FHWA and the Mississippi, 
Alabama, and Louisiana State Highway Departments, began a 5-year study 
to collect backwater and discharge data at bridges in wide, heavily vegetated 
flood plains. The purpose of the study was to develop a method for computing 
backwater and discharge at width constrictions of heavily vegetated flood 
plains. Data were collected at 20 single opening bridges. Thirty-one 
floods were observed where 11 sites had one flood each, 8 sites had two 
floods each, and 1 site had three floods. Backwater and discharge were 
computed by the Survey and FHWA methods and were compared with the 
measured data. The variables affecting the computations were studied 
to determine the reason for the differences between the computed and measured 
values. Methods to improve the accuracy of computing backwater and 
discharge were developed. 

METHODS OF COMPUTING DISCHARGE AND BACKWATER 

U. S. Geological Survey Method 

Discharge.--Kindsvater and Carter (1955) conducted the analytical and 
experimental work leading to the development of the Survey method of computing 
discharge through width constrictions. The discharge relationship is derived 
from the energy and continuity balance between an approach section and the 
most contracted section designated sections 1 and 3, respectively, on figure 1, 

V12 
Q = CA 3 12g (Ah + a1 --,,-- - h (1)Lg f(1 - 3) ) 

where Q is the total discharge, in ft
3/s; C is the discharge coef.ficient, A is 

the flow area below the measured water-surface elevation, in ft`; Oh is the dif-
ference in water-surface elevation between sections 1 and 3, in ft; V is the mean 
velocity at a cross section, in ft/s; a is the energy coefficient at a cross section; 
and h r is the energy loss due to friction, in ft. A numerical subscript denotes 
the cross-section number and a compound subscript (for example (1 - 3) )denotes 
the reach between two cross sections. 

Laboratory investigations were conducted to define the discharge coefficients 
for four typical abutment geometries. The procedures for selecting the discharge
coefficients are discussed by Matthai (1967) . 

The energy loss due to friction is the product of the geometric mean of the 
energy slopes at the end cross sections of the reach and the distance between 
the sections. For example, where spur dikes are included on the bridge, the 
energy loss due to friction is 
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Figure 1.--Definition sketch of the variables used in computing backwater 
and discharge by the Survey method. 
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+ (2)
111(1 - 3) K K + -----2—1 q KdK3 K 

3 

where Lw is the distance from the approach section to the upstream side of the 
constriction or the toe of the spur dikes where they are present, in ft; K is the 
conveyaice at a cross section, in ft3/s; K is that portion of the approach conveyance, 
K i , in ft/s, corresponding to the bridge qvidth, b, in ft; Ld is the length 
or- the spur dikes, in ft; Kd is the conveyance of the cross section at the toe of 
the spur dikes, in ft3/s; and L is the length of the bridge abutment in the di-
rection of flow, in ft. 

Backwater.--Tracy and Carter (1955) defined backwater, h i *, as one com-
ponent of the fall, Ah, between sections 1 and 3 as illustrated in ifigure 1. The 
fall, Ah was resolved into three components, 

Ah = h1* + h3* + h (3)f (1 - 3)n 

where h* is the increase in the water-surface elevation at section 1 above the 
natural dondition caused by the contraction of the flow through the width con-
striction, in ft; h.3* is the backwater at section 3, in ft; and n is a subscript 
denoting flow under natural conditions. 

When equation 3 was divided by Ah, 

h l* h * h1 3 f (1 - 3)n (4)Ey-- - i Ah - Ah 

h * The ratio, l , was defined as the backwater ratio, C Equation 1 was solvedbAh 
for Ah and V = Q/A was substituted from continuity,3 3 

V3
2 

v2 \ 
h C + h - a (5)l f (1 - 3) l

*- b 2gC2 g 
/ 

The backwater ratio is a function of the channel-constriction ratio, Manning's 
n value, and the constriction geometry. Equation 5 was substituted into equation 
4 and h * was solved for3 

2 
Vi 2V

3h * = (1 - C (6)3 ----2— + hf (1 - 3) - al 'i---g - h (1f - 3)n.2gC 

The procedures for computing backwater by the Survey method are contained 
in Cragwall (1958) . 
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Federal Highway Administration Method 

Backwater..--The FHWA method of computing backwater was developed by 
Lui, Bradley and Plate (1957) . The energy relationship between the approach 
section 1 assumed to be located at the point of maximum backwater and section 
4, the point downstream from the bridge where the natural stage is re-
established, is 

2 2
V V

1 4 h 
So _ 4 + + + —L (1 - 4) (7)v4 + a4 

where hr is the total energy loss, in ft; y is the depth of flow at a cross section, 
in ft; and So is the channel slope. 

In the unconstricted channel, the energy loss due to friction is balanced by 
the channel fall, S L . The total energy loss in the constricted channel,

o 1 - 4h is assumed to De the sum of the friction loss for the unconstricted 
chAn-eit) (,1 - 4) and an excess loss due to the constriction, hh . The excess 
loss is definea as the product of an energy loss coefficient, K* ater called 
the total backwater coefficient) and a known velocity head 

2V 
hb = K*a2 

2n (8) 

where V,)nis the mean velocity at section 2 under natural conditions. The numerical 
subscriptt refers to the section number and n refers to natural conditions. Backwater 
was defined as h1* = y 1 - y4, equation 8 was substituted into equation 7 and 
the continuity equation applied 

2 2 2V V 
h * = K*a2 

2n +a1 A2n) _ (A.2 2n (9)
1 2g4n Aln( 

The specific location of section 4 is not defined. The approach section location, 
L*, is an empirical function of the flow depth under the bridge, the width of the 
constriction, and the eccentricity. The total backwater coefficient, K*, is the 
sum of the backwater coefficient for the base abutment shape and incremental 
backwater coefficients for skew, piers, and eccentricity. 

Values of h3* are computed by the relationship, 

h3* = h * 11 (10)b (ID 

where h* is the backwater computed from equation 9 for a normal crossing,
without piers, eccentricity, or skew, and Db is the differential level ratio. 
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Lui, Bradley and Plate (1957) conducted extensive laboratory experiments 
to define the coefficients, K* and D, and the distance to maximum backwater, 
L*. The procedure for applying th FHWA method is described by Bradley 
(1970) . 

DATA COLLECTION 

Field data were collected using the procedure outlined by Benson and 
Dalrymple (1967) and Matthai (1967) . Data include peak discharge, valley 
cross sections, water-surface elevations, bridge geometry, and Manning's 
roughness coefficient, n. High-water-mark elevations, valley cross-section 
ground elevations, embankment water-surface elevations, highway profile, and 
bridge geometry were surveyed using reciprocal leveling techniques. High-
water-mark elevations were measured accurate to 0.01 ft (3 mm) and ground-
surface elevations and highway profile to 0.1 ft (30 mm) . The location of each 
station and flood date are contained in table 1 and a summary of floods in 
table 2. 

The total data set as reduced and assembled generally includes the following: 

1. Summary 
A. Location of site 
B. Description of site 
C. Description of flood 
D. Description of discharge measurement 
E. Field survey 
F. Computations 
G. Results of computations 
H. Datum 

2. Topographic map 
3. Aerial photographs 
4. Highway plans 
5. Flood-frequency curve 
6. Stage-discharge relation 
7. Discharge measurement notes 
8. Velocity distribution and measuring section diagram 
9. Plan of roadway crossing and location of high-water marks 

10. Bridge geometry 
11. List of high-water marks 
12. Water-surface profile along highway embankments 
13. Valley cross sections 
14. Flood profiles 
15. Field notes 
16. Computer printouts 
17. Stereo slides documenting flood-plain roughness 

Peak Discharge Measurement 

Peak discharge was measured by current meter at the flood peak or obtained 
from stage-discharge relations. The stage-discharge relations were extrapolated 
several feet at some sites. Available data on the volume of run-off and the duration 
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Flood 
number 

1 

2 

5 

6 

7 
8 

9 
10 

11 

Station number 

02362740 

02362780 

02362780 
02363260 

02363330 

02367400 

02367400 
02367490 

02367490 
02472546 

02472550 

Table 1.--Station location and flood date 

Station name and location 

Pea Creek near Louisville, Ala. 
Lat 31°49' 08" , long 85°34'08" , in NWA sec . 
29, T. 10 N., R. 25 E., Barbour County, 
at bridge on county road 27, 2.9 mi north 
of Louisville, Ala. 

Buckhorn Creek near Shiloh, Ala. 
Lat 31°46'38", long 85°43'07", in NWT sec. 
11, T. 9 N., R. 23 E., Pike County, at 
bridge on State Highway 130, 1.8 mi east 
of Shiloh, Ala. 

Buckhorn Creek near Shiloh, Ala. 
Whitewater Creek near Tarentum, Ala. 

Lat 31°38'11", long 85°55'22", in SW/ 
sec. 26, T. 8 N., R. 21 E., Pike County, 
at bridge on county road, 2.7 mi west 
of Tarentum, Ala. 

Big Creek near Spring Hill, Ala. 
Lat 31°40'41", long 85°59'39", in SE4 
sec. 12, T. 8 N., R. 20 E., Pike County, 
at bridge on county road 6, 2.1 mi west 
of Spring Hill, Ala. 

Yellow River near Sanford, Ala. 
Lat 31°19'02", long 86°21'21", in NWe 
sec. 16, T. 4 N., R. 17 E., Covington 
County, at bridge on county road 42, 
2.5 mi northeast of Sanford, Ala. 

Yellow River near Sanford, Ala. 
Poley Creek near Sanford, Ala. 

Lat 31°19'34", long 86°18'01", in SE 
sec. 12, T. 4 N., R. 17 E., Covington 
County, at bridge on county road, 5.6 
mi east of Sanford, Ala. 

Poley Creek near Sanford, Ala. 
Okatoma Creek near Magee, Miss. 

Lat 31°53'03", long 89 41'57", in 
NEi sec. 32, T. 1 N., R. 17 W., 
Choctaw meridian, on county highway, 
2.0 mi east of Mississippi Highway 541 
in Magee, and 1.5 mi upstream of 
Mississippi Highway 28, Simpson County 

Okatoma Creek near MaQee, Miss. 
Lat 31o51'52", long 89 41'25", in sec. 3, 
T. 10 N., R. 17 W., St. Stephens meridian, 
on Mississippi Highway 28, 1.4 mi east of 
old U.S. Highway 49 in Magee, Simpson 
County. 

Date of 
flood peak 

12-21-72 

03-02-72 

12-21-72 
03-02-72 

12-06-72 

12-21-72 

03-12-73 
12-21-72 

03-12-73 
04-12-74 

04-12-74 
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Table 1.--Continued 

Flood Station number Station name and location Date of 
number flood peak 

12 02473460 Tallahala Creek at Waldrup, Miss. 04-14-69 
Lat 31°57'30", long 89°06'50", in SW/ 
sec. 31, T. 2 N., R. 12 E., Choctaw 
meridian, on Mississippi Highway 528, 
0.8 mi east of Waldrup, Jasper County. 

13 02473460 Tallahala Creek at Waldrup, Miss. 04-13-74 
14 02474776 Thompsoi Creek near Clara, Miss. 03-03-71 

Lat 31 33'26", long 88°51'33", on 
sec. line between secs. 23 and 24, 
T. 7 N., R. 9 W., St. Stephens meridian, 
at U.S. Forest Service Highway, 2 mi 
downstream from mouth of Little Thompson 
Creek and 9.5 mi west of Clara, Wayne 
County. 

15 02484300 Yockanoskany River neat Thomastown, Miss. 04-12-69 
Lat 32 51'10", long 89 39'04", in NE/ 
sec. 35, T. 12 N., R. 6 E., Choctaw 
meridian, on Mississippi Highway 429, 0.8 
mi east of Natchez Trace Parkway and 
1.3 mi southeast of Thomastown,Leake County. 

16 02484300 Yockanookany River near Thomastown, Miss. 01-02-70 
17 02490357 Bogue Chitto at Johnston Station, Miss. 12-07-71 

Lat 31°20'09", long 90°26'07" in SE4 sec. 6, 
T. 4 N., R. 8 E., Washington meridian, 
on county highway, 4.2 mi northeast of 
Summit, 3.7 mi upstream from Mississippi 
Highway 570, and 1 mi southeast of Johnston 
Station, Pike County. 

18 02490357 Bogue Chitto at Johnston Station, Miss. 03-25-73 
19 02490357 Bogue Chitto at Johnston Station, Miss. 04-13-74 
20 02490360 Bogue Chitto near Summit, Miss. 12-07-71 

Lat 31°17'50", long 90°23'41", in SWI sec. 
22, T. 4 N., R. 8 E., Washington meridian, 
on Mississippi Highway 570, 4.8 mi east of 
U.S. Highway 51 in Summit, Pike County. 

21 02490360 Bogue Chitto near Summit, Miss. 04-13-74 
22 07275700 Coldwater River near Red Banks, Miss. 

Lat 34°53'35", long 89o
33'30", on section 

12-30-69 

line between sec. 19, T. 2 S., R. 3 W., 
and sec. 24, T. 2 S., R. 4 W., Chickasaw 
meridian, on county highway 4.7 mi north of 
U.S. Highway 78 at Red Banks, Marshall 
County. 

23 07275700 Coldwater River near Red Banks, Miss. 02-22-71 
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Flood 
number 

24 

25 

26 

27 

28 
29 

30 
31 

Station number 

07364735 

07366353 

07373210 

07373800 

07373800 
07376692 

07376692 
08014200 

Table 1. --Continued 

Station name and location 

Little Bayou deLoutre near Truxno, La.c 
Lat 32 56'54", long 92 25'36", in SWI 
sec. 25, T. 23 N., R. 1 W., Louisiana 
meridian, at bridge on parish road 1.3 
mi west of Truxno, La., Union Parish. 

Cypress Creek near Downsville, La. 
Lat 32°39'22", long 92°26'35", in SWi 
sec. 2, T. 19 N., R. 1 W., Louisiana meridian, 
at bridge on State Highway 151, 2.7 mi NW 
of Downsville, La., Union Parish. 

Flagon Bayou near Libuv, La. 
Lat 31°23'00", long 92 17'48", in NE 
Si lot 38, T. 5 N., R. 2 E., at bridge 
on State Highway 116, at Esler Field 
Airport, 8.8 mi N.E. of Pineville, La., 
Grant Parish. 

Alexandsr Creek near S. Francisville, La. 
Lat 30 47'36", long 91 22'03", between 
lots 51 and 52, T. 3 S., R. 3 W. at bridge 
on State Highway 10, 1.7 mi N.E. of St. 
Francisville, La., West Feliciana Parish. 

Alexander Creek near St. Francisville, La. 
West Fork Amite River rear Busy Corner, Miss. 

Lat 31°14'23", long 90 49'24", in NEI 
sec. 7, T. 3 N., R. 4 E., Washington 
meridian, on Mississippi Highway 567, 6.5 mi 
north of Liberty, Amite County. 

West Fork Amite River near Busy Corner, Miss. 
Tenmile Creek near ElizOeth, La. 

Lat 30°50'11", long 92'52'26", in NWiSWI 
sec. 34, T. 2 S., R. 5 W., at bridge on State 
Highway 112, 5.3 mi SW of Elizabeth, La., 
Allen Parish. 

