


PREFACE 

SECTION 11 

DROP SPILLWAYS 

This handbook is intended primarily for the use of Soil Conservation 
Service engineers, Much of the information will also be useful to engi- 
neers in other agencies and in related fields of work. 

The aim of the handbook is to present in brief and usable form in- 
formation on the application of engineering principles to the problems 
of soil and water conservation. While this information will generally 
be sufficient for the solution of most of the problems ordinarily en- 
countered, full use should be made of other sources of reference material. 

The scope of the handbook is necessarily limited to phases of engi- 
neering which pertain directly to the program of the Soil Conservation 
Service. Therefore, emphasis is given to problems involving the use, con- 
servation, and disposal of water, and the design and use of structures 
most commonly used for water control. Typical problems encountered in 
soil and water conservation work are described, basic considerations are 
set forth, and all of the step-by-step procedures are outlined to enable 
the engineer to obtain a complete understanding of a recommended solution, 
These solutions will be helpful in training engineers and will tend to 
promote nation-wide uniformity in procedures. Since some phases of the 
field of conservation engineering are relatively new, it is expected that 
further experience may result in improved methods which will require re- 
vision of the handbook from time to time. 

This section of the Engineering Handbook has been written by MQ M. Gulp, 
Head of the Design Section of the Engineering Division, and C. A. Reese, 
Design Engineer. Two successive drafts have been submitted to field engi- 
neers and others for review. Suggestions received have led to improvements 
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SECTION 11 

DROP SPILLWAYS 

1. GENERAL 

Description. The drop spillway is a weir structure. Flow passes 
through the weir opening, drops to an approximately level apron or stilling 
basin, and then passes into the downstream channel. The basic elements of 
the drop spillway and the nomenclature are shown by drawing ~~-63 (page lo3). 
Various designs and proportions are in use. Further research and systematic 
evaluation of experience with existing structures will lead to continued 
improvement in design criteria. 

Material. For most soil conditions, drop spillways may be built of any 
of the construction materials adapted for use in hydraulic structures. 
Some or all of the following materials will be available for consideration 
in any locality: concrete, reinforced or cyclopean; rock masonry; concrete 
blocks, with or without reinforcing; and steel sheet piling. Reinforced 
concrete is most widely used and has been very satisfactory for long-life, 
low-annual-cost structures. In a given case , particularly where a number 
of structures are involved, the selection of the material to be used should 
be based on: (1) the required life span of the structures, (2) an annual 
cost comparison which recognizes all of the costs, including maintenance 
and replacement, for structures built of the different available materials. 

Functional Use. Drop spillways are used for the following purposes: 

(1) To control gradient in either natural or constructed channels. 

(2) To serve as inlet or outlet structures for tile drainage systems in 
conjunction with gradient control. 

(3) To control tailwater at the outlet of a spillway or conduit. 

(4) To serve as reservoir spillways where the total drop (F) is relatively 
low. 

Experience and comparison of structural and hydraulic characteristics 
show that drop spillways have certain advantages and disadvantages compared 
with other structures adapted to similar functional uses. These general 
advantages and disadvantages should not be regarded as a basis for final 
selection of the type of structure for a given site, but can be used in de- 
ciding whether the drop spillway should be one of the alternate types to be 
considered. 

Advantages 

(a) Stability. The drop spillway is very stable, and the likelihood 
of serious structural damage is more remote than for other types of 
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(b) Nonclogging of weir. The rectangular weir is less susceptible to 
clogging by debris than the openings of other structures of comparable dis- 
charge capacity. 

(c) Low maintenance costs. Drop spillways indicate a definite tendency 
toward lower maintenance cost as compared with other types of structures for 
most embankment and foundation soils. 

(a) Ease and economy of construction. Drop spillways are relatively 
easy to construct. When reinforced concrete is used, the flat slabs and 
straight, plane-surfaced walls simplify the forming and steel setting opera- 
tions. Standard form panels or reusable sectional forms may be used. 

(e) Standardization. Drop spillways may be standardized readily both 
as to structural design and construction, which results in savings in en- 
gineering and construction ccsts. 

Disadvantages ----- 

(a) The drop spillway may be more costly than some other types of 
structures where the required discharge capacity is less than 100 cfs and 
the total head or drop is greater than 8 or 10 feet. 

(b) The drop spillway is not a favorable structure where it is de- 
sired to use temporary spillway storage to obtain a large reduction in 
discharge at and downstream from the structure. Discharge through a weir 
increases with the 1.5 power of the specific head at the weir (He) while 
the discharge through a closed conduit flowing full increases as the 0.3 
power of the total drop in hydraulic grade line. The above statements are 
not to be taken as meaning that significant spillway storage should be 
neglected in determining the required discharge capacity of a drop spillway. 
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DROP SPILLWAYS: NOMENCLATURE AND SYMBOLS OF DROP SPILLWAY 

HEADWALL 

HEADWALL 

DOWN STREAM ELEVATION 

LONGITUDINAL 

WALL 

SECTION ON CENTER LINE 

SYMBOLS 

L = Length of weir. 

h = Depth of weir. 
F = Drop through spillwoy from crest of 

weir to top of transverse sill. 

s = Height of tronsverse sill. 
Le = Length of apron, 
T  = Depth of toewall below top of apron. 
C = Depth of cutoff wall below top of apron. 
dc = Critical depth of weir. 

E = Length of headwall extension. 
J = Height of wingwall and sidewall at junction, 

PLAN 



2.1 

2. LAYOUT 

General. The site selection and proportioning of a structure should be -- 
such that it satisfies the objectives and meets the stability requirements 
at minimum cost. 

Site Selection. Proper site selection is dependent upon the availa- -- 
bility of adequate field surveys and foundation data on all practicable 
alternate sites. The extent of field surveys required to prepare the most 
logical layout will depend upon the complexity of conditions peculiar to 
the problem. In some cases particular attention must be given to the effect 
of the proposed work on adjacent highways and their drainage structures, 
railroads, pipe lines, and other improvements or property that might be 
affected. 

Comparative cost estimates probably will be necessary to determine the 
best layout. Volumes of earth fill and excavation, the cost of providing 
adequate protection during the construction period, volumes of concrete as 
affected by foundation conditions and other factors that vary from site to 
site, elevation of ground water, and other factors will affect costs. In 
the final selection, differences in cost at the various sites should be 
weighed against other advantages and disadvantages. 

Channel Alignment. For gradient-control drops with definite approach 
channels, the site should be selected so that the spillway is located on a 
reasonably straight section of channel (on tangent), with neither upstream 
nor downstream curves within 100 to 200 feet of the structure. It often 
will be desirable to obtain straight alignment above and below the spillway 
by channel changes that merge smoothly with the existing channel. Modern 
earth moving equipment has made such channel changes practicable for many 
locations where, otherwise, p oor alignment would have been unavoidable. 

Poor upstream alignment, or any other disturbance that produces uneven 
distribution of velocity and discharge over the weir, is very apt to result 
in one or more of the following bad effects: 

(1) Reduction in discharge capacity of the weir. 

(2) Excessive scour of the earth embankment and channel banks 
just above the spillway. 

(3) Uneven distribution of flow across the transverse sill at 
the end of the apron, and a reduction in energy dissipation 
by the apron and stilling pool of the structure. 

(4) Excessive scour in the downstream channel just below the 
spillway apron and wingwalls, and downstream therefrom for 
a comparatively short distance. 

The severity of these effects depends upon the extent of the upstream dis- 
turbance. Where the velocity of approach to the weir -will be less than 2 
feet per second throughout the anticipated life of the spillway, the effect 
of poor approach-channel alignment may be ignored. Where the approach 
velocity is apt to be higher, the approach channel must be straight. 
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Poor downstream alignment is not so serious as poor upstream align- 
ment; however, it also should be avoided. Excessive scour is apt to 
develop if appreciable channel curvature exists immediately below the 
spillway. Such scour may be more severe than it would have been other- 
wise, due to the lack of complete dissipation of the overfall energy by 
the spillway apron and stilling pool. 

The extent of the scour generated as the result of poor alignment 
will differ considerably from site to site for numerous reasons. It will 
be affected by the location, amount and rate of curvature, the velocity, 
depth of flow, duration of discharge, resistance of the channel bottom 
and banks to erosion, and perhaps other factors. Consequently, it will 
be difficult to predict the required extent of preventive riprap in ad- 
vance of the scour. Where such predictions can be made, the riprap should 
be included in the original construction plans. It will be necessary to 
inspect such spillways after every significant storm and provide the rip- 
rap or other work necessary to protect and preserve them. 

If, at a particular site, it is impracticable to avoid curvature, 
good upstream alignment must take precedence over desirable downstream 
conditions. In other words, drop spillways should be located so that 
the center line of a straight approach channel is coincident with the 
center line of the spillway. 

Foundation Conditions. The site selected must provide an adequate 
foundation for the spillway. The foundation material must have the re- 
quired supporting strength, resistance to sliding and piping, and be 
reasonably homogeneous so as to prevent differential or uneven settle- 
ment of the structure. 

Piping, sliding, and vertical foundation loads are discussed else- 
where. Unequal settlement under various parts of the spillway must be 
carefully avoided; each part of the foundation must carry its proper 
share of the load. If the foundation materials vary appreciably as to 
consolidation under load over the foundation area, the reactions will 
not be distributed uniformly and cracking and differential settlement 
are probable. 

Articulation of the various component parts of the structure may be 
desirable if foundation studies indicate only minor differences in foun- 
dation profiles. It usually will be wise to search for an alternate site 
or remove the foundation material and replace i t with very carefully com- 
pacted homogeneous fill if the foundation profiles indicate appreciable 
differences that might lead to unequal settlement. 

Obviously, foundation investigations must be made at each site. The 
extent of the investigation should depend upon the size and importance 
of the structure, known facts concerning the geology of the area, and 
the findings in the first borings or test pits. The investigations may 
range from visual classification of soils in one or two test holes, for 
structures 10 feet or less in height and of low failure hazard, to ex- 
tensive soil borings, test pits, and soil-mechanics laboratory studies 
on higher structures where the hazard to life or property is significant 
should they fail. 

Other Considerations. Other factors requiring investigation during 
the selection of the structure site are: (a) conditions that will affect 
the type and degree of protection against damage from runoff during 
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construction (b) material available for earth fill and the required volume 
of such fill (c) farming operations on the land adjacent to the site (d) 
roads, railroads, pipelines, and other structures that may affect or be 
affected by the structure. 

Structure Dimensions. The determination of the dimensions of the p----p 
various parts of the drop spillway is discussed in the subsections deal- 
ing with the hydraulic and structural design. 

Top Width of Earth Embankment. The top width of the earth embankments -------- 
should be such that they can be constructed and finished with -the standard 
earth moving equipment. In the majority of cases, this sets the minimum 
top width at 8 feet. For gradient-control drop spillways without perma- 
nent pools of water above them, this minimum top width is sufficient for 
stability. Where a drop spillway acts as a reservoir spillway, the dikes 
are usually high for a considerable portion of their length and are in 
contact with the permanent pool. In such cases, the minimum top width of 
the dikes is given by the following equation which is applicable for 
heights of embankment up to 50 feet; 

2.1 

where W = minimum top width in feet 

H = maximum height of embankment in feet for 
range in values of 5 to 50 feet 

Example: Given a maximum height of fill of 22 feet, find the minimum top 
width. W = (22 + 35) f 5 = 11.4; hence, use a top width of 12 feet unless 
some other design consideration requires a larger value. 

For practical construction reasons, no attempt should be made to vary 
the top width of the embankment as the fill height varies; select one top 
width and use it for the full length of the embankment, 

Fill Slopes. The recommended fill slopes are: (a) for fill adjacent 
to the structure, not steeper than 2 horizontal to 1 vertical; (b) for 
earth embankment, 3 horizontal to 1 vertical where practical, with a mini- 
mum of 2 to 1. These 3-to-l slopes are recommended not only for stability, 
but because they will facilitate maintenance operations. 

Required Height of Earth Fill Above the Ton of the Headwall Extension. ---a 
For gradient-control drop spillways, the top of the settled earth fill 
should be at least 1 foot above the top of the headwall extension. Where 
a reservoir exists above the spillway, the top of the settled earth fill 
should be higher than the top of the headwall extension by an amount equal 
to the average depth of frost penetration, taken from fig. 2.1 (page 2.5), 
but not less than 1 foot. In the western part of United States, local ex- 
perience on the average of maximum annual frost depths will need to be 
gathered to supplement the data in fig. 2.1 (page 2.5), 

Riprap of Approach Channel. Field experience and observation of labo- 
ratory tests indicate that earth backfill, just above the crest of a weir 
and at the end of embankments adjacent to the ends of the weir opening, 
will be scoured out and carried away by discharges that approach design 
values unless it is protected by adequate riprap or vegetation. The depth 
and duration of discharge, erodability of backfill, alignment of approach 
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channel, contraction at ends of the weir, sediment being transported, 
and density, vigor and type of vegetation on the backfill, and probably 
other factors affect the need for riprap. 

Several drop spillways have been observed at which the channel grade 
line above the weir has been raised by an accumulation of sediment in 
dense, vigorous vegetation. Such a buildup of the channel results in 
reduced capacity of the weir. 

On other spillways, serious deep scour developed just above the weir, 
and especially at the ends of the weir, where additional turbulence is 
created by contraction of the flow. The fill just above a weir may be 
stable for several years, scour under a high discharge, and subsequently 
build up to original grade on the receding stage or by sedimentation 
during a series of low discharges. 

It is highly desirable to avoid both scour and buildup above the 
headwall. Properly designed and placed riprap provides very good pro- 
tection against both of these hazards. 

Drop spillways that are located immediately below retarding dams 
will operate at or near design capacity more often and for longer time 
intervals than average gradient-control drops. Hence, the hazard from 
scour will be serious and the need for riprap is apparent. Drop spill- 
ways used as gradient-control structures in irrigation canals suffer 
relatively severe flow conditions and should always be riprapped above 
the weir. 

Recommendations on the layout and requirements of riprap for drop 
spillways are presented in drawing ES-79 (page 2.6). 

Riprap, placed in accordance with drawing ES-79 (page 2.6), should 
be considered as "must" protection in all cases where the depth of the 
weir exceeds 2.5 feet. 

AVERAGE DEPTH OF FROST PENETRATION (INCHES) 

mNFORMATlON COLiE’CTEi 
FROM UNOFFICIAL SOURCES 

From "Climate and Man", Yearbook of Agriculture - 1941, p. 747 

FIGURE 2.1 







3. ILi'D;II:lrJLIC DESIGN 

Hydrologic Determinations, Methods of determining peak rates and fn- 
flow hydrographs of runoff aYe discussed in Hydrology, Section 4 of the 
Engineering Handbook. 

Selection of the frequency of the design flood flow for a particular 
drop spillway should be based on an evaluation of the following factors: 

(1) Intended life 0: the structure 

(2) Probable exteni. :,f d:amage, should the spillway fail 
due to lack of ~ie~~har~<e capacity. 

(3) Relative size and cost of the structure. 

The discharge character?.::-tics of a weir are such that a relatively 
large percentage increa::;: in discharge capacity can be provided for a 
small percentage increase in iota1 cost of the structure. The spillway 
cost is only a part o-i' lilt total cost of the structure. 

Discharge Capaci-ty Determinations. Two general cases are encountered. -- 
They are: 

(1 

(2) 

Those cases ti-herc- :iid required discharge capacity and 
the total drop tL~r.o~j~~l.l :he spillway, F, are known, and 
the problem is to ~~i~:,~:s~: the length and depth of weir 
to provide the r+(~:;~,i~~~:..(j: capacity, maintain an adequate 
freeboard, e-:lci. ;ii‘;i~i #de economical proportions for the 
spillway. 

Those cases in which tiie dimensions of the structure 
are known, ~2nd i.t :i-s --ccessary to know the discharge 
of the q.i: .LWF?,;. ‘,;p:i I:1 :,:m::>g with adequate freeboard or 
at maximur. capacity. 

In either cast, r,le 3~ m;;~ be either free or submerged. Both free 
and submerged f>ow ;,re discu.s94 later. 



3.2 

A completely aerated weir is one in which unlimited quantities of 
air have free access to the space between the nappe and the headwall, 
Under such conditions, the nappe will be subject to atmospheric pres- 
sure on both upper and under surfaces. Ordinarily, complete aeration 
will not be attained and some small permissible differential in pres- 
sure, below atmospheric, will exist under the nappe. Provision must be 
made in the design for admission of air to the underside of the nappe 
by the forced development of end contractions or by air vents. Failure 
to provide aeration will lead to the formation of excessive negative 
pressures (below atmospheric) under the nappe which in turn cause fluc- 
tuation of head, instability of flow, and increased load on the headwall. 

Drawing ES-81 (page 3.3) gives the design equations and procedure 
for estimating the size of air vents required for drop spillways. If 
the differential pressure, p, exceeds 0.3 ft. of water, the increased 
loads on the headwall should be included in the structural analysis and 
design. 

Only a limited investigation of the discharge capacity of drop spill- 
ways has been made. The lack of test data, and consideration of the 
varied conditions under which these structures will operate, lead to a 
recommended design value for c = 3.1. Use of this coefficient is based 
on the assumption that flow approaching the weir is at subcritical ve- 
locities, i.e., the depth of flow is greater than critical depth. 

Contraction at the ends of the weir has not been treated specifically 
because of a lack of data applicable to the structures under discussion 
and because of its small effect on drop spillways of usual proportion. 

It is believed that the use of the coefficient C = 3.1 is suffi- 
ciently conservative to have made reasonable allowance for possible end 
contractions and other indeterminate factors that affect the discharge 
capacity. 

Velocity of Approach. The total energy head producing flow over the 
weir is equal to H + (vaZ + 2g). The section in the approach channel at 
which H and the approach velocity, v,, are estimated should meet the 
following conditions: (Study fig. 3.1, page 3.4) 

(1) It should be 3H or more upstream from the weir, so as to be 
above any significant influence of the drop-down curve which results 
from the increase in velocity as the flow approaches the weir. 

(2) For simplicity in computations, it should be upstream from any 
constrictions of the approach channel that may be imposed by an earth 
embankment which diverts the flow to the weir. 

(3) It should not be so far upstream that the energy losses between 
the chosen section and the weir will affect the design significantly. In 
other words, the assumption of a level energy line from the chosen sec- 
tion to the weir must be reasonably correct. 

The section in question may be chosen at any location which meets 
conditions I and 3, listed above. The actual cross section determined 
by field measurement may be regular or irregular in shape; if irregular, 
an equivalent trapezoidal section may often be selected to facilitate 
computations. 

The velocity of approach is equal to the discharge divided by the 
cross-sectional area of the chosen section. v, = Q f aa, 
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DROP SPILL WAYS - AERATION OF WEIRS 

EQUATION 
He 3.64 

f  q 5.3 x lo-4 - 
p 1.64 

where: 
A=required area of aeration hole or holes in sq. in. 
L =length of we/r rn ft. 
He=specrfrc energy head producing flow through the 

weir in ft. 
p=differential pressure between atmospheric and the 

pressure under the nappe in feet of water. 

NOTES: 
This criteria applies to drop spillways 

where the edges of the weir are flush with 
the sidewalls. 

The spillway should be aerated 
through both sidewalls. The recom- 
mended minrmum diameter of 
aeration hole is 6 inches, 

For average sizes of 
gradient control drop spill- 
ways, He may be taken 
equal to h, the total 
depth of the weir. 

EXAMPLE 

L=30’-O”, h=4’-0” 

water at design discharge. 
(2) Drameter of hole required in each side- 

wall to satisfy thus condition. 
Solution: 
(I) Take He=h=4.0ft. 

From graph wrth p=O.2 and He ~4.0, read 4/L = I.15 
A= 1.15x 30 = 34.5 sq in. 

(2jAt2=TTd2+4 :. d2=2A+lT=(2x34.5)+3.14t6 
d2 = 22.0, d= 4.69”- Use d= 6.O”(Minimum) 

TEFERENCE: L-s Db:PAHT.\IE:sT OF AGR,CI~I.‘I‘CHE STANDARO DWG NO 
Aeration of Spillways by SOIL COSSEHVATIOS SER\TCE 

G. H. Hickox. - Trans. ASCE 1944, ES-81 

page 537, paper No 2215 ESGISEEHI~G D1Tlil”X ,)Eb,ti\ dxT,os SHEET I OF I SHEETS 
DATTt 7.LO-53 
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From equation 3.1 (page 3.1) the discharge is a function of 
H + (va2 + '&), so that in the determination of weir dimensions it is 
necessary only to determine the sum of H and (va2 i- 2g) since their 
sum is all that is required to determine discharge. 

If, for some reason, it is necessary to know the upstream stage- 
discharge' curve for such a weir, it can be found by the following procedure. 

Assume various discharges and compute the sum H + (v,' + 2g) 
= [QsZe~Ckj]2/3 from equation 3.1 (page 3.1). 

Step 2. Determine m for section AA from physical measurement for 
the problem at hand and add it to the values of H + (Va2 + 2g) obtained 
in step 1 to get the specific energy at the section. He = da + (Va2 + Z'g) 

= m + H + (va' + 2‘: ) (see fig. 3.1, nage 3.4); m will be positive if 
channel bottom is below crest elevation at section AA and negative if above. 

Step 3. For each value of He determined in step 2, find the velocity 
head, (va2 f B), d, and H at section AA by systematic trial and error. 
This step is explained best by an example as follows: 

Example 3.1 

Known: 
1. Channel dimensions at section AA: bottom width, 

b = 40.0 ft; side slopes 2 to 1, or z = 2; m = - 0.10 ft 
(i.e., bottom of approach channel is above crest) 

2. Weir dimensions: L = 30.0 ft; h = 5.0 ft 

3. Discharge, Q = 905 cfs 

4. Coefficient of discharge, C = 3.1 

Find: 

1. Velocity head at section AA 

2. Velocity of approach, v,, at section AA 

3. H = stage of water surface above crest of weir 
at section AA. 

Procedure: 

Substep 1. H + (va 2 + 2g) = [Q + (CL)12/s = 
[905 i (3.1 l 30)3"/" = 4.56 ft 

Substep 2. He = m + H + (v,' + 2g) = 
- 0.10 + 4.56 = 4.46 ft 

Substep 3. Prepare a table as follows: Assume trial 
values of da and for each such assumed value, compute 
a w vaj (Va' + a3L and He and compare with actual 
value of He obtained in step 2. Interpolate to get the 
value of da which is associated with the actual value 
of He and then compute the velocity head (va2 + 2g) 
= He - da. 
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r ----- --- 
Trial Value 

"a 
Q Va2 2 

v, = - va -- 
of a, 

Remarks 
"a 2g He = da + 2g -- ---- 

3.80 180.9 5.00 O"39 4.19 too low 

4.00 192.0 0.35 4.71 4.35 too low 

4.20 203.3 0.31 4.45 4.51 too high ----- ---- 
4.14l 1-99-Y 0.32 4.53 4.46 check A-------- - ------- 

Internolate 

da = 4.00 +~(@j$) l (4.20 - 4.00) = 4.14 

This computation can be tabulated easily as follows: 

4.51 -- 4.20 
4.46 
4.35 -- 4.03 4.00 

$2 O 0.20 = 0.14 
4.14 

'Check made after interpolation. Thus (va" + 2g) = He - da = 

4.46 - 4.14 = 0.32 ft and v, = 4.53 fps. 

Substep 4. With m and da known, compute H from the 
equation H = da - m. In this example H = 4.14 - (- 0.10) 
= 4.24 ft. 

Step 4. Plot values of H against Q to give the required stage- 
discharge curve. 

Solution of several examples will demonstrate that where a reservoir 
full of water exists above the spillway without an excavated approach 
channel to the weir, the velocity of approach may be ignored. Then H 
can be computed directly from equation 3.1 (page 3.1) with (va2 + 2g) = 0, 
or-- H = [Q + (CL)]z/3 In all other cases the velocity of approach should 
be included in the analysis. 



Freeboard. Freeboard is the vertical distance from the maximum water- 
surface elevation on the upstream side of the headwall extension to the 
top of the headwall extension for peak design discharge over the weir. It 
is a safety factor to provide against possible occurrence of conditions, 
not anticipated during the design, that would decrease the capacity of the 
spillway or increase the discharge requirements and to provide protection 
against overtopping by wave action where it can take place. 

Most of the velocity head that exists at the section where H is 
measured (see fig. 3.1, page 3.4) will be converted to elevation head 
along the headwall extensions where the stream lines impinge against it. 
Since the energy grade line may be assumed level between section AA, fig. 
3.1 (page 3.4), and the weir, and since most of the approach velocity head 
is regained at the headwall extension, the total weir depth is given by 
the eauation 

h=f+H+g 
a2 3.2 

where h = total depth of weir in ft 

f = freeboard in ft 

and other terms are as previously defined. 

Where wave action will not occur, it is convenient and logical to con- 
sider freeboard in terms of increased weir discharge capacity. It also 
seems logical to assume that the required freeboard should be some function 
of the overfall through the drop spillway, F, since the possible damage due 
to failure increases with an increase in F. 

Following this line of reasoning, let the maximum discharge capacity 
of the weir without freeboard be Q(l + 6). Then from equations 3.1 
(page 3.1) and 3.2 (page 3.7) 

3.3 

where 

6 = increase in discharge capacity of weir, expressed as a decimal, 
due to an increase in head on the weir equal to f. 

L.1 study of various functional relationships between b and F led to 
the selection of the following reasonable equation 

6 = 0.10 + 0.01 F 3.4 

Substitution of 6 from equation 3.4 into equation 3.3 gives 

Q= 
CLh3i2 

1.10 + 0.01 F 3.5 

or 

or 

+ 0,OlF) 2/3 
CL 1 3.6 

L = Q(l.10 + 0.01 F) 
Ch3 2 3.7 

The use of these equations will be discussed and illustrated later. 
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Where wave action will occur, the freeboard must be governed by an- 
ticipated wave height. Wave freeboard, f,, is the difference in eleva- 
tion between the reservoir water-surface elevation at design discharge 
and the top of the headwall extension. Wave height is related to wind 
velocity and the length of water surface subject to wind action, called 
length of exposure or fetch. 

Stephenson's equation for wave freeboard is 

f, = 0.0206 ~~~~ - 0.117 D1/4 + 2.5 

where fw = wave freeboard in ft 

D = length of fetch in ft 

This equation requires excessive freeboard for low dams of low failure 
hazard. Hence, it has been modified to reduce the freeboard require- 
ments for drop spillways with controlled head, F, of less that 20 feet. 

The recommended equations are: 

(1) For values of D equal to or less than 6000 ft and F equal 
to or less than 20 ft, use 

F"/2 
f, = 0.000095 D + F + 0~27 3-9 

(2) For values of D greater than 6000 ft and F equal to or 
less than 20 ft, use 

-& 
fw = 0.0206 Id2 - 0.117 D1i4 + T + 0.27 3.10 

(3) For values of D equal to or less than 6000 ft and F greater 
than 20 ft, use 

f, = 0.000095 D + 2.50 3.11 

(4) For values of D greater than 6000 ft and F greater than 
20 ft, use Stephenson's equation, number 3.8. 

In the so ution 
t 

o eq ations 
nize that D1 4 = 7 7 

3.8 and 3.10, it is helpful to recog- 
(Di 2)1 2, i.e., the fourth root of D is equal to 

the square root of the square root of D. 

Equations 3.9 and 3.10 have been plotted in fig. 3.2 (page 3.9). 

- 



Reservoir Drop Spillways 

4 

2 4 6 8 10 
Length of fetch (0) in 1,000 ft.units 

FIGURE! 3.2 

Example 3.2 

Given: F = l2 ft; D = 3600 ft 

Find: Required wave freeboard, f, 

Solution: Since D is less than 6000 ft, substitute given data in 
equation 3.9 (page 3.8) and solve for f, as follows 

f, = (o.oooog~ O 3600) + (121i2 t 2) + 0.27 

= 0.34 + (3.46 + 2) + 0.27 = 2.34 ft AILS. 

