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APPENDIX "H" 
STORM SEWER DESIGN 

Review of Criteria Per Section I-B and Section VI-A, storm sewers shall be sized as a 
minimum for the s year storm event. However, if the sewer functions as a major outfall, 
or passes through an easement on private property, the storm sewer in conjunction with 
other drainage facilities must be capable of conveying the full100-year storm runoff within 
designated drainage tracts, easements, or public rights-of-way, all in accordance with 
regulations. Consequently, there will be situations where a storm sewer shall be designed 
for greater than the 5 year event, up to a maximum of the 100-year storm runoff rate. 

Per Section VI-D, minimum flow velocity in pipes shall be 2.5 fps in the 5 year stonn 
event. If pipes flow full or over nonnal depth, hydraulic gradelines shall be calculated with 
losses due to friction, bends, expansion, and contraction deternrined. For the design stonn 
for which a sewer system is designed, the hydraulic gradeline shall not raise within 1.0 
foot of any manhole or junction rim, catch basin, inlet grate or other surlace opening. 

Flow Headlosses Unless there is a hydraulic jump condition, water surlaces drop as water 
flows downhill. It is the difference in water surfaee elevation that causes the water to flow. 
The amount of drop or "headloss•i required to maintain flow depends upon many 
conditions. Headlosses in flows are discussed below. · 

~ Submerged Exit Headlosses When pipe flow outfalls submerged into a reservoir 
. or transverse to channel flow, the terminal velocity in the direction of flow is 
essentially zero. Therefore, the headloss is the full velocity head ofHL = v2 12g. 
For pipe flow which outfalls submerged into a channel in the direction of channel 
flow, the headloss may be estimated as HL = (l!C/ -1) x v"/2g, where vis the 
channel flow velocity. The value in the parentheses may be approximated with 
0.10, allowing the equation to be rewritten as HL = O.l..;/2g. 

b. Pipe Flow Headlosses Below are several fonns of the Manning equation for use 
in calculating storm sewer flow capacity and headloss associated with various flow 
conditions. . · · 

Q 

v 

1.486 al.67S o.s 
nPw~ f_ 

1 .'486 Rh·67S o.s 
n - f_ 

For round pipes with full pipe flow, the following are simplified forms:. 
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where: 

= o .463 D
2
·
67

S / 
Q n - -

o.s2o n·67S ·5 

V = n _f_ 

[ 2.159 9n 1°·375 

D = Sfo. J 

. [ 1630 gn 1°·375 

D(m)= Sf. J 
4.6fp2Q2 Sf - D .3 __ 

Sf 

Hf - Sf x Pipe Length 

Q -
a -
Sf -
n . -
Pw -

Flow incfs; 
Area o( flow in square feet; 
Friction~ slope in feet/feet; 
Manning's "n" value; . 
Wetted perimeter of flow, or length of non-air frictional surface 
·in the flow cross section, feet; 

V - Average velocity of flow in fps; 

. \ 
) 

D - Pipe ~eter in feet; ,~/) 
Rh - Hydraulic radius, or area of flow/wetted perimeter; and \. _ :' 

c. 

D(in) = Pipe diameter in inches; and ·,_~ 

Hf = Frictional headloss, or the headloss in feet required to move flow 
through the pipe, but does not include headloss required to get 
flow. into the pipe (contraction headloss), out of the pipe 
(expansion headloss), or bend losses. 

Curved Sewer Headlosses Some regulatory agencies allow curved storm 
sewerlines, particularly for large sewers. Bend headloss in a curved sewerline may 
J>e added to the pipe friction headloss, and can be estimated using Figure "H -1". 

d. · M3nhole and .Junction Headlosses Unless there is a single pipe entering and 
exiting a manhole at 180 degrees, and both pipes are the same si?e, and either the. 
pipe passes through the manhole (with an open top) or the nulnhole is fully shaped 
to near the top of the pipes, there will be an expansion, contraction, and possibly 
a redirection of flow within the manhole. These headlosses are usually calculated 
as a function of the velocity head V2/2g, but recommended procedures vary. Some 
promote use of the velqcity (V) from the smaller pipe, while others suggest use of 
the difference in velocities between the smaller and larger pipe. Each procedure has 
its own set of "K" 
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FIGURE "H-1" 
HEADLESS COEFFICIENT Kc FOR CURVED SEWERS 

MODIFIED FROM RGURE 4.161N MARICOPA COUNTY 

0.4~--------------~----------------~--~--~ 

DEFLECTION ANGLE, DEGREES 
(From -point of curvatu-e to point of tangency) 

factors to be ·multiplied by the velocity head V2/2g to obtain headlosses. The 
inconvenience with using either of these methods with hand calculations is that one 
must know the velocity of flow in all intlowing and outtlowing pipes before being able 
to calculate headloss through a manhole, which in tum will affect upstream flow 
velocity. Thus, the procedure is iterative. 