Date of 
flood peak 

04-22-74 

02-21-74 

12-07-71 

09-16-71 

12-07-71 
12-06-71 

03-25-73 
12-07-71 
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Table 2.--Summary of floods 

Flood Drainage Flood Peak Recurrence Length of Average Average Channel slope Dike Manning's 
number area discharge interval reach flood plain flood plain (feet per mile) Type roughness 

(square miles) (cubic feet (years) (feet) width (feet) flow depth coefficient 
per second) (feet) 

1 58.0 1,780 2 7,000 1,200 2.7 6.9 0.14 
2 42_2 2,250 6 7,400 1,000 4.1 5.8 0.13 
3 42.2 4,150 28 7,400 1,070 5.3 5.8 0.15 
4 105 5,600 6 10,250 1,870 4.3 5.3 Elliptical 0.13 
5 26.7 1,550 3 2,600 840 2.8 8.4 0.13 -0.20 
6 28.2 2,000 2 5,700 920 3.6 7.4 0.14 
7 28.2 6,600 30 5,700 1,140 5.9 7.8 -- 0.13 
8 28.3 1,900 2 4,400 1,000 2.9 8.4 0.11 
9 28.3 4,600 11 4,400 1,090 5.0 8.4 0.13 

10 24 12,100 >100 10,500 1,500 6.9 7.5 0.04 -0.18 

,--. 11 
12 

38 
105 

16,100 
12,500 

>100 
32 

10,000 
24,000 

1,700 
3,000 

7.8 
5.5 

5.0 
4.4 Straight 

0.04 -0.18 
0.06 -0.25 

13 105 17,500 >100 24,000 3,000 6.0 4.4 Straight 0.06 -0.25 
14 87.7 3,800 2 3,500 3,500 2.5 2.6 Straight 0.20 
15 410 10,200 4 37,000 4,600 4.3 2.5 Elliptical 0.06 -0.14 
16 410 8,100 2 37,000 4,600 4.3 2.5 Elliptical 0.06 -0.14 
17 208 25,000 18 21,000 5,000 4.7 5.5 -- 0.065 -0.25 
18 208 31,500 42 21,000 5,000 5.5 5.5 0.065 -0.25 
19 208 31,000 40 21,000 5,000 5.5 5.5 0.065 -0.25 
20 255 25,600 15 18,000 3,500 7.0 8.0 Elliptical 0.06 -0.15 
21 255 29,500 25 18,000 3,500 7.7 8.0 Elliptical 0.06 -0.15 
22 104 3,500 2 33,000 2,300 2.0 6.3 0.11 
23 104 4,900 3 33,000 2,300 2.0 6.3 0.11 
24 45.2 4,200 35 5,300 1,600 3.0 5.0 0.09 -0.20 
25 15.3 1,500 4 4,500 800 2.5 8.0 0.10 -0.21 
26 73 4,740 5 15,000 1,700 3.0 6.0 -- 0.06 -0.17 
27 23.9 5,500 2.5 6,000 800 3.0 10.0 -- 0.05 -0.20 
28 23.9 9,500 5 6,000 800 4.0 10.0 0.04 -0.18 
29 65 14,200 > 100 16,000 2,400 6.8 5.5 Elliptical 0.06 -0.15 
30 65 17,000 > 100 16,000 2,400 7.0 5.5 Elliptical 0.06 -0.15 
31 94.2 6,400 6 13,000 2,500 3.0 4.0 0.08 -0.20 



of the peak indicated that steady flow existed throughout the reach during the 
peak at most sites. When necessary, flow over the highway embankment was 
computed using the procedure described by Hulsing (1967) . In these cases the 
amount of flow over the highway embankment was small compared to the total 
discharge. 

Valley Cross Sections 

In general, eight valley cross sections were selected for a distance of 
approximately four valley widths upstream and downstream of the highway 
embankment. In addition, an approach cross section was surveyed approxi-
mately one -bridge-opening width upstream from the constriction. Additional 
cross sections were selected as required to define road fills, pipeline crossings 
and other features affecting the flood profile. 

Locations for the valley cross sections were selected by inspection of quad-
rangle maps. The cross sections were drawn on the map at approximately valley-
width intervals and were alined perpendicular to the assumed direction of flow. 
Identifiable landmarks were used to locate the cross sections in the field, where 
they were oriented to the correct azimuth by compass. In most cases, high-
water marks were selected along the cross sections. The survey datum was 
established at the bridge. A base line was surveyed from the highway to establish 
horizontal and vertical control for the cross sections. 

The technique for selecting cross sections was improved for several sites in 
the latter part of the project. A base line was surveyed along each edge of the 
flood plain, and high-water marks were selected along these lines. A plan 
view of the reach was drawn showing the base lines, the location and elevation 
of the high-water marks, and other features affecting the flood profile. The 
cross sections were located on the plan view at approximately valley width inter-
vals and were alined to intersect the base lines at equal water-surface elevations. 
Cross sections selected in this manner are assumed to be perpendicular to the 
flow direction. The cross sections were located in the field using the base lines 
and were alined to the correct azimuth by compass. 

Selecting the location of cross sections based on available high-water in-
formation improved the quality of the data. The need to correct for transverse 
sloping water-surface profiles because of cross section misalinement was 
eliminated. An adequate number of high-water marks was obtained to provide 
detailed definition of the flood profile. Undefined valley expansions and contrac-
tions and other features affecting the profile which postdated the available 
quadrangle maps and aerial photography were identified including the location 
of abandoned roads, railroads, pipelines, power lines, and flood-plain devel-
opment such as timber harvesting, land clearing and oil drilling. In all cases, 
the resulting data were easier to interpret. 

Water-Surface Elevation 

Water-surface elevations were determined by high-water marks recovered 
along the cross sections and base lines. They were marked along the upstream 
and downstream sides of the embankment during the peak discharge measurement. 
Additional high-water marks were selected at random locations upstream and 
downstream of the bridge to describe the lines of constant water-surface ele-
vation in the approach and flow-expansion reaches. 
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Bridge Geometry 

Bridge geometry data, collected according to the procedures discussed by 
Matthai (1967) , included abutment slope, bridge cross section, and pier and 
spur dike geometry and location. 

Manning's Roughness Coefficient 

An attempt was made to field-select Manning's roughness coefficient, n. 
Selection is usually based on experience obtained by computing water-surface 
profiles in channels where peak discharge and water-surface elevations are known 
(n-verification studies) and by studying stereo slides that document features 
affecting the magnitude of n. Although n was selected by experienced personnel 
and, at most sites, by the same individual for consistency, neither published 
n-verification studies nor stereo slides were available for comparative purposes. 
Therefore, the field-selected n's were verified using the measured discharge 
and the recovered water-surface profile downstream of the bridge. Cross sections 
were subdivided for major changes in geometry and roughness which persisted 
throughout the reach and n selected for each subdivision. For example, when 
the reach included an open-field which extended approximately one-half the 
distance upstream and downstream to the next cross sections, the reach was 
subdivided and n selected for the open-field condition. Composite n-values 
were selected where frequent roughness changes occurred that did not affect the 
entire reach. 

ANALYSIS OF DATA 

Backwater is the difference between the measured contracted and the natural 
water-surface elevation. The natural (unconstricted) profile is computed using 
standard-step-backwater techniques (Chow, 1959) . The backwater was measured 
at the location recommended by Survey and FHWA methods. Backwater was 
computed using the Survey and FHWA methods and discharge was computed 
using the Survey method. The measured and computed backwater and discharge 
were compared. 

The total energy losses were computed from the field data and by the 
Survey method for each site and compared to determine the accuracy of 
the computation method; that is, the product of the geometric mean friction 
slope and the straight line distance between sections. 

Computing the Natural Profile 

The natural water-surface profile was computed by step-backwater 
methods. Since a natural profile had not been measured prior to construction 
of the bridge, considerable judgment was exercised in determining the 
most likely natural profile. Although the flow was not uniform in the strictest 
sense, for practical purposes, the properties of uniform steady flow can 
be applied to the overall reach. 

13 



In the step-backwater procedure, measured peak discharge, cross-section 
geometry, and n-values were used to compute the water-surface profile. The 
water-surface elevation at the initial section (the most downstream section) was 
used as the starting elevation. The field selected n-values were adjusted until 
the computed profile matched the measured natural water-surface profile down-
stream and at points three or more valley widths upstream of the bridge, within 
a reasonable tolerance. The tolerance allowed depended primarily on the variability 
of the high-water-mark elevations. The computed profile was examined to insure 
that it properly reflected the known physical features of the flood plain and that 
it adequately considered all of the uniform flow characteristics. All cross sections 
whose geometry might have been affected by the bridge construction, such as 
sections along the rights-of-way and bridge sections, were omitted from the 
computation. 

The following characteristics were considered when computing the natural 
profile: 

1 The natural water-surface profile should, in general, be parallel to the 
mean flood-plain profile. In most instances, because the main channel 
area was small, the mean flood-plain elevation was computed by sub-
tracting the hydraulic depth (cross-section area divided by top width) 
from the water-surface elevation. Otherwise, judgment was used in 
determining a representative flood-plain elevation. 

2 The water-surface profile responds in predictable ways to natural con-
strictions and expansions, changes in roughness, and other flood-plain 
land use. 

3. The n-values should be consistent within and among the sites. 

4. In most cases, the recovered profile downstream of the bridge was the 
natural profile, therefore, n-values that were representative of the site 
could be computed. 

5. Backwater effects observed in the field usually extended no more than two 
to three valley widths upstream of the bridge so the water-surface eleva-
tion beyond that point was assumed to be at the natural elevation. 

Measurement of h1* 

In the Survey method, backwater, h i * is defined as the difference between 
the contracted water-surface elevation and the computed natural profile at the 
approach section, one-bridge-opening width upstream. Measured hi * was 
obtained by subtracting the computed natural water-surface elevation from the 
measured contracted elevation at the approach section. The field data showed 
that the measured water-surface elevation in the approach reach along the edge-
of-water was nearly constant, that is ponded conditions existed at these sites. 
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In the FHWA method, maximum backwater is located a distance, L*, upstream 
of the constriction on the centerline of the bridge opening. This distance is an 
empirical function of the mean depth of flow under the bridge (at section 3) 

below normal stage, 
A 2n , the total fall through the bridge (h - h ) , and the1 3 

eccentricity. The conk-acted water-surface elevation was not measured at L* 
in the field . However, the FHWA method assumes that for distances along the 
upstream side of the embankment greater than L*, the contracted water-surface 
elevation is equal to that at L*. Therefore, h1* was measured as the difference 
between the water-surface elevation along the upstream side of the embankment 
a distance L* from the bridge centerline and the computed natural water-surface 
elevation at the distance, L*, upstream of the constriction. Tables 3 and 4 con-
tain the values of h1

* for each site. 

Measurements of h * 
3 

The difference between the contracted water-surface elevation and the computed 
natural profile at section 3 is defined as h3*. The measurement of hl* is com-
plicated by the flow expansion process downstream of the bridge whrch is different 
from that observed by Kindsvater and Carter (1955) and Lui, Bradley, and 
Plate (1957) . In those studies, the flow separated from the abutment and formed 
a large eddy on the downstream side of the constriction; the flow reattached at 
the edge of the flood plain downstream. The water-surface elevation of the stream 
at the vena contracta was approximately equal to the elevation along the embank-
ment and was always below the natural water-surface elevation. Therefore, 
the water-surface elevation along the downstream side of the embankment was 
used as reference elevation for computing backwater and discharge by the Survey 
and FHWA methods . 

In this study, the flow was observed to separate from the abutment but re-
attached on the embankment a short distance away. The large eddy observed 
previously did not occur at these sites. The vena contracta is located near sec-
tion 3. The water flows outward in all directions to the edge of the valley. 
The water-surface elevation along the embankment slopes downward toward the 
flood-plain edge. Field data from the West Fork Amite River, Mississippi High-
way 567 near Busy Corner, Miss. plotted on figure 2 illustrate a typical water-surfac 
profile along the embankment. The contracted water-surface elevation at section 3 
is defined as the average of the water-surface elevations at the point where each 
abutment joins the downstream side of the embankment. This elevation is a 
close approximation of the water-surface elevation at the vena contracta. The 
difference between the contracted water-surface elevation and the computed-
natural water-surface elevation at section 3 is h * This value is positive where3 •
the contracted water-surface elevation is greater than the computed natural water-
surface elevation and negative where the contracted is less than the natural. 
Tables 3 and 4 contain the measured values of h3* for each site. 
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Table 3.--Summary of data for computing backwater and discharge by the 
Survey method 

Flood 
no. 

Type 
opening* 

E 171 i b 
ft 

bt 
ft 

Ah 
ft 

Lw 
ft 

Dike 
Type 

L
d 

ft 
s 

b
d 

ft 

x 
ft 

L 
ft 

A. 
l 
2

ft 

e 0 C 
C 1 

a 
1 

A 
1 
2

ft 

K 
1 

ft / 

1 
2 

3 
3 

1.5 
L4.0,R1.5 

0.54 
0.58 

222 1 
242 1 

225 
246 

1.00 
0.55 

250 
260 

t ---
---

---
---

---
---

10 
L24,R7 

48 
L55,R38 

82 
82 

0.03 
0.16 

0 
0 

0.73 
0.81 

0.65 
0.65 

1.09 
1.05 

3,300 
3,160 

78,600 
88,700 

3 
4 

3 
3 

L4.0,R1.5 
2.0 

0.60 
0.63 

247 
464 I 

255 
469 

0.65 
1.49 

260 
370 

---
Elliptical 

---
210 

---
870 

L14,R6 
7 

L45,R37 
41 

119 
108 

0.12 
0.04 1 

0 
0 

0.81 
0.86 

0.64 
0.78 

1.05 
1.09 

4,790 
9,680 

147,360 
302,980 

5 
6 

4 
3 

2.0 
1.5 

0.53 
0.57 

149 
246 

_ 149 
251 

0.76 
0.89 

170 
240 

---
---

---
---

---
---

44 
39 

0.98 
0.07 

1--- 0 
0 

0.71 
0.73 

0.67 
0.65 

1.15 
1.07 

2,290 
3,520 

57,000 
93,200 

7 3 1.5 0.63 250 ; 260 1.11 240 --- --- --- --1 - -13741 66 0.16 0 0.73 0.65 1.09 6,990 276,400 
8 4 2.0 0.71 200 200 1.00 270 --- --- --- ___ 39 28 0.55 0 0.72 0.66 1.04 3,320 93,500 
9 4 2.0 0.74 200 200 1.67 270 --- --- --- --- 33 44 0.74 0 0.73 0.65 1.03 6,260 213,800 

10 
11 

4 
3 1 

2.0 
4.0 

0.81 
0.78 

1 158 1_158 
178 7- 202 i 

2.45 
2.35 I 

160 
254 

4 ---
---

---
---

---
---

---
36 

28 
64 

34 
54 

0.42 
0.26 

14 
0 7 

0.76 
0.83 

0.68 
0.68 

1.29 
1.57 

9,290 
17,350 i 

1,116,400 
1,717,200 

12 
13 

3 
3 

, 1.5 
1.5 

0.80 
0.80 

486 
493 

490 
497 

1.55 
1.80 

526 
526 

Elliptical 
Elliptical 

60 
60 

493 
496 

5 
5 

32 
30 

209 
239 

0.37 
0.41 

7 
7 

0.75 
0.75 

0.66 
0.66 

1.11 
1.12 

16,980 
19,570 

j 778,760 
'982,800 

14 3 2.0 0.79 240 263 0.96 256 Straight 150 250 4 34 74 0.49 0 0.81 I 0.74 1.08 9,130 179,400 
15 
16 
17 