Note that this answer can be read directly from fig. 3.2 with sufficient 
accuracy by eye interpolation. 
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Working Procedures, Tools, and Examples for Free Flow. The usual 
design problem of selecting a length and depth of weir to discharge a 
certain required peak rate of flow is greatly facilitated by the use 
of drawing ~~-65 (page 3.11). 

Drawing ~~-65 (page 3.11) provides a solution of equation 3.5 
(page 3.7) in which the freeboard is a function of the controlled head 
as defined by equations 3.3 (page 3.7) and 3.4 (page 3.7). It has 
been prepared to cover the most commonly encoLltered range in the vari- 
ables F, h, L, and Q. Where the range of variables on drawing ~~-65 
(page 3.11) does not cover the situation at hand, equation 3.5 (page 3.7) 
or one of the equations 3.6 or 3.7 (page 3.7) must be used. 

When it is desirable to use a greater freeboard than provided for 
by equation 3.5 (page 3.7), as for example in a reservoir drop spillway, 
the required freeboard is determined and added to the value of 
H + (va2 + 2g) ( see equation 3.2, page 3.7), which is determined from 
equation 3.1 (page 3.1), for the required discharge and an assumed trial 
value of L. To arrive at reasonable and economical weir proportions, 
it probably will be necessary to select several trial values of L and 
compute the required total weir depth, h, for each and then select the 
particular combination of L and h that will carry the required dis- 
charge with the desired freeboard and produce the lowest-cost structure 
adaptable to the site under study. 

The spillway with the lowest volume of concrete is not necessarily 
the one which, when combined with the other items of cost, will produce 
the lowest cost for the entire structure, including excavation, founda- 
tion preparation, hand-compacted backfill, earth embankment, and other 
possible cost items. Carefully prepared cost estimates for the complete 
structure are necessary for the selection of .the best weir proportions. 
Even after such comparisons have been made, other practical considera- 
tions may lead to final selection of a structure other than the one 
indicated by cost estimates as having the lowest installation cost. 
In any event, comparative cost estimates are essential as a guide to 
judgment. 

Example 3.3 

Given : 1. 

2. 

3. 

4. 

5. 

Find: 1. 

Required discharge capacity, Q = 340 cfs 

Net drop, F = 8 ft 

Free flow condition (unsubmerged) 

Use minimum freeboard as defined by equations 
3.3 and 3.4 (page 3.7) 

Coefficient of discharge, C = 3.1 

Reasonable combinations of length of weir, L, 
and depth of weir, h, that will carry required 
discharge capacity and provide minimum freeboard. 

Freeboard for one combination of L and h 
(to illustrate how this is done). 

2. 
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Solution: Use equation 3.7 (page 3.7) and substitute given values. 

~ = Q(l.10 + 0.01 F) 340 [l.lo + (0.01 0 8)] = 
Cha 2 3.1 hsi2 

= 129.4 + h3i2 

Next prepare a table as shown below; assume values of h and complete 
the computations indicated. Three-halves powers can be obtained from 
table 38, page 103 of King's "Handbook of Hydraulics," or from drawing 
ES-37, Engineering Handbook, Section 5 on Hydraulics. 

11121 3 I 4 I 
h hd2 Practical 

Values of L 

3.0 
3.5 
4.0 

4.5 

3.20 

6.55 
8.00 

9.55 

24.9 

19.8 
16.2 

13.6 

25 
20 

16 

14 

5.0 11.18 11.6 12 

To illustrate the method of finding the freeboard provided for a spe- 
cific combination of L and h in the above table, choose h = 3.00 ft 
and the companion L = 24.9 ft. The freeboard is found by computing the 
head, H + (va2 + 2g), necessary to carry the required discharge and sub- 
tracting this value from the depth of the weir, h. 

From equation 3.1 (page 3.1) 

H + $ = (i)“” = (3a;~024.i)r/J = 2.69 

Then from equation 3.2 (page 3.7) 

f = h - [H + (v,' t 2g)] = 3.00 - 2.69 = 0.31 ft 

For the practical value of L = 25 associated with h = 3.00, th 
value of f is found 
= [3.40 •t (3.1 l f 

n the same way, H + (va2 + 2g) = [Q + (CL)J2 s 7 
25)12 3 = 2.68 and f = 3.00 - 2.68 = 0.32 ft 

Comment: It should be noted that columns 1 and 4 of the above table 
can be filled in for this case directly from drawing ~~-65 (page 3.11). 
Of course, if either L or h is fixed by site or functional require- 
ments, the other weir size variable may be found directly from equation 
3.6 or 3.7 (page 3.7). 
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Example 3.4 

Given: 1. 

2. 

3. 
4. 

5. 

Find: 1. 

2. 

Net drop, F = 15 ft 

Free flow condition (unsubmerged) 

Required discharge capacity, Q = 2460 cfs 

Reservoir immediately above spillway with 
length of fetch = 1800 ft 

Coefficient of discharge, C = 3.1 

Wave freeboard required 

Combinations of L and h t will carry re- 
quired discharge with the requ ed freeboard. 

Solution: The required wave freeboard can be computed using 
equation 3.9 (page 3.8), or it can be read directly 
from fig. 3.2 (page 3.9). Substituting in equation 
3.9 (page 3.8), we have 

fw = (0.000095 * 1800) + (IL~I/~ + 2) + 0.27 = 2.38 ft 

From equation 3.2 (page 3.7), H + (va2 t 2g) = h - f and from 
equation 3.1 (page 3.1), H + (va2 t 2g) = [Q + (CL)]2/3; hence, for 
this case 

2/3 

or 

L= Q 2460 794 
C(h - fw)la5 = 3.l(h - 2.38)le5 = (h - 2.38)lo5 

With fw, C, and Q known, assume values of h and compute L. 
Prepare a table as follows to facilitate the computations. 

/ h 1 h-2.38 (h - 2.38)lo5 

I 7.00 I 4.62 9.93 80.0 
7.50 5.12 11.59 68.5 
8.00 5.62 13.32 60 
8.50 6.12 15.14 ;z*E 
9.00 6.62 17.03 46:6 z', 

19.00 41.8 42 
21.03 37.8 38 I 

Comment: For any selected companion set of weir dimensions, +the stage- 
discharge curve can be determined by methods given in example 3.1 (page 3.5), 
the paragraph following example 3.1, and as explained in previous discussion. 

Those cases where it is necessary to find the discharge capacity of a 
given weir operating with minimum acceptable freeboard can be solved by a 
direct application of equation 3.5 (page 3.7)0 This is illustrated by 
the following example. 

L= 794 Practical 
(h - 2.38)la5 Value of L 
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Example 3.5 

Given: 1. h = 5.00 ft; L = 18.00 ft 

2. F=8ft 

3. c = 3.1 

4. Free flow conditions (unsubmerged) 

Find: 1. Discharge capacity of the weir operating with mini- 
mum acceptable freeboard. 

Solution: Substitute the given values in equation 3.5 (page 3.7 
and compute Q. 

Q= CLhsi2 3.1 l 18 l 53/2 
1010 + 0.01 F = 1.10 + (0.01 l 8) = “’ cfs 

Comment: For this case, the above resulting Q could have been 
read with sufficient accuracy directly from drawing 
~~-65 (page 3.11). 

It should also be noted that the capacity of such a weir without free- 
board = Q(l + 2 ) = Q(l.10 + 0.01 F). In this case Q(l,lO + 0.01 F) = 1~18 Q 
= 1.18 l 529 = 624 cfs, or an 18 percent increase in discharge above that of 
the same weir operating with minimum freeboard. 

The discharge capacity of a given weir operating with a fixed freeboard 
that is not dependent on F can be computed from equation 3.1 (page 3.1). 
This case is illustrated by the following example. 

Example 3.6 

Given: 1. h = 5.00 f-t; I, = 18.00 ft 
2. c = 3.1 

3. Free flow conditions (unsubmerged) 

4. Wave freeboard, fw '= 1.80 ft 

Find: Discharge capacity of the weir operating with a free- 
board of 1.8 ft 

Solution: From equation 3.2 (page 3.7), H + (va2 + 2g) = h - f 
= 5.00 - 1.80 = 3.20 ft, and from equation 3.1 (page 3.1), 
Q = CL[H + (va2 + 2g)]10s = 3.1 l 18 l 3.~!0'=~ = 318 cfs. 

Submerged Discharge. 
spillways are available. 

No experimental data on submerged flow over drop 
The following material has been developed from a 

study of the reported test results of submerged flow over several types of 
weirs and over earth embankments. The data studied indicates a wide range 
in the effect of submergence. Hence 
from submergence computations. 

, precise results should not be expected 

Submerged discharge is related to free discharge by the equations 

Qs = RQf 3.12 

% = Rqf 3.13 
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where Qs = submerged discharge in cfs 

Qf = free discharge in cfs 

cl, = submerged discharge per foot length of 
weir in cfs = Qs + L 

9 f = free discharge per foot length of weir 
in cfs = Qf + L 

R = ratio as defined by equations 3.12 and 
3.13 (page 3.15) 

Analysis of available submergence data resulted in the preparation 
of fig. 3.4 (page 3.17) which gives the relationship between R and the 
ratio (Ha t Hi) in graphical form. The values H, and H, are defined 
below and illustrated in fig. 3.3. 

Water Surface 

Velocity of approach 
is negligible 

Crest Elevation 

SUBMERGED DROP SPILLWAY 

FIGURE 3.3 

Hz = submergence = difference in elevation between tail- 
water and crest of weir in ft 

H, = upstream head on weir with negligible velocity of 
approach = specific energy of flow at the weir where 
velocity of approach is significant 

From the definition of H, 

H, = H + (v,' + 2g) 

Then with C = 3.1, equation 3.1 (page 3.1) becomes 

Qf = 3.1 IJ3,3/2 

3.14 

3.15 



and 

qf = 3.1 H,s12 = Qf c L 3.16 

The substitution of H, = H + (v,' + 2g) from equation 3.14 (page 3.16) 
into equation 3.2 (page 3.7) gives 

0.8 

0.2 

0.0 

H,=h-f 3*17 

0.0 0.2 0.4 0.6 0.8 1.0 

SUBMERGENCE MT10 H,/H, 

FIGURE 3.4 

In a consideration of the effect of submergence, one must first recog- 
nize those situations where the effect is apt to exist. Reasonably accurate 
tailwater elevations will be dependent upon water surface profiles, for 
various discharges, computed upstream from control points where the stage- 
discharge relationship is known. See Engineering Handbook, Section 3 on 
Hydraulics for methods of computing water surface profiles. 
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Submergence is apt to exist in situations illustrated by the follow- 
ing spillway locations: 

1. At the upper end of a drainage ditch where the spillway is de- 
signed for a discharge capacity greater than the average bank-full ca- 
pacity of the drainage ditch below and where the spillway crest elevation 
is below average ground or bank elevation so as to provide a definite 
approach channel to the spillway for low flows. 

2. Where the spillway is located in a relatively deep gully or chan- 
nel just upstream from a highway culvert and earth fill, which require 
and permit a considerable head on the culvert to discharge the spillway 
design flood. 

3. Where the spillway is just upstream from a retarding reservoir 
in which the maximum flood stage is above the crest of the upstream 
spillway. Special attention must be given to the element of time in 
such a problem; will the spillway above the reservoir be required to 
pass peak or near peak discharge when the reservoir is at or near peak 
stage? It is quite possible to have a situation in which discharge from 
other lateral gullies or waterways (runoff from intervening areas) might 
put the reservoir at or near peak stage at the same time that the spill- 
way under consideration is required to carry maximum discharge. 

4. Those in which the channel below the spillway is so flat in 
grade, so small in cross-sectional area, or so high in resistance to flow 
that its stage-discharge curve indicates water surface elevations above 
the spillway crest. 

The above possible submergence situations illustrate that the stage 
just below the spillway may be the primary result of water that has 
passed over the spillway or of water from some other source. Where the 
primary source of water producing submergence is above the spillway, re- 
member that the water must first pass through the spillway before it can 
produce submergence. 

Graphs of stage or water-surface elevation just below the spillway, 
as a function of discharge through the spillway, are valuable and often 
necessary tools in the solution of submergence problems. 

Examples for Submerged Flow. The design of a submerged weir can be 
accomplished most easily by following a systematic procedure such as 
outlined and illustrated below. In design, the problem usually resolves 
itself into one of selecting a certain set of companion values for h 
and L such that the weir will pass the required discharge rate with a 
predetermined safe freeboard while operating under tailwater conditions 
that fix the tailwater elevation (and hence the submergence of Hz) for 
the design discharge. It is wise to select a somewhat higher freeboard 
where submergence is of consequence, because of the possible inaccuracies 
and uncertainties that exist in the computation of the submergence effect. 

Example 3.7 

Given: 1. Q = 480 cfs = required discharge capacity 

2. Hz= 2.46 ft = submergence for Q = 480 cfs 

3. f = 0.75 ft = selected freeboard 

4. C = 3.1 = discharge coefficient 



Find: Practical combinations of h and L for a weir that will carry 
the required peak discharge rate with the associated submergence and the 
chosen freeboard. 

Solution: Obviously, H, must exceed s for any discharge to take 
place. The procedure then becomes a matter of selecting values of h such 
that H, is greater than Hz and finding companion values of L as in- 
dicated in the tabulation below. 

Column 1 lists the assumed values of h. 

Column 2 gives H, as computed from equation 3.17 (page 3.17) for each 
assumed value of h. 

Column 3 gives the values of H 3/2 which can be read directly from 
table 38, page 103 of the third ediiion'of King's "Handbook of Hydraulics," 
or they can easily be computed by slide rule. 

Column 4 gives the solution of equation 3.16 (page 3.17) 
Column 5 gives the ratio (H2 + H ) and is found by dividing the given 

submergence H2 (in this case = 2.463 by the values of H, given in column 2. 

Column 6 lists the values of R that are taken from fig. 3.4 (page 3.17) 
for each value of the ratio (H2 + Hi) given in column 5. 

Column 7 gives the solution of equation 3.13 (page 3.15) for values of 
R and qf given in columns 6 and 4. 

Column 8 lists the results of dividing the total required discharge ca- 
pacity, Q (in this case = 480 cfs) by the submerged discharge per foot of 
weir, q,, from column 7. 

Column 9 is merely the result of rounding off the values in column 8 to 
practical values. It is not practical to detail weir lengths to tenths or 
any other fraction of a foot. 

1 2 3 4 5 6 7 8 9 

h H1=h- f Hi3l2 qf = 3.1 H,aj2 2 R qs = Rqf L=$ L 
S 

3.50 2.75 4.56 14.1 0.89 0.63 8.9 53.9 54 
4.00 3.25 5.86 18.2 0.76 0.87 15.8 30.4 31 
4.50 3.75 7.26 22.5 0.66 0.93 20.9 23.0 23 
5.00 4.25 8.76 27.2 0.58 0.95 25.8 18.6 19 

5.50 4.75 10.35 32.1 0.52 0.97 31.2 15.4 16 
6.00 5.25 12.03 37.3 0.47 0.98 36.6 13.1 13 

Comment: In the above tabulation, note the increase in efficiency of 
the weir, as measured by the value of R, as the value of h increases and 
the value of (H2 i Hi) aecreases. In other words, for a fixed amount of 
submergence the effect of submergence is decreased if the depth of the weir 
is increased. 
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If it is necessary to design a weir with predetermined values of h, 
f, and Hz, the procedure is illustrated by the computations for any one 
of the assumed values of h in the previous example. 

Should the weir length L be fixed by site conditions or other fac- 
tors, with predetermined values of f and Hz, the problem becomes one 
of finding the proper value of h. This problem can be solved by cut- 
and-try methods, but it is probably easier to prepare a table as illus- 
trated in example 3.7 (page 3.18) for various assumed values of h and 
plot the relationship between h and L. Then the proper value of h 
can be picked from this curve for a given value of L, or the value of 
h can be obtained with sufficient accuracy by interpolation between 
known companion values of h and L that bracket the required set of 
conditions. 

It may be necessary in some cases to compute the discharge capacity 
of a given structure (both L and h fixed by existing structure 
dimensions) that operates under submerged conditions. The solution of 
such a case is given in the following example. 

Example 3.8 

Given: 1, Weir dimensions, L = 18 ft; h = 3.50 ft 

2. Crest elevation = 639.0 
3. Freeboard, f = 0.50 ft 

4. Discharge coefficient, C = 3.1 

5. Stage-discharge curve for tailwater 
as given below 

150 200 

Discharge in cfs 



3.21 

Find: Discharge capacity of the weir operating under the specified 
tailwater conditions and with a freeboard of 0.50 ft as specified. 

Solution: The solution depends upon trial and error methods; however, 
a systematic approach will save time, 

First compute the free flow capacity of the weir from equation 3.15 
(page 3 -16). As pointed out before, H1 = H + (va2 + 2g). 

Qf = 3.1 LH,3/2 = 3.1 L (h - f)3/2 

= 3.1 0 18 (3.50 - 0.50)3/' = 290 cfs 

Next prepare a table as shown below. A trial value of Q is chosen and 
the value of H2 for the assumed trial value of Q is read from the tail- 
water stage-discharge curve given above. The remaining cormputations are 
self-evident. When the trial value of Q equals the submerged discharge, 
the solution is complete. 

Trial H2 H2 Qs = R&f 
Q H2 -=3 R Remarks 

Hl = R l 290 

260 2.47 0.82 0.82 238 high 

250 2.32 0077 0.86 250 O.K. 

Layout and Hydraulic Design Criteria. The apron, sidewalls, and wingwalls 
must perform functions of both structural and hydraulic character. Struc- 
turally, they must provide stability against overturning; the sidewalls and 
wingwalls must retain the embankment and protect it from scour; the apron 
protects the stream bed against the force of the overfalling water and 
changes the direction of the flow. In addition to these and related func- 
tions, the outlet portion of the drop, including the apron, sidewalls, wing- 
walls, and attached devices, should be so designed that erosion of the chan- 
nel bottom and banks just below the spillway will be reduced to a practical 
minimum. 

A considerable amount of research has been conducted to define the proper 
proportions of the outlet basin and wingwalls, but as yet a satisfactory set 
of design criteria has not been found. 
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4. STRUCTURAL DESIGN 

General. The following structural layout and design criteria and methods 
should not be used when F + h is greater than 20 f-t or when F is greater 
than 15 ft. Where these limits are exceeded, a more conservative, complete, 
and careful analysis is required. 

Proportions Required for Stability. The proportions, other than those 
determined hydraulically, are designed to provide a stable structure. These 
proportions are often mathematically indeterminate and must be based par- 
tially on the designer's experience plus careful consideration of possible 
mode of failure. Sliding, piping, uplift, undermining, fill slopes, and 
lateral scour must be considered and analyzed as accurately as possible. 

The purposes of the various structural parts are as follows: The head- 
wall extension is to permit a stable fill and to prevent piping around the 
structure. The cutoff wall is to prevent piping under the structure, to re- 
duce uplift pressures, and to resist sliding. The toewall is to prevent 
piping under the structure and to prevent undermining of the apron. The 
sidewall is to hold a stable fill and protect it against erosion due to 
water passing over the spillway. The wingwall is to hold a stable fill and 
to prevent serious scour of the fill and gully banks. 

The design problem varies greatly with site conditions. In locations 
where the ground water elevation is a considerable distance below the foun- 
dation, the foundation is permeable, and the fill around the structure is 
normally dry, the problems of piping and uplift are insignificant and the 
other dangers are greatly reduced. 

Horizontal Pressures. Horizontal earth pressures are affected by nu- 
merous factors, such as the characteristics of the backfill material against 
the wall, the relative permeability of the foundation material and the back- 
fill material, the elevation of the water table, and the backfill drainage 
provided. 

The soil characteristics that affect the horizontal earth pressures are 
permeability, cohesion, angle of internal friction, weight, void ratio, and 
moisture content. Refer to Engineering Handbook, Section 6 on Structural 
Design, part 2.2.2. 

Loads on Headwall. The method discussed in the following paragraphs for 
the determination of the loads on a headwall of a drop spillway is based on 
judgment and past experience. It is believed that this method results in 
safe design values and may be applied in the design of drop spillways where 
F is 15 feet or less and F + h is 20 feet or less. In discussing this 
procedure we will first list and define the variables that affect the equiva- 
lent fluid pressures and then cite a numerical example to clarify its use. 
The following different conditions of backfill must be considered. 
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Case A. No fill against headwall; therefore, the pressure against the 
headwall is equal to full hydrostatic pressure. 

Case B. Gully graded full to crest elevation. 

Case C. An earth fill berm constructed to crest elevation. 

Relative Permeability of the Foundation and the Backfill. The follow- 
ing 3 conditions of relative permeability will be considered: the perme- 
ability of the foundation is greater than, equal to, and less than the 
permeability of the backfill. 

Effect of Water Table Elevation. The elevation of the water table 
above and below the spillway, before and after construction, has a signifi- 
cant effect on loads on the headwall and other elements of the design. 

If the water table is low and the foundation material is relatively 
homogeneous and permeable, the flow of water from a reservoir or from per- 
colation through backfill in the channel above the dam tends to pass down- 
ward through the foundation in a more or less vertical direction, until 
it merges with the subsurface flow. The increase in the discharge of sub- 
surface flow will result in a rise in the ground-water elevation at the 
site; the amount of rise will depend upon the permeability of the founda- 
tion, the increase in ground-water discharge, and other factors. In such 
a case there will be no increase in horizontal pressure on the headwall, -- 

;due to saturation of an earth backfill, under these conditions: (1) 
:he rise in ground-water elevation does not create hydrostatic pore pres- 
sures on the base of the spillway, and (2) either the backfill is homo- 
geneous and more nearly impervious than the foundation, or there is a 
continuous increase in permeability along the flow lines of the percolat- 
ing waters. 

However, if the water table is high (i.e., close to or above proposed 
apron elevation) prior to construction, or would be raised to such an ele- 
vation by works of improvement downstream, quite a different situation 
prevails. In such a case, a differential head created by the dam will re- 
sult in uplift pressures on the base of the spillway and increased pressure 
on the headwall. The magnitude of this uplift and increased headwall pres- 
sure will depend upon the total differential head, type and efficiency of 
drainage provided above the headwall, relative permeability of the back- 
fill above the headwall and various strata in the foundation, depth of 
cutoff and toewalls, physical characteristics of backfill and foundation 
soils, tailwater elevation, and perhaps other factors. With uplift is 
associated the possibility that the escape gradient of pore pressure be- 
low the spillway will be sufficient to cause piping. 
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Uplift and increased pressures on the headwall are apt to occur, even 
though the true water table is well below the foundation of the spillway, 
if a continuous layer of impervious or relatively impervious material 
exists in the foundation near the surface and this layer or strata is 
covered with permeable material. Increased pressures on the headwall are 
certain, and uplift pressures in excess of tailwater will occur unless all 
flow underneath the spillway is prevented by a watertight cutoff wall which 
extends well into the impervious strata. This situation is comparable in 
general to the situation created by a high ground-water elevation, and 
should be considered so in the estimation of headwall loads. 

There are many shades of gray between the picture of black or white 
presented above. However, thorough studies in soil mechanics to define the 
flow net with reasonable accuracy are seldom justified in the design of 
average-size drop spillways. If there is reasonable doubt about the exist- 
ence of a low-water-table condition, then a high-water-table condition 
should be assumed for the design. 

Drainage of Fill Against Headwall. Two types of drains will be con- 
sidered. Perforated pipe or porous concrete pipe will be used in both types 
and should extend a distance equal to F beyond the edges of the weir open- 
ing. The difference in the two types will be in the size and design of the 
gravel filters. 

4" to 8" Drain Pipe 

Undisturbed fo 

TYPE a 
gravel filter 

( min. cover over pipe = ll-OM) 

Undi Sturb 

TYPE b Graded gravel filter 
(min. cover over pipe = 11-01') 

Drain Pipe 

FIGURE 4.1 
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The criteria for the design of the gradation of the filters are dis- 
cussed in the drop spillway design example. 

The selection of the type of drain will be governed by economics and 
stability design of the structure. It may be necessary to use the type 
B drain to insure stability against sliding and piping. In locations 
where filter materials are readily available at a conservative cost, it 
is recommended that the type B drain always be considered. 

Table 4.1 (page 4.5) furnishes a method of estimating the elevation of 
the saturation line (y2) above the top of the apron for all combinations 
of the variables for no-flow and design-discharge-flow conditions. When 
the table shows that y2 is greater than yo, the backfill will be con- 
sidered saturated to crest elevation. Such a table represents an obvious 
over simplification of the problem. However, reasonable care in the in- 
terpretation of foundation soil borings and conservative use of the table 
should give results that are practical and within permissible limits of 
error. Please note drainage requirements listed in table 4.1 (page 4.5). 

-l-- 
u u 

FIGURE 4.2 

The headwall is designed as a slab fixed at the bottom and two ver- 
tical edges and free at the top. In order to use the moment and shear 
coefficients of ES-6, Engineering Handbook, Section 6 on Structural De- 
sign, the actual load diagram must be resolved into a triangular load 
diagram. This is done by equating the cantilever moments at the base 
of the headwall and solving for w, the equivalent fluid pressure pro- 
ducing the triangular load diagram. 