The major drawback of typical procedures and K values provided in handbooks and 
manuals is that they are based upon an application not found in storm sewer systems. 
The experimental basis is for a single pipe in and a single pipe out; pipe size 
enlargements are eitlier sudden (instantaneous) or gradual (through a cone), neither 
of which approximates flow through a nuuihole; they do not account for bends 
through the manhole nor ratios of incoming flows from various directions, nor the 
possibility of plunge flow from a higher inlet in addition to a main lower inlet, nor do 
they account for manhole benching types. In short, they are not applicable for storm 
sewer systems. 

· The procedure presented herein is taken from a FHW A publication that accompanies 
FHW A design software (FHW A Hydrain), which procedures are based upon various 
studies of flow through manholes and ·junctions. Procedures are provided for 
calculation of both headlosses at a pipe junction and at manholes. 

(I) Pipe Junction A pipe junction is the connection of a single lateral pipe to a 
larger trunk pipe without the use of a manhole structure. The minor loss 
equation for a pipe junction is a form of the momentum equation: 
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Hm= ~xYo-Qix~-Q~ +~-11a 
0.5 X g X(" - AJ 

where: 

Hm 
Qo,Q,Q 

= Junction head loss, in ft; 
= Outlet, inlet, and lateral flows, respectively in W/s; 

Vo, v~ VL = Outlet, inlet, and lateral velocities, respectively in fils; 
Outlet and inlet velocity heads, in ft; ~.~= 

"'~ e 
= Outlet and inlet cross-sectional areas, in ft2; 
= Angle oflateral with respect to centerline of outlet pipe, in 

degrees; and 
g - Gravitational acceleration, (32.2 fils~. 

(2) Manholes The basis for detennining the minor head loss experienced at 
manholes (or junction manholes) is the energy equation, which can be reduced · 
to Hm = KV0 

2/2g. 

Several experimental studies have supplemented the theoretical value 
understanding of headloss in manholes. From these experiments, it was 
detennined that the value K can be approximated as follows: 

where: 
K = Adjusted headloss coefficient; 
Ko = Initi~ headloss coefficient based on relative manhole size; 
Cv = Correction factor for pipe diameter; 
Cd = Correction factor for flow depth; 
CQ = Correction factor for relative flow; 
~·= Correction factor for benching; and 

. CP = Correction factor for .plunging flow. 

(i) K The initial head loss coefficient Ko is estimated as a function of the 
relative manhole size and angle between the inflow and outflow pipes: 

l<o = 0.1 X [ ~ J X [I - sin 8] + 1.4 X [ ~ r15 

X sin 8 
0 0 

where: 
~ = initial headloss coefficient based on relative manhole size; 
8 = The angle in degrees between the inflow and outflow 

pipes (see Figure "H-2"); ~·.··.: ...... /· 
DMH = Manhole diaineter, ft; and . 
D0 = Outlet pipe diameter, ft. 
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FIGURE "H-2" 
ANGLE OF SEWERLINE BEND 

REPRODUCED FROM FIGURE 7 IN FHWA HYDRAIN 

INFLO\V 

"FE ~._/ 

It has been shown that there are only slight differences in headloss 
coefficient between round and square manholes. Therefore, manhole 
shape can be ignored when estimating headlosses for design purposes. 

(ii) .CO. A change in headloss due to differences in pipe diameter was found 
io only be significant in pressure flow situations when the depth in the 
manhole to outlet pipe diameter ratio ( rlfl<o) is greater than 3 .2. 
Therefore, it is only applied in such cases. The correction factor for pipe 
diameter (Co) was determined to be 

(iii) 

Co= r~ r 
I 

where·: 
Co = Correction factor for variation in pipe diameter; 
Di = Incoming pipe diameter, ft; and 
Do = Outgoing pipe diameter, ft. 