3 
3 
3 

r 
2.0 
2.0 
2.0 

0.47 
0.57 
0.68 

546 
546 
397 

551 
550 
415 I 

1.46 
1.00 
2.66 

I 
1 

1,089 
689 

1,297 

Elliptical 
Elliptical 

---

150 
150 
---

633 
633 
---

18 
21 

6 

46 
49 
34 

177 
156 
195 

0 
0.54 
0.42 

7 
7 
0 

0.87 
0.89 
0.72 

0.79 
0.78 
0.66 

2.22 
2.90 
2.91 

11,000 
14,270 
32,170 

1 
509,400 
483,700 

1,701,200 
18 3 2.0 0.71 400 417 2.97 1,297 --- --- --- 6 34 200 0.47 0 0.72 0.66 2.57 35,890 2,001,000 
19 3 2.0 0.70 399 417 2.74 1,297 --- --- --- 6 34 210 0.47 0 0.71 0.67 2.64 34,820 1,917,900 
20 
21 
22 

3 
3 
4 

2.0 
2.0 
2.0 

0.52 
0.55 
0.57 

_336 
336 
497 

362 
362 
497 

1.70 
2.10 
1.48 

348 
348 
835 

Elliptical 
Elliptical 

___ 

_150 
150 
___ 

392 
392 
---

12 
12 

---

41 
41 
55 

90 
93 
79 

0.66 
0.55 
0.31 

0 
0 

26 

0.95 
0.93 
0.69 

0.87 
0.86 
0.64 

2.81 
2.66 
1.13 

20,670 
22,890 
5,930 

I 974,000 
1,117,100 

151,300 
23 4 2.0- 0.60 496 496 1.70 835 --- --- --- --- 55 86 0.28 26 0.69 0.64 1.16 7,480 210,500 
24 4 3.3 0.89 112 118 1.13 118 --- --- --- --- 26 SS 0.80 0 0.70 0.66 1.02 9,300 233,000 
25 3 2.5 0.76 108 114 1.19 103 --- --- --- 23 42 22 0.54 0 0.79 0.67 1.06 2,600 51,600 
26 3 2.5 0.71 150 157 0.60 106 --- --- --- 32 74 121 0.40 i 0.81 0.65 1.08 6,170 229,750 
27 3 2.5 0.65 205 208 0.98 265 ___ --- --- 19 47 162 0.50 0 0.75 0.65 1.93 4,260 227,800 
28 3 2.5 0.67 210 216 1.60 270 --- --- --- 15 42 196 0.56 0 0.74 0.67 1.93 5,710 395,700 
29 
30 
31 

3 
3 
3 

2.0 
2.0 
2.5 

0.80 
0.81 
0.69 

_ 266 
266 
518 

280_ 
280 
524 

2.51 
2.70 
1.06 

260 
260 
520 

Elliptical 
Elliptical 

---

110 
110 
---

350 
350 
---

3___ 40 
3 38 

16 40 

66 
74 

187 

0.34 
0.33 
0.72 

0 
0 
0 

0.86 
0.86 
0.75 

0.77 
0.77 
0.64 

1.14 
1.13 
1.08 

17,220 
19,970 
11,810 

660,400 
824,400 
327,300 

*Type 3 - Constriction with sloping embankments and sloping spillthrough abutments 
*Type 4 - Constriction with sloping embankments and vertical abutments and wing walls 
L - Left embankment 
R - Right embankment 
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Table 3.--Continued 

A K h *Flood K 
ln 

A 3n d d 
A 

3 K
3 K Q Q Percent hi* h

1
* 3 

t h 3* 
no. 2 q 3 3ft 3 /s ft3/s ft f13/s ft 2 

ft3
/s ft3 ft /s ft /s difference ft ft ft ft 

/s measured computedmeasured computed measured computed
ft3/s 

1 57,130 922 --- 1,000 27,400 36,200 1,780 2,200 24 0.64 0.40 0.19 +0.02 
2 72,200 1,100 --- 1,220 88,900 37,500 2,250 2,360 5 0.46 0.30 0.23 +0.08 
3 119,200 1,540 --- --- 1,620 147,400 59,000 4,150 4,030 -3 0.68 0.42 0.35 +0.08 

2,500 4,070 137,500 2,360 -0.22 +0.134 232,660 182,000 111,500 5,600 7,850 40 0.69 0.51 
680 --- --- 6705 46,000 -- ------ 50,500 26 800 2,000 29 0.40 0.28 -0.11 +0.071 550

1,000 --- --- 9706 75,700 59,300 39f60 2,000 2,920 46 0.47 0.26 -0.12 +0.04 
7 242,000 1,790 --- 1,740 151,000 103,200 6,600 7,630 16 0.53 0.55 -0.07 -0.06 
8 61,800 620 --- --- 630 33,900 27,400 1,900 I 2,270 19 0.69 0.51 0.21 +0.12 
9 133,200 1,000 --- --- 1,040 62,500 55,000 4,600 5,580 21 1.36 0.88 0.28 +0.09 

10 722 000 1,430 --- 1,320 155 300 -2 1.95 -0.71 -0.36--- . 212 SOO 11 900 1.61, 12 100 
11 839,000 1,780 --- --- 2,010 263,100 376,600 16, 

4 
100 18,500 15 3.08 1.81 1.16 -0.39 

12 550,000 617,000 153,500 12,500 15,400 23 1.27 0.84 0.66 +0.133,780 4,270 301,900 3,950 
13 728,900 4,170 4,470 322,500 4,320 709,100 192,100 20,000 12 1.16 1.20 0.30 +0.1017,900
14 110,400 1,150 1,160 159,800 1,310 194,200 37,200 3,800 4,080 7 1.10 0.70 0.64 0.36 
15 492,300 4,460 4,440 269,900 4,480 569 200 _ , 12,250 1.10 0.56 0.04 +0.10271 300 10,200 _20

4,080 3,940 228,600 4,10016 384,700 515,500 28 0.50 0.37 -0.10 +0.16208,900 8,100
17 1,105,000 4,880 --- --- 4,750 710,200 42 1.60 0.89 -0.21 +0.35543,300 25,000 
18 1,136,000 5,000 --- --- 4,970 750,430 29 1.25 -0.10 +0.60586,200 31,500 2.18 

5,170 --- --- 4,98019 1,329,000 755,600 572,900 31,000 -4 23 1.40 1.26 -0.48 +0.31 
4,320 5,280 742,900 4,450 914,20 730,394 _ 466 200 25,600 30 700 20 1.35 0.72 0.35 +0.19 ,4,560 5,440 777,600 4,56021 840,461 948,800 35,600 21 1.4f---* 0.90 -0.02 +0.14 ___ 503,500 29,500

22 90,000 1,840 
___ 

2,050 163,800 65,600 3,500 4,500 29 0.73 0.58 0.42 +1.04 
23 126,000 2,040 --- 2,240 184,100 0.69 0.40 +1.02 ___ 83,400 4,900 6,240 27 0.88 
24 162,000 890 --- 86,500 4,050 -4 1.22 1 1.03 0.20 +0.01 ___ ___ 4,200397 84300525 32,600 ___ --___ ___ 27 000 ___ 2152,335000 1,790 19 0.85 0.63 0.00 +0.111,500 _ 126 161,000 1,960 2,040 269,250 0.22 0.55 +0.0666,300 6,730 42 1.10 ___ ___ 4,740
27 176,000 1,370 1,400 144,900 0.61 0.1479,000 6,000 9 0.72 +0.02 
28 313,300 1,670 1,610 180,900 129,460 10,100 6 0.86 1.04 -0.30 -0.13

___ ___ 5,500 
9,5002,960 342,600 2,880 520,40029 390,000 3,000 135,000 14,200 20,200 42 1.89 0.95 0.19 +0.32 

3,070 3,170 376,900 3,120 581,70030 485,000 _ 157,600 17,000 23,900 41 2.32 1.12 0.18 +0.26 
2,980 --- -- 2,980 237,00031 257,489 100,000 7,360 +15 0.73 0.56 0.09 +0.116,400 



 
  

	
	
	
	
	
	

	
	

	 	
	 	

	
	
	

	
	
	

Table 4.--Summary of data for computing backwater by the FHWA method 

Flood 
no. 

Abutment 
type 

Pier 
type 

Q 
ft3/s 

M So A l 

ft 2 

A ln 
2ft

A 
2n 

2ft

A 4 
2ft

Ap 
2ft

al e c 
a 2 K* L* 

ft 
L 
ft 

b 
ft 

h 1 * 

ft 
dmeasure 

h1 * 

ft 
computed 

h3 * 

ft 
measured 

h3 * 

ft 
computed 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

S 
S 
S 
S 
w 
S 
S 
W 
w 
w 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
W 
W 
W 
S 
S 
S 
S 
S 
S 
S 

B 
A 
A 
C 
B 
C 
C 
A 
A 

D 
D 
B 

B-15, D-7 
B-15, D-7 

A 
A 
A 
D 
D 
B 
B 
A 
A 
C 
C -,.., 
D 
D 
C 

1,780 
2,250 
4,150 
5,600 
1,550 
2,000 
6,600 
1,900 
4,600 

12,100 
16,100 
12,500 
17,900 
3,800 

10,200 
8,100 

25,000 
31,500 
31,000 
25,600 
29,500 
3,500 
4,900 
4,200 
1,500 
4,740 
5,500 
9,500 

14,200 
17,000 
6,400 

0.46 
0.42 
0.40 
0.37 
0.47 
0.43 
0.37 
0.29 
0.26 
0.19 
0.22 
0.20 
0.20 
0.21 
0.53 
0.43 
0.32 
0.29 
0.30 
0.48 
0.45 
0.43 
0.40 
0.11 
0.24 
0.29 
0.35 
0.33 
0.20 
0.19 
0.31 

0.0013 
0.0011 
0.0011 
0.0010 
0.0016 
0.0014 
0.0015 
0.0016 
0.0016 
0.0010 
0.0010 
0.0009 
0.0009 
0.0005 
0.0005 
0.0005 
0.0011 
0.0011 
0.0011 
0.0010 
0.0010 
0.0010 
0.0010 
0.0009 
0.0016 
0.0011 
0.0014 
0.0014 
0.0010 
0.0010 
0.0008 

3,300 
3,160 
4,790 
9,680 
2,290 
3,520 
6,990 
3,320 
3,260 
9,290 

17,350 
16,980 
19,570 
9,130 

11,000 
14,270 
32,170 
35,890 
34,820 
20,670 
22,890 
5,930 
7,480 
9,300 
2,600 
6,170 
4,260 
5,710 

17,220 
19,970 
11,810 

2,650 
2,770 
4,180 
7,020 
1,980 
3,080 
6,400 
2,540 
4,600 
7,100 

10,700 
---
---
6,690 
---
---

24,000 
24,670 
27,400 
---
---
4,160 
5,231 
7,450 
1,920 
4,570 
3,600 
4,920 
---
---

10,060 

922 
1,100 
1,540 
2,500 

680 
1,000 
1,790 

620 
1,000 
1,430 
1,780 
3,780 
4,170 
1,150 
4,460 
4,080 
4,880 
5,000 
5,170 
4,320 
4,560 
1,840 
2,040 

890 
397 

1,960 
1,370 
1,670 
3,000 
3,070 
2,980 

1,640 
2,760 
4,960 
5,320 
1,700 
3,020 
5,920 
1,600 
3,140 
5,970 
9,800 
9,400 

11,300 
9,200 

12,600 
10,700 
21,000 
22,000 
24,000 
12,700 
14,600 
5,200 
5,500 
6,740 
1,320 
5,750 
2,300 
3,400 
7,460 
9,480 
8,030 

80 
80 

112 
111 

44 
45 
74 
25 
42 
34 
54 

209 
239 

74 
177 
156 
190 
200 
210 

90 
93 
79 
86 
55 
22 

121 
167 
216 

66 
74 

187 

-

1.09 
1.05 
1.05 
1.09 
1.15 
1.07-' 
1.09 
1.04 
1.03 
1.29 
1.57 
1.11 
1.12 
1.08 
2.22 
2.90 
2.91 
2.57 
2.64 
2.81 
2.66 
1.13 
1.16 
1.02 
1.06 
1.08 
1.93 
1.93 
1.14 
1.13 
1.08 

0.97 
0.84 
0.88 
0.06 
0.02 
0.93 
0.84 
0.45 
0.26 
0.58 
0.74 
0.63 
0.59 
0.51 
1.00 
0.46 
0.58 
0.53 
0.53 
0.34 
0.45 
0.69 
0.72 
0.80 
0.46 
0.60 
0.50 
0.44 
0.62 
0.51 
0.28 

0 
0 
0 
0 
0 
0 
0 
0 
0 

14 
0 
7 
7 
0 

L__7 
' 7 

0 
0 
0 
0 
0 

26 
26 

0 
0 
0 
0 
0 
0 
0 
0 

1.05 
1. 05 
1.05 
1.05 
1.05 
1.05 
1.05 
1.00 
1.00 
1.05 
1.10 
1.00 
1.00 
1.00 
1.60 
1.80 
1.60 
1.45 
1.50 
1.90 
1.75 
1.05 
1.05 
1.00 
1.00 
1.00 
1.30 
1.30 
1.00 
1.00 
1.00 

1.59 
1.59 
1.69 
1.75 
1.37 
1.58 
1.75 
2.10 
2.24 
2.49 
2.42 
2.59 
2.59 
2.56 
1.26 
1.47 
1.95 
2.10 
2.05 
1.23 
1.35 
1.37 
1.48 
3.06 
2.38 
2.16 
1.95 
2.05 
2.56 
2.61 
2.07 

170 
90 

160 
160 

40 
165 
220 
80 

145 
165 
225 
260 
335 
110 
395 
165 
310 
350 
350 
300 
300 
140 
245 
100 

65 
55 

150 
180 
165 
195 
165 

48 
47 
41 
41 
37 
34 
31 
39 
33 
28 
64 
32 
30 
34 
46 
49 
34 
34 
34 
41 
41 
55 
55 
26 
42 
74 
47 
42 
40 
38 
40 

222 
242 
247 
464 
149 
246 
250 
200 
200 
158 
178 
486 
493 
240 
546 
546 
397 
400 
399 
336 
336 
497 
496 
112 
108 
150 
205 
210 
266 
266 
518 

0.66 
0.54 
0.52 
1.17 
0.48 
0.39 
0.67 
1.01 
1.65 
1.65 
3.16 
2.68 
2.58 
0.89 
1.16 
0.75 
2.15 
2.83 
2.02 
1.59 
1.25 
2.29 
2.45 
1.53 
0.98 
1.30 
0.79 
0.97 
2.17 -2.6C 
1.12 

0.11 
0.11 
0.20 
0.16 
0.12 
0.10 
0.39 
0.32 
0.74 
2.96 
3.43 
0.46 
0.77 
0.43 
0.15 
0.18 
1.33 
1.95 
1.77 
1.48 
1.71 
0.08 
0.15 
1.06 
0.54 
0.20 
0.79 
1.54 
0.94 
1.29 
0.15 

0.19 
0.23 
0.35 

-0.22 
-0.11 
-0.12 
-0.07 
0.21 
0.28 

-0.71 
1.16 
0.66 
0.30 
0.64 
0.04 

-0.10 
-0.21 
-0.10 
-0.48 
0.35 

-0.02 
0.42 
0.40 
0.20 
0.00 
0.55 
0.14 

-0.30 
0.19 
0.18 
0.09 

-0.05 
-0.04 
-0.06 
-0.04 
-0.05 
-0.04 
-0.11 
-0.06 
-0.12 
-0.32 
-0.45 
-0.05 
-0.09 
-0.05 
-0.06 
-0.07 
-0.29 
-0.37 
-0.35 
-0.61 
-0.64 
-0.03 
-0.05 
-0.04 
-0.08 
-0.04 
-0.19 
-0.33 
-0.11 
-0.13 
-0.03 

A - Round piles, three per bent 
B - Round piles, four Der bent ' 
C - Square piles, three per bent 
D - Square piles, four per bent 
S - Spillthrough abutments 
W - 450wing wall abutments 
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Figu. 2.--Water-surface elevation on the downstream side of the right embankment, West Fork Amite 
River, near Busy Corner, Mississippi, December 6, 1972. 