This procedure, along with the use of table 4.1 (page 4.5), can bes 
be explained by examples. 

t 

T 
F 

1 

- 



- 
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RELATIVE (See fig. 4.2, page 4.4) 
CASE WATER PERMEABILITY 

TABLF OF FOUNDATION DRAINAGE 
Y-9 = PIPINGA 

PROBLEM 
TO BACKFILL NO FLOW FULL FLOW 

A High -m- None yo yo Yes 
Low --- None Yo Yo No 

B High greater a s + 0.3F t + s + 0.3F Yes 
greater b s + 0.l.F t+s+o.lF Yes 
equal a s + 0.4F t + s + 0.4F Yes 
equal b s + 0.15F t + s + 0.15F Yes 
less a s + 0.5F t + s + 0.5F Yes 
less b s + 0.2F t + s I- 0.2F Yes 

B Low greater None 0 0 No 
equal None 0 0 No 
less a s + 0.3F t + s + 0.3F No 
less b s + o.lF t + s + o.lF No 

C High greater 
b" 

s + 0.4F t + s + 0.4F Yes 
greater s + o.lF t+s+o.l.F Yes 
equal a s + 0.5F t + s + 0.5F Yes 
equal b s + 0.15F t + s + 0.15F Yes 
less a s + 0.6F t + s + 0.6F Yes 
less b s + 0.2F t + s + 0.2F Yes 

C Low greater None 0 0 No 
equal None 0 0 No 

less a s + 0.3F t + s + 0.3F No 
less b s + o.lF t + s + o.lF No 

TABLE 4.1 
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Example 4.1 

Given: Drop spillway with F = 8.0 ft, h = 3.0 ft, d, = 1.80 ft, 
s = 1.0 ft, t = 2.5 ft, H = 2.50 ft 

Relative permability; foundation = backfill 

Case C (page 4.2) 

Backfill properties 

1 Earth 

dry wt. lbs/fts 
e = void ratio 
percent voids 
moist wt. lbs/fts 
# 
cohesion 
eff. subm. wt. lbs/ft3 

100 
0.65 
39.4 
110 
25' 

602 

Pitrun sand and gravel 

118 
0.45 
31.0 
125 
35O 

:5 

Find: w, equivalent fluid pressure of triangular load diagram for 
(1) No flow, type (a) drainage 
(2) No flow, type (b) drainage 
(3) With flow, type (a) drainage 
(4) With flow, type (b) drainage 

Solutions: (1) No flow, type (a) drainage: 
For type (a) drainage consider the backfill as 
earth for the to%al height of the headwall. 
From table 4.1 (page 4.5) 

s + 0.5F = 1.0 + 4.0 = 5.0 ft 
earth pressure, psf 

where @ = angle of internal friction of backfill 

W = vertical weight of material lbs/ft2 
= vertical pressure 

ratio of lateral pressure 
to vertical pressure 

At crest elevation, pa = 0 

At 4.0 ft below crest 

vert wt = 4 l 110 = 440 Ibs 

pa z &O(; ; ;:; $) = 440 l 0.406 = l-j'9 lbs/ft' 



At 9.0 ft below crest 

vert inter-granular pressure = 440 + (5 l 62) = 750 lbs/ft2 

Pa = (75O . 0.406) + (62.4 l 5) = 617 lbs/ft2 

q = (179 * 2.0 - 6.33) + (179 l 5.0 l 2.5) + (438 - 2.5 * 1.67) 

w = 6 (2270 + 2240 + 1830 ) = 52 2 lbs /ftS - 

729 
. - unit weight of equivalent 

fluid 

(2) No flow, type (b) drainage: 
For type (b) drainage consider the 
backfill as pit-run sand and gravel 
for the total height of the headwall. 
From table 4.1 (page 4.5) 

y2 = s + 0.15F = 1.0 + 1.2 = 2.2 ft 

At crest elevation, pa = 0 

At 6.8 ft below crest 

w  = 125 l 6.8 = 850 lbs/ft2 

pa = 850 l 0.272 = 231 lbs/ft2 

At 9.0 ft below crest 

w  = 850 + (2.2 . 65) = 993 lbs/ft2 

Pa = (993 l 0.272) + (62.4 - 2.2) = 270 + 138 = 408 lbs/ft2 

w = &I231 l 3.4 l 4.47) + (231 l 2.2 - 1.1) + (177 . 1.1 . 0.7334 

w = & (3510 + 560 + 143) = 34.7 lbs/fts 

(3) With flow, type (a) drainage 
From fig. 5.1 (page 5.2) 

t = 2.5 ft for k = 1.15 ft 

t + s = 2.5 + i,o = 3.5 ft 

y2 = t + s -e 0.5F 

y2 = 3.5 + 4.0 = 7.5 ft 

At crest 

w  = 62.1: l 2.5 = 156 ibs/ft2 

p = 156 - 0.406 = 63 lbs/ft2 

At 1.5 ft below crest 

w  = 156 + (110 . 1.5) = 321 lbs/ft2 

p = 321 * 0.406 = 130 lbs/ft2 
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At 9.0 ft below crest 

w = 321 + (7.5 - 62) = 786 lbs/ft2 

P = (786 - 0.406) + (7.5 l 62.4) = 319 + 468 = 787 lbs/ft2 

Tailwater pressure at apron elevation 

P = 3.5 * 62.4 = 218 lbs/ft2 

w = & D63 l 1.5 l 8.25) + (67 l 0.75 l 8.0) + (130 l 7.5 l 3.75) 
+ (657 l 3.75 l 2.5) - (218 0 1.75 ' l-17)] 

w = & (780 + 402 + 3660 + 6160 - 445) 

(4) 

At 

At 

At 9.0 ft below crest 

w = 693 + (4.7 l 65) = 998 lbs/ft2 

p = (998 l 0.272) + (62.4 l 4.7) = 565 lbs/ft2 

Ta ilwater pressure 

P = 3.5 l 62.4 = 218 lb&t2 

w = & (10,557) = 86.9 lbs/ft3 

With flow, type (b) drainage 

t + s = 3.5 

y2 = t + s + 0.15F 

y2 = 3.5 + 1.2 = 4.7 

crest 

w = 62.4 l 2.5 = 156 lbs/ft2 

p = 156 l 0.272 = 42 lbs/ft2 

4.3 ft below crest 

w = 156 + (4.3 l 125) = 693 lbs 

P = 693 l 0.272 = 189 lbs/ft2 

W = &j [('+2 l 4.3 l 6.85) + (147 l 2.15 l 6.13) + (189 - 4.7 l ,2;3 
+ (376 l 2.35 - 1.57) - (218 l 1.75 * . 

w = & (1237 + 1935 + 2087 + 1387 - 445) 

w = & (6201) = 51.1 lbs/ft3 
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Loads on Sidewalls and Wingwalls. For relatively low walls, the equiva- 
lent fluid pressures shown in table 6.2-1, Engineering Handbook, Section 6 
on Structural Design, may be used as a guide. In the design of large struc- 
tures, which justify more careful investigations, it is recommended that the 
graphical method explained in paragraph 2.2.2 of the Structural Design Sec- 
tion be employed to determine the equivalent fluid pressure. 

Loads on Headwall Extensions. When the headwall extension is designed 
monolithically with the rest of the structure, there is a possibility of a 
differential pressure in the downstream direction or in either direction at 
different elevations of the wall. If the structure is stable against slid- 
ing, without the passive resistance of the earth on the downstream side of 
the headwall extension coming into play, the differential pressure acting on 
the wall will be the difference in active earth pressures on both sides of 
the wall. If this passive resistance is required to stabilize the structure 
against sliding, the differential pressure will be the difference of the 
active pressure on the upstream side and the passive pressure on the down- 
stream side. These differential pressures are highly indeterminate. It is, 
therefore, recommended that the headwall extension be designed for a dif- 
ferential equivalent fluid pressure of 5 to 10 pounds per cubic foot, with 
the assumption that it may occur in either direction. 

For high headwall extension, or where the possibility of differential 
settlement makes the designer doubtful about using the above assumption, it 
is suggested that the headwall extension be made articulate from the rest 
of the structure. The headwall extension will then act as a diaphragm and 
need be reinforced only to meet the minimum steel requirements. The joint 
between the headwall extension and the rest of the structure must be made 
water tight by the use of a continuous rubber water stop or some other 
equally suitable device. 

Uplift. Upward hydrostatic pressures may exist on the base of the 
spillway, as the result of pressure transmitted through the water in a 
saturated foundation material. If a differential in head existi; between 
the elevation of the water surfaces above and below the spillway, flow or 
movement of the water will take place and the uplift pressures will vary 
with the pressure gradient. 

For earth foundations, these uplift pressures are assumed to exist over 
the entire base area of the spillway. 

Uplift pressure can be roughly estimated by the "line of creep" theory, 
see "Piping" page 4.14. The procedure is explained by the following 
example. 

Example 4.2 

Given: Drop spillway, F = 10.0 ft, h = 4.0 ft, d, = 2.67 ft, 
s = 1.33 ft, and t = 3.7 ft (See sketch, page 4.10). 
Relative permeability of foundation material is greater 
than fill material. Type (a) drainage used above head- 
wall. (See page 4.3) 
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CASE c, see page 4.2 

Find: Uplift pressures on base of structure and draw uplift diagram 
for with-flow condition. 

Solution: Step 1. Find hydrostatic pressure at point a. Assume 
downstream channel has .eroded to elevation of bottom of apron. 

Required depth of tailwater above top of transverse sill = 3.7 ft 
for d, = 2.67 f-t, see fig. 3.1 (page 5.2) with k = 1.0. 

Depth of tailwater above point a = 3.70 + lo33 + 0.75 = 5.78 ft. 

Hydrostatic pressure at point a = 5.78 * 62.4 = 361 lbs/ft2 

Step 2. Find hydrostatic pressure at point i. Esti- 
mated elevation of water table above top of apron = t + s + O.&F, table 
4.1 (page 4.5). t + s + 0.4F = 5.03 + 4.0 = 9.03 ft. Elevation of 
water table above bottom of apron = 9.03 + 0.75 = 9.78 ft. Hydrostatic 
pressure at point i = 9.78 * 62.4 = 610 lbs/ft2. 

Step 3. Compute the total weighted creep distance and 
the change in pressure per foot of weighted creep distance. It is 
assumed that the pressures vary between points a and i in direct 
proportion to the weighted creep distance. The weighted creep distance 
= (bc + de + fg + hi) i 3 + ab + cd + ef + gh = (lg.33 i 3) + (4 l 4) 

1 ;:;:4-f;61) 
The change in pressure per foot of weighted creep distance 

-+ 22.44 = 11.07 lbs/ft2. 

Step 4. Calculate the pressures at various points and 
obtain the total uplift on a one foot slice as illustrated by the fol- 
lowing tabulation. 
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Weighted Increase 
creep in Pressure Average Base 

pressure area Uplift 

Point distance pressure at between 
between between point 

between between 
points points points 

points points Psf lbs 
ft p,f Psf ft2 

a 361. 
4.0 44.4 

b 405 
0.25 2.8 406.5 o-75 305 

C 408 
4.0 44.4 

d 453 
5.44 60.3 483.0 16.33 7,887 

e 513 
4.0 44.4 

f 557 
0.28 3.1 558.5 0.83 464 

g 560 
4.0 44.4 

h 605 
0.47 5.2 607.5 1.42 863 

i 610 

TOTALS 22.44 249.0 I 19.33 9,519 

16 - 4 

c--6 
h - 9" 

AL h 

e=5/3 

9=560 f=S57 

Ar A IL 
I 

A I 4 
C=408 a=361 

b-40' 

d=453 

-h=605 

The sum of the last column in the tabulation gives the total uplift per 
foot width of the structure as 9,519 lbs. The uplift diagram shows the unit 
uplift at any point along the base. 

For adequate computation of loads on the spillway apron, it is also 
necessary to compute the uplift pressures for the no-discharge condition. 
For this condition the pressure at point a is zero. At point i the 
pressure would be 62.4 (s + 0.4F + 0.75) = 62.4 (1.33 + 4.0 + 0.75) = 380 
lb/ft2, see table 4.1 (page 4.5). 
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Contact Pressures. 
way can be divided into 

The total upward load on the base of the spill- 
2 parts: (1) the uplift described above, and 

(2) contact pressures. The contact pressures are transmitted into the 
foundation by direct contact of the foundation material with the spill- 
way. Obviously, the total upward load on the base of the spillway, which 
consists of both uplift and contact pressures, must equal the sum of all 
weights and other downward forces. 

The distribution of the contact pressures over the base of the struc- 
ture depends upon the rigidity of the structure, the characteristics of 
the foundation material, and the magnitude of the resultant overturning 
moment acting on the structure. This pressure distribution is highly 
indeterminate. 

It is common engineering practice to assume that the vertical foun- 
dation contact pressures vary in a straight-line relationship a.long any 
longitudinal section parallel to the center l%ne of the spillway, and 
that these pressures are constant along any section taken at right angles 
to the center line. The following procedure for computing these contact 
pressures agrees with these assumptions. 

Contact pressures should be computed for the following loading 
conditions: 

10 Before any backfill has been placed around the spillway. 

2. After all backfill has been placed, but without flow over 
the spillway. 

3. With the spillway operating at design discharge capacity, 

Good design requires that the contact pressures be compressive in na- 
ture over the entire base of the structure. Should an analysis, made in 
accordance with the following procedure, indicate contact pressures that 
tend to separate the structure from its foundation at any point (tension), 
the proportions of the spillway must be changed sufficiently to overcome 
this condition. 

Headwall extensions and wingwalls should be ignored in computing con- 
tact pressures; in long weirs it is permissible to deal with a typical bay 
or longitudinal segment of the spillway. In either case, the area over 
which the contact pressures are assumed to exist will be a rectangle. It 
is assumed that the spillway is symmetrical about a longitudinal center 
line parallel to the direction of flow. 

The equation for computing contact pressures for a rectangular base is: 

4.1 

where p1 = contact pressure at upstream or downstream edge of base (in psf) 

V = algebraic sum of all vertical loads and weights that act on the 
structure, including uplift (in lbs) 

A = area of base on which contact pressures are assumed to act 
(in ft2) 

e = eccentricity = longitudinal distance between the centroid of 
the base area and the point of application of the resultant 
vertical load V (in ft) 

d = base length = dimension from upstream edge to downstream edge 
of base area (in f-t) 
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The centroid of the base area is on the longitudinal center line equi- 
distance from the upstream and downstream edges of the base rectangle. 

The area of the base, A, is equal to bd where b is the out-to-out 
transverse base dimension in feet. 

O- 

> 

A 

s 
, I 

s 
Y 

- -- 

Y / * -- 
F 

2 

I- e -- 

Cenf raid 

PLAN Of BASE AREA 
FIGURE 4.3 

The total vertical load, V, includes the weight of all the concrete, 
earth above footings, water above any part of the structure under consid- 
eration, and uplift. Assume downward weights (loads) to be of positive 
sign; then uplift forces will be negative. 

The location of the resultant V of all vertical forces including up- 
lift can be found by taking moments about any arbitrarily selected axis. 
Select an axis O-O along the upstream edge of the base area at the eleva- 
tion of the bottom of the apron. Let vi 
the vertical load or weight and Li 

be the magnitude of a part of 
the perpendicular distance between 

its line of action and the O-axis. Then the moment, Mv, of all such parts 
of the total vertical force, V, about the O-axis is given by 

qr = v14 + v2#ez + --- vn&I1 = zvn& 
and 

v = v1 + v2 + --- vn =2vn 

4.2 

4.3 
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Next compute the moment of all horizontal loads about the O-axis. 
Let h, be the magnitude of a part of the horizontal load and y1 the 
vertical distance from its line of action through its centroid to the 
O-axis, etc. Then the moment Mh of all such parts of the total hori- 
zontal force H about the O-axis is given by 

Mh = h,y, + h2y2 + --- h,y, =Ehnyn 4.4 

H = h, + h2 + --- h, =Xhn 4.5 

Then the distance z from the O-axis to the point of application of 
the resultant vertical force V is given by 

Mh+M, = ZhnYn + 'vnk z = 
V %l 

4.6 

And the eccentricity e can be figured from relationships indicated 
in fig. 4.3 (page 4.13). The value of z may be either greater than or 
less than (d + 2). If z 3 (d + 2), the contact pressures at the toe or 
downstream edge of the base area will be greater than at the upstream 
edge. 

The total resultant contact force acting on the foundation is made up 
of a vertical component V and a horizontal component H as determined 
by equations 4.3 (page 4.13) and 4.3 respectively. Obviously, the struc- 
ture will float if the resultant V acts in an upward direction. 

The uplift pressure diagram must be added algebraically to the con- 
tact pressure diagram, derived from equation 4.1 (page 4.12), to obtain 
the diagram of total pressures acting on the base, 

The loading to be used in the design of the apron can then be deter- 
mined by subtracting the weight of the apron and water above it from the 
total pressure diagram to give net apron load. 

Piping. Piping may be defined as the removal of material from the 
foundation by the action of seepage water as it emerges from the soil be- 
low the dam. Failures by piping may result from subsurface erosion or 
heave. Subsurface erosion starts as a spring or springs near the down- 
stream toe of the dam and progresses upstream along the base of the struc- 
ture . Failure occurs when the upstream end of the eroded hole nears or 
reaches the upstream side of the dam. Failure by heave results when a 
large portion of soil near the downstream toe suddenly rises because the 
upward pressure of the seepage water is greater than the effective weight 
of the soil. 

Unless the foundation is sealed with a watertight cutoff, water per- 
colates through the foundation and emerges on the downstream side. The 
characteristics of the flow of this seepage water are similar to those of 
laminar pipe flow. The length of the path of flow and the frictional re- 
sistance to flow govern the outlet velocity of the seepage water and the 
pressures of the seepage water under the soil at the toe of the dam. 
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There are two schools of thought regarding the occurrence of seepage 
through earth foundations. One emphasizes the flow through the foundation 
material itself. The other believes that the line of least resistance is 
along the line of contact between the spillway and the foundation. 

The "line of creep" theory produces the more usable method of design 
against failure by piping for structures of the size encountered in our 
work. 

W. G. Bligh was one of the first engineers to advance the "line of 
creep" theory. It has been revised and refined by E, W. Lane (see "Secu- 
rity from Underseepage--Masonry Dams on Earth Foundations," Trans. of 
American Society of Civil Engineers, Vol. 100, p. 1235, 1935, and discus- 
sion in "Handbook of Applied Hydraulics," Calvin V. Davis, McGraw Hill 
Book Co.). This theory is based on the conclusion that the "line of creep,ll 
i.e., the line of contact between the dam and cutoffs with the foundation, 
will produce less resistance to percolation than another path through the 
foundation material. It is believed that the difficulty of securing an 
intimate contact between the dam and the foundation material, and the dan- 
ger of unequal settlement which tends to destroy such contact, make this 
line of contact the one which will provide the least resistance to the flow 
of water. 

After an intensive study of numerous existing dams on earth foundations, 
Lane was convinced that the majority of failures due to piping occurred 
along the line of creep. He also found that the majority of failures oc- 
curred to dams that had inadequate or no vertical cutoffs. These findings 
led him to recommend the use of a weighted creep line in which horizontal 
contacts with the foundation and slopes flatter than 45', being less liable 
to have intimate contact, are assigned only one-third the resistance value 
of steeper contacts. In other words, the weighted creep line is the sum 
of all the steep contacts, p lus one-third of all the contacts flatter than 
45O, between the headwater and the tailwater along the contact surface of 
the dam and foundation, Should the distance between the bottoms of 2 cut- 
offs be less than one-half the weighted creep distance between, twice the 
distance between the cutoffs should be used instead of the actual line of 
creep between them. 

Lane's recommended weighted creep ratios (C,), the ratio of the weighted 
creep distance to head, are given for various foundation materials in the 
following table. 

Material 

Very fine sand and silt 
Fine sand 
Medium sand 
Course sand 
Fine gravel 
Medium gravel 
Course gravel including cobbles 
Boulders with some cobbles and gravel 
Soft clay 
Medium clay 
Hard clay 
Very hard clay or hardpan 

TABLE 4.2 

cw 

a.5 

2:: 

?:i 
3-5 
3.0 

;:2 
2.0 
1.8 
1.6 
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Lane's theory resolves itself into the following equation: 

c, = 
CLH + 3ZL, 

3H 
where C, = weighted creep ratio 

LH = horizontal or flat contact distances 

Lv = vertical or steep contact distances 

H = head between headwater and tailwater 

The foundation materials as listed in Lane's table do not coincide 
with the descriptions generally used in our work. Therefore, to obtain a 
working tool more applicable to our problem and to incorporate our past 
experience with erosion control structures, the following table of 
weighted creep ratios is recommended for our use. 

Material CW 

Clean gravel 
Clean sand or sand and gravel mixture 2:; 
Very fine sands and silts 8.5 
Well-graded mixture of sand, silt, and 

less than 15 percent clay 5.5 
Well-graded mixture of sand, silt, and 

more than 15 percent clay 4.0 
Firm clay 2.3 
Hard clay 1.8 

TABLE 4.3 

The appurtenances generally used in conjunction with drop spillways to 
guard against piping are the upstream blanket or fill, the upstream cutoff 
wall, and the downstream toewall. The upstream blanket should always be 
used in drop spillway construction when seepage is a problem, as it is an 
easy and economical means of protection. The upstream blanket also reduces 
the uplift pressures on the structure. The upstream cutoff wall serves 
three purposes-- it safeguards against piping, reduces uplift pressures, and 
resists sliding. The downstream toewall serves two purposes--it safeguards 
against piping and protects the apron from undermining. The toewall has 
one detrimental effect--it increases the uplift pressures. Therefore, 
where deep cutoffs are required to safeguard against piping, it may be 
necessary to increase the depth of the upstream cutoff wall and decrease 
the depth of the downstream toewall to control the uplift pressures. 

Mr. Streiff, in his discussion of Mr. Lane's paper, argues mathemati- 
cally that weep holes have very little, and only localized effect in re- 
ducing pressures. Therefore, weep holes used in the sidewalls and head- 
wall of drop spillways will be disregarded as far as piping and uplift are 
concerned. 

So many indeterminate variables affect the design for safety against 
piping that a large factor of safety is mandatory. When one considers 
that the coefficient of permeability varies from about 10 cm per set for 
coarse gravel to lo-' cm per set for dense clay, the complexity of the 
problem is apparent. Other factors that affect the problem are methods of 
construction and the variation of materials in the foundation. If various 
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materials are encountered in the foundation, the material having the largest 
weighted creep ratio should be considered as the foundation material and the 
design made accordingly. It is almost presumptuous to point out that ade- 
quate foundation investigations are mandatory for safe dam design. 

As pointed out previously, not all structure locations present a danger 
of piping. If the spillway is located on a deep, permeable foundation, with 
a low-water table, seepage from above the dam passes downward in a nearly 
vertical direction until it merges with the water table. Since there is 
very little, or no, tendency for this seepage to flow under the spillway and 
emerge in the downstream channel, the problems of uplift and piping do not 
exist. If soil borings and the geology of the site do not positively indi- 
cate the above conditions, the high-water table condition, discussed pre- 
viously, should be assumed for design purposes. 

Where the water table is high, or where the high-water table condition 
exists because of relatively impervious layers in the foundation near the 
apron elevation, the data contained in table 4.1 (page 4.5) and the previous 
discussion on uplift can be used in the solution of the piping problem. 
Procedure is illustrated in example 4.3. 

Cutoff walls may be constructed of reinforced concrete, interlocking 
steel sheet piling, pressure-treated Wakefield timber piling, or dense, 
well-compacted, impervious earth fill, or combinations of the above. The 
design of the cutoff will depend upon foundation conditions, availability 
of materials and construction equipment, cost, and other factors. Wakefield 
piling over 10 feet long is apt to cause trouble. Steel sheet piling works 
very well to considerable depth unless large rock and boulders are encoun- 
tered, If the foundation is dry and the soils are stable at the time of 
construction, concrete cutoff walls up to 10 feet in depth should not cause 
undue trouble. If the foundation soils are saturated and the water table 
cannot be lowered, Yhe construction of concrete cutoff walls to depths of 5 
r'eet can be troublesome and costly. Earth cutoffs, to be impervious and 
effective, must be made of carefully selected, well-graded materials, placed 
at proper moisture content, and thoroughly compacted to high density; this 
is difficult to accomplish, especially if the foundation is wet. Hence, 
impervious earth cutoffs should normally not be used unless rock and boul- 
ders prevent the placement of driven piling; even then, it might be advis- 
able to excavate the rock and boulders to required depth, then backfill 
with compacted earth and drive sheeting through it to obtain a reasonably 
watertight cutoff wall. 

The cutoff wall must be securely connected to the remainder of the 
spillway and this connection must be watertight. 

Example 4.3 

Given: Drop spillway, F = 8.0 ft, h = 3.0 ft, s = 1.0 ft (see sketch, 
page 4.18). The foundation material is a well-graded mixture of sand, silt, 
and clay. Clay content, 20 percent. The relative permeability of the foun- 
dation and the fill material is estimated to be equal. A high-water table 
exists. 

Find: The required depth of cutoff wall to insure against piping, if 
the depth of the toewall (t2) is taken as 3.0 ft, for the following condi- 
tions: (1) Pond above structure with no upstream berm against headwall (2) 
Pond above structure with upstream berm and type (a) drainage, and (3) Pond 
above structure with upstream berm and type (b) drainage, fig. 4.1 (page 4.3). 
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Solution: C$ = B/3 + 2-t, + 2t, 13.58 = - + 2t, + (2 l 3) 
3 

Cw = 4.0 for foundation material 
. . . = 2t, = 4H - 4.53 - 6.0 

t, = 2H - 5.26 

1. No upstream berm 

From sketch H = 9.75 

. '. t, = 19.50 - 5.26 = 14.24 ft 

2. Upstream berm and type (a) drainage 
From table 4.1 (page 4.5), Case C, no flow 

y2 = s + 0.5F = 1.0 + 4.0 = 5.0 ft 

H = 5.0 + 0.75 = 5.75 

. Y t, = 11.50 - 5.26 = 6.24 ft 

3. Upstream berm and type (b) drainage 
From table 4.1 (page 4.5), Case C, no flow 

Y2 = s + 0.15F = 1.0 + 1.2 = 2.2 ft 

H = 2.2 + 0.75 = 2.95 

. -. t, = 5.90 - 5.26 = 0.64 ft 

Use t, = 2.5 ft (minimum depth of cutoff wall) 

This example indicates the effect of the earth berm and a good drain. 

If the tailwater elevation is adequate to provide the desired energy 
dissipation in the stilling basin of the drop spillway, the maximum head 
tending to cause piping will occur when there is no flow over the structure. 
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The danger of piping due to horizontal percolation around the headwall 
extension must also be considered. If the relative permeability of the 
abutment material is equal to, or less than, the foundation material, the 
minimum length of the headwall extension should be 3 times the average depth 
of the cutoff wall and toewall below the bottom of the apron. If the rela- 
tive permeability of the abutment material is greater than the foundation 
material, the minimum length of the headwall extension should be 3 times the 
average required depth of the cutoff wall and toewall, assuming that the 
foundation is made of the abutment material. In the second case, in lieu of 
extending the headwall extension, a core trench could be excavated into the 
abutment to the elevation of the bottom of the cutoff wall and backfilled 
with a material that is considerably more impervious than the foundation 
material. The core trench should extend into the abutment, measured from 
the end of the headwall extension, a distance equal to twice the length of 
the headwall extension. The minimum bottom width of the core trench should 
be 4.0 feet and the side slopes should not be steeper than one-half hori- 
zontal to one vertical. 

Overturning. The structure is safe against overturning if positive con- 
tact pressures exist over the entire base area. 

Uplift. As pointed out previously, the total weight of the structure 
plus all vertical downward forces acting on it must be greater than the up- 
lift forces. Should the uplift be greater than the downward force, the 
structure will tend to float--a situation which, obviously, cannot be 
tolerated. 

Sliding. The horizontal forces acting on the structure in the downstream 
direction have a tendency to slide the structure. The horizontal resisting 
forces must be sufficient to withstand this tendency with a margin of safety. 

In the case of a drop spillway designed and constructed as a monolithic 
unit, the forces resisting sliding are the frictional resistance of the foun- 
dation, the friction resistance between the sidewalls and the earth fill, 
the passive resistance of the earth downstream from the toewall and headwall 
extensions, and, during times of flow, the hydrostatic pressure of the tail- 
water against the headwall and wingwalls. 

Past field experience indicates that drop spillways, with F equal to 
10 feet or less and with headwall extensions poured monolithically with the 
remainder of the spillway, are safe against failure by sliding if the mini- 
mum requirements of the depth of cutoff walls and length of headwall exten- 
sions are met. 

In the design of large drop spillways, however, sliding must be con- 
sidered and the design made with a liberal safety factor. It is possible 
to make reasonable estimates of the total possible resisting forces, but it 
is impossible to ascertain the distribution of the actual required forces 
to maintain the structure in equilibrium. The designer, therefore, does not 
know what the design loads should be for various parts of the structure. It 
is wise, therefore, in large structures to design the headwall extensions 
and wingwalls articulate from the rest of the structure, and provide water- 
tight joints at the junctions. 
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The following procedure is recommended for computing stability 
against sliding. The plane of sliding is assumed to be on a plane be- 
tween the bottom of the cutoff wall and the bottom of the toewall. The 
passive resistance of the earth downstream from the toewall is neglected. 
A safety factor of 1.3 is recommended. Therefore, the ratio of hori- 
zontal resisting forces to the total downstream forces should be equal 
to, or greater than, 1.5. 

Figure 4.4 shows a cross section of the headwall and apron of a drop 
spillway and the forces that act on a longitudinal slice of the spillway. 
For any loading condition the horizontal force acting above the bottom 
of the cutoff wall in the downstream direction is HO The total down- 
ward vertical force, V, is the weight of the structure, minus uplift, 
plus the effective weight of the soil between the cutoff wall and the 
toewall above the plane of sliding. For equilibrium to exist, the verti- 
cal component of the resultant reaction, R,, must equal V and the hori- 
zontal component, RR, must equal 8. The force resisting sliding, RH, is 
made up of two parts, the friction force, fV, and the cohesion force, CA, 
so that 

H=RH=fV+cA 4.8 

where R 
H 

= horizontal resisting force in lbs 

f = tan $, the coefficient of friction 

# = angle of internal friction of foundation material 

V = total vertical load in lbs 

C = cohesion resistance of foundation material in lbs/ft2 

A = area of plane of sliding in ft2 
. . . 
.:: h . . . 