.c._ This correction factor was found to be significant only in cases of 
free surface flow or low pressures, when the d!D0 ratio is less than 3.2, 
and is only applied in such cases. Water depth in the manhole is 
approximated as the level of the hydraulic guideline at the upstream end 
of the outflow pipe. 

The correction factor for flow depth, ccb is calculated by the following: 

. - [L]31s 
cd- 0.5 X Do 
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where: 
Cd = Correction factor for flow depth; 
d = Water depth in manhole above outlet pipe invert, ft; and 
Do = Outlet pipe diameter, ft. 

(iv) 4 CQ is a function of the angle of the incoming flow as well as the 
percentage of flow coming in through the pipe ofintetest versus other 
incoming and outflow pipes. The correction factor for relative flow (CQ) 
is computed by: 

CQ = 1 + (1- 2 X sin 6) X [1-~r
15 

where: 
CQ = Correction factor for relative flow; 
6 = The angle between the inflow and ouflow pipes, 

degrees; 
~ = Flow in the inflow pipe of interest, cfs; and 
Q, = · Flow in the outflow pipe, cfs. 

To illustrate the effect ofCQ> consider the manhole shown in Figure "3" 
and assume that Q1 = 3 fills, (6 =I fills, and~= 4 fills. Solving for 
the relative flow correction factor in going from the ~utlet pipe (number 
3) to one of the inflow pipes (number 2): 

FIGURE "H-3" 
RELATIVE FLOW Qc SCHEMATIC 

REPRODUCED FROM FIGURE SIN FHWA HVDRAIN 

100" 

c~2 = [I-2xsin(90°)Jx [1- !r's +I = o.I9 

For a second example, consider the following flow regime: Q1 = I fi31s, 
Q2 = 3 fills, and (b = 4 fills. Calculating CQ for this case: 

CQ3-2 = [1 - 2 x sin (900)] x [I -! f"'s + I = 0.65 
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In both of these cases, the flow coming in through pipe number 2 has to 
make a 90-degree bend before it can go out pipe number 3. In case I, 
the larger flow traveling straight through the manhole, from pipe 
number I to pipe number 3, assists the flow from pipe number 2 in 
making this bend. In case 2, a majority of the flow is coming in through 
·pipe number 2. There is less assistance from the straight through flow 
in directing the flow from pipe number 2 into pipe number 3. As a 
result, the correction factor for relative flow in case I (O.I9) was much 
smaller than the correction factor for case 2 (0.65) 

(v) 4 This correction factor corresponds to the effect of inflow from an 
elevated pipe or surface inlet, resulting in flow plunging into the 
manhole. The factor is applied to the inflow pipe for which the headloss 
is being calculated. Using the notations in Figure "H-3", for example, CP 
is calculated for pipe number 2 when pipe number I discharges plunging 
flow. Plunging flow that results from inlet inflow into the manhole is 
considered in the same manner. 

The correction factor for plunging flow (Cp) is calculated by the 
following: 

CP = I + 0.2 X [ ~] X [~] (h must exceed d) 

where: 
Cp = Correction for plunging flow; 
h = Vertical distance of plunging flow from the center of 

the outlet pipe or surface inlet elevation to the bottom of 
the manhole, ft; 

Do = Outlet pipe diameter, ft; and 
d = Water depth in the manhole, ft. 

. . 
(vi) .CB- The final correction factor multiplied by the initial headloss 

coefficient ~to get the adjusted headloss coefficient K is the correction 
for benching in the manhole (~). Benching tends to direct flows 
through the manhole, resulting in reductions in head loss. Figure "H-4" 
shows various types of benching and benching correction factors. 

To estiQlate the headloss through a manhole from the outflow pipe to a 
particular inflow pipe, multiply the above correction factors together to get 
the head loss coefficient, K. This coefficient is then multiplied by the velocity 
head in the outflow pipe to estimate the minor loss for the connection. 

Entrance Headloss Entrance headlosses are those associated with flow into 
an inlet. Some advocate not only calculating the hydraulic grade line (HGL) 

.. through the inlet connection pipe to an inlet, but calculat~g 'the entrance 
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MODIFIED FROM FIGURE 9 AND TABLE 2 IN FHWA HYDRAIN 
. ) 

\;.. 

DllH 

Flat 1/2 

Full Improved 

DMH = Diamat:r of Manhole, ft. 
a = Depth of flow In manhole, t.al:en at c:ntranc;c of outflow pipe, ft. 
Do = Diamat:r of out;flow pipe, ft. . 