Comparison of U. S. Geological Survey and 
Federal Highway Administration Methods 

The data in tables 3 and 4 and figures 3 and 4 indicate that the measured 
backwater is as much as 1.3 ft (0.39 m) greater than that computed by the Survey 
method and 2.3 ft (0.70 m) greater than that computed by the FHWA method. 
The difference between the measured and computed backwater for the Survey 
method is less than 0.5 ft (0.15 m) in 71 percent of the cases and less than 1.0 ft 
(0.31 m) in 94 percent of the cases. The difference computed by the FHWA 
method is less than 0.5 ft (0.15 m) in 42 percent of the cases, and less 
than 1.0 ft (0.31 m) in 68 percent of the cases. 

* ranges from -.71 to + 1.16 ft (-0.216 to 0.354 m) . InThe measured h365 percent of the cases, the measured h..4* was positive. The hl* computed by 
the FHWA method is always negative and is less than the measufed value in 81 
percent of the cases. The hl* computed by the Survey method is negative in 13 
percent of the cases and is less than the measured value in 42 percent of the cases. 
Even though positive values of h* computed by the Survey method are considered 
to be unrealistic (Cragwall, 1958, an h3* was computed for each site. 

Computed peak discharge is on the average 21 percent greater than the 
measured peak discharge (fig • 5) . The differences range from -4 to +46 
percent. In 90 percent of the cases, the discharge computed by the Survey 
method is larger than the measured. 

Energy Loss Evaluation 

Both the Survey and FHWA methods were derived from the one-dimensional 
energy equation. Since this energy balance approach has proven adequate for 
a wide range of conditions, its continued use seems valid. The differences between mea-
sured and computed backwater and discharge indicate either the failure to measure 
accurately or the inadequacy of computational procedures for energy loss in wide, 
heavily vegetated flood plains . 

There are three terms in the energy balance which must be measured or 
computed: Stage, velocity head, and energy loss. Stage is the dependent variable 
in backwater computations and is a function of the flood-plain geometry, roughness, 
and discharge. On the other hand, discharge is the dependent variable when 
after a flood, stage, flood-plain geometry, and roughness are measured. 

Errors can occur in measuring discharge, water-surface elevations, and 
flood-plain geometry. The measured data affected the computation of the natural 
profile and the overall shape of the measured profile. Therefore, data that were 
not consistent with the physical situation were easy to detect. The data were col-
lected with sufficient accuracy so that the differences between measured and 
computed backwater and discharge could not be ascribed to measurement 
errors. 

The energy coefficient and men velocity in a cross-section are required
17‘to compute the velocity head, a - . The energy coefficient ranged from 1 
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Figure 3.--Comparison of measured backwater to that computed by the Survey method . 
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Figure 5.--Comparison of measured discharge to that computed by the Survey method. 



to 8 at the study sites. However, because the mean velocities were usually 
less than 1 ft/s, the velocity head was often less than 0.1 ft (30 mm) at the valley 
cross sections. Therefore, errors in computing the velocity head were not a 
significant component of the difference between computed and measured back-
water and discharge. 

The discharge coefficient C, in equation 1 is primarily a measure of the 
vena contracta width in relation to the bridge opening width, even though C 
includes a coefficient for minor eddy losses. As such, C is a function of bridge
and abutment geometry, (Kindsvater and Carter, 1955) . Because the bridge and 
abutment geometries tested in the laboratory are similar to those found at the 
sites in this study, C should correspond to values recommended by Matthai (1967) . 

The backwater coefficient, K*, used in the FHWA method depends on the 
bridge-opening ratio, pier area, eccentricity, and skew. Unlike C, which is 
primarily a geometry factor, K* incorporates both geometric and energy loss 
factors. Although the geometric variables between laboratory and field were 
similar, the roughnesses were considerably different. Therefore, redefining 
K* was not expected to explain the differences in measured and computed 
backwater. 

In order to evaluate the variables affecting the energy loss term in the 
balance, the total energy loss was measured from the field data for the 
reach between section 1 and section 3 and for the flow expansion reach (section 3 to 
the next downstream section) . Field data were not available to further 
subdivide the reach. On the average 50 percent of the total energy loss 
occurred in the approach reach and 50 percent in the flow expansion reach. 
The measured energy losses in both reaches were greater than natural. 

The energy loss between section 1 and section 3 was computed from equation 2. 
The results showed that the computed energy loss was, on the average, 37 
percent less than the measured; the computed was less than the measured 
in 90 percent of the cases. Inspection of each variable in equation 2, assuming 
the geometric mean energy slope is accurate, indicated that the straight-
line distance, L, from the approach section to the bridge was considerably 
less than the average distance traveled by the flow. All the other variables 
in equation 2 could be measured or computed accurately. 

The evaluation of the field data indicates that the accurate computation of 
backwater and discharge depends on improving the method of computing energy 
loss. An estimate of the average flow path between the approach section and the 
bridge and a method of computing energy loss in the flow expansion reach is 
needed. 

THEORETICAL ANALYSIS 

A reach-by-reach analysis comparing the energy dissipation process for the 
natural and the contracted conditions was used to formulate a new method to 
compute backwater and discharge. A one-dimensional, steady-state energy equa-
tion was used in the analysis. The steady-state assumption is valid when the 
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peak flow is of long duration and the total runoff is much greater than the valley 
storage. Figure 6 illustrates a study reach with cross-section locations. Sec-
tion 1 is the approach section and is ideally located at the point of maximum back-
water and in a region of one-dimensional flow. Section d is the dike section if spur 
dikes are present. It is located at the toe of the spur dikes; properties subscripted
with a "d" refer to the dike section. Section 2 is located at the upstream face of 
the bridge, and section 3 is located at the most contracted section, as described 
by Matthai (1967) . Section 4 is located at the downstream section where the 
contracted flow returns to natural elevation. A geometric constriction ratio, 

a function of the bridge width, b, and the valley width, B, is defined as 

inl = 1 - b/B (11) 

The energy equation between sections 1 and 4 for natural (unconstricted) 
conditions is 

2 2V Vl_n 4nh ln + aln 2g h4n + a4n 2g + hL(1 - 4)n (12) 

where h is stage, V is velocity, a is energy distribution coefficient, and hL 
is head loss from all sources. The numerical subscript refers to the section number, 
and n refers to the natural condition. With the constriction in place, the energy 
equation is 

2 2
V V1 4 _,_,=h (13)h l + a l 2g 4 + a4 —711 ' "L (1 - d) + hL (d - 2) + hL (2 - 3) + hL (3 - 4) 

Subtraction of equation 12 from equation 13, with h1*= h1 - hin and h4 = yields _ — h4n' 

V 21 Vln
2 

(14)
h 1* + a l a ln = hL (1 - d) + hL (d - 2) + hL (2 - 3) + hL (3 - 4) - hL (1 - 4)n 

The difference between velocity heads at section 1 for the natural and constricted 
conditions is small for wide, heavily vegetated flood plains. Therefore, the 
backwater caused by the constriction at the approach section is primarily attributable 
to the difference in total energy losses for the contracted and the natural conditions. 
Improved estimates of the energy losses are required to accurately estimate back-
water. 

Energy Losses in Approach Reach 

In the approach reach, the total energy loss is composed of friction loss 
and eddy loss terms. Kindsvater and Carter (1955) included the eddy loss in 
the discharge coefficient, C. 

In order to estimate the friction slope in gradually varied flow, assume 
1/2

the uniform flow equation (Q = KSr ) applies and solve for the slope. Equa-
tion 15 gives the geometric mean fiction slope between an upstream section (sub-
script i) and a downstream section (subscript j) . 
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Figure 6.--Definition sketch of the variables used in computing backwater 
and discharge by the proposed method. 
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2 
s . . = Q

f (1 )) K. K. (15) 

where Q is discharge, Se is friction slope, and K is conveyance. The convey-
ance is a measure of the/water-carrying capacity of the channel section. With 
Manning's n as the roughness coefficient, R the hydraulic radius, and A the

AR2 /
area, K = 1.486 . Multiplication of the friction slope, S e, by the
average length of the streamline, Lw , gives the head loss, h , for the

freach 

h . . = L . S . j (16)1(1-1) w ( 1-1) f(1 - ) 

For unconstricted flow, or for small constriction ratios, the straight-
line distance is an adequate estimate of the streamline length. However, 
for large constriction ratios, the average streamline length is much greater 
than the straight-line distance between section 1 and section 2. To determine 
the average streamline length required in equation 16, Su (1973) studied 
an idealized constriction using potential flow theory. 

A potential flow field past a symmetric constriction was considered. The 
analysis used a Schwartz-Christoffel transformation (Churchill and others, 
1948) of a potential source in a half plane (W plane) to the flow field with boun-
daries representing those in open-channel flow (Z plane) (fig. 7) . An example 
solution for a constriction ratio (m') of 0.8 is presented in figure 8. 

The average streamline length as a function of the distance upstream 
to the approach section, L , could be determined for each constriction 
ratio by averaging the len'ths of the individual streamlines. Figure 9 
and table 5 present the solution and are used to determine the average 
length of flow, Lay , required to compute the friction losses in the approach 
reach (eq. 17) . 

hL(1 - 2) 
=Lav(1 - 2) s f (1 - 2) (17) 

The one-dimensional energy equation requires that section 1 be located 
in a zone of nearly one-dimensional flow. The potential flow field was studied 
in order to define a consistent location. The approach section is located at the 
intersection of the center streamline and the equipotential line drawn through 
the point where the edge of water and embankment intersects. The distance 
to the approach section can be computed from equation 18. 

_ 1 (1wc - —[V; + 8 - - - + 8c2 - 3c - 1/ (18)ln - ln
b 7t - Ul f ) 2 
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Figure 8.--Flow pattern for one-half of a symmetric constriction 

developed from the potential flow model (m = 0.80) . 
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Table 5.--Ratio of the average flow path length in the approach reach and the 
width of the constricted section as a function of the geometric con-
striction ratio and the ratio of the distance to the approach cross 
section and the width of the constriction 

Geometric constriction ratio, mi 
Lw/b Lw/b 

0.85 0.80 0.700.95 0.90 

0.25 1.16 0.73 0.62 0.52 0.39 0.25 
0.30 1.25 0.80 0.68 0.57 0.45 0.30 
0.35 1.34 0.87 0.74 0.63 0.50 0.35 
0.40 1.42 0.94 0.79 0.69 0.56 0.40 
0.45 1.51 1.01 0.85 0.74 0.61 0.45 
0.50 1.60 1.08 0.91 0.80 0.67 0.50 
0.55 1.69 1.15 0.97 0.85 0.72 0.55 
0.60 1.77 1.22 1.03 0.91 0.78 0.60 
0.65 1.86 1.28 1.09 0.97 0.83 0.65 
0.70 1.95 1.35 1.15 1.02 0.88 0.70 
0.75 2.03 1.42 1.21 1.08 0.94 0.75 
0.80 2.11 1.49 1.27 1.13 0.99 0.80 
0.85 2.20 1.55 1.32 1.19 1.05 0.85 
0.90 2.28 1.62 1.38 1.24 1.10 0.90 
0.95 2.37 1.69 1.44 1.30 1.15 0.95 
1.00 2.45 1.75 1.50 1.35 1.21 1.00 
1.05 2.53 1.82 1.56 1.41 1.26 1.05 
1.10 2.61 1.88 1.61 1.46 1.31 1.10 
1.15 2.69 1.95 1.67 1.52 1.36 1.15 
1.20 2.78 2.01 1.73 1.57 1.42 1.20 
1.25 2.86 2.08 1.79 1.63 1.47 1.25 
1.30 2.94 2.14 1.84 1.68 1.52 1.30 
1.35 3.02 2.21 1.90 1.74 1.58 1.35 
1.40 3.09 2.27 1.96 1.79 1.63 1.40 
1.45 3.17 2.34 2.02 1.85 1.68 1.45 
1.50 3.25 2.40 2.07 1.90 1.73 1.50 
1.55 3.33 2.46 2.13 1.95 1.78 1.55 
1.60 3.41 2.53 2.19 2.01 1.84 1.60 
1.65 3.48 2.59 2.24 2.06 1.89 1.65 
1.70 
1.75 

3.56 
3.63 

2.65 
2.71 

2.30 
2.36 

2.12 
2.17 

1.94 
1.99 

1.70 
1.75 

1.80 
1.85 
1.90 
1.95 
2.00 
2.05 
2.10 
2.15 
2.20 

3.71 
3.78 
3.86 
3.93 
4.01 
4.08 
4.15 
4.22 
4.30 

2.78 
2.84 
2.90 
2.96 
3.02 
3.08 
3.15 
3.21 
3.27 

2.41 
2.47 
2.52 
2.58 
2.64 
2.69 
2.75 
2.80 
2.86 

2.23 
2.28 
2.33 
2.39 
2.44 
2.49 
2.55 
2.60 
2.66 

2.04 
2.10 
2.15 
2.20 
2.25 
2.30 
2.35 
2.40 
2.45 

1.80 
1.85 
1.90 
1.95 
2.00 
2.05 
2.10 
2.15 
2.20 
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Table 5.--Continued 

Geometric constriction ratio, m' 
Lw/b Lw/b 

0.95 0.90 0.85 0.80 0.70 

2.25 
2.30 
2.35 
2.40 
2.45 
2.50 
2.55 
2.60 
2.65 
2.70 
2.75 

4.37 
4.44 
4.51 
4.58 
4.65 
4.72 
4.78 
4.85 
4.92 
4.99 
5.05 

3.33 
3.39 
3.45 
3.51 
3.56 
3.62 
3.68 
3.74 
3.80 
3.86 
3.91 

2.91 
2.97 
3.03 
3.08 
3.14 
3.19 
3.24 
3.30 
3.35 
3.41 
3.46 

2.71 
2.76 
2.82 
2.87 
2.92 
2.97 
3.03 
3.08 
3.13 
3.19 
3.24 

2.50 
2.55 
2.60 
2.66 
2.71 
2.76 
2.81 
2.86 
2.91 
2.95 
3.00 

2.25 
2.30 
2.35 
2.40 
2.45 
2.50 
2.55 
2.60 
2.65 
2.70 
2.75 

2.80 5.12 3.97 3.52 3.29 3.05 2.80 
2.85 5.19 4.03 3.57 3.34 3.10 2.85 
2.90 5.25 4.09 3.63 3.40 3.15 2.90 
2.95 5.32 4.14 3.68 3.45 3.20 2.95 
3.00 5.38 4.20 3.73 3.50 3.25 3.00 
3.05 5.44 4.25 3.79 3.55 3.30 3.05 
3.10 5.51 4.31 3.84 3.61 3.35 3.10 
3.15 5.57 4.37 3.89 3.66 3.40 3.15 
3.20 5.63 4.42 3.95 3.71 3.45 3.20 
3.25 5.69 4.48 4.00 3.76 3.49 3.25 
3.30 5.76 4.53 4.05 3.81 3.54 3.30 
3.35 5.82 4.59 4.11 3.87 3.59 3.35 
3.40 5.88 4.64 4.16 3.92 3.64 3.40 
3.45 5.94 4.69 4.21 3.97 3.69 3.45 
3.50 6.00 4.75 4.27 4.02 3.74 3.50 
3.55 6.06 4.80 4.32 4.07 3.78 3.55 
3.60 6.11 4.86 4.37 4.12 3.83 3.60 
3.65 6.17 4.91 4.42 4.17 3.88 3.65 
3.70 6.23 4.96 4.48 4.23 3.93 3.70 
3.75 6.29 5.02 4.53 4.28 3.97 3.75 
3.80 6.34 5.07 4.58 4.33 4.02 3.80 
3.85 6.40 5.12 4.63 4.38 4.07 3.85 
3.90 6.46 5.17 4.68 4.43 4.12 3.90 
3.95 6.51 5.22 4.74 4.48 4.16 3.95 
4.00 6.57 5.28 4.79 4.53 4.21 4.00 
4.05 6.62 5.33 4.84 4.58 4.26 4.05 
4.10 6.68 5.38 4.89 4.63 4.30 4.10 
4.15 6.73 5.43 4.94 4.69 4.35 4.15 
4.20 6.78 5.48 4.99 4.74 4.40 4.20 
4.25 6.84 5.53 5.04 4.79 4.44 4.25 
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Table 5. --Continued 