FIGURE 4.4 
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To provide a safety factor of 1.5, it is obvious that fV + CA must 
equal 1.5H. If it is not possible to meet this criteria with a cutoff wall 
and toewall of reasonable depth, it will be necessary to provide an anchor 
whose pull or resistance to sliding, T, will satisfy the equation 

T = 1.5H - fV - CA 4.9 

If an anchor is provided, it must be placed on a level with the apron 
and upstream from the headwall a distance equal to or greater than that 
given by the formula 

X=(F+s)cot 45'-- = 
( $1 ,qjy-q 4010 

where X = minimum distance from headwall to anchor in ft 

$ = coefficient of internal friction of saturated back- 
fill above the spillway 

F + s = vertical distance from crest of spillway to top 
of apron in ft 

Crest Elevation 

FIGURE: 4.5 

Passive pressures on the anchor can be computed from equations in para- 
graph 2.2.3, Engineering Handbook, Section 6 on Structural Design. In 
applying these equations, submerged weight of the backfill must be used for 
W. 

Codes and Criteria. The design codes and criteria to be followed are 
given in the Engineering Handbook, Section 6 on Structural Design. 

Headwall Analysis. The headwall may be designed as a slab considered 
fixed on three edges and free at the top in accordance with the Portland 
Cement Association Publication, "Rectangular Concrete Tanks," (ST-63). 
Drawing ES-6, Engineering Handbook, Section 6 on Structural Design is a 
plot of the moment and shear coefficients taken from this reference. 
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Sidewall Analysis. The procedure for design of the sidewall depends 
on the angle between it - and the wingwall and on whether the sidewall and 
wingwall are monolithic or not. Three cases are cited below. 

1. Monolithic with straight wingW.11. 

FIGURE 4.6 

This sidewall may be assumed to act both as a horizontal and vertical 
cantilever, with the load between these two structural elements divided 
by a 45’ line from the lower upstream corner of the wall as indicated in 
the sketch. 

2. Sidewall and wingwall not monolithic, with angle between the two 
walls (/?) between.0' and 45’. 

1 - t-- _ _ _ 2: . -. 

\ 
- - - - - - if; ,i . . . . . . . :.T,,~* I:--I:..i.-.;.::..;~:.~ 

:,.i i; 
.^ I.? . . ; y ::. ;\: ‘;. 

I :> 

FIGURE 4.7 -- 

This sidewall may be designed in the same manner as the previous 
example. 

- 
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3. Sidewall and wingwall monolithic, with 4.5' angle between the walls. 

& t----*---l 

FIGURE 4.8 

The following procedure provides an economical design, and results in 
the placement of reinforcing steel where past experience and good judgment 
indicate that it should be. 

The basic assumptions for the design of the sidewall and wingwall are as 
follows: 

(a) The sidewall is a slab fixed along its boundaries with the headwall 
and the apron. The downstream vertical edge is assumed to be supported and 
partially restrained by the wing-wall. The top edge is free. 

(b) The wingwall acts both as a vertical and horizontal cantilever, 
with the load between these two structural elements divided by the 45’ line 
indicated in the sketch below. 

Junction of 
sidewall and wingwal .1 

Horizontal Elements 

Vertical Elements 

FIGURE 4.9 

(c) The load distribution on both walls is triangular in the vertical 
plane normal to the wall. 

The design procedure is outlined below by steps. 

Step 1. Consider the vertical joint between the sidewall and wingwall 
as fixed against rotation and, from coefficients given in drawing ES-6, En- 
gineering Handbook, Seztion 6 on Structural Design, determine the moments 
and shears in the sidewall for a slab fixed on three edges and free at the 
top. Take the average height of the sidewall as "a" for computing the b/a 
ratio. 
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Step 2. Compute maximum horizontal moment and maximum shear along the 
vertical edge of the sidewall in accordance with assumption (a), page 4.23. 

MS = Cmwas, Vs = Cswa2 4.11 

where MS = maximum horizontal moment in ft lbs 
V, = maximum shear in lbs 
cm = moment coefficient from drawing ES-6 
C, = shear coefficient from drawing ES-6 
W = equivalent fluid weight in lbs per fte 
a = average height of sidewall in ft 

Step 3. Compute maximum horizontal moment and maximum shear along the 
junction of sidewall and wingwall from the wingwall in accordance with 
assumption (b), page 4.23. 

Mwis maximumwhen y=J 

M, = ?w [3zy - 2 (J - Y)] ‘+.x2 

VW is maximum when y = J 

VW = w y(J - Y) - & (J - Y)'] II 
4.13 

where Mw = maximum horizontal moment in ft lbs 
VW = maximum shear in lbs 
w = equivalent fluid weight in lbs per ft3 
J = height of wall from top of apron at junction of sidewall 

and wingwall in ft 
Y = distance from top of wall in ft 
Z = ratio of horizontal to vertical of the slope of the top 

of the wingwall 

The above equations are derived from the load distribution assumptions 
previously described. 

Step 4. Assume that the maximum moments and shears from the sidewall and 
and the wingwall occur on the same horizontal slice, and find the centroidal 
tension thrust in the wingwall and sidewall necessary to counteract the shearing 
fources from the wingwall and sidewall for the assumed one-foot horizontal 
slice. 

FIGURE 4 .lO 
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T, = 1.414 V, + VW 
Ts = Vs + 1.414 VW 
T, = centroidal tension thrust in wingwall in lbs 

Ts = centroidal tension thrust in sidewall in lbs 

4.14 
4.15 

The following free body diagram shows all of the external forces acting 
on the joint of the above hypothetical slice. 

FIGURE 4.11 

This joint is in equilibrium except for the moments which are unbalanced. 

It is reasonable to assume that this and the other unbalanced moments 
along the junction of the sidewall and the wingwall will be distributed 
mainly into the apron, because of the rigidity of this general stress path. 
With this assumption, the release of the downstream vertical joint of the 
sidewall would have no effect on the moments along its other vertical joint 
at the headwall. This line of reasoning leads to the assumption that the 
maximum horizontal moment at the center of the sidewall should be increased 
by 0.5 (MS -h) as indicated in the sketch below. 

Junction of 
sidewall and 
headwall 

moment curve 

LAdjusted zero 
moment line 

FIGURF: 4.12 

For conservative design, the sidewall and wingwall should be designed 
for the maximum moments and shears found from the above assumptions, whether 
they occur before or after the adjustment. 

The horizontal steel in the exposed face of the sidewall will be designed 
for a moment, M = Cmwa3 + 0.5 (MS - Mw) for the full height of the wall. 
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The horizontal steel in the unexposed face of the sidewall at the up- 
stream end of the wall will be designed for the maximum moment and shear 
as. determined from drawing ES-6, Engineering Handbook, Section 6. 

The horizontal steel in the unexposed face of the sidewall at the down- 
stream end of the wall (junction with wingwall) will be designed to take 
the moment, Ms, plus the axial tension force, T,. The steel required for 
MS may be cut at the quarter point of the span, but the steel required by 
TS should be extended to lap with the steel at the other end of the wall, 

The principal vertical &eel in both faces of the sidewall will be 
designed for the vertical moments determined from drawing ES-6. 

The horizontal cantilever steel in the wingwall will be designed for 
the moment, MS, plus the axial tension force, T,. 

The vertical steel in the wingwall will be determined from cantilever 
moments. 

Wingwall Analysis. Refer to the three cases cited under sidewall 
analysis. The wingwall in the first two cases may be designed as a verti- 
cal cantilever. The wingwall analysis for case (3) is explained along 
with the sidewall design for this case. The required wingwall footing for 
all three cases is determined by considering the wingwall as an independent 
wall and making it stable against overturning. 

In some cases it may be impracticable to provide sufficient resistance 
to sliding of the wingwall by frictional resistance on the bottom of the 
footing. Passive resistance on the toewall extension under the wingwall 
should be neglected because the fill in front of the toewall is apt to be 
wet and of low shearing strength when maximum loads are against the wing- 
wall and because this fill may scour and be washed away. Where frictional 
resistance to sliding is not adequate the toewall, footings, and an up- 
stream extension of the footing should all be poured monolithically with 
the apron and its toewall. Then the wingwall footing can be designed as 
a horizontal cantilever to transfer a part of the horizontal loads on the 
wingwall into the apron slab. This design procedure is illustrated in the 
structural design example. 

Apron Analysis. The apron may be designed as a series of beams per- 
pendicular to the sidewalls. The beams are considered as supported at the 
sidewalls and continuous wi<h them, and continuous over the longitudinal 
sills or buttresses. Refer to pages 4.9 to 4.14 for the method of deter- 
mining the apron loading. See drawing ES-56 (page 4.27) for moment and 
shear determinations. 

Buttress Analysis. Buttresses for the headwalls of drop spillways of 
average size can usually be designed as cantilever beams. They should 
have a minimum width of 12 inches and a depth sufficient to carry the over- 
turning moment which results from shears from the headwall. Vertical 
compressive stresses computed on the assumption of a rectangular beam 
should be corrected to give the maximum compressive stress parallel to the 
downstream face of the buttress. This method of analysis is illustrated 
in the structural design example. 

The load to be used for the design of the buttress is the sum of the 
shears along the fixed vertical edges of the adjacent headwall slabs. For 
values of (b + a) equal to or less than 2, the distribution and magnitude 
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NO. ST40, Moment DGtribution upplied to Continuous Concrete Structures by 

Porf/und Cement Assoc~‘ution. 

* 

it Stiffnes5 of members, K= 4EIG.l 
4EI is equal for a// members 

f/600 -900 + 900 -/600 
Let 4EZ = 8 then 

-700 - -350 K,=8+6=/.333,K2=8+8=/.0 

f525 t525 ’ 
Re/utive Stiffness 

-263 K, 

t/32 t/32 
Of A, =K,+K2 = ,. ;gy,,o = 0.5 72 

-66 
f33 +33 

-17 Fixed End Momenfs = 9’ ~2” 
f8 tP Mf ub = -ML = - %2 /300)(6)2 = - 900 ft. /b. 

-4 
+2 fZ 

rn;= = -m& = - ~///~f~)o/B)~= -/GOOft lb. 

t /600 - /600 t/z50 -/250 

Rottiny Moment and Sheur Diu9rum.s 

Simple bend/i79 moment = & w%’ 

- 

End span, I@= % w/,’ 
= %/306)(6)’ = 1350 fk lb. 

Center 5pan, MS= 6 w/t 
= &3CQ))/8j2= 24OOff. /b. 

See ES-/ /j? Structure/ Des/@ 
Section /Sect/bn 6) 

ff d 

denotes fension in top face 

Moment D/‘uqrum 

Sheor Diagram 
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of the shear along the vertical edge of a headwall slab are given with 
reasonable accuracy by the following shear diagram, fig. 4.13. 

Max. shear per /in. ff 

Coef x wa2 

DISTRIBUTION OF UNIT SHEARING STRESS ALONG FIXED EDGE 

FIGURE 4.13 

In fig. 4.13, the distribution of unit shearing stress is represented by 
a trapezoid, the area of which represents the total shear along the edge of 
the slab. The coefficient used to determine the maximum shear per linear 
foot and the value of x, which determines the location of the center of 
maximum shearing-stress intensity, are found from drawing ES-6, sheet 9 of 
10, Engineering Handbook, Section 6 on Structural Design. The shearing- 
stress distribution shown in fig. 4.13 is good only for values of (b f a) 
equal to, or less than, 2. 

The total load is equal to the sum of the shears from the two adjacent 
spans. If the spans adjacent to the buttress are equal (the usual case), 
then the total load on the buttress is equal to twice the load indicated by 
the diagram in fig. 4.13. 

When the overturning moments on the drop spillway are high and result 
in high toe pressures under the spillway, or when the weir length is rela- 
tively great, it may be necessary to devise special methods of analysis for 
the buttress, longitudinal sill, and transverse sill. Experienced struc- 
tural designers should be consulted in such cases. 
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Longitudinal Sill Analysis. Longitudinal sills may be used with or 
without buttresses. In either case, the procedure of analysis is the 
same. 

FIGURE 4.14 

The longitudinal sill may be considered as a beam fixed against rota- 
tion at the toe of the buttress or at the headwall, point a, fig. 4.14, 
as the case may be, and as both partially restrained and freely supported 
at the transverse sill, point b, fig. 4.14. For the partially restrained 
condition at point b, the moment at b is taken as one-half the fixed end 
moment. The load on the longitudinal sill is taken as the maximum net 
reaction from the apron slab at the longitudinal sill less the weight of 
the sill. 

Transverse Sill Analysis. When the longitudinal sills are designed 
as outlined in the preceding paragraph, the transverse sill acts as a 
support for the longitudinal sills. The analysis following these assump- 
tions may be handled as follows: The transverse sill and toewall may be 
considered as a beam supported at the sidewalls. This beam should be 
designed for both fixed and half-fixed end moments; the actual degree of 
restraint at the end is unknown. The loads on the beam will be the re- 
actions from the longitudinal sills as concentrated loads, plus a uni- 
form load equal to the difference between the overturning pressure acting 
on the toewall and the weight of the beam. 

-Reactions from Longitudinal Sills 

FIGURE 4.15 

The resultant uniform load may act either in an upward or downward 
direction. 
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Headwall Extension Analysis. If the headwall extension is not joined 
monolithically with the rest of the structure, it acts merely as a dia- 
phragm. The differential in earth loads on the two sides of the wall at 
any point will be very small. Therefore, the stresses in the wall will be 
small and the wall need only be reinforced to meet minimum steel require- 
ments. This type of design for the headwall extension is used in the de- 
sign example. 

If the headwall extension is designed to be monolithic with the rest of 
the structure, it may be designed as a vertical and horizontal cantilever. 
See page 4.9 for load recommendations. In the vertical direction, the wall 
may be designed as a series of cantilever beams. In the horizontal direc- 
tion, the wall and footings will be designed as a unit. The steel in the 
footings will be designed to crlrry the remainder of the total moment not 
carried by the horizorl;al steei in the wall. 
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5. TYPE B DROP SPILLWAY 

General. Minimum layout and hydraulic design criteria for a type B drop 
spillway are given on drawing ~~-67 (page 5.3) and in the following discus- 
sion. These criteria are patterned after those suggested by Messrs. B. T. 
Morris and D. C. Johnson in a paper entitled "Hydraulic Design of Drop Struc- 
tures for Gully Control" which was published in the Trans. of the American 
Society of Civil Engineers, Vol. 108 (1945). Study of this paper will dis- 
close the differences between the criteria proposed by Morris and Johnson 
and those proposed herein. 

The type B drop spillway is not recommended for sites where easily 
eroded soils exist in channel bottoms or banks, or at sites where prolonged 
flow will occur as in irrigation channels. The scour in these sites is apt 
to be so severe that it will endanger the stability of the structure. Drop 
structures in such locations require a longer apron and more effective en- 
ergy dissipation. Pending availability of results of research now underway 
on drop spillways for such conditions, it is suggested that Field Engineers 
present such problems to the Washington Engineering Division for assistance. 

On dense firm clays, dense well-graded and compacted glacial tills, and 
dense well-graded and compacted mixtures of silt, sand and clay, the type B 
drop spillway should give satisfactory performance. On silts and sandy 
silts, riprap will probably be required to protect the channel bottom and 
banks just below the spillway. Where the need of riprap is anticipated, it 
should be placed during the original construction, especially if systematic 
maintenance of the structure is doubtful. The type B drop spillway should 
not be used where the channel bottom and banks below it are composed of 
loose or easily eroded materials such as sand. 

As the ratio h + F increases, the tendency for scour to occur also 
increases. For this reason, and because the most economical spillways for 
a given discharge tend toward low values of the h + F ratio, it is recom- 
mended that this ratio be kept lower than 0.50 with an absolute maximum of 
o-75. 

The ratio of L + h should always be equal to, or greater than, 2. 
This criterion applies to all rectangular weirs. 

As will be seen later, the longitudinal sills become an important ele- 
ment in the structural design of the apron. In long weirs, where the value 
of F + h is approximately 12 feet or more, it is structurally advantageous 
to shorten the horizontal span in the headwall by the use of buttresses; 
such buttresses should be placed so that the horizontal length of headwall 
is divided into equal spans. For practical construction and design reasons, 
the location of buttresses and longitudinal sills should coincide. Hence, 
it is recommended that the longitudinal sills be located so that the dis- 
tance between center lines of the sidewalls will be divided into approxi- 
mately equal spans of practical length, and that the location of longi- 
tudinal sills and buttresses be made to coincide where buttresses are used. 
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Tailwater. A minimum tailwater elevation is required to reduce the 
scour of the channel bottom and banks just below the spillway to tolerable 
limits. A significant amount of model testing and field observation show 
that a low tailwater permits the jet of water, cast upward by the trans- 
verse sill, to strike the channel bottom with serious scour effects and 
that strong side eddies which attack the channel banks are created. With 
a high tailwater, the velocity of the jet off the transverse sill is re- 
duced and the jet merges with the downstream flow with less serious results, 
The proper amount of tailwater for a type B drop spillway has not been 
definitely established. Pending additional research, the recommended 
minimum required tailwater depth above the top of the transverse sill, t 
in feet, is given in fig. 5.1. A tailwater depth t = 2dc is desirable 
and should be obtained where practicable. 

Minimum required depth 
of tailwater above to 
of transverse sill, 
Type B, Drop 

Spill woy 

See notes below for selection 
of k values 

d, = critical depth at weir, ft. 

FIGURE 5.1 
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DROP SPILLWAYS: LAYOUT AND HYDRAULIC DESIGN CRITERIA - TYPE B 

-------- 
--__--_- ---_--_-- 

SECTION ON CENTER LINE 

Minimum Length of Boron 
, 

~+.o~~+m(~)+o ,+‘J(++ 
‘0, rmgs 0, “OIYBI 
+o.,s - 2.e 
0, “se 

or [I.~F] whichever is greater. 

J= Height of wingwolf ond sidewall ot junction (in feet)= [Ph] or F+hts- 
whichever is greater. 

[ 

LB= Length of bosin (in feet) = [F(2.28$ + 0.52)1 

M= [Z(F+4/3h-J)] 

K=[(L,+0.42)-M] 

NOTE: I.- See Engineering Handbook, Section II, orop spiflwoys, for criteria on pkement of I 1.5 2 25 

longitud;nol sills, toilwater requirements, hydraulic copocity, structural design, etc. ROflC 2 

Z.-VI dimms_ions in foot u_nite. 
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Use k = 1.0, fig. 5.1 (page 5.2) 

Where flow is intermittent, the periods of high discharges are of short 
duration, and the channel below the structure is highly resistant to 
scour, such as a tight clay or glacial till. 

Use k = 1.15 
(a) Where flow is intermittent, the periods of high discharge are of 

short duration, and the channel below the structure is resistant 
to scour. (This covers most average conditions.) 

(b) Where flow is intermittent, but the periods of high discharge are 
relatively long and the channel below the structure is highly re- 
sistant to scour. 

Use k = 1.30 

Where flow is intermittent, periods of high discharge are relatively 
long, and the channel below the structure is resistant to scour. 

It may be necessary to set the elevation of the top of the transverse 
sill below the elevation of the stable grade line of the downstream channel 
in order to provide the required tailwater. 

In addition to the above requirements for minimum tailwater, there are 
limitations of maximum permissible tailwater for the type B drop spillway. 
Tailwater depths above maximum permissible values cause the jet of water 
coming through the weir to be deflected upward and outward to such an extent 
that a considerable part of the discharge may not hit the apron but falls on 
the unprotected stream bed in front of the apron. To avoid this situation 
and prevent the excessive scour associated with it, the tailwater depth above 
the top of the transverse sill, t, should not be greater than 0.5 (F + h). 

Then the range in value of tailwater depth, t, is given by the following 
formula. 

5.1 

Volumes of Concrete and Steel. The volume of reinforced concrete re- 
quired to construct certain sizes of type B drop spillways with minimum 
dimensions is given in drawing ES-66 (page 5.7). Drawing ES-74 (page 5.9) 
gives the weir dimensions and concrete volume of the type B drop spillway 
that requires the minimum volume of concrete for a given design discharge, 
Q, and net drop, F. These quantities are based on the use of class B con- 
crete as defined in the Engineering Handbook, Section 6 on Structural Design, 
and a working stress for reinforcing steel, f, = 20,000 psi. Load assump- 
tions were: 

1. Weight of concrete = 150 lbs/fts 

2. Weight of earth fill = 100 lbs/fts 

3. Weight of equivalent fluid against headwall = 62.4 lbs/ft3 

4. Weight of equivalent fluid against sidewalls = 35 lbs/ft3 

5. Weight of equivalent fluid against wingwalls = 35 lbs/ft3 

6. Weight of equivalent fluid against headwall extensions = 5 lbs/ft3 

7. Allowable soil bearing pressure = 2000 lbs/ft2 
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In some cases, for stability reasons, it will be necessary to increase 
the length of the headwall extensions and increase the depth of the cutoff 
wall beyond the minimum values indicated on drawing ~~-67 (page 5.3). Such 
changes will require additional concrete above the amount indicated in the 
tables of drawing ES-66 (page 5.7). The amount of additional concrete can 
be estimated with reasonable accuracy from drawing ~~-48 (page 5.10) with 
b = 8 in. 

The amount of reinforcing steel required, as measured in terms of pounds 
of reinforcing steel per cubic yard of concrete, will vary considerably with 
the height of the structure and to a smaller extent with the length of the 
weir, Approximate amounts of reinforcing steel to be used for estimating 
purposes only are given in fig. 5.2. 

APPROXIMATE AMOUlWS OF 
REINFORCING STEEL FOR ESTIMATING ONLY 

50 
7 8 9 10 11 12 13 14 15 16 

(F + h) in feet 

FIGURE 5.2 

Example 5.1 

Given: 1. Required discharge capacity, Q = 200 cfs 

2. Net drop, F = 7 ft 

3. Free flow condition (no submergence) 

4. Use drawing ES-74 (page 5.9) 

Find: 1, The length L and depth h of a weir of a type B 
drop spillway that will carry the required discharge 
and contain a minimum amount of concrete. 

2. The estimated amount of reinforcing steel required 
for each structure considered. 
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Solution: Drawing ES-74 (page 5.9) shows that for a Q of 200 cfs and 
F of 7.0 ft, a drop spillway having weir dimensions of L = 20'-0" and 
h = 2’ -6" requires the minimum volume of concrete, namely 34.9 cubic yards. 

Figure 5.2 (page 5.5) shows that for F + h = 7 + 2.5 = 9.5 ft the es- 
timated reinforcing steel requirement is 98 pounds per cubic yard of con- 
crete. Therefore, the total estimated steel requirement is 34.9 l 98 = 3420 
pounds. 

Comment: Drawing ES-74 (page 5.9) also shows there is only 0.5 cubic 
yard difference in concrete volume required by the 2.5 x 20 weir and the 
3 x 16 weir. As pointed out previously, final selection of weir proportions 
should be based on site requirements and comparative cost estimates that in- 
clude costs of excavation, fill, drainage, etc. 

Example 5.2 

Given: A type B drop spillway with F = 7 ft, h = 3 ft, and L = 16 ft 
of minimum dimensions as indicated on drawing ~~-67 (page 5.3) and a wall 
thickness, b = 8 inches. 

Find: The increase in concrete yardage if the length of each headwall 
extension is increased 4.0 ft and the depth of cutoff wall is increased 
2.0 ft. 

Solution: Reference to drawings ~~-48 (page 5.10) and ~~-67 (page 5.3) 
should make the following computations self-evident: s=h;3=3+3=1; 
then Y = F + h + s = 7 + 3 + 1 = 11 ft. For b = 8 in, and Y = 11 ft, X 
as taken from the curve = 0.8 ft, but use x = 1.0 ft; b = 8 in = 0,667 ft; 
b + 1 = 9 in = 0.75 ft; b + 2 = 10 in = 0.833 ft. Now compute added volume 
in headwall extension without increase in cutoff wall depth. 

11 ' 0,667 = 7.34 
2.667 - 0.75 = 2.00 

3.25 - 0.833 = 2.71 
2 l 0.5 l 0.5 - 0.5 = 0.25 

12.30 0 2 l 4 = 98.40 ft= 

Now compute added volume due to increase in depth. 

Original length of cutoff wall = L + 2 (3h + 2) or L + 2 (1.5F), which- 
ever is greater. 

L + 2 (3h + 2) = 16 + 2 (9 + 2) = 38 ft (Use) 

L + 2 (L5F) = 16 + 2 (1.5 - 7) = 37 ft 

Final length of cutoff wall = 38 + 8 = 46 ft; increase in volume of cutoff 
wall = 46 - 2 l 0.833 = 76.64 ft3; total increase in volume = (98.40 + 76.64) 
i 27 = 6.5 cu yd. 

Comment: In actual practice, a sketch should be made to facilitate such 
computations. 
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DROP SPILLWAYS: APPROXIMATE VOLUMES OF REINFORCED 
CONCRETE IN CUBIC YARDS- TYPE B 
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)ROf’ SPILLWAYS: APPROXIMATE VOLUMES OF REINFORCED - 
CONCRETE IN CUBIC YARDS -TYPE B 

iote: (1) These volumes apply only to drop spillways designed in accordance 
with criteria set forth in drawing ~~-67, page 5.3, and on page 
3.4 of the Engineering Handbook, Section 11, Drop Spillways. 

(2) F = net drop from crest of weir to top of transverse sill in feet 
h = total depth of weir in feet. 
L= length of weir in feet. 
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DROP SPILLWAYS-TYPE B- MINIMUM CONCRETE VOLUME FOR VARIOUS 
DISCHARGES FOR NET DROPS, F, OF 5 TO IO FEET AND WEIR LENGTHS, L, 
UP TO 30 FEET. 

LEGEND 
Figures shown on curves indicate length of 

weir, L , in feet 

Depth of wetr,h, indicated by symbols 
+ h = 2’ - 0” 

0 h = 2’ - 6” 
0 /) r 3’- 0” 

A h = 3 - 6” 
. h = 4 - 0” 

x b= 4’-6* 

@ /) E 51-O” 

ID h E 5’ - 6” 

20 25 30 35 

Concrete volume in cubic ydrds 
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DROP SPILLWAYS: REQUIRED WIDTH OF HEADWALL 
EXTENSION FOOTINGS FOR TYPE B 

--- 
----- 

Dif feren fid 

Minimum widfh of 
foofiny - x - in feef. 

Note : Use yahes of x of L! 7$ L 04 /. 25 etc. 
(i.e. h eyen ~hcfements of 0 25 fk) 
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Hydraulic Design of Type C Drop Spillways 

The nomenclature associated with the type C drop spillway is given in 
ES-111, page 5-18. The hydraulic, design is illustrated by exampies 
beginning on page 5-23. 

The type C drop spillwsy was developed for use in locations where type 
B drop spillways are considered inadequate. These locations include 
the following situations: 

1. Continuous flowJ 

2. Long durations of flow at discharges nearly equsl to design 
discharge; 

3. High tailwater; and 

4. VsJues of h/F greater than 0.5. 

Limitations of Type C Drop Spillwsys 
Type C drop spillwsys were developed by model studies.* These model 
studies were limited to a range of values of 

1. 0.1 5 $6 1.43 
2. L 2 1.5 d, 

3. t 2 1.75 d, 
where h is the design head over the crest, ft 

F is the vertical distance from the crest of the spillway to the 
top of the end sill, ft 

L is the length of spillwsy crest, ft 

t is the tailwater depth above the transverse sill, ft 

d, is defined in the next paragraph 

Values of dc, ft 

The parameter d, is used in the determination of various dimensions of 
the drop spillway which are set by the hydraulic design. The critical 
depth d, is that critical depth corresponding to the capacity-without- 
freeboard Qs in the weir notch of the drop spillway. The value of d, 
corresponding to various discharges for rectangular sections sre given 
on the line charts of ES-111, page 5-19. 

Design Discharge Qr, cfs 

Design discharge Qr is that discharge the structure is required to convey 
with a freeboard. It is determined from hydrologic data, reservoir 
routing, and economic considerations. The hydrologic aspect of this 
determination is given in the National Engineering Handbook, Section 4, 
Hydrology. 

* St. Anthony Falls mdraulic Laboratory, Technical Paper No. 15, Series 
B, Straight Drop Spillway Stilling Basin, by Charles A. Donnelley and 
Fred W. Blaisdell. 
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Required-Capacity-Without-Freeboard Qfr, cfs 

The required-capacity-without-freeboard Qfr is that discharge the struc- 
ture must convey without freeboard. Knowing this required capacity Qfr 
will enable the designer to select the structure with sufficient capacity- 
without-freeboard Qs. 

Qfr = (1.10 + 0.01 F)Qr 

where Qr = design discharge, cfs 

F = vertical distance between the crest of the spillway and the 
top of transverse sill, ft 

Capacity-Without-Freeboard Qs, cfs 

The capacity-without-freeboard Qs of any hydraulic structure is equal to 
the maximum discharge the structure is capable of conveying without over- 
topping. It is determined solely by the size of the structure and its 
operating conditions. The capacity-without-freeboard Qs must be equal to 
or greater thsn the required-capacity-without-freeboard Qfr. 

Qs 2 Qfr 

The capacity-without-freeboard Qs = q,L with and without high tailwater is 
given on ES-111, page 5-20. The effect of submergence of the crest on the 
capacity-without-freeboard is reflected in the graph and is in accordance 
with Figure 3.4, page 3.17. Thus, the capacity-without-freeboard Qs some- 
times depends on the tailwater depth. 

Required Tailwater Depth t 2 1.75 d, 

Tailwater depths over the transverse sill are determined by computing water 
surface profiles. 

The tailwater depth over the transverse sill t must be greater than or 
equal to 1.73d, to prevent excess scour in the downstream bed and banks. 
Sufficient tailwater depth over the transverse end sill can always be ob- 
tained by increasing the value of F; that is, by lowering the apron and 
transverse sill. 

Length of Stilling Basin Apron LB 

The tailwater depth t, the value of F, and the values of h are the pa- 
rameters required in the determination of apron length LB. The minimum 
length of the stilling basin LB is given graphically by ES-111, page 5-21. 

Values along the right side of the graph represent submergence of the 
crest of O.Td,. For submergence of the crest greater than O.'i'd,, use 
a value of LB equal to that LB obtained for a submergence of the crest 
of OJd,. Thus, increasing the tailwater depth over the crest of the 
spillway greater than 0.7d, does not require that LB be increased more 
than that computed for O.Td,. 

Values of $ > 0.857 (Note that t = 1.5d, 
1.75% 

= 0.857) are impermissible be- 

cause they represent tailwater depths which are smaller than that which 
is required. 
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It is required that the value of i < 1.43. The value of $ = 1.43 is a 
h maximumvalue ofh F tested by models. When 5 = 1.43, the minimum tail- 

water depth 1.75d, causes a submergence of the crest of O.Td,. Because 
of this, the minimum value of F is l.O?d,. 

The length of the stilling basin may be increased from the minimum. 

Location of Floor Blocks Lf 
-- 
The distance Lf between the headwall and the floor blocks is given graph- 
ically by ES-111, page 3-22. The distance Lf is required to assure that 
the trajet of the nappe will be upstream from the floor blocks. When 
this distance is too small, a high boil occurs because of the floor 
blocks and the floor blocks are ineffective in the dissipation of kinetic 
energy. 

If, for some reason, the length of the apron LB is increased above the 
minimum amount, the distance Lf from the headwall to the floor block 
should not be increased. 

The minimum distance between the floor block and the transverse sill, 
LB - Lf = 1.75dc, may be increased. This distance permits the reduction 
of turbulence downstream from the floor blocks. 

Height of Floor Blocks 0.8d, 
The heights of the floor blocks and the end sill are significant in the 
performance of the stilling basin. The primary function of the floor 
blocks is to control bank or lateral erosion of the channel downstream 
from the spillway. The recommended height of floor blocks is 0.8d,. 
This may be varied slightly to permit the use of even dimensions. 

Floor Block Width (0.4 2 O.l5)d, 

The floor block width and the spacing of the floor blocks are important 
parts of the design. Floor blocks which are too wide do not function 
properly in dissipating the kinetic energy and require high sidewalls. 
The recommended width of floor blocks (in a direction transverse to the 
flow) is O.bd,. This may be varied slightly to permit the use of even 
dimensions but the floor block width should be within the interval 
(0.4 f O.Q)d,. 

Floor Block Length (0.4 2 O.l?)d, 

The recommended length (in the direction of flow) of floor blocks is 
O.hd,. This dimension effects the required dimension between the floor 
blocks and the end sill. This distance is required for energy dissipa- 
tion of the flow which has been divided by the floor blocks. The length 
may be varied slightly to permit the use of even dimensions. 
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Floor Block Spacing 
Floor blocks which occupy over 60 percent of the transverse length of 
the stilling basin tend to function like a solid sill. If they occupy 
less than 50 percent of the transverse length of the stilling basin, 
they function less efficiently. 
adjacent to the sidewalls, 

A half space (0.2d,) shall be allowed 
thus, no floor block will be placed adjacent 

to the sidewalls. 

Longitudinal Sills 
Longitudinal sills may be used for structural purposes. Their width 
will be equal to or less than the floor block width, and their height 
is determined from structural requirements. They are not to be spaced 
between the floor blocks, Longitudinal sills are neither beneficial 
nor harmful hydraulically. 

Transverse Sill Height 0.4dc 
The transverse sill prevents erosion in the channel bed immediately 
downstream from the drop spillway. The lowest height of the transverse 
sill was selected from model study to reduce the tailwater requirement. 
The recommended height of the transverse sill is O.bd,. This height 
may be increased slightly to permit the use of even dimensions. 

Sidewall Height (t + 0. 85dc) 
The sidewall must extend above the tailwater to prevent overtopping of 
the sidewalls. The water surface in the stilling basin fluctuates 
considerably. The floor blocks and end sills cause boils and standing 
waves. The highest boils are 0.60d, above the tailwater. The recom- 
mended minimum height of the sidewall at the end sill is t + 0.85d,, 
but not greater than F + h. From the standpoint of hydraulics, the 
top of the sidewalls may be level and have the recommended height. 

Wingwalls 
Wingwalls are set at an angle of 45’ with the centerline of the basin. 
The top of the wingwall should have a slope not steeper than 1 to 1. 
The length of the wingwall is usually controlled by the backfill slope 
and should be sufficient to intersect the backfill slope in the hori- 
zontal plane at the top of the transverse sill. 

Approach Channel 
Certain approach channel conditions are necessary for this type of drop 
spillway to function properly. These conditions are 

1. The bottom of the approach channel must be level and have the 
same elevation as the crest of the drop spillway for a minimum 
distance of 6d, upstream from the crest. When the bottom of 
the approach channel is below the crest of the nappe, it will 
not have the same trajectory and trajet as that used in the 
model study. This could cause the nappe to strike the floor 
too close to the floor blocks. Lowering the approach channel 
bottom a distance of O.ld, will cause a significant and un- 
satisfactory change in the position of the nappe trajectory. 

Revised 4-68 
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2. The dikes covering the upstream face of the headwalls are 
essential for the proper functioning of this structure. 
See ES-111, page 5-18. It is preferable hydraulically, that 
the slope of the dike along the face of the hesdwall be 
steeper than a 2:l slope. When this slope is flatter than 
2:1, the discharge over the weir is concentrated in the cen- 
tral portion of the stilling basin. 

When dikes are omitted in wide channels or when the toe of 
dike at the upstream face of the headwall is not at the weir 
notch corner, a significant end contraction of flow occurs 
in the weir section. This causes an unfavorable distribution 
of discharge in the stilling basin and poor stilling basin 
performance. 

If, for some reason, the bottom width of the approach channel 
is equal to the length of the weir notch, no dikes will be 
required, provided the side slope of the channel at the 
structure is not flatter than 2:l. 

3. The channel bottom and the dikes covering the upstream face 
of the headwall require riprap to prevent their erosion. The 
recommended use of riprap and the specifications for riprap 
size and weight are given on pages 2.4, 2.5 and ES-79, page 
2.6. Of course, concrete paving may be used in place of rip- 
rap. 

4. The general channel alignment, both upstream and downstream 
from the drop spillway, is prescribed on pages 2.1 and 2.2. 

Aeration Under Nappe 
No provision for aeration of the nappe is required unless two or more 
headwall buttresses are used. The recommended approach channel condi- 
tions insure sufficient end contraction of the flow to permit ample 
aeration for ordinary weir lengths. The nappe over that portion of the 
weir sections supported by buttresses require provisions for aeration. 
Proper aeration can be provided by the construction of holes in the top 
of the buttresses. The determination of the size of these openings is 
given in ES-81, page 3.3. It is recommended that the top of buttresses 
be placed six inches below the crest of the weir. 
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which is to be used 
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When the submergence of the weir is greater than 0.7dc, 
the symbol, h, wherever it appears on this sheet, is to 
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4 energy head corresponding to the dischmge Qs = q,L 
through the weir. 
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when the crest of the spillway 
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when the submergence of the weir is greater than 0.7dc, 
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through the weir. 
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Design Examples 

These are strictly academic exsmples and sre only complete insofar 
as they illustrate the hydraulic design of the Straight Drop Spill- 
wsy - Ty-pe C. 

Givenx The design discharge Qr = 745 cfs. The approach channel is 
flat and has a bottom width of 44.0 ft. The maximum tot&. energy 
head in the approach channel at the weir notch is limited to 

The drop to be controlled in the channel grade is 
The depth of flow in the downstream channel is 4.0 ft. 

Two buitresses and longitudinal sills are used in the design. 

Determine: 1. Weir notch depth. 

2. Vertical distance t from the top of the transverse sill 
to the tailwater surface. 

3. The vertical distance F from the top of the transverse 
sill to the crest. 

4. The required-capacity-without-freeboard Qfr, the crest 
length L, 'and the capacity-without-freeboard Qs. 

5. bproach channel hydraulic requirements. 

.'% 6. Minimum transverse sill height s. 
'. 
,? ) 7. 

,:+ 
Stilling basin length Lg. 

yj 8. Location, width, spacing, and height of floor blocks. 

:* .* 
a 

9. Minimum sidewall height. 
'. 'I. ;r 10. Wingwall length. 

;?'i 
3 ,;;': 11. Size and location of aeration holes in buttresses. 

Soiuti0n: 1. Set the weir notch depth equal to the maximum allowable 
.total energy head in the approach channel, or h = 4.0 ft. Then, 
d, = 2/3h = (0.667)(4.0) = 2.67 ft. 

2. t -z 1.75 d, = (1.75)(2.67) = 4.67 ft 

3. If the controlled drop is 8.0 ft and the tailwater depth 
is 4.0 ft, the vertical distance from the tailwater to the crest is 
4.0 ft. Then, F = 4.0 + t = 4.0 -t 4.67 = 8.67 ft. The required 
tailwater depth places the top of the transverse sill 0.67 ft below 
the downstream channel grade. 

4. Qfr = (1.10 + O.OlF)e, 

= 1.10 + (0.01)(8.67)745 = 884 cfs 
Since the weir is submerged less than 0.7 dc, the value of s = 3.1 
(from ES-111, page 5-20). h3/ 

% 
= 24.8 

L = $$J = 35.6 ft -- use 3.0 ft 

Qs = ($.0)(24.8) = 893 cfs 
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59 The bottom width of the approach channel must be reduced 
to 36.0 ft at the spillway crest. The channel side slopes at the 
hesdwsll must be 2:l. This is accomplished by the addition of a coni- 
cal shaped fill between the upstream face of the headwall and the 
side slope of the 44.0 ft approach channel. The approach channel is 
then riprapped in accordance with ES-79, page 2.6. 

6. The minimum transverse sill height. 

s = 0.4 d, = (0.4)(2.67) = 1.07 ft -- use 1' -0" 

7. Stilling basin length LB is determined from ES-Ill, page Y-21. 

!i = 8.67 = 0.461 4.0 
F 

h = 4.67 = 0.857 4.0 

k = 2 Ok ; LB = (8 67)(2 Ok) = 17 76 F l 

.  .  .  -- use 17' -9" 

8. The distance from the downstream face of the headwal.1 to the 
-stream face of the floor blocks Lf is determined from ES-ill, 
page 5-22. 

h 
F = 0.461 

ii 
t = 0.857 

r, 
- = 1.50 ; F Lf = (8.67)(1.50) = 13.00 ft 

The blocks are square in plan. The width w = 0.4 d, = (0.4)(2.67) = 
1.07 ft (use 1' -0" ). Twenty blocks would occupy 20/36 or 55 percent 
of the basin width. The blocks sre spaced 0' -9 l/2" apart with the 
face of the outside blocks 0' -5 3/4" from the sidewall. 

Height of blocks = 0.8 d, = 2.14 ft. -- use 2' -0" 

9. The sidewall height above the top of the transverse sill is 
t + 0.85 d, = 4.67 + (0.85)(2.67) = 6.94 ft (use 7' -OS1 ). 

10. The 2:l fill slope OS the dike is 3.96 ft above the top 
of the transverse sill (end elevation of the top of the wingwall) at the 
junction of the wingwall and sidewall. The wingwaLllengthis 

(2)0- 
0.707 - 11.20 ft (use 11' -3" ) 

11. The 12' -6 112" weir length between the centers of the two 
buttresses is aerated by 6-inch diameter holes in each buttress. The 
6-inch diameter holes will provide a differentisl pressure between 
atmospheric and pressure under the nappe of 0.17 ft (determined by 
ES-81, page 3.3). This does not influence the headwall design. The 
aeration holes are placed above the tailwater. (Use 6' -6" above the 
floor of the stilling basin.) 



L 
HALF PLAN 

6” 0. aeration hl 

SECTION ON CENTERLINE 

Figure 1. - Design example : Straight drop spillway- Type C 
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Given: 
The 

The required capacity-without-freeboard is Qfr = 1450 cfs. 
maximum total energy head in the approach channel at the 

weir, measured from the weir crest, cannot be greater than 
5.0 ft. The controlled drop is F = 5.0 ft. and tailwater depth 
is t = 9.0 ft. 

Determine: 1. Weir notch depth, h. 

;: 
Crest length, L, and the capacity-without-freeboard Qs. 
The approach channel hydraulic requirements. 

4. Minimum transverse sill height s. 
59 Stilling basin length LR. 
6. Location, width, spacing and height of floor blocks. 
7. Minimum sidewall height. 

Solution: 1. Set the weir notch depth, h, equal to the maximum 
allowable total energy head in the approach channel at the weir, 
measured from the weir crest, thus, h = 5.0 ft. 

2. a. Determine the crest length of weir, L, and 
critical depth, d,. 

h 1.0 and 7 = - - 0.556 5.0 _ 
9.0 

From ES-111, page 5-20 

qs - = 2.6 h3 i2 

% 
= (5"i2)(2.6) = 29.07 cfs. 

From ES-111, page 5-19 

dC 
= 2.97 ft. 

L Qfr = - = - 1450 = -- 
% 29 -07 

49.88 ft. Use 50 ft. 

b. The capacity-without-freeboard, Qs, when L = 50 ft. is 

Qs = qsL = (29.07)(50) = 1453.5 cfs. 

30 The approach channel bottom width may be set at 50.0 ft. 
with side slope z = 2. (See bpproach Channel, page 5-14). 

4. Determine the minimum transverse sill height, s. 

S = O.kd, 

S = (0.4)(2.97) = 1.19 ft. -- Use 1' - 3” 

50 The stilling basin length LR is determined from ES-111, 
page 5-U. 

a. Ascertain if the submergence of the weir crest is 
greater than 0.7dc. 
The tailwater which causes submergence of the weir 
of 0.7dc is 

F + OJd, = 5 + o.7(2.g7) = 7.08 ft. 

Revised 4-68 
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Since the tailwater is 9.0 ft., submergence is greater 
than O.Td,. 

When designing Type C drop spillways having greater 
than 0.7d, submergence, the symbol, h, wherever it 
appears on sheets 5 and 6 of ES-111, should be redesig- 
nated as Hec. Hec is the critical specific energy head 
corresponding to the unit discharge, qs, through the 
weir. 

b. Determine stilling basin length, LB- 

H ec = & = 4.46 ft. 

Hec 4.46 -z-z 
F 5.0 

0.892 

From ES-111, page 5-U, read at the 0.7dc submergence 
curve, the values 

LB %C - = 7.54 when 7 = F 0.892 

H 
Since F = 4.46 - = 0.496 represents submergence greater 

9.0 
than 0.7dc, LB the value of F = 7.54 is satisfactory, 

(see Length of Stilling Basin Apron LB, page 5-12). 

LB = 7.54( 5) = 37.7 ft. -- use 37’ - 9" 

6. The distance from the downstream face of the headwall to 
the upstream face of the floor blocks Lf is determined 
from ES-Ill, page 5-22. 

be %C - = 6.52 when 7 = F 0.892 at the 0.7d, submergence 

curve. 

I+ = 32.6 ft. -- use 32’ - 8” 

The floor blocks are square in plan. The side width 
w=oAd,= (0.4)(2.97) = 1.19 ft. -- use 1' - 3” 

Twenty-two blocks will occupy 55 percent of the basin 
width. The blocks are spaced 1' - 0" apart with the 
face of the outside blocks 0' - 9" from the sidewall. 
Height of blocks = 0.8d, = 2.38 ft. -- use 2' - 6” 

7. The sidewall height above the top of the transverse sill 
is 

t + o.85dc = (9.0) + (0.85)(2.97) = 11.52 ft. -- 
use 10' - 0" (the maximum sidewall height is 
F + h = 5 + 5 = 10' - 0'). 

Revised 4-68 
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6, STRUCTURAL DESIGN EXAMPLE 

General. The following example deals with the stability and structural 
design only. It was assumed that the site location had been selected and 
that the hydrologic data indicated that the structure should be designed for 
a peak discharge of 610 cfs. The explanation of the methods and procedures 
of design are contained in the example or referenced to the corresponding 
sections of the Engineering Handbook. 

Hydraulic Design (Design Q = 610 cfs)(F = 12.0 ft) 

Weir dimensions: Try h = 4,-O" and L = 30 '-0" and compute capacity 
by equation 3.5 (page 3.7). 

3.1 Lh3/2 
Q = 1.10 + o.olJ? = 

3*1 l 3o l 8 = 610 cfs 
1.22 

OK 

Height of Transverse Sill (6): s = h + 3 = 4.0 i 3 = l.33v = l'-4" 

Apron Length (LB) and Height of Sidewall (J): (See ~~-67, page 5.3) 

J(min> = 2h = 2 l 4 = 8.01, $(min) = 1.28 0 12 = 13.36' 

Use sidewall layout shown in the following layout drawing and 
determine combinations that will maintain 2 to 1 fill slope with 
1.0 ft. of fill over upstream edge of headwall extension. 

b + 5” 10" 
J=F+h+s+l.O- 2 

( > 
-- 2 

LB=2 (F + h + s + 1.0 - J) - 0.417 - 0.833 

b = 2 (12 + 4.0 + 1.33 + i - J> - 1.25 

h = 35.42 - 25 

When J = 8.0 ft, $ = 19.42 ft 

When J = 9.0 ft, LD = 17.42 ft 

When J = 10.0 ft, LD = 15.42 ft 

Select and use J = 9'-0", $ = 17'-3" 

Shape of Sidewall: The sidewall will have a level top except near 
the headwall, where it will be shaped to confine the nappe. Plot the 
path of the upper nappe (See ES-68, page 6.3) from the crest elevation 
to the level portion of sidewall. Take d, = 2/3 h = 2.67 ft. 
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DROP SPILLWAYS : DIMENSIONLESS COORDINATES OF WATER 
SURFACES FOR AERATED NAPPE OVER WEIR WITH LEVEL, 
FLUSH APPROACH CHANNEL 

EQUATIONS No TE 

Upper Sufface of nappe The given equahbns defile fhe nuppe 
X = Z./Z Y t069 -0.30 wben$ > 0.3 

IF- surfaces on/y when ~5% flow condihbns 
dc ore as fo//aws : 

/. Approach Channel 1% /eve/ for a 
‘T: ~~~:o‘~;nap~zm 2 > LO disfance of 3.0 dc upsfream from the we/i: 

2. Approach Channel /s flush w/;Ch the 
we/i o-es f: 

3. Nuppe 1.5 comp/efe/y uerufed 

#O#&NCLATURE : 

x is the hor/ionfo/ d&funce 
ffom or/g/h fo noppe Surfuce.- fk 

4/ is the vefficu/ ah-fume /po.s~f~~e) 
da/vnwafd fo noppe ,surfuce. - f i f  

d, 15 cr/;fico/ depth of weir sect/on. - f f .  

EXAMPLIS: 

Given : fen&h ofrecfongu/ur we/k- = /O fi 
Dischurge of we/i = 100 c. fs. 
Approach cond/Ykns ore us shown. 

F/X : Horizon fa/ d/k fance /x 1 from we/i 
fuce fo the upper nuppe suf-fuce, 
ff disfa/7e y = 12 fee/ behw fhe 
weI> cresf. 8.0 

So/u/ion : from E5 L 24 dc = /. 456 ft 
&=,& = 8.25 

from qruph lor Equu f/on) 
x 9.0 

4 = 5.96 Of 

= /5.96)(/. 456) = 8.68 fi 
50 6.0 ZO 

X 

STANDARD DWG. NO. 
U. 9. DEPARTMENT OF AGRICtKTURE 

SOIL CONSERVATION SERVICE ES - 68 
Robert hi. Salter. Chief 

SHEET 1 OF 1 
ENGINEERING STANDARDS UNIT 

-~ 

DATE 3- 3-52 
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Y Y/h x/d, 

0 0 1.4 
1 0.375 1.8 
2 0.750 2.15 
l 1.125 2.45 

1.500 2.73 
5 1.875 3.00 

,2-o-, . 7-o c 

N 

Puth of 
Upper Noppe 

Top of Apt-on -, l- / 

4 

Y 
Q 

I’ 
i 

? 
0 

I 

Downstream flow: (Tailwater depth above transverse sill, t) 

Required depth, t = 4.6 ft (See fig. 5.1, page 5.2) 
(d, = 2.67, k = 1.25) 

Allowable velocity (max) = 3.0 fps 
s = 0.00095 ft/ft, n = 0.035, sideslopes 3 to 1 or 2 = 3 
Try channel bottom width, b = 30 ft (See ES-33, Section 5, 

Hydraulics) 

Hydraulic radius, r = bd + zd2 30 l 4.6 + 3 9 4.62 
= b+2dJz 30+ (2. 4.6 JK) 

201.5 r = - = 3.41 
59.1 



See ES-34, Section 5, Hydraulics 

With r = 3.41, s = 0.00093, and n = 0.035, v = 2.97 fps ( 
t + s = tailwater depth above apron = 4.60 + 1.33 = 5.93 ft 

Use 6 .O ft for design purposes 

Stability Ijesign: The stability of the structure will be checked for a 
representative bay. The representative bay will extend 30.83 + 6 = 5.14 ft 
on both sides o k the center line of a buttress. 

Design of drain and drain filter above structure: Preliminary in- 
vestigations indicated it would be advantageous to design a very good 
drain and filter upstream from the headwall to reduce uplift and to 
minimize the forces tending to slide the structure. Therefore, a drain 
similar to the one discussed on pages 6.2-13 and 6.2-14 of the Structure 
Design Section will be used. Use 4 in. Perforated Clay Pipe, with l/4 
in. diameter perforation, four rows, 3 in. spacing. A.S.T.M. Designatic 
c-211. 

/Most /mpervious 
f i// mater/b/ 
0 vai/ob le 

Criteria for Filter Gradation 

Graded Gravel 

85 P ercent size of gravel rl.o 
diameter of perforation 

Pitrun Sand and Gravel 

15 percent size of gravel 
35 percent size of pitrun 14to 5s 15 percent size of gravel 

15 percent size of pitrun 
and 

15 percent size of pitrun 
35 percent size of foundation 14to 51 15 percent size of pitrun 

15 percent size of foundation 
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Check Filter Gradation: (See preceding page for grain sizes) 

Graded Gravel 

15 percent size 85 percent size 

1.0 mm 13.5 mm 

Pitrun Sand and Gravel 0.22 mm 3.0 mm 

Foundation and Fill Material 0.0032 m 0.06 mm 

Pipe perforations = l/4 in. diam. = 0.25 l 25.4 = 6.35 mm 

85 percent size of gravel 13.5 
diameter of perforations = 6.35 - - 2.13 > 1.0 OK 

13 percent size of gravel 1.0 
35 percent size of pitrun 

= - = 0.33 < 4.0 3.0 OK 

15 percent size of gravel 1,O 
15 percent size of pitrun = - = 4.55 Y 400 0,22 OK 

15 percent size of pitrun 0.22 
< . = o6 = 3.67 < 4.0 OK 

15 percent size of pitrun 0.22 
15 percent size of foundation = 0.0032 = 68.8 > 4.0 OK 

The 15 percent size of any given material is a unique size for 
that material such that 15 percent by weight of the material is finer 
than it. Likewise, the 85 percent size is the size for which 85 per- 
cent by weight is finer. 

Determine required depth of cutoff wall and toewall: (See Piping, 
--^- 7 I 
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Point 

Foundation Material (Firm clay)--20 percent sand, 45 percent 
silt, 35 percent clay 

Wt. Creep Ratio = Cw = 2.3 (See page 4.16) 

It is estimated that the drain will lower the water table at 
the structure, as shown in the above sketch, The maximum differ- 
ential head occurs during periods of no flow. 

Required Wt. Creep Dist. = 2.3 o 3,=5 = 8.05 = 4t + (20.33 -t 3) 

4t = 8.05 - 6.78 = 1.27, t = 0.32, Use minimum of 2!-6" 

Actual Wt. Creep Dist. = 4(2.5) + 6.78 = 16.78 

Safe differential head = H = 16.78 + 2.3 = 7.30 ft 

Compute Uplift (Refer to sketch in foregoing paragraph) 

With flow 

Uplift = 6.92 l 62.4 = 432 lbs/ft2 
Total Uplift on bay = 432 l 20.33 l 10.28 = 90,300 lbs 
Wt. of bay = 163,009 lbs (See base pressures, with flow) 
Ratio = Wt. + Uplift = 163,009 c 90,300 = 1.80 OK 

No flow 

Pressure at point (a) = 0, Pressure at point (i) = 3.5 0 62.4 
= 218 lbs/ft2 

Wt. Creep Dist. = 16.78 ft, Increment of pressure = loss per 
unit of weighted creep dist. = 218 c 16.78 = 13.0 lbs/ft2 

W-t, Creep Inc. of 
Dist. Pres. 

ft Lbs/ft' 

2.5 32.5 

0.25 3.2 

2.5 3205 

5.72 74.4 

2.5 32.5 

0.333 4.3 

2.5 32.5 

0.472 6.1 

?res. at 
Point 
lbs/ft2 

0 

32.5 

35.7 

68.2 

142.6 

175.1 

179 -4 

211.9 

218.0 

4ve. Pres. 
between 
points 
lbs/ft2 

34 

105 

177 

215 

Base 
Length 

ft 

0075 

17.17 

1.0 

lo42 

Jplift 
?er ft 
width 
lbs 

26 

1802 

177 

304 

Base Total 
Width Uplift 

ft lbs 

10.28 267 

lo.28 18,500 

lo.28 1,820 

10.28 3,120 

Total uplift on bay = 123,707 

Wt. of bay = 88,959 lbs 
Ratio = Wt. + Uplift = 88,959 + 23,707 = 3.75 OK 
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Determine contact and total pressures on base: Take moments about _ . ^_ clownstream cage at elevation OS bottom OS apron of representative bay. 