Geometric constriction ratio, m' 
Lw/b Lw/b 

0.95 0.90 0.85 0.80 0.70 

4.30 6.89 5.58 5.09 4.84 4.49 4.30 
4.35 6.94 5.63 5.15 4.89 4.53 4.35 
4.40 6.99 5.68 5.20 4.94 4.58 4.40 
4.45 7.04 5.73 5.25 4.99 4.63 4.45 
4.50 7.09 5.78 5.30 5.04 4.67 4.50 
4.55 7.14 5.83 5.35 5.09 4.72 4.55 
4.60 7.19 5.87 5.40 5.14 4.76 4.60 
4.65 7.24 5.92 5.45 5.19 4.81 4.65 
4.70 7.29 5.97 5.50 5.24 4.86 4.70 
4.75 7.34 6.02 5.55 5.29 4.90 4.75 
4.80 7.38 6.07 5.60 5.34 4.95 4.80 
4.85 7.43 6.11 5.65 5.39 4.99 4.85 
4.90 7.48 6.16 5.70 5.44 5.04 4.90 
4.95 7.52 6.21 5.75 5.49 5.08 4.95 
5.00 7.57 6.26 5.80 5.54 5.13 5.00 
5.05 7.62 6.30 5.85 5.59 5.17 5.05 
5.10 7.66 6.35 5.90 5.64 5.21 5.10 
5.15 7.70 6.39 5.95 5.68 5.26 5.15 
5.20 7.75 6.44 6.00 5.73 5.30 5.20 
5.25 7.79 6.48 6.04 5.78 5.35 5.25 
5.30 7.83 6.53 6.09 5.83 5.39 5.30 
5.35 7.88 6.58 6.14 5.88 5,44 5.35 
5.40 7.92 6.62 6.19 5.93 5.48 5.40 
5.45 7.96 6.66 6.24 5.98 5.52 5.45 
5.50 8.00 6.71 6.29 6.03 5.57 5.50 
5.55 8.04 6.75 6.34 6.08 5.61 5.55 
5.60 8.08 6.80 6.38 6.13 5.65 5.60 
5.65 8.12 6.84 6.43 6.17 5.70 5.65 
5.70 8.16 6.88 6.48 6.22 5.74 5.70 
5.75 8.20 6.93 6.53 6.27 5.78 5.75 
5.80 8.24 6.97 6.58 6.32 5.83 5.80 
5.85 8.28 7.01 6.62 6.37 5.87 5.85 
5.90 8.31 7.05 6.67 6.42 5.91 5.90 
5.95 8.35 7.10 6.72 6.46 5.96 5.95 
6.00 8.39 7.14 6.77 6.51 6.00 6.00 
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where 

12E = 1 + 8 + b + 28 (19) 

2 
- (20)

2
tan [ (1 -

An example of the location is shown in figure 8. The location is a single-valued 
function of the constriction ratio (fig. 10 and table 6) . It is always in a zone of 
nearly one-dimensional flow. 

The approach reach friction losses are computed from equation 15 and 17. 

2L Q
av (1 - 2)

hf(1 - 2) K
1
K

c 
(21) 

where the controlling conveyance, K , at the downstream end of the approach 
reach is the smallest of the conveyanSes, K 3 , Kd, or K . 

Friction losses between section d and section 2 and between section 2 and 
section 3 are computed using equations 15 and 16 where the length is the straight-
line distance between sections. Therefore, the total friction loss between sec-
tions 1 and 3 is 

L L
2 [Lav (1 - d) (2 - 1(d - 2) 3)

h (22)f (1 - 3) = Q K K K K K 21 c 3 d 
3 

Energy Losses in Flow Expansion Reach 

In the flow expansion reach, the flow is assumed to be at natural elevation 
one-bridge-width downstream from section 3. Therefore, the area and conveyance 
of section 4 are computed at the natural elevation. The friction losses are estimated 
from equation 23 using the straight-line distance between sections, 

2bQh (23)
f(3 4) K K 

c 4n 

where the controlling conveyance, K , is the smaller of the conveyances K or 
K The flow expansion losses are c6mputed from an approximate solution %f 
the momentum, energy, and continuity equations for an ideal expansion in open-
channel flow (Henderson, 1966) . 

2A A 
h = e2 gZ (2p4 - a4) 12 33 A

4 
3 

4 (24) 
e a3

2gA 
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Figure 10. --Ratio of the distance to the approach section and the width 
of the constricted section as a function of the geometric constriction 
ratio. 
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Table 6.--Ratio of the distance to approach section and the width of the 
constricted section as a function of the geometric constriction ratio 

Lw/b 

riV 0 1 2 3 4 5 6 7 8 9 

0.0 0.0 0.01 0.02 0.02 0.03 0.03 0.04 0.04 0.04 0.05 
0.1 0.06 0.06 0.07 0.07 0.08 0.09 0.09 0.10 0.11 0.11 

0.14 0.14 0.15 0.16 0.17 0.170.2 0.12 0.13 0.18 0.19 
0.3 0.20 0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 
0.4 0.30 0.31 0.32 0.33 0.34 0.35 0.37 0.38 0.39 0.41 
0.5 0.42 0.43 0.45 0.46 0.48 0.50 0.51 0.53 0.55 0.57 
0.6 0.59 0.61 0.63 0.65 0.69 0.70 0.73 0.76 0.79 0.82 
0.7 0.85 0.89 *0.92 0.96 1.01 1.05 1.10 1.16 1.21 1.28 
0.8 1.35 1.42 1.51 1.60 1.71 1.83 1.96 2.12 2.30 2.52 
0.9 2.78 3.09 3.48 3.99* 4.66 5.60 7.00 9.34 14.02 ----

* *Values of Lw/b (for m' between 0.72 and 0.93) that were 
used in this study 



 

 

	

 

 

where p and a are the momentum and energy coefficients. The energy and mo-
and p A , are computed from the conveyancementum coefficients at section 4 a , 4can be approximated as a function of the dischargedistribution, and a and 13

3 3coefficient, C. The discharge coefficient is computed by procedures outlined 
by Matthai (1967) . The energy and momentum coefficients at section 3 
can be approximated as follows: 

(25) 

(26) 

The total energy loss in the flow expansion reach is the sum of equations 
20 and 21. 

= h + h (27)hL (3 -4) f (3-4 ) e 

Proposed Method to Compute Backwater and Discharge 

Backwater is the difference in the water-surface profiles for the natural 
and constricted conditions. The natural profile is computed using a standard 
step-backwater procedure (Chow, 1959) , where the friction losses are 

2L Q
(i - j)h . - (28)

f(1 - )j n K . K .
t n  j n 

The constricted profile is also computed using a standard step-backwater proce-
dure where the friction losses are computed from equations 22 and 27. Both pro-
files use section 4 as a common starting point. The approach section is located 
using the data in figure 10 or table 6, and the average flow path needed in equa-
tion 22 is obtained from figure 9 or table 5. 

The constricted water-surface profile is computed by iteration because the 
controlling conveyances are not known. The controlling conveyance, K , is 
computed at the natural water-surface elevation and used as the first estimate. 
Revised estimates of the controlling conveyances are determined at the computed 
constricted elevations and compared to the previous estimates. Successive esti-
mates of the constricted profile are continued until the controlling conveyances 

k - 1 =- kagree within a preselected tolerance. With a tolerance criterion of K 0.95K 
c c ' 

convergence can be achieved in two or three iterations. The superscript is the 
iteration number. An example of the proposed method for computing backwater 
is included in the last section of this report. 
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Discharge can be computed from recovered high-water marks for wide, heavily 
vegetated channels. The Survey method (Matthai, 1967) is used except that the 
friction loss term in equation 1 is computed from equation 22 and the approach 
section is located using the data in figure 10 or table 6. The contracted water-
surface elevation at section 3 is obtained by extrapolating the measured water-
surface profile along the downstream side of the embankment to the intersection 
of the abutment and embankment for each side and averaging the values obtained. 

RESULTS 

Backwater was computed by the proposed method developed in this 
study using the field data. When the constriction was relatively symmetric, 
the approach section was located as surveyed and the average flow path 
computed from table 5 based on this location. Since many of the bridges 
were constructed at natural valley constrictions, the backwater due to 
the natural constriction was computed and subtracted from the total backwater 
due to the natural constriction and highway encroachment. 

For flood numbers 1, 4, 6 and 15, the constriction was judged to be geo-
metrically eccentric (e' = yes in table 9) based on the position of the bridge. 
In these cases, the average flow path from table 5 was computed based on 
L /2b. The approach section was interpolated to the location given in table 
6'or floods number 1 and 4. For flood number 6, it was necessary to sequen-
tially compute the backwater caused by an abandoned roadfill downstream and 
then the backwater caused by the constriction. For convenience the approach 
section was used as surveyed, and the average flow path was computed based on 
that location. For flood number 15, an old roadfill upstream caused the con-
striction to be effectively eccentric. In this case, an approach section was 
interpolated at a location approximately two bridge widths upstream which is 
the correct location for computation by the Survey method. Again, for con-
venience, this section was also used for the proposed method . 

The results are summarized in table 7 and figure 11. Deviations of the com-
puted results from the measured data are reported in table 8 as mean percent 
error and standard deviation from the mean percent error. The backwater 
results are grouped in 0.5-ft (0.15-m) intervals of measured backwater. 
The mean error for the Survey method ranged from -20 to -45 percent, while the 
FHWA method ranged from -4 to -75 percent. 

Care was taken to be objective in applying the Survey and FHWA methods. 
The variables needed to apply the methods were selected and the results recorded 
as computed. The errors in computing the natural elevation and the variation 
in high-water marks could be 0.5 ft (0.15 m) in some cases. Hence, measured 
backwater less than 0.5 ft (0.15 m) is not considered significant. Backwater 
computed by the Survey and FHWA methods between 0.5 and 1.0 ft was consistently 
lower than the measured. However, since the error varied up to -40 percent or 
-0.4 ft (0.12 m) , the computed backwater approached the accuracy of the measured 
field data. For backwater greater than 1.0 ft, the errors were less significant 
and the values computed by the Survey and FHWA methods were decidedly low. 
The mean errors of +13 to -12 percent, achieved with the proposed method, are well 
within acceptable limits. 
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Table 7.--Summary of data for computing backwater by the proposed 
method 

Measured Computed Computed 

Flood , 
no. 

Q 
3ft /s 

m' b 
ft 

C h4 
ft 

A 4 
2ft

K 
4 

ft3/s 

a4 L 3-4 
ft 

h3 

ft 

A 3 
2ft

K3 
3ft /s 

h3 

ft 

A 3 

ft2 

K3 

3
ft /s 

L
2-3 
ft 

hd 

ft 

A d 

ft2 

Kd 

3ft /s 

L d 

ft 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

1,780 
2,250 
4,150 
5,600 
1,550 
2,000 
6,600 
1,900 
4,600 

12,100 
16,100 
12,500 
17,900 
3,800 

10,200 
8,100 

25,000 
31,500 
31,000 
25,600 
29,500 
3,500 
4,900 
4,200 
1,500 
4,740 
5,500 
9,500 

14,200 
17,000 
6,400 

0.80 
0.72 
0.73 
0.79 
0.81 
0.76 
0.79 
0.82 
0.84 
0.88 
0.92 
0.81 
0.81 
0.89 
0.75 
0.88 
0.92 
0.93 
0.92 
0.87 
0.87 
0.80 
0.82. 
0.93 
0.87 
0.88 
0.77 
0.77 
0.89 
0.90 
0.79 

222 
242 
247 
464 
149 
246 
250 
200 
200 
158 
178 
486 
493 
240 
546 
546 
397 
400 
399 
336 
336 
497 
496 
112 
108 
150 
205 
210 
266 
266 
518 

0.73 
0.81 
0.81 
0.86 
0.71 
0.73 
0.73 
0.72 
0.73 
0.76 
0.83 
0.75 
0.75 
0.81 
0.87 
0.89 
0.72 
0.72 
0.71 
0.95 
0.93 
0.69 
0.69 
0.70 
0.79 
0.81 
0.75 
0.74 
0.86 
0.86 
0.75 

27.04 
23.93 
25.41 
31.30 
26.79 
27.94 
30.64 
31.25 
33.10 

369.51 
363.80 
310.00 
310.99 
198.30 
35.45 
352.94 
305.00 
305.44 
305.77 
282.74 
283.28 
349.90 
350.00 
31.79 
28.00 
39.20 
86.13 
87.77 

320.25 
321.25 
14.70 

1,640 
2,910 
4,920 
5 ,140 
1,700 
2,950 
5,880 
1,360 
3,150 
5,340 

11,350 
9,474 

11,270 
9,180 

12,800 
10,700 
19,900 
21,900 
23,500 
12,750 
14,590 
5,200 
5,480 
6,740 
1,280 
7,740 
2,240 
3,380 
7,710 
9,470 
8,100 

25,000 
68,900 

123,200 
134,400 

42,900 
66,000 

187,200 
27,500 
77,900 

291,300 
576,200 
411,000 
528,000 
168,700 
463,600 
392,000 
810,000 

1,109,100 
1,069,900 

741,200 
865,600 
114,200 
123,500 
155,600 
32,500 

336,600 
109,200 
210,200 
357,100 
460,250 
195,300 

1.00 
1.23 
1.14 
1.18 
1.41 
1.00 
1.00 
1.01 
1.05 
1.77 
2.15 
2.74 
2.41 
1.40 
4.40 
4.80 
2.25 
2.15 
1.81 
2.47 
2.34 
1.24 
1.22 
1.03 
1.09 
3.42 
2.50 
2.62 
3.39 
3.15 
1.04 

110 
370 
370 
180 
140 
890 
890 
210 
210 
101 
451 

1,060 
1,060 
1,050 
1,365 
1,365 

595 
595 
595 
520 
520 

1,440 
1,440 

520 
200 
320 
610 
610 
260 
260 
880 

27.57 
24.47 
26.22 
31.39 
26.86 
29.41 
32.40 
32.13 
33.93 

369.47 
364.80 
311.56 
312.30 
199.54 
354.14 
353.46 
305.40 
305.78 
305.84 
283.60 
283.90 
352.12 
352.50 
32.35 
28.45 
39.50 
87.51 
88.51 

320.99 
321.88 
15.54 

1,000 
1,220 
1,620 
2,360 

670 
970 

1,740 
630 

1,040 
1,320 
2,010 
3,950 
4,320 
1,310 
4,480 
4,100 
4,750 
4,970 
4,890 
4,450 
4,560 
2,050 
2,240 

835 
400 

2,040 
1,400 . 
1,610 
2,880 
3,120 
2,980 

27,400 
88,900 

147,400 
182,000 
50,500 
59,300 

151,000 
33,900 
62,500 

155,300 
263,100 
617,000 
709,100 
194,200 
569,200 
515,500 
710,200 
750,430 
755,600 
914,800 
948,800 
163,800 
184,100 
86,500 
27,000 