Before fill (No uplift) 

Part 

Apron 
Headwall 
C. 0. Wall 
C. 0. Fillets 
Toewall 
Twl. Fillets 
Trans. Sill 
Long. Sill 
Buttress 

10.28 l 20.33 l 0.917 l 150 10017 
10.28 l 13.33 l 0.833 l 150 18.42 
10.28 . 2.5 l LO .  150 18.42 
10.28 l 0.25 l 150 18.42 
10.28 l 2.5 0 0.75 . 150 0.375 
10.28 l 0.125 8 150 0.917 
10.28 l 1.33 l 0.875 . 150 0.440 

17.09 l 1,o l 1.0 l 150 9.44 
12.33 l 3.0 l 100 l 150 16.00 

12.69 

28,700 
17,100 

3,860 
386 

2,890 
193 

1,800 
2,560 
5,550 

63,039 

wt. Moment Arm 

292,000 
315,000 

71,100 
7,100 
1,086 

177 
792 

24,200 
88,800 

800,255 

z = 800,255 + 63,039 = 12.69 ft, e = 12.69 - 10.17 = 2.52 ft 
Area of base = 10.28 l 20.33 = 209.0 ft2 
p = (v i A) [l + (6e + d)] = (63,039 t 209) [l t (6 o 2.52 +- 20.33)-j 

, ^ 
pu = 302 (1 + 0.744) = 527 lbs/ft', pd = 302 (1 - 0.744) = 77 lbs/ftz 

b/=.527 

I 
LI= t2.69 f /'d= 

Contact und fotoipressure 
ho uphft) 

77 
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After fill (No flow) 

Backfill Properties (upstream from headwall) (compacted, 
clean pitrun sand and gravel) 

Dry wt. -115 lbs/fts 
Void ratio, e 

Percent voids 

Moist w-t. 

( *  l log , “ , i :  

er 

;;’ ‘“s’f+& 0.271 

Cohesion 0 
Eff. submerged wt. = 115 - (l- [ 0.259) 62.4]= 6g lbs/fts 
Saturated wt. = 115 + (0.259 l 62.4) = 13~2 lbs/ft3 

For design purposes assume pitrun material to crest elevation. 

Resolve Uplift into Trapezoidal Diagram, to simplify calcu- 
lations. 

Rate of change per ft of horizontal contact = 13.0 + 3 = 4.33 
(See uplift, no flow) 

Let x = unit uplift at downstream edge, y = unit uplift at 
upstream edge 

then y = x + (4.33 l 20.33) = x + 88 
Total uplift per ft width = 23,707 + 10.28 = 2305 lbs 

C (x + Y> i 2 d = 230: lbs 1 
(X + X + 88) f 2 = 2305 f 20.33 = 113 lbs/ft2 

x = 113 - 44 = 69 lbs/ft2 

y = 6g + 88 = 157 lbs/ft2 
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Determine horizontal pressures 

At lo,75 ft depth 

Vert. wt. = 10.75 l 125 = 1345 lbs 
Unit equiv. fluid pres. = vert. wt. (1 - sin # + 1 + sin $) 

p = 1345 (0.271) = 365 lbs/ft2 

At 14.25 ft depth 

Vert. wt. (earth) = 1345 + (3.5 l 69) = 1345 + 242 = 1587 lbs 
Unit equiv, fluid pres. = 1587 (0,271) = 430 lbs/ft2 
Water pres. = 3.5 l 62.4 = 218 lbs/ft2 

p = 430 + 218 = 648 lbs/ft2 

Part Force wt, 

Concrete 63,039 
Moist sand 10.28 l 10.75 0 1.5 - 125 = 20,700 
Sat. sand 10.28 0 2.58 l 1.5 l 131 = 5,220 
Hor. Pres. 10.28 l 0.5 l 365 . 10.75 = -20,200 - 

Hor. Pres. 10.28 l 365 l 3.5 = -13,130 - 
Hor. Pres. 10.28 l 0.5 l 283 l 3.5 =-5,100 - 

-38,430 88,959 
Uplift 0 10.28 l 69 l 20.33 
Uplift L 10.28 l 0.5 o 88 m 20.33 

-14,400 
- 9,200 

-23,600 

+65,359 

z = 865,105 + 65,359 = 13.23 ft 
e = 13.23 - 10.17 = 3.06 f-t 

i.75 1 - 23,000 1 

13.23 [ +865,105 

Contact Pressures 

Pu = (65,359 + 209) k + (6 l 3.06 + 20.33g 

Pu = 313 (1 + 0.905) = 596 lbs/ft2 

Pd = 313 (I- 0.905) = 30 lbs/ft2 OK Positive pressures 

Total Pressures 

ptu = 596 + 157 = 753 lbs/ft2 

ptd = 30 + 69 = 99 lbs/ft2 

-j-- Pfd=99 

1 

Confuct Pressure 
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With flow (Design Discharge) 

Depth of headwater above crest, use 3.5 ft 
Depth of tailwater above bottom of apron = 6.92 ft 
Uplift is uniform = 432 lbs/ft2 

I Up/if f - 4c32 /b/Ff ” 

Determine Horizontal Pressures 

At Crest (surcharge of headwater) 

Vert. Wt. = 3.5 l 62.4 = 218 lbs, p = 218 l 0.271 = 59 lbs/ft2 

At 7.33 ft depth 

Vert wt. = 218 + 125 l 7.33 = 218 + 916 = 1134 lbs 

p = 1134 l 0.271 = 308 lbs/ft2 

At 14.25 ft depth 

Vert. wt. = 1134 + 6.92 l 69 = 1134 + 477 = 1611 111s 

p = 1611 0 0.271 = 436 lbs/ft2 

NOTE: Water pressures in both directions are 
equal and cancel one another. 
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Part 

Concrete 
Moist Sand 
Satur. Sand 
Hz0 on Foot. 
Hz0 on Apron 
Hz0 on T. S. 
Hz0 on Butt. 
Hz0 on L. S. 
Hor. Pres. 
Hor. Pres. 
Hor. Pres. 
Hor. Pres. 

Uolift 

10.28 . 7.33 l 1.5 l 125 
10.28 l 6,92 l 1,5 9 131 
10.28 l 3.5 l 1.5 l 62.4 

9.28 0 6.0 l 17.25 l 62.4 
10.28 l 4.67 l 0.75 l 62.4 
1.0 l 2.5 l 2.43 l 62.4 
1.0 l 11.25 l 5.0 a 62.4 
10.28 l 59 l 14.25 
10.28 l 0~5 l 249 l 7.33 
10.28 l 2)+9 l 6.92 
10.28 l 0~5 l 128 l 6.92 

10.28 * 432 l 20.33 

Force 

8,650 
9,390 

17,700 
4,550 

wt. 
2 :;z 
13: 980 

3,370 
59,900 

2,250 
379 

3,510 
- 
- 
- 
- 

+160,578 
- 90,300 

I+ 70,278 

Arm Moment 

19.58 
19.58 
19.58 

9.38 
0.375 

12.81 
6.38 
7.13 
9.36 
3.46 
2.31 

10.17 
12.36 

800,255 
277,000 
274,000 

66,000 
562, ooo 

843 
4,850 

22,400 
- 61,600 
- 87,900 
- 61,300 
- 10,500 

tl,786,04a 
- 918,000 
t 868,048 

z = 868,048 + 70,278 = 12.36 f-t, e = 12.36 - 10.17 = 2.19 ft 

pu = (70,278 + 209) E + (6 0 2.19 + 20.33fl 

pu = 336 (1 + 0,646) = 553 lbs/ft* 

pa= 336 Cl- 0.646) = 119 lbs/ft* 

ptu = 553 + 432 = 985 lbs/ft* 
pt. = 119 + 432 = 551 lbs/ft* 
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Check Sliding: Assume plane of sliding at elevation of bottom of 
cutoffs. Neglect passive resistance in front of toewall. 

Properties of foundation material (Undisturbed and saturated) 

Angle of internal friction, # = 12', 

Friction coefficient = tan $ = 0,213 = f 
Void ratio = 0.65 

= 0.655 

Effective submerged wt. = 62.2 lbs/ft3 
Cohesion, c = 500 lbs/ft2 for sliding 

fXW+cA>F 
Use 1.3 safety factor 
. l . fXW + CAL 1.5 F 

I - fIzW + CA 
U 

No flow 

Eff. wt. of soil between cutoffs = 2.5 l 10.28 l 17.17 l 62.2 = 27,500 lbs 
Wt. of bay minus uplift (See base pressures) = 65,359 lbs 

Izw = 92,859 lbs 

Area of sliding plane, A = 17.17 l 10.28 = 176.5 ft2 
. l . fxw + CA = (0.213 l 92,859) + (500 l 176.5) = 108,000 lbs 

Determine F (See contact pressure calculation for horizontal 
forces from crest to bottom of apron, pages 6.10 and 6.11,) 

At 14.23 ft depth (just below apron) 

Vert. wt. = 1587 lbs 
P = 1587 D 0.655 = 1040 lbs/ft2 

At 16.75 ft depth 

Vert. wt, = 1587 + (2.5 l 62.2) = 1587 + 155 = 1742 lbs 
p = 1742 0 0.655 = 1140 lbs/ft" 

Plane of Sliding -- 4 
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F = 10.28 C (365 . 0.5 0 10~75) + (1013 9 0.5 l 3.5) + 
(2180 l 0.5 l 2.5)1 

F = 10.28 (1960 + 1770 + 2720) 
F = 10.28 l 6450 = 66,300 m 

105F = 99,450 lbs 

OK Safe from sliding II 

- 

fxW+ CA 108 ooo 
F = g6+ = 1.63 >1,5 

I I ? 

365 2 ELI. 648 
//040 

rr40 - 
With flow (Design discharge) 

Eff. wt. of soil = 27,500 lbs 
Wt. of bay - uplift = 70,278 lbs 

Z:w = 97,778 lbs 

fzw + CA = 0.212 (97,778) + 500 (1765) = 20,720 + 88,250 = 108,270 

Determine F (See contact pressure calculations, page 6.12 and 6.13) 

At 14.25 ft depth (just below apron) 

Vert wt. = 1611 lbs, p = 1611 l 0,655 = 1055 lbs/ft2 

At 16.75 ft depth 

Vert. wt, = 1611 + 155 = 1766 ibs, p = 1766 l 0.655 = 
F = 10.28 D367 l 0.5 l 7.33) + (744 l 0.5 l 6.92) + 

(2212 l 0.5 l 

F = 10~28 (1345 + 2575 + 2765) 
2.5g 

2-4 

1157 lbs/ft2 

F = 10.28 l 6685 = 68,700 ibs 

105F = 103,050 lbs 

OK Safe from sliding 

fxW+ CA 
F = $f@ = 1058 > 1.5 
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Headwall Design: The headwall will be designed as a slab with fixed 
sides and bottom and a free top (see ES-6, Engineering Handbook, Section 6). - 
To use this reference, it is necessary to resolve the actual load diagram 
into a triangular load diagram. This is done by making the cantilever mo- 
ment at the base of the headwall equal for both load diagrams. The maximum 
load will occur with the design flow over the structure. (See load com- 
puted to determine contact pressures.) 

Determine Equivalent Hydrostatic Pressure (w) for Triangular Load 
Diagram. (See actual load computed to determine contact pressures) 

At 13.33 ft depth 

Vert. wt. = 1134 + 6 (69) = 1134 + 414 = 1548 lbs 
p = 15&8 (0.2jlj.= 420-1bs/ft2 

A= 
Taking Moments about base of headwall 

/I 

Force I Arm I M I 

59 l 13.33 = 787 6.67 5,250 
249 l 0.5 l 7.33 8.44 7,700 
249 0 6.0 1 

9;; 
3.0 4,482 

112 l 0.5 l 6.0 = 336 2.0 672 
M = [ 18,104 1 

/ I 
Suful-a f/on 

I ‘/h 7 308 

h 
For Triangular Load Diagram 

M = wh' + 6 or w  = 6~ f ho 
-7-L" 

w  = 6 (18,104) i (1w3.33)~ 
Acfc/d LO& Diagram 

w  = 45.9 lbs/ft3 Use 46.0 lbs/ft3 

Slab Design (with two buttresses) (Class B Concrete) 

b = 30.83 + 3 = 10.28 ft, a = 13.33 ft, b/a = 0.77 

Check minimum wall thickness of 10 in (d = 7.5 in) 

Mmax = - 0.025 0 46 l (13.33)o = 2730 ft lbs (see ES-6, 
sheet 1) 

Heq'd. d = 3.8 in OK (See ES-45, Engr. Wk., Sec. 6) 
V max = 0,27 a 4b * (13.333' = 221O.lbs 

Yeq*-a. .a < 5.0 In OK (see ES-?l~ Engr, Hbk., Sec. 6), 

Vertical Steel (Unexposed face) d = 10 - 2.5 = 7.5 in 

-ax = 0.025 l 109,300 = 2730 ft lbs, A, = 0.235 (from ES-45) 

v = 0.197 l 8190 = 1610 lbs,Xo < 1.0 (from ES-44, Sec. 6) 

Use No, 5 at 15 (As = 0~25, co = 1.57) (See ~~-46, Sec. 6) 
Find where No, 4 at 15 (As = 0.16) can be used 

Allowable M = 1900 ft lbs (fromES-45) 
Allowable -Cm = 1900 t 109,300 = 0.0174 which corresponds 

to a point (2.3 t 40) 13.33 = 0.77 ft above top of apron. 
(See M, moment curves) 
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. l . No. 5 bars may be cut 0.77 + 1.0 = 1.77 ft. above apron 
and will extend into cutoff wall. 
1.77 + 0.92 + 2.5 - 0.25 = 4.94 ft. 

Length of No, 5 bars 

Use 5,-O" and extend bars l'-10" above apron 

Set No. 4 bars on construction joint 

Length = (13’-4”) - (Ol-4") - (O'-3") = 12'-9" 

SHEAR AND MOMENT COEFFICIENTS b 
T 

n 

I 

MA= fr 002 ----__ 
my=+. 000 

- 

- 

n- 
, 

._I I 

I 
I 

;o- _ - - --.00C5- 
, +002 -.0!20 
I 
I 
I 
I 

$+g- - - :aE 

I 
-. ot00 

I 
I 
I 

+?&---.0~-3 --- 
-.0!4 

I 
I 
t 
I 

f--c, = L?2?8c!775u --------- 

c, = o.t97- 

hfx = +. 005 ------- 
hfy=* 010 

MX~+.Oo7 -------_ 
My=+. 007 

- 

AAx=-. 
My; -. 005 -.a030 0 

1 -.0!55 0 

v=c, wu2= cs&f@jjcs33)2 Ad’ = Cm wd= Cm (46) 03.33j3 

v= iYQ0 c, AA = to9,300 c, 

Horizontal Steel (Unexposed face) - d = 10 - 2.0 - 5/8 - 1/4 = 7 1/8" 

- my = 0.018 . 109,300 1970 = ft lbs, Req'd. A, = 0~18 in2 

v = 0.27 9 8190 = 2210 lbs, Req'd. X0 = 1.2 in 

Use No. 4 at 12 Splice at center line of structure and extend 
into headwall extension stub. 
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HEADWALL MOMENT COEFFICIENT CURVES 

% 

x 

% 

unexposed face 

=u 
to.o/ 

Cm for MN (Vetticd /domenfs) 
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Horizontal Steel (Exposed face) d = 7 l/2 in 

+ My = 0.01 . 109,300 = 1093 ft lbs, Req'd. A, < 0.10 in2 

Use No. 5 at 15 (A, = O,25) to meet temp. requirements. 
Splice at center line of structure and extend into headwall 
extension stub. 

Vertical Steel (Exposed face) d=lO-2- l/2 - l/4 = 7 l/4 in 

+ Mx = 0.0075 l 109,300 = 820 ft lbs, Req'd. A, < 0.10 in2 

Use No. 4 at 15 (As = 0~16) Min. for 10 in. wall. Extend 
into cutoff wall and cut l'-7" above top of apron, 
bars = 4'-9". 

Length of 
Lap on No. 4 set on construction joint, 

Length = 12'-9" 

Sidewall Design: The sidewall is designed as vertical and horizontal 
beams divided as shown in the sketch below by the 45' line. 

l- 

Backfill Properties (Compacted) 

Dry wt. = 100 lbs/fts specific gravity of solids 
= 2.65 

Void ratio (e) = 0.65 
Percent voids = 39.4 
Moist wt. = 110 lbs/fts 
Percent moisture 

$ (moist) : :;' (++ = 0.406 

Cohesion (c) 
/ = consid>r as 0 
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Equivalent fluid pressure on vertical Cantilever SeCtiOn 

Maximum ht. of surcharge on 2 to 1 slope = 4.33 ft 
w = 70 lbs/fts (See graphical solution) 

Equivalent fluid pressures on horizontal cantilever section 

Assumed average ht. of surcharge on 2 to 1 slope = 7.0 ft 
w = 78 lbs/ft3 (See graphical solution) 

Vertical Steel (Unexposed face) d = 10 - 2.5 = 705 in 

Use Es-4 M = 12~5 - 70 = 8505 ft lbs, Req'd. A, = 0.77 in2 
v = 40.5 l 70 = 2835 lbs, Req'd. xo = 1.46 in 

Use No. 7 at 9 (As = 0.80, x0 = 3.67) 
Find where No. 4 at 9 (As = 0.26) can be used 

Allowable M = 3010 ft lbs (from ES-45) 
3010 + 70 = 43.2; (from ES-b, EH, Sec. 6) distance from 

top of wall to point where No. 4 at 9 will carry moment = 61-3" 
which corresponds to point 2'-9" above top of apron. Length 
of vertical leg of No. 7 at 9 = 2.75 + 1.00 + 0.67 = 4.42 ft 
(Use 47-6") 

Horizontal Steel (Unexposed face) d=lO-2- 718 - 142 = 6 5/8 in 

Find points of maximum shear and moments 

V=w(H-x)x;g=H- 2x = 0 

. . . x=H 
2 

IB 

0 
r; /' 

V max = 78 (4.5) 4.5 = 1580 ibs 6 / 

2&i; i 
X 

3 dM M=w(H-x)~;z=Hx ' g 
& 

. . . x= $H b-4 

M max = 78 (3) g = 4210 ft lbs 

Req'd. A, = 0.42 in2, Req'd. x0 < 1.0 in 

use No. 7 at 15 (As = 0~48, x0 = 2.20) 
Find where No. 4 at 15 (As = 0.16) is sufficient 

M = 1660 ft lbs (from ES-45, EH, Sec. 6) 

M = w (H - x) 22 ; B 1660 = 78 l 3 (1' t 2); 

l2 = ?w = 14.2 ft2 

1= 3.77 ft which corresponds to a point 6 - 3.77 = 2.23 ft 
from downstream face of headwall, 

Length of leg of bar = (2'-3") + (l'-0") + (O'-'7 l/2") 
= 3'-10 l/2 in. (Use 4'-0") 

Steel in Exposed Face 
Horizontal Steel--Use No. 5 at 15 (temp. steel) place nearer face. 
Vertical Steel--Use No, 4 at 15 (tie steel) 



h h 

P = 2870 lbs = T 

5740 w = - = 70.9 lbs/ft3 
(912 

Use 70.0 lbs/ft3 

i = 26'-341 
AN = 9.0 cos i = 8.05 

=65” 

I Slice Weight of Slice 1 Act Wt 1 

A-O-9.7 8.05 l 0.5 9.7 l 110 = 4,2go 

A-9.7-11,7 
4,290 

13.33 l 1.0 l 110 = 
A-11.7-13.7 

1,467 
13.33 . 1.0 l 110 = 1,467 LIZ 

A-13.7-15.7 13.33 l 1.0 l 110 = 1,467 
A-15.7-17.7 

8; 691 
13.33 ' 1.0 * 110 = 1,467 10,158 

See Paragraph 2.2.2 of Structural Design 
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Load on horizontal cantilever section 

zz 

I 
I 

I II II II II II II II 

- 
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Apron Design: The apron will be designed as a series of beams in the 
transverse direction, considered restrained at the sidewalls and -continuous 
over the longitudinal sills. 
loading conditions: (1) b f 

The apron will be designed for the following 
e ore backfill has been placed, (2) after backfill 

;swbeen placed with no flow, (3) aft er backfill has been placed with design 
. 

Upward Total Pressures on Base 

(See determination of contact and total pressures) 

527 

753 

985 

93>-. --- / 

i+fot-e-f~l----- ‘> - --s=ygr 
7v- 

Net Loads on Apron (Total Pressure less wt. of concrete and H20) 

Wt. of concrete/ft2 of apron = 11/12 l 130 = 138 lbs 
Wt. of Ha0 on apron/ft2 = 62.4 0 6.0 = 375 lbs 

6-O , 
I 

) J-7?? _, -2- 7x2- 
I 6.00 I- ~ 5. 625 12 625 _! 45 a- 

I-- Sec,fim 3 
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Due to the wide variation in loads across the apron, the apron was 
divided into three approximately equal parts. The stress analysis will 
be made at the mid-sections of these parts at Sections 1, 2, and 3. 

At Section 1 

Before fill j= 30.83 + 3 = 10.28 ft, I2 = 105.7 ft2 
Sidewall Moment, Mab = 0 

Load on apron, w = 270 1bs/ft2 

%a = +j wJf2 = 27 l 105.7 = 2850 ft lbs (See X3-56, page 4.27 

v ab=-2 L W! + i ~~~~ + ~,) = - (135 . 10.28) + (2850 c 10.28) 

V = - 1388 + 277 = - 1111 lbs ab 
V ba = w + vab = 2776 - 1111 = + 1665 ibs e 
V 1 

bc=-2 wl = - 1388 lbs 

Ra = 1111 lbs (down) 

~0 = 1665 + 1388 = 3053 lb~ (down) 

After fill--No flow w = 442 lbs/ft2 

Sidewall Moment, = - Mab (at $ of apron) 

M 6 o 70 * (3.42)2 
ab = - 2 

_ 3.42 l 76" (3.42)2 

M = - 2460 - 467 = - 2927 f-t lbs 

I(", = 5 Mab + & wj2 

%a = - 585 + 44.2 (105.7) = - 585 + 4670 = + 4085 ft lbs 

V ab=-2 1 w,! + i (Mab + I$,, = - (221 l 10.28) + kg (-2g27+4085) . 
v = - 2270 + 113 = - 2157 lbs ab 
Vba = w + Vab 1 = 4540 - 2157 = + 2383 lbs 

V be=-2 1 wl = - 2270 lbs 

Ra = 2157 lbs (down) 

s = 2383 + 2270 = 4653 1bs (down) 

After fill--With flow w = 357 lbs/ft2 

M = - 2g27 -t- (3 l 62.4 l 3 l 1.92) + (3 l 62.4 l 1.5 l 1.42) ab 
M = - 2927 + 1078 + 399 = - 1450 ft lbs 

<; = (- 1450 + 5) + (35.7 l 105.97) 

%a = - ego + 3770 = + 3480 ft lbs 

V ab = (- 178 l 10.28) + hg (- 1450 + 3470) 
V ab = - 1830 + 196 = - 1634 ibs 
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APRON DESIGN (Section 1) 

Before f/‘/j -s--e---------- 
After N// - 00 flow,,, - _ - 
A f&v- fi// - with flow 

MOMENT DIAGRAMS 

SHEAR DIAGRAMS 
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v ba = w e + vab = 3670 - 1634 = 2036 lbs 

v 1 W! = - 1830 m bc=-2 

Ra = 1634 lbs (down) 

% = 2036 + 1830 = 3866 lbs (~OWII) 

Simple Moments 

Mu = i wj' = i w (10.28)~ = 13.2 w 

at (2 
at 0.41 
at 0.31 
at 0.21 
at 0.11 

MX 
F. 

1.0 
0.96 
0.84 
0.64 
0.36 

Before fill No flow 
w = 270 w = 442 

3560 5830 
3420 5600 
2990 4900 
2280 3730 
1280 2100 

With flow 
w = 357 

4710 
4520 
3960 
3020 
1700 

In determining the steel requirements, the horizontal compression thrust 
in the apron due to the load on the sidewall will be taken into account. 
(See ES-45, EH, Sec. 6) 

Magnitudes of Horizontal Compression Thrust (N) 

Before fill, N = 0 

After fill--No flow, N = 
c- 

(6 l 70) + (9.42 l 70) 
2 

> 
3.42 = 1850 lbs 

After fill--With flow, N = 1850 - (4.5 l 62.4 0 3.0) 
N = 1850 - 842 = 1008 lbs 

At Section 2 

Before fill a= 10.28 ft, 12 = 105.7 ft2 

Sidewall Moment, Mab = 0 

Load on apron = 137 lbs/ft2 

sa = & w,!" = 13.7 l 105.7 = 1450 ft lbs 

v r,!. IL ab=-2 1 ("ab + sa, = -  5 l 137 l 10.28 + (1450 + 10.28) 

V ab = - 704 + 141 = - 563 lbs 

V ba = w 1 + vab = 1408 - 563 = + 845 lbs 

V 1 wj = - 704 lbs be=-2 

Ra = 563 lbs (down) 

Rb = 7O4 + 845 = 1549 lbs (down) 
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APRON DESIGN (Section 2) 

Eefor-e fil/ ----------------- z 
After fi// - no flow-, -_-, 
After fi// - wifh flow 

‘I 

. 

.-/- - - 
MOMENT DIAGRAMS 

SHEAR DIAGRAMS 
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After fill--Now flow w = 250 lbs/ft2 

M W =- 
$ 

70 (9.42)s 

;I = $Mab 

= - 6 = - 9750 ft lbs (at Q apron) 

+ +) w12 

%a = - 1950 + (25 l 105.7) = - 1950 + 2640 = + 690 ft lbs 

v ab=-2 L W! + 1 (Mab + Mb,) = (- 125 . 10.28) + & (-9750 + 690) 

v ab = - 1287 - 4 81 = - 2168 lbs 

'ba =w +V,=2573-2168=+405lbs P 

1 Vbc = - F w [ = - 1287 lbs 

Ra 
= 2168 lbs (down) 

~b = 405 + 1287 = 1692 lbs (down) 

After fill-- With flow w = 229 lbs/ft2 

M = - ab 9750 + +- o 2.42 = - 9750 + 2720 = - 7030 ft lbs 

sa = $ (- 7030) + $ (229)(105.7) = - 1406 + 2420 = + 1014 ft lbs 

at C 
at 0.4 I 

0.31 at 
0.2 L at 

at 0,lP 

!!z Before fill No flow With flow 
MQ w = 137 w = 250 w = 229 

1.0 1820 
0.96 1747 ;f:; 

3030 
2910 

0.84 1530 2770 2540 
0.64 1166 2110 1940 
0.36 655 1190 1090 

V ' ab =-zw /+ j (Mab + sa) = - $ (229u10.28) + & (-7030+1014) . 
V ab = - 1177 - 585 = - 1762 lbs 

V ba I = w + Vab = 2354 - 1762 = + 592 lbs 

Vbc = - 5 w I- /L - 1177 lbs 

Ra = 1762 lbs (down) 

~b = 592 + 1177 = 1769 lbs (down) 

Simple Moments 

% = h wl' = 13.2 w 

Magnitude of Horizontal Compression Thrust (N) 

Before fill, N = 0 

After fill--No flow, N = 7o l (9-42)2 = 3100 lbs 
2 

After fill--With flow, N = 3100 - 62.4 (6)2 2 = 3100 - 1120 

N = 1980 lbs 



At Section 3 != 10.28 ft, p = 105.7 ft2 

Before fill 

Sidewall Moment = Mab = 0 

Load on apron = 13 lbs/ft2 

%a = & wi2 = 1.3 (105.7) = 138 ft lbs 

V 1 1 ab=-Fw +i (Mab + M& = - $ (13)(10.28) + 

V ab = - 67 + 13 = - 54 lbs 

Vba = w  k + Vab = 134 - 54 = + 80 lbs 

V ' w/ = - 67 lbs bc=-2 

138) 

Ra = 54 lbs (down) 

s = 80 + 67 = 147 lbs (down) 

1220 ft lbs 

After fill--No flow w  = 6g lbs/ft2 

M ab = - 9750 ft lbs (Same as Section 2) 

%a"5 ab+k LM wp = - 1950 + 730 = - 

V 1 l+l ab=-zw 3 ("ab + %a, = - $ (69) 

V 
ab = - 354 - 1068 = - 1422 lbs 

V ba =w +v i ab = 708 - 1422 = - 714 lbs 

V 1 w,f = - 354 lbs bc=-2 

Ra = 1422 lbs (down) 

s = 714 - 354 = 360 lbs (up) 

(10.28) + -& (- 9750 - 1220) 

After fill--With flow w  = log lbs/ft2 

M ab = - 7030 ft. lbs (Same as Section 2) 

%a=G"ab+$ wp = - 1406 + 1152 = - 254 ft lbs 

V 1 I ab=-Fw + i (Mab + Sal = -; (w)(lo.28) -t- -kg (- 7030 - 254) 

V ab = - 560 - 709 = - 1269 lbs 

Vba = w  I + Vab = 1120 - 1269 = - 149 lbs 

V L w,! = - 560 lbs bc=-2 

Ra = 1269 lbs (down) 

s = 560 - 149 = 411 lbs (down) 
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APRON DESIGN (Section 3) 

before fi//--,,,,,,,-------- 
Af+et f/'/l-no f/w---- - 
After fill- wv/fh I%V 

MOMENT DIAGRAMS 

-~I!!!!!I!‘!!!‘!!!!!‘!!!!!!!““““””!!!!!!!!!l 

SHEAR DIAGRAMS 
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Simple Moments 

MQ = i wL2 = 13.2 w 

MX Before fill No flow With flow 
%. w = 13 w = 69 w = 109 

at G. 
0.4k 

1,o 172 910 1440 
at 

0.31 
0.96 165 873 1380 

at 0.84 
0.2j 

145 765 1210 
at 0.64 
at 0.11 

110 582 920 
0.36 62 328 518 

Values of N are the same for Sections 2 and 3 

Steel Requirements: Because of nature of design assumptions and to 
facilitate the placing of the steel during construction, the apron will be 
reinforced the same at all sections and will be designed to meet the maxi- - 
mum stress requirement in any section. 