269,250 
144,900 
180,900 
520,400 
581,700 
237,000 

27.40 
25.40 
26.10 
31 60 
27.00 
29.27a 

32.55a 
32.20 
33.90 

369.00 
363.90 
311.60 
312.80 
199.30 
354.20 
353.70 
305.60 
305.90 
306.20 
283.50 
284.00 
351.70 
352.50 
32.40 
28.60 
39.40 
87.70 
89.00 

321.20 
322.10 
16.00 

950 
1,200 
1,590 
2 470 

690 
940 

1,780 
660 

1,020 
1,243 
1,830 

X3,950 
4,570 
1 250 
I4,520 
4,240 
4,880 
5,000 
5,130 
4,410 
4,600 
1,840 
2,240 

840 
420 

2,020 
1,440 
1,720 
2,940 
3,180 
3,240 

26,100 
89,700 

142,700 
1941800 

52,300 
55,780 

154,700 
30,400 
62,250 

140,500 
228,000 
617,000 
772,900 
194,200 
587,700 
531,000 
730,200 
760,700 
791,600 
903,700 
960,300 
142,800 
184,100 
87 300 
28,800 

266,300 
151,700 
200,200 
534 ,000 
597,500 
268,600 

48 
46 
45 
41 
37 
34 
31 
39 
33 
28 
64 
32 
30 
34 
46 
49 
34 
34 
34 
41 
41 
55 
55 
26 
42 
74 
47 
42 
40 
38 
40 

---
---
---

32.00 
---
---
---
7.--
---
---
---

311.70 
312.90 
199.40 
354.20 
353.70 
---
---
---

283.90 
284.50 
---
---
---
---
---
---
---

321.30 
322.30 
---

---
---
---

3,720 
---
---
---
---
---
---
___ 

4,020 
4,620 
1,060 
4,130 
3,810 
-__ 
___ 
___ 

5,120 
5,360 
___ 
___ 
---
___ 
---
---
---

2,710 
3,060 
---

---
---
---

120,000 
---
---
---
---
---
---
---

276,900 
338,400 
138,800 
243,700 
218,300 
---
---
___ 

708,800 
760,200 
---
_--
---
___ 
---
---
---

304,700 
359,500 

--

---
---
---
210 
---
---
---
---
---
---
---

60 
60 

150 
150 
150 
---
---
---
150 
150 
---
---
---
---
---
---
---
110 
110 
---

aThis event had additional backwater from an old roadfill downstream. The additional backwater at section 3 was 
determined to be 0 37 ft for the 12-21-72 event (6) and 0.65 ft for the 3-12-73 event (7) . 



	

 

	

  

	

	  

 

	  
	  
	
	
	 	
	 	
	 	
	  
		
	

	

Table 7.---Continued 

Measured Computed 

Flood 
no. 

K 
q 
3

ft /s 
measured 

h A K aKL1 1q 1 l 
3 ft 2 

ft /s ft ft /s 
computed 

h 1 
ft 

A 
1 
2

ft 

K 
1 

ft /s 

a 
l 1- 2 

ft 

L av 
ft 

h 
in 
ft 

h
3n 
ft 

h * 
1 
ft 

measured 

h * 1 
ft 

computed 

h * 3 
ft 

measured 

h * 3 
ft 

computed 

.„ 

1 36,200 37,000 28.86 3,300 77,500 1.05 28.80 3,230 75,900 1.05 600 770 28.27 27.38 0.59 -1 0.53 0.19 0.02 

2 37,500 37,500 25.02 3,160 88,700 1.05 25.00 3,140 87,900 1.05 260 320 24.56 24.24 0.46 0.44 0.23 1.16 

3 
4 
5 

59,000 
111,500 
26,800 

59,100 
132,400 
26,600 

26.87 
33.37 
27.62 

4,790 
7,700 
2,290 

147,360 
2311000 
57,000 

1.05 
1.10 
1.15 

26.90 
33.50 
27.60 

4,820 
8,450 
2,280 

171,400 
282,500 
56,300 

1.05 
1.06 
1.17 

260 
1 190 

170 

325 
1,530 
230 

26.19 
32.96 
27.22 

25.87 
31.61_4_ 
26.97 

0.68 
0.41 
0.40 

0.71 
0.54_ 
0.38 

0.35 
-0.22 
-0.11 

0.23 
-0.01 
0.03 

6 
7 
8 

39,700 
103,200 
27,400 

48,500 
105,400 
25,700 

30.30 
33.51 
33.13 

3,520 
6,990 
3,320 

93,200 
276,400 
93,500 

1.07 
1.09 
1.04 

30.456 
33.606 
33.00 

3,680 
7,100 
3,170 

99,000 
282,800 
87,200 

1.06 
1.08 
1.05 

240 
240 
270 

360 
325 
360 

29.83 
32.98 
32.44 

29.53 
32.47 
31.92 

0.47 
0.53 
0.69 

0.62 
0.62 
0.56 

-0.12 
-0.07 
0.21 

-0.26 
0.08 
0.28 

9 
10 
11 
12 
13 
14 

55,000 
230,900 
376,600 
153,500 
192,100 
37,200 4_ 

50,600 
221,000 
324,500 
149,800 
204,400 
35 700 

35.60 
371.92 
367.15 
313.11 
314.10 
200.50 

6,260 
9,290 
17,350 
16,980 
19,570 
9,130 

213,800 
1,116,400---
1,717,200 
778,760 
982,800 
179 400 

1.03 
1.29 
1.57 
1.11 
1.12 
1.08 

35.30 
371.80 
366.10 
313.00 
314.40 
200.50 

5,890 
9,030 
14,930 
16,700 
20,400 
9130 

194,100 
1,066,000 
1,368,000 
759,400 

1,047,800 
_179400 

1.03 
1.29 
1.57 
1.10 
1.12 
1 08 

270 
160 
254 
526 
526 
256 

375 
265 
470 
715 
720 
429 

_34.24 
370.31 
364.07 
311.84 
312.94 
199.40 

33.65 
370.18 
363.64 
310.90 
312.00 
198.90 

1.36 
1.61 
3.08 
1.27 
1.16 
1.10 , 

1.06 
1.49 
2.03 
1.16 
1.46 
1.10 

0.28 
-0.71 
1.16 
0.66 
0.30 
0.64 

0.25 
-1.18 
0.26 
0.70 
0.80 
0.40 

15 
16 
17 
18 
19 
20 
21 
22 

271,300 
208,900 
543,300 
586,200 
572,900 
466,200 
503,500 
65,600 

271,300 I 
209,000 
531,700 
586,200 i 
591,000 
455,600 
498,100 
60,000. . 

355.60 
354.46 
308.10 
308.78 
308.58 
285.30 
286.00 
353.60 

11,000 
14,270 
32,170 
35,890 
35,820_ 
20,670 
22,890 
5,930 

509,400 
483,700 

1,701,200 
,001,000 
1,917 900 
974,000 

1,117,100 
151,300 

2.22 
2.90 
2.91 
2.57 
2.64 
2.81 
2.66 
1.13 

355.60 
354.50 
307.90 
308.80 
3082 90 
285.10 
285.90 
353.40 

11,000 
14,400 
31,100 
35,900 
36,400 
20,000 
22,600 
5,430 

509,400 
492,200 

1,594,600 
2,001,000 
2,044,000 
936,100 

1,096,100 
132,700 

2.22 
2.86 
3.15 
2.57 
2 53 
2.85 
2.68 
1.18 

1,089 
689 

1,297 
1,297 
1J 297 
348 
348 
835 

1,395 
1,080 
1,980 
2,080 
1,980 
555 
555 

1,040 

354.50 
353.96 
306.50 
306.60 
307.18 
283.95 
284.58 
352.87 

354.10 
353.56 
305.61 
305.88 
306.32 
283.25 
283.92 
351.70 

1.10 
0.50 
1.60 
2.18 
1.40 
1.35 
1.42 
0.73 

1.10 
0.54 
1.40 
2.20 

_____I___ 1.72 
1.15 
1.32 
0.53 

0.04 
-0.10 
-0.21 
-0.10 
-0.48 
0.35 
-0.02 
0.42 

0.10 
0.14 
-0.01 
0.02 
-0.12 
0.25 
0.08 
0.00 

23 
24 
25 
26 
27 
28 
29 
30 
31 

83,400 
25,350 
12,300 
66,300 
79,000 
129,460 
135,000 
157,600 
100,000 

83,400 
26,400 
12,100 
63,800 
81,200 
135,400 
134,000 
157,600 
108,800 

354.20 
33.48 
29.64 
40.10 
88.49 
90.11 
323.90 
324.66 
16.60 

7,480 
9,300 
2,600 
6,170 
4,260 
5,710 
17,300 
19,300 
11,810 

210,500 
233,000 
51,600 
229,750 
227,800 
395,700 
639 200 
755,000 
327,300 

1.16 
1.02 
1.06 
1.08 
1.93 
1.93 
1.18 
1.15 
1.08 

354.20 
33 70 
29.60 
39.90 
88.60 
90.30 
323.70 
324.60 
16.80 

7,480 
9,620 
2,570 
5,930 
4,350 
5,900 
17,700 
19,300 
12,300 

210,500 
278,900 
50,400 
216,400 
235,400 
415,800 
689 000 
755,000 
348,900 

1.16 
_1 02 

- 1.07 
1.18 
1.93 
1.92 
1.14 
1.15 
1.08 

835 
118 
103 
106 
265 
270 
518 
518 
520 

1,080 
250 
170 
190 
335 
340 
770 
790 
695 

353.32 
32.26 
28.79 
39.00 
87.77 
89.25 
321.92 
322.58 
15.87 

352.10 
32.15 
28.45 
38.95 
87.37 
88.81 
320.80 
321.70 
15.45 

0.88 
1.22 
0.85 
1.10 
0.72 
0.86 

. 1.98 
2.08 
0.73 

0.88 
1.44 
0.81 
0.90 
0.83 
1.05 
1.78 
2.02 
0.93 

0.40 
0.20 
0.00 
0.55 
0.14 
-0.30 
0.19 
0.18 
0.09 

0.40 
0.25 
0.15 
0.45 
0.33 
0.19 
0.40 
0.46 
0.55 

b
This event had additional backwater from an old roadfill downstream of the constriction. At section 1 it was determined 
to be 0.25 ft for the 12-21-71 event (6) and 0.60 ft for the 3-12-73 event (7) 
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Figure 11.--Comparison of measured backwater to that computed by the proposed method . 



			 	 	

	

	

	

Table 8 . --Comparison of results of computing backwater by the Survey, FHWA, and proposed method 

Measured h1 * ft' 0 - .5 .51 - 1.0 1.01 - 1.5 1.51 - 2.0 > 2.01 All floods 

Survey 

Number of floods 
Mean error (%) 
Standard deviation (%) 

4 
-36 

12 

11 
-20 

17 

10 
-34 

23 

3 
-24 

39 

3 
-45 

6 

31 
-29 

21 

FHWA 

Number of floods 
Mean error (%) 
Standard deviation (%) 

2 
-75 

1 

9 
-42 

46 

6 
-63 

49 

4 
-4 
58 

10 
-52 

35 

31 
-47 

45 

Proposed 

Number of floods 
Mean error (%) 
Standard deviation (%) 

5 
13 
18 

10 
2 

18 

10 
-1 
17 

3 
-10 

3 

3 
-12 

19 

31 
1 

18 



In the proposed method, the average water-surface elevation was computed at 
section 3. As may be seen from the results in table 7, the computed elevation is 
higher than that measured for 65 percent of the floods, by an average of 0.07 
ft (0.92 m) . The measured water-surface elevation, h3, was obtained by extrapo-
lating the measured water-surface profile along the downstream side of the em-
bankment to the intersection of the abutment and embankment. This procedure 
results in a value of hl which was less than the average by a small amount. The 
average value of 0.07 Yt (0.02 m) seems reasonable. 

The results of computing discharge using the proposed method are shown in 
table 9 and figure 12. The mean error for the Survey method is 21 percent with 
a standard deviation of 14 percent. Using the proposed modification to the Survey 
method, the mean error is reduced to 3 percent with a standard deviation of 
9 percent. 

In the previous comparisons of measured and computed backwater and dis-
charge, the approach section location was used as surveyed and the average flow 
path selected from table 6 based on the surveyed location. In the following analysis, 
an attempt was made to evaluate the errors due to approach-section location. 
Even though the field data were collected according to Survey standards, 
the approach section was surveyed within 5 percent of one-bridge-opening width 
at only seven sites . An approach section at the proposed location was not available 
for any site. 

The percentage error in computed backwater and discharge is plotted on 
figures 13 and 14 as a function of the ratio of the measured and proposed distances 
to the approach section. The percentage errors for the computed backwater and 
discharge are tabulated in table 10. The open points are backwater and discharge 
computed by Survey methods, while the closed points are backwater and discharge 
computed by proposed methods. In each case the data were used as surveyed 
except for flood numbers 1, 4, 6, and 15 as noted above. A line connedts pairs 
of points for the same flood. Circles represent sites where L is within + 25 
percent of one-bridge-opening width, b . The triangles inclu'e all othersites. 

Discharge data for 11 additional floods were also plotted in figure 14 and sum-
marized in table 11. These data include sites used by Liu and others (1957) for 
field verification. Data for other sites were obtained from Survey files (J. 
Davidian, written commun. , 1975) . Since these sites were used to verify the 
procedures discussed by Matthai (1967) , they are called the verification sites. 

If the distance to the approach section is not important, the percent error 
should be independent of the distance ratio. The mean errors and standard 
deviations were computed and are summarized in table 12 for various groups 
of sites. 

The mean percent errors in computing discharge for the verification sites 
were not significantly affected by the average flow path, because the contraction 
ratio, m', was in the range where L v was nearly equal to Lw for these sites. 
Also, the accuracy of the computed discharge is independent of the approach sec-
tion location for the verification sites. 
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Table 9.--Summary of data for computing discharge by the proposed 
method 

Flood 
no. 

Ah 
ft 

b 
ft 

m' e' L I-2 
ft 

L av 
ft 

C L 
ft 

a l 
A l 

f t 2 

K 1 
3

ft /s 

d 
ft 

Kd 
ft 

A 3 

ft 

K 3 
3ft /s 

K 
q 

ft /s 

Q 
3ft /s 

measured 

Q 
3

ft /s 
computed 

Percent 
difference 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 _ 

1.29 
0.55 
0.65 
1.98 
0.76 
0.89 
1.11 
1.00 
1.67 
2.45 
2.35 
1.55 
1.80 
0.96 
1.46 
1.00 
2.66 
2.97 
2.74 
1.70 

222 
242 
247 
464 
149 
246 
250 
200 
200 
158 
178 
486 
493 
240 
546 
546 
397 
400 
399 
336 

y 0.8( 
0.72 
0.72 
0.7. 
0.81 
0.7E 
0.7S 
0.82 
0.84 
0.8E 
0.97 
0.81 
0.81 
0.8S 
0.75 
0.8E 
0.92 
0.93 
0.92 
0.87 

Yes 
No 
No 

Yes 
No 

Yes 
No 
No 
No 
No 
No 
No 
No 
No 

Yes 
No 
No 
No 
No 
No 

600 
260 
260 

1,190 
170 
240 
240 
270 
270 
160 
254 
526 
526 
256 

1,089 
689 

1,297 
1,297 
1,297 

348 

770 
320 
325 

1,530 
230 
360 
325 
360 
375 
265 

470 
715 
720 
429 

1,395 
1,080 
1,980 
2,080 
1,980 

555 

0.73 
0.81 
0.81 
0.86 
0.71 
0.73 
0.73 
0.72 
0.73 
0.76 
0.83 
0.75 
0.75 
0.81 
0.87 
0.89 
0.72 
0.72 
0.71 
0.95 

48 
46 
45 
41 
37 
34 
31 
39 
33 
28 
64 
32 
30 
34 
46 
49 
34 
34 
34 
41 1 

1.05 
1.05 
1.05 
1.10 
1.15 
1.07 
1.09 
1.04 
1.03 
1.29 
1.57 
1.11 
1.12 
1.08 
2.22 
2.90 
2.91 
2.57 
2.64 
2.81 

3,300 
3,160 
4,790 
7,700 
2,290 
3,520 
6,990 
3,320 
6,260 
91290 

17,350 
16,980 
19,570 
9,130

11_00 
14,270 
32,170 
35,890 
34,820 
20,670 

77,500 
88,700 

147,360 
231,000 
. 57,000 

93,200 
276,400 
93,500 

213,800 
1,116,400 
1,717,200 

778,760 
982,800 
179,400 
509,400 
483,700 

1,701,200 
2,001,000 
1,917,900 

974,000 

---
---
---
210 
---
---
---
---
---
---
---

60 
60 

150 
150 

J150 
I ---

---
---
150 

---
---
---

137,500 
---
---
---
---
---
---
---

301,900 
322,500 
159,800 
2691 900 
228,600 

---
---
---

742,900 

1,000 
1,220 
1,620 
2,360 

670 
970 

1,740 
630 

1,040 
1.320 
2,010 
3,950 
4,320 
1,310 
4,480 
4,100 
4,750 
4,970 
4,890 
4,450 

27,400 
88,900 

147,400 
182,000 

50,500 
59,300 

151,000 
33,900 
62,500 

155,300 
263,100 
617,000 
709,100 
194,200 
569,200 
515,500 
710,200 
750,430 
755,600 
914,800 

36,200 
37,500 
59,000 

111,500 
26,800 
39,700 

103,200 
27,400 
55,000 

230_900 
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Figure 12 . --Comparison of measured discharge to that computed by the proposed 
method . 
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Table 10. --Summary of data for evaluating the effect of distance 
to the approach section on the accuracy of the computed backwater and discharge 

Discharge Discharge Backwater 

Flood 
no. 

b 
(f t ) mi 

Proposed 
LW 
b 

Measured 
L w 

b 

Measured 
L 

w Measured 

Survey method Proposed method Survey method Proposed method 

Percent Percent Percent Percent 
Computed Difference Computed Difference Measured Computed Difference Measured Computed Difference 

1 222 0.80 1.35 1.35 1.00 1,780 2,200 23.6 1,680 -5.6 0.64 0.40 -37.5 0.59 0.53 -10.2 
2 242 0.72 0.92 1.07 0.86 2,250 2,360 4.9 2,170 -3.6 0.46 0.30 -34.8 0.46 0.44 - 4.3 
3 247 0.73 0.96 1.05 0.91 4,150 4,030 -2.9 3,690 -11.1 0.68 0.42 -38.2 0.68 0.71 4.4 
4 464 0.79 1.28 1.28 1.00 5,600 7,850 40.2 5,230 -6.6 0.69 0.51 -28.1 0.41 0.54 31.7 
5 
6 

149 
246 

0.81 
0.76 

1.42 
1.10 

1.14 
0.49 

1.25 
2.24 

1,550 
2,000 

2,000 
2,920 

29.0 
46.0 

1,810 
2,550 

16.8 
27.5 

0.40 
0.47 

0.28 
0.26 

-30.0 
-44.7 

0.40 
0.47 

0.38 
0.62 

- 5.0 
31.9 

7 250 0.79 1.28 0.96 1.33 6,600 7,630 15.6 7,090 7.4 0.53 0.55 3.8 0.53 0.62 17.0 
8 200 0.82 1.51 1.35 1.12 1,900 2,270 19.5 2,000 5.3 0.69 0.51 -26.1 0.69 0.56 -18.8 
9 200 0.84 1.71 1.35 1.27 4,600 5,580 21.3 5,000 8.7 1.36 0.88 -35.3 1.36 1.06 -22.1 

10 158 0.88 2.30 1.01 2.27 12,100 11,900 -1.7 11,700 -3.3 1.61 1.95 21.1 1.61 1.49 - 7.5 
11 178 0.92 3.48 1.43 2.44 16,100 18,500 14.9 17,700 9.9 3.08 1.81 -41.2 3.08 2.03 -34.1 
12 485 0.81 1.42 1.08 1.31 12,500 15,400 23.2 13,800 10.4 1.27 0.84 -33.9 1.27 1.16 - 8.7 
13 493 0.81 1.42 1.07 1.33 17,900 20,000 11.7 18,200 1.7 1.16 1.80 3.4 1.16 1.46 25.9 
14 240 0.89 2.52 1.07 2.36 3,800 4,080 7.4 3,390 -10.8 1.10 0.70 -68.1 1.10 1.10 0 
15 
16 

546 
546 

0.75 
0.88 

1.05 
2.30 

1.00 
1.26 

1.05 
1.82 

10,200 
8,100 

12,250 
10,400 

80.1 
28.4 

11,000 
8,700 

7.8 
7.4 

1.10 
0.50 

0.56 
0.37 

-49.1 
-26.0 

1.10 
0.50 

1.10 
0.54 

0 
8.0 

17 397 0.92 3.48 3.27 1.07 25,000 35,600 42.4 27,600 10.4 1.60 0.89 -44.4 1.60 1.40 -12.5 
18 400 0.93 3.99 3.24 1.23 31,500 40,500 28.6 31,400 -0.3 2.18 1.25 -42.7 2.18 2.20 0.9 
19 
20 

399 
336 

0.92 
0.87 

3.48 
2.12 

3.25 
1.04 

1.07 
2.05 

31,000 
25,600 

38,200 
30,700 

23.2 
19.9 

30,000 
27,400 

-3.2 
7.0 

1.40 
1.35 

1.26 
0.72 

-10.0 
-46.7 

1.40 
1.35 

1.72 
1.15 

22.9 
-14.8 

21 336 0.87 2.12 1.04 2.05 29,500 35,600 20.7 32,200 9.2 1.42 0.90 -36.6 1.42 1.32 - 7.0 
22 
23 

497 
496 

0.80 
0.82 

1.35 
1.51 

1.68 
1.68 

0.80 
0.90 

3,500 
4,900 

4,500 
6,240 

28.6 
27.3 

3,600 
4,950 

2.9 
1.0 

0.73 
0.98 

0.58 
0.69 

-20.5 
-21.6 

0.73 
0.98 

0.53 
0.88 

-27.4 
0 

24 
25 
26 
27 
28 
29 

112 
108 
150 
205 
210 
266 

0.93 
0.87 
0.88 
0.77 
0.77 
0.89 

3.99 
2.12 
2.30 
1.16 
1.16 
2.52 

1.05 
0.95 
0.71 
1.29 
1.29 
1.95 

3.79 
2.22 
3.25 
0.90 
0.90 
1.29 

4,200 
1,500 
4,740 
5,500 
9,500 

14,200 

4,050 
1,790 
6,730 
6,000 

10,100 
20,200 

-3.6 
19.3 
42.0 
9.1 
6.3 

42.3 

3,520 
1,580 
5,650 
5,430 
9,440 

15,500 

-16.2 
5.3 

19.2 
-1.3 
-0.6 
9.2 

1.22 
0.95 
1.10 
0.72 
0.86 
1.89 

1.03 
0.63 
0.22 
0.61 
1.04 
0.95 

-15.6 
-25.9 
-80.0 
-15.3 
20.9 

-49.7 

1.22 
0.85 
1.10 
0.72 
0.86 
1.98 

1.44 
0.81 
0.90 
0.83 
1.05 
1.78 

18.0 
- 4.7 
-18.2 
15.3 
22.1 

-10.1 
30 
31 

266 
518 

0.90 
0.79 

2.78 
1.28 

1.95 
1.00 

1.43 
1.28 

17,000 
6,400 

23,900 
7,360 

40.6 
15.0 

17,200 
6,520 

1.2 
1.9 

2.32 
0.73 

1.12 
0.56 

-51.7 
-23.3 

2.08 
0.73 

2.02 
0.93 

- 2.9 
27.4 



	
		

	

Table 11.--Summary of data from the verification files for evaluating the effect 
of distance to the approach section on the accuracy of computed backwater and discharge 

.......s., 

Discharge 

Proposed Measured Survey Method Proposed Method 

Site Date 
b 

(ft) m' 

L 
w 
b 

L 
w 
b 

Measured 
L w Measured 

Percent 
Computed error Computed 

Percent 
error 

-••••,.....• 

Bond Brook at Dunham Basin, N.Y. 12-31-48 20 0.95 1.05 1.70 0.62 1,370 1,450 5.8 1,470 7.3 
Short Creek near Albertville, Ala. 11-28-48 86 0.28 0.18 0.91 0.20 12,000 11,200 -6.7 11,200 -6.7 
Big Turtle River above RICE Lakes, Minn. 06-05-50 25 0.79 1.28 1.00 1.28 326 350 7.4 350 7.4 
Neosho River near Burlington, Kan. 04-24-44 900 0.25 0.16 0.22 0.73 85,000 94,300 10.9 94,300 10.9 
McAlpine Creek at Sardis Road near Charlotte, N.C. 01-06-62 99 0.74 1.01 1.60 0.63 3,900 3,710 -4.9 3,740 -4.1 
Little River 02-01-57 232 0.64 0.69 1.35 0.51 19,000 21,200 11.6 21,200 11.6 
Oneida Creek at Oneida, N.Y. 03-28-50 75 0.46 0.37 1.33 0.28 7,900 7,900 1.3 7,900 1.3 
Wild Rice River near Twin Valley, Minn. 05-09-50 60 0.33 0.23 0.72 0.32 3,390 3,730 10.0 3,730 10.0 
Crooked Creek near Richmond, Mo. 07-06-51 230 0.74 1.01 1.06 0.95 18,000 15,900 5.0 19,150 6.4 
Elk River 05-15-46 356 0.64 0.69 1.21 0.57 49,900 49,930 0.1 49,930 0.1 
Kayderosseras Creek near West Milton, N.Y. 04-02-52 43 0.46 0.37 1.47 0.25 1,450 1,460 0.7 1,460 0.7 
Kayderosseras Creek near West Milton, N.Y. 04-04-52 43 0.37 0.92 1.40 0.66 774 800 3.4 800 3.4 
Kayderosseras Creek near West Milton, N.Y. 04-06-52 43 0.57 0.96 1.49 0.64 2,620 2,550 -2.7 2,550 -2.7 
Kayderosseras Creek near West Milton, N.Y. 06-01-52 43 0.43 0.33 1.47 0.22 1,320 1,210 -8.3 1,210 -8.3 
Kayderosseras Creek near West Milton, N.Y. 
Cypress Creek near Buna, Tex. 

12-31-48 
04-23-51 

84 
31 

0.66 
0.85 

0.73 
1.83 

0.68 
1.10 

1.07 
1.66 

4,840 
1,280 

4,015 
1,200 

-7.5 
-6.3 

4,015 
1,200 

-7.5 
-6.3 

Little Turtle River above Rice Lakes, Minn. 06-05-50 21 0.70 0.85 1.71 0.50 216 233 7.9 240 11.1 
Johnson Creek near Sycamore, Ore. 
Johnson Creek near Sycamore, Ore. 

01-22-54 
11-24-60 

24 
24 

0.76 
0.84 

1.10 
1.71 

1.17 
2.00 

0.94 
0.86 

1,600 
2,010 

1,475 
2,018 

-7.8 
0.4 

1,490 
2,035 

-6.9 
1.2 



	 	

	

	
	

	

	
	

	

	
 

	

	

	
 

	

	

	

	

	

	

	

	

	

	

	

Table 12 . --Percent errors in computing backwater and discharge 

as a function of approach section location 

Discharge Backwater 

Project sites Verification sites Data Project sites
Friction 

loss Standard Standard Standard Standard 
Sample length Mean deviation Mean deviation Mean deviation Mean deviation 

Sites where measured L wL is within + 25 
percent of one bridge L ayopening width 

Number of sites 

12.8 

1.6 

14 

10.4 

9.5 

-1.0 

-1.4 

6 

6.7 

6.5 

8.6 

0.7 

20 

11.3 

8.6 

-26.7 

2.9 

14 

23.6 

13.6 

Sites where measured L wLw is within + 25(.51
~'percent of proposed L ayLw 

Number of sites 

23.2 

3.6 

20 

12.5 

7.8 

Insufficient 
data 

5 

18.5 

2.7 

15.1 

7.7 

-30.6 

0.4 

20 

19.1 

17.6 

Sites where measured L w
Lw is greater or 
equal to the proposed L ay
Lw 

Number of sites 

17.1 

-3.1 

8 

14.9 

4.6 

1.7 

2.2 

16 

6.6 

6.8 

6.8 

0.43 

24 

12.3 

6.6 

-21.6 

4.0 

8 

19.2 

18.9 

Sites where measured L w
Lw is less than proposed 
Lw L ay 

Number of sites 

22.9 

5.8 

23 

13.4 

9.3 

Insufficient 
data 

3 

20.0 

4.9 

26 

15.2 

9.4 

-32.7 

-0.6 

23 

23.0 

17.4 



	

	 	

	 	

	

	

	

	

	
 

Friction 
loss 

Sample length 

All sites in a data set L w 

Lay 

Number of sites 

Sites where measured L wLw was less than half 
of the proposed Lw L av 

Number of sites 

Sites where measured L 
Lw is greater than w 

half of the proposed L ayLw 
Number of sites 

Table 12.--Continued 

Discharge 

Project sites Verification sites 

Standard Standard 
Mean deviation Mean deviation 

21.4 13.8 1.5 7.0 

3.5 9.1 1.1 6.8 

31 19 

18.3 17.1 No data 

5.3 13.8 

9 0 

22.6 12.4 1.5 7.0 

2.7 6.7 1.1 6.8 

22 19 

Backwater 

Data Project sites 

Standard Standard 
Mean deviation Mean deviation 

13.8 15.1 -29.9 22.3 

2.6 8.3 0.6 17.6 

50 31 

18.3 17.1 -38.6 31.4 

5.3 13.8 -4.0 19.5 

9 9 

12.9 14.7 -23.3 -26.0 

2.0 6.7 2.4 16.9 

41 22 



	

	

	
	

 

For the project sites, the largest reduction in error in computing backwater 
and discharge resulted from the use of L in the friction loss term. At 14 sites 
where the measured L is within + 25 petfent of one b width, the mean error was 
reduced from 12.8 to 11 percent. At 20 sites where measured Lw is within 
+ 25 percent of the proposed L , the mean error was reduced from 23.2 to 3.6w
percent. Seven sites were common to both groups. The mean error was reduced 
from 21.4 to 3.5 for all the sites taken together. The measured L ranged between 
0.49 to 3.27 b widths and between 0.26 and 1.24 of the proposed tv . Therefore, 
satisfactory answers were obtained with the approach cross section' located either 
at one b width or at the proposed location. 

The results were about the same for project sites where the measured L 
is greater than the proposed L (17.1 to -3.1 percent) and where the measur'n 
L was less than the proposed (22.9 to 5.8 percent) . The slightly higherwresidual error, 5.8 percent, could be caused by the measured L being less thanwthe proposed L.However, the data do not prove it. 