Bottom Steel (Transverse) d = 11 - 3 l/2 = 7 l/2 in 

At Sidewall 

M = 9750 ft lbs (Sections 2 and 3, No flow governs) 
V = 2168 lbs, N = 3100 lbs 

MS = M + (Nd" t 12)(S ee ES-45, EH, Sec. 6) d" = 6 - 3.5 = 2.5 
MS = 9750 + (3100 * 2.5 + 12) = 9750 + 646 = 10,396 ft lbs 

A = 0.94 in2 (See ES-45) 

in 

Req'd. A, = A - (N + fs) = 0.94 - (3.1 + 20) = 0.94 - 0.16 = 0.78 in2 
Req'd.X. = 1.11 in (See ES-44, EH, Sec. 6) 
Use steel from sidewall--No. 7 at 9 (A, = 0.80, X0 = 3.67) 

At Sill 

M = 4085 ft lbs--(Section 1, No flow governs) 
v = 2383 lbs, N = 1850 lbs 

M,=M+ (Nd" + 12) = 4085 + (1850 l 2.5 + 12) 
MS = 4085 + 385 = 4470 ft lbs 

A = 0.39 in2 (ES-45) 

Req'd. A, = A - (N + fs) = 0.39 - (1.85 + 20) = 0,39 - 0.09 = 0.30 in2 
Req'd. X0 = 1.21 in (ES-44) 

Use No. 5 at 12 (A, = 0.,31, X0 = 1.96) 
Find where No. 5 at 12 (A, = 0.31) can be used in end spans. 
(Section 3, No flow governs) N = 3100 lbs 

A = A, + (N t fs) = 0.31 + (3.1 + 20) = 0.31 + 0.16 = 0.47 in2 
MS = 5330 ft lbs (ES-45) 
M = MS - (Nd" i 12) = 5330 - (3100 l 205 + 12) 
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M = 5330 - 662 = 4668 ft lbs which corresponds to a point 
11.5/30 l 10.28 = 3.94 ft from the Q of sidewall 

Length of horizontal legs of No. 7 bar 
3.94 = distance from Q sidewall to theoretical cutoff point 

+0.25 = distance from Q sidewall to back of bar 
+l.OO = for contingencies 

5791 total (Use 5 '-3") , (lap) 
Length of No. 5 bars = (31'-4") - 2 (5'-3") + 2 (l'-7") = 24'-0" 

Top Steel (Transverse) d = 10 - 2.5 = 7.5 in 

End Span 

Ms = M = 2250 ft lbs (Section 1, Before fill governs as N = 0) 
A, = A = 0.192 in2 
V = 1450 lbs (Section 1, No flow governs) 
Z, < 1.0 in 

Center Span 

M = 2610 ft lbs (Section 2, No flow governs) N = 3100 
MS = M + (Nd" + 12) = 2610 + 646 = 3256 ft lbs 
A = 0.281, A, = A - (N -z- fs) = 0.281 - 0.15 = 0.13 in2 
Use No, 4 at I2 (A, = 0.20, z. = 1.57) Length = 31'-0" 

Longitudinal Steel 

Bottom Face 

Temp. steel--Use No. 4 at 15, Length = 21'-O", horizontal leg 
= 20’~O”, vertical leg = l'-0" in downstream face of toewall 

Top Face 

Temp. steel--Use No. 5 at l2, Length = 20'-6", horizontal leg 
= lg '-6", vertical leg = l'-0" in upstream face of toewall 

Buttress Design: The buttress will be designed as a vertical cantilever 
beam for a load equal to the sum of the shears from the adjacent headwall 
slabs as explained on page 4.26. 

Determine Load (See Headwall Design, page 6.16) 

---------- 
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From Headwall Design 

v mm = 0.27 l 8190 = 2210 lbs/ft (from one side only) 
Max. load on buttress = 2 0 2210 = 4420 lbs/ft (both sides) 
x = 0.775 a = 0.775 9 13.33 = 10.33 ft 
b/4 = 10.28 + 4 = 2.57 ft, b/8 = 1.285 ft 
Load at top of sill elevation = (1.0 + 1.72) 4420 = 2570 lbs 

Determine cantilever M and V at top of sill elevation 

I I Force 1 Arm 1 Moment 1 

1 0.72 l 2570 1,850 0.36 665 
2 0.72 - 0.5 l 1850 1 666 0.48 319 
z 2.57 

9.05 
l l 4420 0.5 11,360 2.0 l 4420 = = 22,720 

20,000 7.30 146,000 

133,876 I 1 169,704 

V = 33,876 lbs 
M = 169,704 ft lbs 

Determine base width of buttress 

Shear V = 33,876 lbs, b = 12 

v=v + bjd .*. d = V + bjv 
For Class B Concrete 

v = 90 lbs/in2, j = 0.875, k = 0.375, f, = 1200 lbs/in2 
From ES-51, EH, Sec. 6, d = 36 in 

Moment M = 169,704 ft lbs = 2.37 o lo6 in lbs 

M, = fcbkjd2/2 

%C d= -= 
4-J 

2. 2.37 l lo6 
f,bkj 1.2 l 10’ l 12 l 0.375 0 0.875 

= 29.4 in 

Shear governs 
Required base width = 36 - 7.5 = 28.5 in 

A 61-0" base width will be used for the following reasons: 
(1) to reduce the span length of the longitudinal sills, (2) 
to allow room for an aeration hole through the buttress at a 
higher elevation, (3) t o reduce steel area requirement and 
thus facilitate placement of tension steel for buttress. 

Steel Requirements 

For cantilever moment 

A, = M (in ft kips) + ad, a = 1.44 (for Class B) 
d =(6- 12) + 7.5 = 79.5 in 
A, = 169.7 + (1.44 l 79.5) = 1.48 in2 

Use 2 No. 8 bars (As = 1.57) in unexposed face of headwall. 
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In both faces of buttress 

Use Temp. steel requirement 
No. 5 at 12 (both faces,‘ both directions) 

Compute compressive stresses in buttress 

Locate neutral axis--Try x = 10 

10 l 12 = 120 l 5 
1.57 .a 10 = 15.7 l 79.5 

135*7 

= 600 
= 1250 

)185?(13.64 
3.64 - 12 = 43.7 0 11082 516 

179.4 )2366(13.2 
- 0.44 0 12 = - 5.3 l 13.42 - 71 

174.1 z(13.2 = x 

jd=d- x/3 = 79.5 - 4.4 = 75.1 

Compute vertical stresses 

c=T+= 2.37 l lo= 
75.1 

= 31,600 lbs 

c = f,/2 0 13.2 0 12 = 31,600 

f = 31J600 * 2 31,600 = = = 
C 13,2 0 12 399 psi > 

f 
S 1.57 

20,100 psi 
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Correct vertical compressive stress to stress parallel to face of 
buttress. Tan $ = 6 + 12.33 = 0.487; # = 25'-581; cos # = 0.899. 
Max. f, parallel to face = 399 + cos2 @ = 399 + 0.81 = 493 psi OK 
Allowable stress = 0.225 f; (lo3 - 0.03 $) 
h = (12.3T2 + 62)1/2 = 13.71 
Allowable stress = 0,225 l 

(See Section llO7,ACI Code) 
3000 E03 - (0.03)(13.71 + 1jJ = 600 psi 

Longitudinal Sill Design: The longitudinal sills will be designed as 
beams considered fixed at the toe of the buttress and both fixed and simply 
supported at the transverse sill. The loads on the longitudinal sills will 
be taken as a uniform load, equal in magnitude and opposite in direction to 
the reactions at the sills as determined in the apron design at Section 2 
and 3, plus or minus the weight of the longitudinal sill, 

Reaction at Sill from Apron Design 

From inspection of the reactions, it is evident that both the no- 
flow and with-flow conditions must be considered because of the 
sal of direction at Section 3. 

rever- 

Determination of Loads 

p; j/‘-j” - 

_ 9=6-O , Pj=s-3 
I 

Wt. of longitudinal sill/ft length = 1.0 l 1.0 l 1.0 * 150 = 150 lbs 

Loads at Section 2 

No flow, load = 1692 - 150 = 1542 lbs/ft (up) 
With flow, load = 1769 - 150 = 1619 lbs/ft (up) 
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Loads at Section 3 

No flow, load = 360 + 150 = 510 lbs/ft (down) 
With flow, load = 411 - 150 = 261 lbs/ft (up) 

Moments and Shears 

No flow--both ends fixed 
c= ~L2!!' 

C &z~P=60 c, 4 = Z3P= 525 c 
& = 0.333 .+=0467 

+ 
+ 

a 5, 

@= 92.50 /bs. 
1 1 WJ 5!O/bs/fL 1 

9 

A A h !$b 
+ 

W3- 2680/h. 

$ 
t t t 

+ 
IQ= //542 /b/ft 

q. I 

(See ES-32, EH, Sec. 6) 

<b = - & ,!z, (6 - 8z2 + 3zg) w, + &- 1~; (4 - 3~~) w3 

$b=-& (11.25) (0.533) (6 - 4.26 + o.85)(9250) + 

& (11.25)(0.218)(2.60)(2680) 

MF ab = - 11,970 i- 1425 = - 10,545 ft lbs 

4 a = - & ,!z, (6 - 82, + 3~;) w, + & kzg (4 - 32,) w, 

M-E I- 
a =-is (11.25) (0.467) (2.91) (2680) + & (11.25) (o.@d (2.40) (9250) 

f a = - 3420 + 5920 = + 2500 ft lbs 

tb 
1 = R", = L Wsz& z-W2 (,,I+ Z& 

I[ 

':b = & D2680 l 2.62) -  (9250 l 8.25fl 

fb =ii+ (7040 - 76,300) = - 6150 lbs 

vfa = g'= w, - w, - fb = 9250 - 2680 - 6150 = + 420 lbs 

cb = fb + j (cb + ga) = - 6150 + & (- 10,545 + 2500) 

fb = - 6150 - 715 = - 6865 lbs 
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fa = <a +$ (<b + Mf,, = + 420 - 715 = - 295 lbs 

$ = < z,,t+ $ Wszs,! = (420 l 5.25) + (1340 a 5.25) = 9240 lbs 

Simple Moments (See ES-l, EH, Sec. 6) 

At Section 2 , % = i w,z,&-= + 6940 ft lbs 

At Section 3, MG = i Wszs/ = - 1760 ft lbs 

M,/q for span ZJ for span z,.! 

at 0.5~1 1,O 
at 0.4z.J 

+6g4o -1760 
0.96 +6660 

at 0.3d 
-1690 

0.84 +583o -1480 
at 0.2~4 0.64 +4440 
at O.lzP 

-1127 
0.36 +2500 - 634 

Plot moments and shears as explained in ES-32, EH, Sec. 6. 

NO flow--Simply supported at b 

Satisfy this condition by correcting 
ends are fixed. 

moments and shears when both 

With both ends fixed 

Cb = - 10,545 ft lbs, ME a = + 2500 

fb = - 6865 lbs, VbF, = - 295 lbs 

Simply supported at b 

%a = O 

ft lbs 

. l . Mab = MPb + 0.5 (- <,), for 0.5 carryover factor and reason 

for minus sign, refer to any good reference on structural mechanics. 

M ab = - 10,545 - 1250 = - 11,795 ft lbs 

V ab =fb +; (- 1.5 $,, = - 6865 + & (- 3750) 

V ab = - 6865 - 333 = - 7198 lbs 

'ba = <, - 333 = - 295 - 333 = - 628 lbs 



f 

LONGITUDINAL SILL 
(No flow) 

+ indkates tension h top fuce 
-indicates tension in bottom face 

z-547= 6.0 fk - 
I 

--Toe of buttress Trunsverse SW - 

MOMENT DIAGRAMS 

628 

SHEAR OIAGRAMS 



6.39 

With flow--both ends fixed 

W7 = 9720 /bs 

. ZjP = 5.25 
z3 = 0.467 

c 

W, = 1370 /b.s 

t 1”~ =26f /b//t 
t 

$, = - +j PZ, (6 - 82, + 3~;) W, - $1~; (4 - 3~~) W, 

Ifb=-& (11.25)(0.533)(2.59)(9720) - & (~L25)(0.218)(2.60)(1370) 

cb = - 12,600 - 728 = - 13,328 ft lbs 

ME a 
= + & kz, (6 - 8z3 + 3~;) w3 + $- 12; (4 - 3z,) w, 

% 
=+- 

a 
& (11.25)(0.467)(2.91)(1370) + & (11.25)(0.284)(2.40)(9720) 

4 a = 1746 + 6220 = + 7966 ft lbs 

V:b = ; (- W3Z& $, - w, (z,j! + $ z2 

fb = & (- 1370 l 2.62) -  (9720 l 8.25) . 
[ 1 

fb = & (- 3600 -'80,100) = - 7440 lbs 
. 

%?a = Wz + W, - fb = 9720 + 1370 - 7440 = + 3650 lbs 

= Vib + L 
e 

(<b + If,) = - 7440 + & (- 13,328 + 7966) . 

= - 7440 - 476 = - 7916 lbs 

<, = f, - 480 = 3650 - 476 = + 3174 lbs 

I? = If, z& $ W,z,.p= (3650 l 5.25) - ($ ' 1370 l 5.25) 
C 

$ = 19,160 - 3600 = 15,560 ft lbs 



6.40 

LONGITUDINAL SILL 
(With flow 1 

f indicates fension in fop face 
- ind/‘catas fsnsion in bottom face 

Toe of buffress 1 
t 

MOMENT OlAGRAMS 

Tfuns v6w39 si// 
1 

SHEAR DlAGRAMS 
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Simple Moments 

At Section 2, MG = 6 W,z& = 7290 ft lbs 

At Section 3, Mq = i Wszs/ = 900 ft lbs 

Mx/Mq At Section 2 At Section 3 

at 0.5zk 
at 0.4zL ii:;, 

7290 900 
6990 

at 0.321 
863 

0.84 6120 755 

at 0.2~1 0.64 4660 at O.lzp 0.36 2620 ;2 

With flow--Simply supported at b 

Correcting fixed end moments and shears 

M ab cb + = 0.5 (- <,, = - 13,328 - 3983 = - 17,311 ft lbs 

v ab=cb+i (- 1.5 ga, = - 7916 + & (- 1.5 l 7966) o 
v ab = - 7916 - 1062 = - 8978 lbs 

'ba = ba VF - 1062 = 3174 - 1062 = + 2112 lbs 

Steel in bottom face d = 11 + 12 - 3 - 2 - 2 = 18 7/8 in (Use 19 in) 

At Buttress 

M ab = - 17,311, vab = 8978 (With flow, simple support at b) 

Req'd. A, = 0.58 in2 (ES-45, EH, Sec. 6) Req'd. X0 = 1.79 in (ES-44) 
Use 1 No. 7 bar (As = 0.60, x0 = 2.75) 

8.3 (6.0) Extend bar 2. + 1,O = 3.49 ft Say 3'-6" into sill and 

2'-0" under buttress. Length = 5'-6". 

At Sill 

a= 7966, fb = 3174, With flow, both ends fixed. 

Req'd. A, = 0.273 in2, Req'd. x0 < 1.0 in 

Use 1 No. 5 bar (A, = 0.31, x0 = 1.96) Length of horizontal 

leg = (g . 5.25) + 1.0 + 0.583 ft (No flow, both ends fixed 

governs) Use 51-6f1 Vertical leg = l'-0" in downstream face 
of toewall. Total length = 6’-6”. 
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Steel in top face Use d = 19 in 

M = 7100, V = 5000 (With flow, simple support at b governs) 
Req'd. A, = 0.235 in2, Req'd. Z. = 1.45 in (u = 210 lbs/in2) 
Use 1 No. 5 bar (As = 0.31, X0 = 1.96) Start bar 2 in. from 
downstream edge of transverse sill and extend it about l'-0" 
under buttress. Length = (Of-7") + (ll'-3") + (l'-0") = 12'-10" 
Use 13'-0". Use L bars No. 4 at 18 for tie bars. Both legs 
v-6", Length = 3'-0" 

Transverse Sill Design: The transverse sill, together with the toewall, 
will be designed as a rectangular beam with its thickness equal to that of 
the toewall. The design moment at the ends of the beam will be determined, 
considering the beam as fixed at both ends. The design moment at mid-span 
will be determined, considering the beam to be partially restrained at the 
ends and assuming the end moments to be equal to one-half the fixed end 
moments. The loadswill be the total base pressure minus the weight of 
water and/or concrete and the reactions from the longitudinal sills. 

After fill--No flow 

Total base pressures/ft length = 0.75 (99 + 123) + 2 = 83 lbs/ft (up) 
(See apron design) 

Wt. of concrete = 4.75 . 0.75 l 1.0 l 150 = 534 lbs/ft (down) 
Uniform load per ft = 534 - 83 = 451 lbs/ft (down) 
Concentrated load = Rb from longitudinal sill = R = 628 lbs (down) 

Moments and Shears 

V ab =- V wi + R = (451)(30 83) $ + 628 = 6950 + 628 ba=- . 

V ab = 7578 lbs 

M ab = - %a = 6 wt2 + 5 Rk= & (451)(30.83)2 i- $ (628H30.83) 

M ab = - I$~ = 35,700 + 4300 = 40,000 ft lbs 

Simple Moments 
From Concentrated load at point of load 

M = 628 l 10~28 = 6460 ft lbs 
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From Uniform Load 

M$=;wk=;' 451 (30.83)~ = 53,600 ft lbs 

at 0.48, M = 0.96 l 53,600 = 51,400 ft lbs 
0.3L , M = 0.84 l 53,600 = 

45,000 
ft lbs 

0.21, M = 0.64 * = ft lbs 
0.11, M = 0.36 l 53,600 53,600 = 34,300 19,300 ft lbs 

After fill--With flow 

Total base pressure = 0.75 (551 + 567) $ = 419 lbs/ft (up) 
Wt. of concrete = 534 lbs (down) 

Wt. of H,O on sill = 62.4 l 4.67 l 0.75 = 218 lbs (down) 
Uniform load/ft = 534 + 218 - 419 = 333 lbs/ft (down) 

Concentrated load = Ft,, = R = 3174 lbs (up) 

4?= 30.83 

Moments and Shears 

v V WB 
ab=- ba 

= - -R = (333 l 15.41) - 3174 = 1966 lbs 
2 

M ab = - sa = & wp - 5 Rk= [$ l 333 l (30.83)2]-[$ (3l76)(30.83)] 

M ab = - = - = sa 26,400 21,800 4,600 ft ibs 

Simple Moments 

From Concentrated load at point of load 

M = 3176 l 10.28 = 32,600 ft ibs 

From Uniform load 

Mq +#zl~ 8 333 (30.83)~ = 39,600 ft lbs 

at O.kL, M = 0.96 l 39,600 = 38,000 ft lbs 
0.3,4', M = 0.84 l 39,600 = 33,300 ft lbs 
0.21, M = 0.64 l 39,600 = 25,300 ft lbs 
o.l/ , M = 0.36 l 39,600 = 14,260 ft lbs 
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TRANSVERSE SILL 

MOMENT OIAGRAMS 

11111111111 111,1,11,,,1,1,111,1111,11~1111~~1 
~~ooo!!t-!!mr!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!t 

SHEAR DIAGRAMS 
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Steel in top face d = 57" - 4" = 53 in 

M = 40,000 ft lbs, V = 7578 lbs (No flow governs) 
Req'd. As = M t ad = 40.0 + (1.44 l 53) = 0.524 in2 
Req'd. X0 < 1.0 in. Use 2 No. 5 bars (A, = 0~61, E 0 = 3.93) 
Find where 2 No. 3 bars (As = 0.22) can be used 
M = ad A, = 1.44 * 53 * 0.22 = 16.8 ft kips which corresponds to a 
point 5.7/50 l 30.83 = 3.52 ft from c of sidewall. 
Length of horizontal leg of No. 5 bars = 3.52 + 0.25 + 1.0 = 4,77 f-t 

Use 4'-9". Make vertical leg 2'-0". Total length = 61-p" 

Length of No. 3 bars = (30'-0") + 2 (of-8") + 2 (l'-0") - 2 (47-9") 
= 23'~lo", Use 24'-0" with l'-1" lap 

Steel in bottom face Increase moment 50 percent of fixed end moment 

Moment = 20.06 + (0.5 l 40) = 40.06 ft kips; shear = 4600 lbs (max) 
A, = M + ad = 40.06 + (1.44 l 53) = 0.532 sq in 
x0 = 8 v + 7 ud = (8 l 4600) + (7 l 300 l 53) = 36,800 + 111,300 

= 0.33 in 

Use 2 No. 5 bars (As = 0~61, x0 = 3.93). Extend bars 01-6" into 
sidewall on both ends then length = 31'-0" 

Other Steel 

Vertical Steel 

Use No. 3 at 12 in downstream face &?@Q~&' 
Use No. 4 at 13 in upstream face 
Length = (4'-9") - 2 (01-3") = 41-3" 

Horizontal Steel 

Use No. 4 in both faces 
Length = (30'-0") + (o'-6") + (o'-6") = 31'-0" 

PS 
Wingwall Design: The wingwall will be designed independently of the rest 

of the structure and as a series of cantilever beams. 
angle of 45' with the sidewall. 

The wingwall makes an 

- 

Length of Wingwall = (J - s - 1.0) 2.83 

Length = (9.0 - 1.33 - 1.0) 2.83 = 18.85 ft Use lgt-oft 

Required width of footing to prevent overturning 

Fill Characteristics 

Moist wt. = W = 110 lbs/fts 
Angle of internal friction = $ = 23' 
Friction angle of soil = Z = $ = 25' 
Angle between horizontal and vertical wall = 8 = 90' 
Angle between horizontal and fill slope = i = lp"-27' 
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Try 6.0 ft width of footing at upstream end 

See equation 6.2-1 (EH, Sec. 6) 

p=lg sin2 (0 - #) 
L 

sin2 8 sin (0 + Z) [1+/m 1 
2 

p+z sin2 65' 

sin2 90' cos 25' [ l+jZ] 

p=zg o ,821 = q (0.54) 

(1.0) (0.906) [1+/m] 

P = 55 l (12.04)2 l 0.54 = 4300 lbs 
Ph = P cos Z = 4300 l 0.906 = 3900 lbs 
P, = P sin Z = 4300 l 0.423 = 1850 lbs 
H = 9.92 + 6 tan i = 9.92 + 2.12 = 12.04, H/3 = 4.01 

Taking Moments 

Part Weight Force Moment 

2,480 
7,900 

17,820 
1,400 

0 
3,900 15,640 

lo, 548 45,240 

z = 45,240 + 10,548 = 4.29 ft .*O stable from overturning as resul- 
tant falls within the middle third of base (6.83 l P/3 = 4.55 ft) 

Footing 6.0 l 0.92 l 150 = 
Wall 9.92 0 0~83 . 150 = 
Earth06.0 l 9.0 l 110 = 
Earthb3.0 0 2.12 l 110 = 
pv 
Pi 

828 
1,230 
5,940 

700 
1,850 
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Try 1.0 ft width of footing at downstream end and check overturning 
at midsection. 

Footing at midsection = (6.0 + 1.0) t 2 = 3.5 ft wide 
Base width at midsection = 3.5 + 0.83 = 4.33 ft 
H = [(9.0 + 2.33) +'2]+ 0.92 + 3.5 tan i 

H = 5.67 + 0.917 + 1.23 = 7.82 ft 
Ht. of wall above footing = 5.67 ft 

P = (wH2 + 2) 0.54 = [(UO * 7.822) + 210.54 = 1810 lbs 

Ph = P cos Z = 1810 - 0.906 = 1640 lbs 

Pv = P sin Z = 1810 l 0.423 = 765 lbs 

Taking Moments 

Part 

Footing 3.5 l 0.92 l 150 
Wall 6.58 0 0.833 9 150 
Earth 0 3.5 - 5.67 l 110 
Earth L1 1.75 l 1.23 l 110 

Pv 
'h 

Weight Force Arm 

482 
822 

2,180 
238 
765 

1,640 

4,487 

1.75 
3.92 
1.75 
0.412 
0.0 
2.61 

2.73 

Moment 

844 
3,220 
3,820 

98 

4,28: 

12,262 

4.33 o p = 2.88 ~-2.73; hence, OK safe from overturning 

Sliding 

To prevent the wingwall from sliding, the wingwall footing will be . ._ tied into the apron and reinforced to carry the horizontal moment set 
up by the earth pressures on the wingwall, tending to rotate the wing- 
wall about its junction with the sidewall. 

I !P. 0 

y 

, 

Set f/on 
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Determine Horizontal Moment 

From overturning calculations 

ph = P cos z = 0.906 P 

P = (wH2 a 2) 0.54 
. l . Ph = 0.906 (110 H2 i 2) 0.54 = 26.92 H2 

H = 9.92 -t x cos i 

H = 9.92 + 2.12 - 0.093 y - 0.351 y = 12.04 - 0.444 y 

. '. ph = 26.92 (12.04 - 0.444 Y)~ 

ph = 3902 - 2a7.8 y + 5.31 f 

1-Y 
Total P h = Pht = PhdJ' = 

J 
(3902 - 28708 Y + 5.31 f) dy o 

19 
M = phydy = J (3902 - 287.8 Y + 5.31 y') ydy o 

M = 3902 f _ 287.8 Y' + 5 -3; y4 ly 

[ 
2 3 1 0 

M = 704,300 - 662,600 + 173,000 = 214,700 ft lbs 

Determine effective depth 

tanp = 5 + 19 = 0.263 .'. P = 14’-451 
CO+ = 0.967 

d = (12 0 6.83 COS@) - 6 = 70.6 in (Use 70.0 in) 

PLA N 

Req'd. steel (As = M (ft kip) + ad) 

A, = 214.7 + (1.44 4 70) = 2.13 in' 

Use 2 No, 10 bars (As = 2.54) place one bar 4 in. from edge and 
the other 10 in. from edge. 

- 
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Design of Vertical Wall 

Take Z, angle of friction between earth and concrete = 0 
(See equation 6.2-3, EH, Sec. 6) 

p=g cos 

t+jp$$yr = 'i+Jt&y 

H = 9.0 ft 

p = 110 (9)2 0.821 

2 b+dT)2 = 4455*oo562=25101bs 

M = P g = 2510 l 3 = 7530 ft lbs, V = P = 2510 lbs 

Assuming the same equivalent fluid pressure, w, at all points along the 
wall, build up M and A, curves (d = 7 l/2 in) 

P = wH2 + 2 :. w = 2 P + H2 
w=2' 2510 + 81 = 62.0 lbs/ft3 
M = wH3 t 6 = 10033 ? 

r 

Vertical Steel (Unexposed face) 
At Uustream End 

M AS 

7530 0.67 
5300 0.47 
3550 0.31 
2240 0.193 
1290 0.108 
662 co.1 
279 CO.1 

d = 7.5 in 

M = 7530 ft lbs, V = 2510 lbs 
Req'd. A, = 0.67 in2, Req'd. Xo = 1.29 in (M will govern) 
Use No. 6 at 8 (A, = 0.66, X0 = 3.53 in) 
Find where No. 4 at 8 (A, = 0.29) can be used. From A, curve 
H = 6.9 ft, :. Length of No. 6 bar = 9.0 - 6.9 + 3.42 - O,25 + 1.0 

= 6.27; Use 6t-311 and place 3" 
above bottom of toewall, 

Find point along wall where No, 6 at 12 (A, = 0.44) can be used 

From A, curve H = 7.85 

Dist. from upstream end = (9.0 - 7.85) [9-o ig2033i = 3.28 ft 

Find where No. 4 at 12 (A, = 0.20) can be used. 



WINGWALL DESIGN 
Unexposed face of wingwall 

A, - 60: 
0 0.2 0.4 

I 
i i i ii i i i i i i i i ii i i ’ i ii ii i im’ i 

III11 I 
I 1 1-u j 11 I Ii I 

I, ,I, , 
i r! I 1 ,;.J ILu 

6 
Moment (ft-/tips) 
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- 

H = 6.1 :. Length of No. 6 bars = 7.85 - 6.1 + 3.42 - 0~25 + 1.0 
= 5.92. Use 61-0" 

Find point along wall where No. 4 at 15 (A, = 0~16) can be used 

From A, curve H = 5.70 
Dist. from upstream end = (9.0 - 5.70) [pm;:*;*33] = 9.40 ft 

Horizontal Steel (Unexposed face) 

Temp. steel--Use No. 4 at 15 (Start 9 in. above footing) 

Steel in Exposed face 

Horizontal steel--Use No. 5 at 15 Temp. steel 

Vertical steel--Use No. 4 at 15 Tie steel. Set on construct ion joint. 

Design of Footing 

Load on upstream section (See page 4.12) 
P T 

V = vertical weight, A = area of base, e = eccentricity, d = length 
of section, e = z - (d + 2) = 4.29 - (6.83 + 2) = 0.873 

10 548 
p1 = * [l+q$q 

PI = 1546 (1 + 0.766) = 2730 lbs/ft2 

P2 = 1546 (1 - 0.766) = 362 lbs/ft2 $ 

p3 = 362 + (6 c 6.83)(2730 - 362) 
ps = 362 + 2080 = 2@te lbs/ft2 

w, = (11.12 " 110) + (0.92 " 150) 
w2 = 1360 lbs/ft2 

w, = (9.0 l 110) + (0.92 l 150) 
wa = 1128 lbs/ft2 

Moment and Shear 

- M= W3 (6.0)~ + (W, - W,) 2 
2 2 

~ (G-o)2 _ p2(;.0)2 _ (p3 ; p2) 5 (6.0)~ 

1128 l l M = 
2 

36 + 232 36 _ 36; - 36 2080 l 36 
3 - 2 6 

M = 20,300 + 2780 - 6510 - 12,480 = + 4090 ft lbs 
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v= 
(w2 + WEA 

2 6.0 - (" ; ") 6.0 = (w, + w, - p2 - ps) 3.0 

v = 3.0 (1360 + 1128 - 362 - 2442) = 316 l 3 = 948 lbs 

d = 7 l/2 in 

Req'd. As = 0.36 in2. Use No. 6 at 12 (As = 0.44) to midsection 
then use No. 4 at 12,:Bent into downstream face of toewall. 

Use No. 4 at 15 parallel to wall as tie steel. 

Design of Headwall Extension 

Due to the fact that the headwall extension is articulate, and the 
earth pressures on both sides of the wall will be about equal, the wall 
will be reinforced with the minimum steel requirements. 

Vertical Steel (both faces) 

Use No. 4 at 15 
Length of bars in first pour = (2’-6”) + (O'-111') + (0'4") + 

(l'-3") - (O'-3") = 4'9" (provides l'-3" lap) 

Horizontal Steel 

Use No. 4 at 15, Length = 15'-3" 

Steel in footing (lto wall)(both faces) 

Use No. 4 at 15, Length = 3'-6" 
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7. MASONRY DROP SPILLWAYS 

General. A comparative cost analysis will usually indicate that masonry 
construction should be confined to relatively low drop spillways. A rein- 
forced concrete apron should be used in cases where masonry is selected as 
the construction material for the walls. A reinforced concrete apron is 
more durable than masonry and can be designed to resist uplift forces, where- 
as a masonry apron must resist uplift by its weight alone. 

Design Procedures and Aids. The over-all dimensions of a masonry drop 
spillway and the loadings for the integral parts of the structure are deter- 
mined in the same manner as for a reinforced concrete drop spillway. The 
required base widths for the gravity walls for various loads and loading 
conditions are shown on drawing ~~-64, page 7.17. 

The curves on this drawing are sufficiently accurate for the majority of 
conditions of loads and loadings. The top width of the wall has a negligible 
effect on the required base width. The weight of earth is not a factor in 
Case 2, drawing ~~-64, page 7.17, and its effect is negligible in Case 1. 
In Case 3, for earth weights greater than 100 pounds per cubic foot, the 
curves are on the safe side. For weights of earth less than 100 pounds per 
cubic foot, the base width for Case 3 should be computed by the equation 
shown on drawing ~~-64. The curves are not valid for a masonry weight other 
than 150 pounds per cubic foot. 

To facilitate construction and to maintain smooth surfaces, the batter 
on the walls may be handled as follows: 

The headwall extensions will have a vertical face on the downstream side 
and a minimum batter of 1 in 10 on the upstream side. The headwall exten- 
sion will be designed for a differential pressure of 5 pounds per cubic foot 
acting in the downstream direction. 

The headwall will have the same batter on the upstream side as the head- 
wall extensions. The thickness of the headwall at crest elevation will be a 
function of the depth of the weir and the required batter on the headwall 
extensions. 

The sidewalls and wingwalls will have vertical faces on the unexposed 
sides. 

Reinforced Concrete Apron and Sill Design. The following design proce- 
dure should not be used where F + h exceeds 12 feet. 

The apron may be designed as a series of beams in both directions. In 
the transverse direction, the beams should be designed for two conditions: 
(1) simply supported at the sidewalls and continuous over the longitudinal 
sills, and (2) fixed at the sidewalls and continuous over the longitudinal 
sills. In the longitudinal direction, the beams should be considered as 
(1) simply supported at both supports, and (2) fixed at both supports. 
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The upward pressure on the base area may be taken as the weight of the 
structure, plus the weights of the water and earth on the structure, with 
the assumption that is is uniformly distributed over the base area. The 
headwall extensions beyond the unexposed faces of the sidewalls and the 
wingwalls should not be included in the structure weight or base area. 
The maximum net load produced with or without flow over the structure should 
be taken as the design load. 

Due to the relatively short span in the longitudinal direction, which 
makes it uneconomicalto attempt to reduce reinforcing steel areas as the 
moments decrease, it is not necessary to construct moment and shear dia- 
grams. The steel in the top face of a 12-inch slice should be designed for 
a moment of one-eighth WE, and should extend l'-0" past the toe of the 
headwall batter and be bent into the upstream face of the toewall. The 
steel in the bottom face of a 12-inch slice should be designed for a moment 
of one-twelfth wp and a shear of one-half w,!. The bottom steel should be 
bent into the downstream faces of the toewall and cutoff wall. For con- 
venience, the bottom steel should consist of two sets of bars spliced at 
about the midpoint between the toe of the headwall batter and the trans- 
verse sill. 

It is usually advantageous to construct the moment and shear curves in 
the transverse direction. A table of moment and shear coefficients are 
given to facilitate the construction of these diagrams when the longitudinal 
sills divide the apron into three equal spans. (See drawing ES-36, page 
4.27, if spans are not equal.) 
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Moment and Shear Coefficients in Transverse Direction 

M=Cw,@', v = CIWi 

in which 

w  = load in lb/ft2 = lb/ft on 12 in slice 

! = span length in ft 

Simply Supported 
at Sidewall 

C I Cl 

Fixed at Sidewall 

C Cl 

0 0 - 0.4 - 0.0833 - 0.5 

0.1 + 0.035 - 0.3 - 0.03833 - 0.4 
0.2 + 0.060 - 0.2 - 0.00333 - 0.3 

0.3 + 0.075 - 0.1 + 0.02167 - 0.2 

0.4 + 0.080 0 + 0.03667 - 0.1 

0.5 + 0.075 + 0.1 + 0.04167 
!I 

0 
I I I 

0.6 1 + 0.060 ( + 0.2 1 + 0.03667 1 + 0.1 I 

0.7 + 0.035 + 0.3 + 0.02167 + 0.2 

0.8 0 + 0.4 - 0.00333 + 0.3 

0.9 - 0.045 + 0.5 - 0.03833 + 0.4 

Centerline + 0.6 + 0.5 
Sill - 0.100 - 0.5 - 0.0833 - 0.5 

0.1 - 0.055 - 0.4 - 0.03833 - 0.4 

0.2 - 0.020 - 0.3 - 0.00333 - 0.3 

o-3 + 0.005 - 0.2 + o .02167 - 0.2 

0.4 + 0.020 - 0.1 + 0.03667 - 0.1 

Centerline 
4pron + 0.025 1 0 ( + 0.04167 j o j 

- C denotes tension in the bottom face 

- C, denotes shear in the downward direction. 

TABL?3 7.1 

The longitudinal sills may be designed as beams for two conditions; 
namely, simply supported at both ends and fixed at both ends. The design 
load should be taken as the maximum reaction at the sill found in the trans- 
verse apron design minus the weight of the sill. 

The transverse sill together with the toewall may be designed as a beam 
for two conditions; namely, simply supported at both ends and fixed at both 
ends. Its loads are the concentrated loads from the longitudinal sills, 
and the uniform load equal to the base pressure minus the weight of the 
transverse sill and toewall. 
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Example 7.1 

Design of Masonry Drop Spillway. Assume the design discharge is 225 
cfs, F = 6,-O", and that the site conditions limit the weir length to 
161-O". 

Hydraulic Design 

Weir Dimensions: Q = 225 cfs, L = l61-O" 

Equation 3.6 (page 3.7) h = Q(l.10 + 0.01 F) 2/3 
CL 1 

h = 225blo + 0.06) 2f3 = (5 26)2/3 

I 
. 

3.1 l 16 

h = 3.02 ft Use 3'-0" 

Height of Transverse Sill: 

%= dE= d= = 1.83ft 

1.83 
s = - = 0.915 ft 2 Use l'-0" 

Height of Headwall = F + s = 6.0 + 1.0 = 7.b ft 

Height of Sidewall = 2.5 d, + s = 2.5 l 1.83 + 1.0 = 5.58 ft Use 6'-0" 

Minimum Length of Apron: h + F = 3 + 6 = 0.50; From ~~-67 (page 5.3) 

$ + F = 2.28 (h + F) + 6.52 = 1.66 

L-J! = 1.66 l 6 = 9.96 

Use LD = g'-9" to maintain 2 to 1 fill slopes 

Minimum Length of Headwall Extension = 3h + 2.0' 

3h + 2.0 = 3 l 3 + 2.0 = 11.0 ft 

Note : To maintain 2 to 1 fill slopes, the length was 
increased to 12'-9", 

Tailwater Depth and Depth of Water on Apron 

The tailwater depth from the downstream channel design is asslbed to be 
2.4 ft; therefore, the depth of water on the apron is equal to 2.4: + 1.0 
= 3.4 ft = d,. 
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Stability Design 

The foundation and backfill material will be a sand-silt-clay mixture 
with the following characteristics: 

Undisturbed dry w-t = 100 lbs/ft3 with 40 percent voids 

Effective submerged w-t = 100 - (1.0 - 0.4) 62.4 = 62.5 lbs/ft3 

Compacted dry w-t = 120 lbs/ft3 with 28 percent voids = W, 

Effective submerged w-t = 120 - (1.0 - 0.28) 62.4 = 75.1 lbs/ft3 = W, 

Angle of internal friction = $ = 30'. 

The channel above the structure will be a graded channel to crest eleva- 
tion. It is anticipated that the water table will be above the apron ele- 
vation after construction; therefore, an ample drain will be provided through 
the headwall with its outlet at the elevation of the top of the transverse 
sill, or 1.0 ft above the top of the apron. It is estimated that the drain 
will maintain the water-table elevation at the headwall at its outlet eleva- 
tion during periods of no flow, and at about tailwater elevation during 
periods of flow. These assumptions make the period of no flow the critical 
period for seepage under the structure. 

Determine Depth of Cutoff Wall and Toewall 

Wt creep ratio = 5.5 

Head causing seepage = 1.75 ft to bottom of apron 

Required wt creep distancti = 5.5 l 1.75 = 9.63 ft 

Neglecting the horizontal creep distance 

4t = 9.63 ft or t = 2.41 f-t; therefore, use 
minimum depth of 2'-6". 

Determine Base Width of Headwall 

With flow (produces max.) 

Yo = 7.0, y1 = 3.6, y2 = 3.4, w, = 120, w, = 75.1, $ = 3.4 

The equation below gives the equivalent fluid pressure for a tri- 
angular load diagram. 

W2Y2 
3 

+ 6 1 + 10.4 (y23 - dx3) > 
(This computation can also be done as shown in Example 4.1, page 4.6). 



3820 + 216 (12.24 + 4.32 + 11.56) + 492 

w = & (3820 + 6100 + 492) = $& (10,412) = 60.8 lbs/ft3 

From Case 1, drawing ~~-64 (page 7.17), C = 4.2 ft Use 4'-3" 

Determine Base Width of Sidewall 

The construction below is a graphic solution for w = 60.0 lbs/ft? 
and H=6.0 

P = /080 /bs. 

A 
(See subsection 2.2.2 of Structural Design, Section 6) 

Ave. ht. of fill= 3 
J 

PI3 + W3 ' = p.2 ft 
2 Use p'-0" 

Slice Weight of Slice Accumulated 
Weight 

O-A-5 5.37 l 2.5 l 120 = 1612 1612 
5-~-6 5.37 ' 0.5 l 120 = 322 1934 
6-~-6.71 5.37 l 0.355 - 120 = 229 2163 
6.71-~-7.71 9.00 l 0.50 l 120 = 540 2703 
7.71-A-8.71 9.00 l 0.50 l 120 = 540 3243 
8.71-~-9.71 9.00 * 0.50 * 120 = 540 3783 

- 

P = 1080 lbs = F = q :. w = 9 = 60.0 lbs/ft3 
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From Case 2, drawing ~~-64 (page 7.17), C = 3.5 Use 31-6” 

Determine Base Width of Headwall Extension 

H = 10.0 f-t, w  = 5 lbs/fta 

Minimum width = b + (H + 10) = 1.25 + 1.0 = 2.25 ft 

This is greater than shown on Case 3, drawing ~~-64 (page 7.17), 
therefore, use C = 2'-3". 

Determine Base Widths for Wingwall 

H = 6.0 ft and 2.0 ft. Use w  = 60 lbs/ft3, the same as for the 
sidewall. 

When H = 6.0, ch = 3'-6", same as sidewall. 

When H = 2.0, c = 1.2 ft, from Case 2, drawing ~~-64. 
To maintain the same batter along the wall, use 2'-0". 

Determine Weight of Structure excluding the wingwalls and the headwall 
extension beyond the unexposed faces of the sidewalls. 

Weight of masonry = 150 lbs/fts 

Weight of concrete = 150 lbs/ft3 

Weight of earth = 120 lbs/ft3 

Volume 
Hdwl. Ext. 2.25 + 1.25 . 1o 

2 l 2.75 l 2 = 96.30 

Hdwl. (approx.) 4.25 + 1.55 . 7 
2 l 16.0 = 325.00 

Hdwl. (approx.) (0.3 l 1.5) + (0.75 o 1.133) $ o 7 l 2 = 12.60 

Sidewall 1.25 + 3.5 . 6 . 8 5 . 2 
2 . = 242.00 

Sidewall 2 l 1.25 l 6 l 2 = 30.00 

Sidewall 2 l 

1.7 ’ 2.25 . 2 . 6 
2 3 

= 15.30 

Long. sill 7.5 + 7.9 . 0 75 
2 . ' 1.0 . 2.0 = 11.55 

Trans. sill T l 1.0 s 1.75 15.0 ( = 13.13 

Apron 21.5 . 12.75 l 0.75 = 205.60 

cutoff wall 21.5 l 2.5 * 0.75 = 40.30 

Cutoff fillet 21.5 . i/2 l i/4 = 2.69 
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Volume 
Toewall 16.5 l 2.5 l 0.75 ZZ 30.93 
Toewall fillet 16.5 l l/2 l l/4 = 2.06 

(Concrete and Masonry) 1027.46 cu ft 

Earth on batter = 0.7 l 305 l 21,5 = 52.6 cu ft 

Weight = 1027.46 l 150 + 52.6 l 120 = 160,500 lbs 

Corresponding base area = 21.5 l 12.75 = 274.0 ft2 

Ave. pressure on base 160 500 = ,---+- = 585 lbs/ft2 

uplift 

Without flow 

Check neglecting cutoffs 

Uplift per ft width of structure = 1.75 l 62.4 
l = 2 12.75 696 lbs/ft 

Total uplift = 696 ' 21.5 = 14,980 lbs 

Ratio of wt 
Uplift = .ggg = 10.70 OK 

With flow 

Check neglecting cutoffs 

Uplift per ft width of structure = 4.15 l 62.4 o 12.75 = 3300 lbs/ft 

Total uplift = 3300 l 21.5 = 71,000 lbs 

Wt. of water on structure 

Open apron area = 7.5 l 14.5 = 108.8 ft2 

Area at H20 surface = 17.0 l 9.5 = 161.6 ft2 

Gross H,O volume on apron (approx.) = 
108.8 + 161.6 

2 
l 3.4 = 460 ft3 

Volume of sills = 11.55 f-t3 

Net H,O on apron = 460 - 11 = 449 fts 

H20 on headwall = 1.83 l 16 l 1.55 = 45.4 fts 

H20 on headwall batter = (0.70 l 1.83 D 16) + 

( On7’ + 2 o*88 l 183 . 0 5 . 5 ) = 28.5 ft3 

Total volume of H20 on structure = 523 ft3 

Wt. of II20 = 523 0 62.4 = 32,700 lbs 



Total weight = 32,700 + 160,500 = 193,200 lbs 

Ratio of wt = 193,200 
Uplift 71,000 = 2.72 OK 

Check Sliding 

Neglect sliding resistance of cutoff wall and toewall. 

Neglect the weight and sliding resistance of the wingwalls and the head- 
wall extensions beyond the unexposed faces of the sidewalls. 

pI = 300 
Wt. of dry earth = 120 lbs/fts 

Effective weight of submerged earth = 75.1 lbs/ft3 

Depth of submerged earth = 3.40 + 0.75 = 4.15 ft 

Depth of dry earth = 7.75 - 4.15 = 3.6 ft 

Downstream force 

pa=WH(~)=WH@~~:$=~ 

Pl = 120 - 3.6 l $ = + 144 lbs (dry earth) 

p2 = 62.4 l 4.15 = + 259 lbs (H20) 

ps = 75.1 l 4.15 l $= + 104 lbs (submerged earth) 

p4 = 62.4 o 2.5 l $ = + 52 lbs (surcharge due to headwater) 

= 62.4 l 4.15 = - 259 lbs (H,O) 

;," = 62.4 l 2.5 = + 156 lbs (headwater on headwall extension) 

p2 = p5, therefore they cancel 

[= width of structure considered = 21.5 f-t 

Downstream force = 
r 

3.6 ~1 

2 + 4.15 PI + 

g-15 $43 

2 + 7.75 P4 3 
+ (,& 16)(2*52p6) 

D.F. = 21.5 C 5.95 (144) + 4.15 (52) + 7.75 (52) I + 5.5 (2.5)(78) 

D.F. = 21.5 (1476) + 1073 = 31,725 + 1073 = 32,800 lbs 

I 



Net wt. = (total wt. - uplift) = 193,200 - 71,000 = 122,200 lbs 

Frictional resistance = f (net wt.) = 0.35 l 122,200 = 42,750 lbs 

Ratio = OK 

Apron Design 

Determine design load 

Without flow 

Base area = 21.5 l 12.75 = 274.0 ft2 

Gross weight = 160,500 lbs (see page 7.8) 

160 500 Net load = w - (0.75 l 150) = 585 - 113 = 472 lbs/ft2 

With flow 

Gross weight = 193,200 lbs (see page 7.9) 

Net load = w - 113 - (3.4 l 62.4) = 705 - 325 = 380 lbs/ft2 
Use 472 lbs/ft2 

Longitudinal steel design (Use Class B concrete) 

t= 8.0 ft 



7.1.1 

Top steel d=8 - 2.5 = 5.5 in 

M = 6 wie2 = $ l 472 l (8.0)~ = 3776 ft lbs 

A, = 0.46 in2 Use NO. 5 at 8 (A, = 0.46) 

Length = lo'-3" with vertical leg = l'-3" bent into upstream 
face of toewall. 

Bottom steel d=9 - 3.5 = 5.5 in 

M = & d2 = & l 472 l (80~)2 = 2520 ft lbs, A, = 0.30 in2 

v = $ td = $ l 472 l 8.0 = 1890 lbs, Co = 1.30 in 

Use NO. 5 at 12 (A, = 0.31, IZo = 1.96) 

Splice two bars 

Length = 12'-0" with vertical leg = 21-6” bent into downstream 
face of cutoff wall. 

Length = 5’-3” with vertical leg = l'-3" bent into downstream 
face of toewall. 



7.12 

Transverse steel design 

i= 5'-2" = 5.17 ft 

Moments 

@ . . wk2 = 472 (5.1712 = 12,600 M = Cwi 

At sdwl. 

0.1 

0.2 

0.3 
0.4 

0.5 
0.6 

0.7 
0.8 

0.9 
At sill 

0.1 

0.2 

0.3 
0.4 

Centerline 
apron 

Simply supported 
at sidewall 

0 

+ 441 

+ 756 
+ 945 
+ 1008 

+ 945 
+ 756 
+ 441 

0 

- 567 
- 1260 

- 6% 
- 252 

+ 63 
+ 252 

+ 315 

vm = - 0.4 wl 

5x3 = - 977 lbs 

'BA = + 0.6 w,k' 

'BA = 
+ 1465 lbs 

s = l-1 wl 

RB = 2685 lbs 

Fixed at 
sidewall 

- 1050 
- 483 

- 42 

+ 273 
+ 462 

+ 525 
+ 462 

+ 273 
- 42 

- 483 
- 1050 
- 483 
- 42 

+ 273 
+ 462 

+ 525 

%3 = 'BA 
= 0.5 d 
= 1220 lbs 

- 

@ 



11111, 
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7.14 

Bottom steel d = g - 3.5 - 0.25 - 0.25 = 5.0 (assuming No. 4 bars) 

- M = 1050 ft lbs at sdwl; A, = 0.135 in2 

- M = 1260 ft lbs at sill; A, = 0,163 in2 

V = 1220 lbs at sdwl; Z, < 1.00 in 

V = 1465 lbs at sill; Ilo = 1.12 in 

Use No. 4 at 15 (As = 0.16, X0 = 1,26) continuous 
across apron. 

Top steel d = 8 - 2 l/2 - 3/8 - l/4 = 4 718 in (assuming No. 4 bars) 

+ M = 1008 ft lbs in end spans; A, = 0.133 in2 

+ M = 525 ft lbs in center span; A, < 0.10 in2 

V = 977 lbs in end spans; X0 < 1.00 in 

V = 700 lbs in center span; x0 < 1.00 in 

Use No. 4 at 18 (As = 0.13, z. = 1.05) continuous 
across apron. 

Longitudinal Sill Design 

w = Max R B = 2685 ibs/ft, /= 8.0 ft 

d = 18 - 3.5 = 14.5 in 

Bottom steel 

-M+&+ 2685 (8)2 = 14,320 ft lbs; A, = 0.645 in2 

w/ = 10,740 lbs; Z, = 2.84 in 

Use two No. 6 bars (As = 0.88, X0 = 4.71) 

Length = 11’-3” with vertical leg = l'-3" bent into down- 
stream face of toewall. 

Top steel 

M+&+ 2685 (8)2 = 21,500 ft lbs; A, = 0.98 in2 

Use two No. 7 bars (As = 1,20) 

Length = lo'-9" with vertical leg l'-3" bent into upstream 
face of toewall, 

Transverse Sill Design 

Uniform load 

Load up = 585 l 0075 = 439 lbs/ft 

LOad down. = 150 0 0.75 o 4,25 = 478 lbs/ft 



7.15 

Net load = 478 - 439 = 39 lbs/ft 

(Due to the fact that this load is small and acts in the opposite 
direction of the concentrated loads, it will be neglected.) 

Concentrated loads 

Loads = 10,740 lbs (V from longitudinal sill design) acting 
at l/3 points. 

Bottom steel d = (4!-3") - 4" = 3'-11" = 47 in 

End fixed 

-M= Z(l [: -z)2 + z2 (l- Z)] Pk = Z (l- Z) P/ (See ES-17, 

Engineering Handbook, Section 6 on Structural Design.) 

z = l/3, P = 10,740, I = 15.5 
- M = l/3 (2/3)(10,740)(15.5) = 37,000 ft lbs 

A, = 5 = 1 37'o 47 = 0.55 in2 . 

V = P = 10,740 lbs 
8v 8 l 10 740 r 

0 
= 7ud = 7 . 300'. 47 = 0.87 

Use two No. 5 bars (As = 0.61, X0 = 3.93) 

Top steel d = 47 in 

Ends simply supported 

M=;;P=L$2. #l 10,740 = 55,500 ft lbs 

A, = 5 = 1 55-? 
47 

= 0.82 in2 D 

Use two No. 6 bars (As = 0.88) 

Steel in Toewall 

Vertical steel 

Upstream face - Use No. 5 at 15; length = 3'-9" 

Downstream face - Use No. 4 at 12; length = 3'-9" 
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7.17 

DROP SPlLLWAYS: REQUIRED BASE WIDTH FOR GRAVITY 
WALLS WITH VARIOUS LOADS AND LOADINGS 

CASE / 

0 

CASE 2 

Wz(az+30b tb’)-u&=0 

o=c-b 

W,azt214$abt W2bz- wH’=O 

NOTES SYMBOLS 
a = required bdfer ii, ft. 

ne ah-Yes ore phffed for N = 100 /bs/ft! b = top widfh of wo// in ff. 
w, = /5-o /hs/ft-), b= I.0 ft ond ore sufficient/y C = required base width of wall m ft. 
uccumte for reasonable variations of ftme vo/ues. H = height of wall in ff 

Zf more occum~e resu/ts ore demred for W, = we/qht of earth in lbs/ff! 
such variations, use the octua/ vo/ues of b, IV,, W, = weight of moso”r~ in lbs/ft.’ 
and W, and fhe oppropr/ofe equufmns shown above. w = equ/‘vo/ent fluid pressure in Jbs/f/.’ 

P = hof~zontal eurtb pressure per foot 
/enqth of wo//. 
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