At nine sites where the measured L is less than 0.5 of the proposed L, 
the error was reduced from 18.3 to 5.3 Y greaterWhere the measured L is greater 
thanthan 0.5 of the proposed L , the error was reduced from 22.6 to 2.7 peYcent. 
However, the standard deMation was significantly higher, 13.8 compared to 6.7 
percent, at sites where the measured L was less than 0.5 of the proposed L .w 
These comparisons, based on data from nine floods, suggest that an approaAvsec-
ton could be surveyed too close to the bridge. 

The distance to the approach section computed from equation 18 is theoretically 
correct because the flow at that distance is nearly one dimensional. However 
the available field data indicate that distances ranging from one-half to two times 
the proposed value work as well, as long as the average flow path is used in com-
puting friction loss in the approach reach. 

CONCLUSIONS 

Data were collected at 20 single opening sites for 31 floods. Flood-plain width 
varied from 4 to 14 times the bridge opening width. The recurrence intervals of 
peak discharge ranged from a 2-year flood to greater than the 100-year flood, with 
a median interval of 6 years. Measured backwater ranged from 0.39 to 3.16 
ft (0.12 to 0.96 m) . Backwater computed by the currently used standard Survey 
method averaged 29 percent less than that measured, and the value computed by 
the FHWA method averaged 47 percent less than that measured. Discharge computed 
by the Survey method averaged 21 percent more than that measured. Analysis 
of the data showed that the flood-plain widths and Manning's roughness 
coefficients are larger than those used to develop the currently used standard 
methods and the accurate computation of backwater and discharge depends 
on improving the method of computing the energy loss. 
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With the proposed method for computing backwater and discharge, 
the contracted and natural watersurface profiles were computed using 
standard step-backwater procedures. The difference between the profiles 
was defined as backwater. The energy loss terms in the step-backwater 
procedure were computed as the product of the geometric mean of the energy 
slopes and the representative flow distance between the ends of the reach. 
An estimate of the average flow path was derived from potential flow theory 
for the approach reach while an empirical method based on the straight-
line distance between the bridge and a valley cross section one-bridge-
opening width downstream was developed for the flow expansion reach. 
The mean error using the proposed method for computing backwater was 
1 percent. The mean error using the proposed method for computing discharge 
was 3 percent. 

FUTURE WORK 

The data were collected and the proposed method was developed and applied to 
single opening sites. The method developed here could be extended to multiple open-
ing sites. To do this, additional data of the type collected in this study would 
be required for about 20 flood events preferably at 20 sites. More detailed high 
water information would be needed upstream of the bridge to estimate the flow 
split between bridges, but fewer valley cross sections would be required. 

Engineering judgment was used to determine whether a constriction was 
eccentric. Furthermore, a constriction was considered to be either symmetric 
or fully eccentric. Preliminary computations indicate that it is theoretically 
feasible to determine the average flow path for eccentric constrictions using a 
Schwartz-Christoffel transformation. 

The function describing the friction loss in the expansion reach is empirical, 
but apparently successful. The flow redistribution mechanism is complicated 
by the roughness downstream of the bridge. Additional laboratory studies into 
the nature of the rate at which energy is expended and flow redistributed would 
be worthwhile. It is difficult to collect the field data with the detail and control 
required to evaluate this process . 

The data collected in this study could be used to evaluate n values on 
heavily vegetated flood plains. The reach downstream of the bridge could be used 
as an n-verification reach. The principal deficiency in the data is the lack of 
knowledge of the flow distribution. However, a careful comparative study between 
sites should overcome most of the problems. Verified n values and representive
pictures would be obtained in such a study. 

EXAMPLE OF BACKWATER CALCULATIONS 
USING PROPOSED METHOD 

A highway crossing of Example Creek is proposed. A plan of the reach and 
a typical cross section (the approach section) is shown in figure 15. The design 
discharge for the bridge crossing Example Creek is 6,400 ft /s. The natural 
stage at cross section 4, h4n , is 14.5 ft. The spill-through abutments and the 
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embankments have slopes of 2 to 1. In order to simplify the problem slightly, 
the length of the bridge abutment in the direction of the flow, L, is assumed to 
be a constant 40 ft and x is assumed to be 0 ft. The slope of the reach is about 
.0006 ft/ft. 

In a preliminary inspection of the site, the valley width, B, was found to 
be 2,000 ft. The effective width of the bridge opening, b, is planned to be 200 
ft. The problem is to compute the backwater at cross section 1 caused by the 
constriction. 

The distance to the approach cross section, L , is computed by determining 
the geometric constriction ratio from equation 11 Ad the Lw/b ratio from table 6. 

m' =1 - b/B (11) 

200
= 1 - - 90

2000 

From table 6 for m' = 0.90, Lw/b = 2.78. 

L = 2.78 x 200 ft = 556 ft 
w 

The approach section was surveyed approximately 556 ft upstream from the bridge 
section 2. The result is shown in figure 15. In addition, a section along the high-
way centerline and a section approximately 200 ft downstream were surveyed. 
During the survey, the Manning's roughness coefficients, n, were selected 
for each cross section. Since the roughness was relatively uniformly distributed 
on the flood plain, an n = 0.14 was selected for the flood plain for each cross 
section. In the main channel, n = 0.050 for each cross section. 

The following steps are generally required to compute backwater: 

Step 1.--Compute the natural water surface profile from section 4 to section 
1 using step-backwater. 

Step 2.--Using the natural profile as a first estimate, compute the hydraulic 
and geometric variables required in the solution of the contracted profile. These 
include: 

C - Coefficient of discharge (Matthai, 1967) 
L - Length of bridge abutment in the direction of the flow (Matthai, 1967) 
m' - Channel-geometric constriction ratio. This value has been estimated 

to locate the approach. It will vary only slightly for the contracted and 
uncontracted water-surface profile. 

L 
_ay - Average streamline length in the approach reach 
q - Portion of approach conveyance, K1 , corresponding to the bridge width, 

q b (Matthai, 1967) 

The cross-section properties which were computed separately can be obtained 
from table 13. The energy coefficient was computed as 
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Table 13 . --Cross-section properties for section 1 

Water surface Subsection Area, Conveyance, Alpha Beta 
2 3 

elevation ) ft ft /s 

15.0 L.B. 980 12,300 -
M.0 . 1,260 127,400 
R .B . 3,060 71,400 

Total ST3-00 211,100 4.01 1.75 

15.2 L .B . 1,140 15,700 
M .0 . 1,300 134,200 -
R.B. 3,250 78,800 

Total 5,69-0 228,700 4. 00 774 

15.4 L .B . 1,290 19,300 
M.C. 1,340 141,200 
R .B . 3,440 86,400 

Total 6,070 246,900 3.98 1.73 

16.0 L.B. 1,750 32,200 
M.0 . 1,460 162,800 
R.B. 4,010 111,100 

Total 7,22-0 306,100 TM 1.68 

16.2 L .B . 1,910 37,000 
M.C. 1,500 170,300 
R .B . 4,200 119,900 

Total 7,610 127,200 3.81 1.67 

16.4 L.B . 2,060 42,100 ---
M.0 . 1,540 177,900 - -
R .B . 4,390 129,000 

Total 8,000 349,000 3.77 T.76 

Cross-section properties for section 3 without the constriction (natural section) 

14.6 L .B . 910 12,200 -
M .0 . 1,240 124,100 - -
R .B . 2,970 

Total S, 120 26047 , 1800 ITTS 1.74 

14.8 L .B . 1,060 13,900 - -
M.0 . 1,280 130,800 
R .B . 3,160 75, 000 

Total S,500 219,700 4--.7-2 77 
15.0 L .B . 1,210 17,500 -

M.0 . 1,320 137,700 
R .B . 3,340 82,600 

Total 5, 870 237,800 3.98 1.73 

1 Main channel conveyance is equal to K  in this example. 
q 
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Table 13 . --Continued 

Water surface Subsection Area, Conveyance, Alpha Beta 
ft2 ft3/selevation 

Cross-section properties for sections 2 and 3 (constricted) 

M .0 . 1,170 
14.4 M .0 . 1,210 
14.6 M .0 . 1,250 
14.8 M .0 . 1,290 
15.0 M.C. 1,330 

14.2 

Cross-section properties for section 4 

14.2 L .B . 780 
M .0 . 1,200 
R .8 . 2,780 

Total 4,760 

14.4 L .B . 910 
M .0 . 1,240 
R.B . 2,970 

Total 5,120 

14.6 L .B . 1,060 
M.0 . 1,280 
R .B . 3,160 

Total 5,500 

110,300 
116,600 
122,900 
129,400 
136,000 

-
___ 

_ 

---
---

_ 

9,900 
117,500 
60,900 

188,300 

12,200 
124,100 
67,800 

204,100 

13,900 
130,800 
75,000 

219,700 
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2Ek./ 
3 /a . 

a -
(K 3/A 2 ) 

and the momentum coefficient, p 

Ek.2 / a . 
P -

K 2 /A 

where k. is the subsection conveyance, a. is the subsection area, K is the cross-
section conveyance, and A is the cross-s4ction area. 

Step 3.--Using step backwater, compute the contracted water-surface profile 
from section 4 to section 1. The water-surface elevation at section 4 is assumed 
to be at the natural condition in the contracted case. 

Step 4.--Recompute the variables in step 2. 

Step 5.--Continue with steps 3 and 4 until the change in the recomputed vari-
ables is not significant and the desired accuracy is achieved. 

Step 6.--Compute backwater at section 1 by subtracting the natural water-
surface elevation from the contracted water-surface elevation. 

Step 1. Compute the natural profile. The energy balance between section 3 
and 4 is 

2 2 
+ a3n 

Q Q
2h 2 h4 + + h

3n a4 f (3 - 4)
2gA 2gA4

3 

where 

2
bQh 

f (3 - 4) K K
3n 4n 

Assume the natural stage at section 3 is 14.7 ft and use the cross-section properties 
in table 13 

2_ 200 x 6,400h 
f (3 - 4) 211,900 x 211,900 

= 0.18 ft 

2 2
4? 6400= 3.99 x - 0 . 09 fta4 264.3 x 53102gA 4 2 

59 



 
	
	

 

	

	

	
			 	

	

	

	

	

		

2Q2 - 64002 - 0 09 ftQ 3.99 xa 2 2
3n 64.4 x 53102gA3n 

+ 0.09 = 14.5 + 0.09 + 0.18h3n 

= 14.68 fth3n 

assumed h3n = 14.7 ft 

Therefore, the natural stage at section 3, h3n' is 14.7 ft . 

The distance from section 3 to section 1 is L + L w = 40 + 556 = 596 ft. The 
energy balance between sections 1 and 3 is 

22 
_ Q

h + a ----A - h Jn, + a + h f (1 - 3)ln in 2gA 
3n 2 gA 32 

In 

where 
(L + Lw) Q 2 

-hf (1 - 3) K lrt 3n 

Assume the natural water-surface elevation at section 1 is 15.2 ft. 

2596 x 6400 0.50 fth f (1 - 3) 228,700 x 211,900 

(12 
- 0.09 (previous computation)a3n 2gA 32 

26400Q2a - 4.01 x 2 = 0.08 ft
In 2gAin2 64.3 x 5690 

hin + 0.08 =14.7 + 0.09 + 0.50 

hln = 15.21 ft 

Assumed hin = 15.2 ft 

Therefore, the natural water-surface elevation at section 1 is 15.2 ft. 

Step 2. The following variables are computed for the first trial computation 
of the contracted water-surface profile. For h i = h in =15.2 ft, K = 134,200
ft3/s and K1 = 228,700 ft3/s. Since m = (1 - K q/K 1 ) , m = 0.41. IR addition, 
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L/b = 40/200 = 0.20. From Matthai (1967) , find C = 0.76. From equations 25 and 
26, al = 1.73 and p3 = 1.32. For Lw/b = 2.78 and m' = 0.90, L /b = 3.95 from 
table't. Therefore, 

av 

L = 3.95 x 200 ft = 790 ft av 

Step 3. The step backwater equations are applied to the constricted flow. 
The energy balance between section 3 to 4 is 

2 2 
h3 + ,., A.Ob 4 -_3 ---2 _4 + a -----2 + h e + h f (3 - 4)2gA3 h 2gA4 

where 
2bQ (23)h f(3 4) K K 

c 4n 
_and 

A 4 2
2 A

Q a 4 ,_ (1 = 77 (2[34 - a4) 2p3 7.-- a3 7-3) (24)he 2gA4 L, 
_ 

Assume the stage at sec4ion 3 is 14.60 ft. At this stage, K3 = 122,900 ft3/s and 
from step 2, K =134,200 fts) /s. The smaller of K or K3 is the controlling con-
veyance in thecifollowing computations. In this case, Ke = K 3 

he =0.44 ft 

hf(3 _ 4) = 0.31 ft 

2 
a4---42 1 = 0.09 ft 

2gA 4 

Q2 
-.fy3— --2- - 0.71 ft 

2gA 
3 

h3 + 0.71= 14.5 + 0.09 + 0.44 + 0.31 

h3 = 14.6 ft 

Assumed h3 = 14.6 ft 

Therefore, the contracted water-surface elevation at section 3 is 14.6 ft. The 
energy balance between section 1 and 3 is 
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3 

Q 22 
Q + h 

= h3 + a 2 f (2 - 3) + h1(1 - 2)h i + a l 2gA12 3 3 

where 
LQ2 

hf(2 3) --/7 
3 

and Q2L av 
h f (1 - 2) K iKc 

Assume the stage t section 1 is 16.2 ft. From step 3, K  = 122,900 and from step 

K = 134,20,9 ft') /s. Since K3 is less than K , K  = K j . Also from table 13,2 , q c 13 
K = 527,200 ft"Vs.1 

h f = 0.11 ft
(2 - 3) 

hr(1 _ 2) = 0.80 ft 

2 
a  Ql 2 = 0.04 ft 
2gA 1 

a (22 

3 = 0.71 ft (previous computation)
2

2gA3

 + 0.04 =14.6 + 0.71 + 0.11 + 0.80h1 
h  = 16.18 ft

1 

Assumed h1 = 16.2 ft 

Therefore, stage at section 1 is 16.2 ft. 

Step 4. The variables in stip 2 are recomputed. For h, = 16.2 ft, K = 
170,300 ft3/s and Ki = 327,200 ft /s. From Matthai (1967) foe m = 0.48 an8 L/b 
= 0.20, C = 0.75. 'therefore a3 = 1.78 and133 = 1.33. None of the other variables 
change in this case. 

Step 5. The small change in C affects the value of a3 and p3 . In this case, 
the answers will not change at the level of significance being used. The con-
veyance, K , is still larger than K3 so that the controlling conveyance, K is 

q C 'still K3. 

Step 6.--Backwater at section 1 is the difference between the contracted water 
surface and the natural water surface elevations. 

Contracted water surface elevation = 16.2 ft 
Natural water surface elevation = 15.2 ft 

1 . 0 ft 
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There were no spur dikes used in this example. Had there been, an addi-
tional computation would be needed to compute the stage at the toe of the dikes. 
The energy balance between section 3 and the toe of the dikes is: 

2 2 
Q Qh + a h3 + + h + hd d 2 a3 2 f(2 - 3) f2gA d agA 3 

where 2LQh
f (2 - 3) K32 

and 2L 
dQh f (d - 2) K K
3 d 

After finding hd , balance the energy equation between sections 1 and d. 

2 2 
h1 + al Q - h d + a Q + h2 d 2 f2gA 2gA dd 

where 2LavQh
f(1 - d) K K

1 c 

In this case the controlling conveyance would be the smallest of Kd, K 3, 
or K . 

For purposes of this example, the approach section was located according 
to the criteria expressed by equation 18 or table 6. If the approach section is 
surveyed at another location, use the actual distance, Lw , to determine L 

ayfrom table 5. 
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