Outlet Conditions 

Bench Type Submerged• UrlSlbmerged•• 

Flat floor 1.00 1.00 
Benched one-half of pipe t.liamt:tc:r 0.95 0.15 
&nc;hc:t.l one pipe diameter 0.75 om 
lmprovc:t:i 0.40 0.02 

:. Presst.Xe flow. d/Do > 3 . .2 
Free st.Xface flow, diDo < 1.0 

For flow depths between the submerged and U"lSUbmerged 
conditions. Interpolate between the values shown. 

MANHOLE BENCH SHAPING FACTOR C, 
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headloss as well. However, a simplified procedure is to ignore entrance 
headloss calculations, but require instead a 1.0 foot freeboard between the 
HGL in the connection pipe and the inlet grate or curb opening elevation. 
Such is the procedure advocated herein. 

HGL calculations are not required if the outfall is unsubmerged .and all 
pipeline fiictional slopes (Sf) are less than corresponding pipe slopes for the 
design storm. Nonetheless, flow velocities must conform with the minimum 

. 2.5 fps rate for 2-year storm conditions. 

3. Hydraulic Guidelines (HGL) 

a. 

b. 

Outfalls Hydraulic design of storm drains begins at the lowest point in the storm 
drain system. The beginning hydraulic grade line is the higher of the normal flow 
depth in the pipe at the point of discharge, the water surface in open channel flow, or 
the hydraulic grade line in pressurized conduits of the receiving drainage facility. The 
hydraulic grade line or water surface elevation of the outfall must be determined 
coincident with the time of peak flow from the storm drain. 

If the outlet is submerged or if the receiving water surface is higher than the normal 
depth in the storm drain, the beginning hydraulic grade line is the hydraulic grade line 
in the. receiving stream. With a submerged outlet, the design proceeds up the pipeline 
after inclusion of exit losses (see subsection 2-a, p. H-1). For unsubmerged (free 
discharge) outlets, design can begin assuming normal depth at the end of the storm 
sewer pipe. 

Figure "H-5" illustrates exit conditions. 

Outlets The lowest outlet ina drainage system is the outfall discussed in (a) above. 
All upstream pipes outlet to a manhole or junction, and the calculated water surface 
therein, which is based upon the hydraulic grade line (HGL) in the downstream pipe 
plus losses in the manhole, becomes the outlet HGL for the upstream pipe. 

c. Pipeline Reaches and Manholes The headloss through a pipeline and manhole 
depends upon the outlet condition, whether submerged or unsubmerged, and upon 
whether the pipe fiictional slope Sf is greater or less than the pipe slopeS. Figure "H-
5" shows design procedures. 

4. Manhole Design Guidelines The foiiowing are not design requirements, but are intended 
for use when junction losses are an important design consideration .. 

a. Alignment of Pipe in Manholes The foiiowingdiscussion applies to the location of 
pipes within a manhole to achieve maximum efficiency. 
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QUnET COULD BE TO A JUNCTION IN A STORM DRAIN 
OR TO AN OPEN CHANNEL OUTFALL 

Pipe Outlet 

IMH@ 
Pipe Inlet 

(1) Normal Flow Depth to Pipe Diameter dofD > 0.80 
(Full pipe flow controls - Sf exceeds or nearly exceeds S) 

Inlet ELHGL = Outlet ELHGL + He + Hf + He + Hm 

OUnET COULD.BE TO A JUNCTION IN A STORM DRAIN 
OR TO AN OPEN CHANNEL OUTFALL 

·················-·{····················__,..,..---
:· 
•' •' , ' 
:~ -------, ·: J~~~~~~~~::::-~-~-~-~--Unsul:>meiJled Outlet ! !___ - - - - - - - - - - - - - -

Inlet ELHGL = Inlet Pipe Invert Elevation + d" + Hm 

Pipe Outlet I 
(2) dofD ~ 0.8 and Out~et is Unsubmerged 

(Partial pipe flow controls) 

OUTLET COULD BE TO A JUNCTION IN A STORM DRAIN 
OR TO AN OPEN CHANNEL OUTFALL 

sz Sul:>memed Outlet ----

(a) If HGL remains above normal depth d" at the upstream junction: 

Pipe Outlet I Inlet ELHGL = Outlet ELHGL + He + Hf + He + Hm 
(b) If HGL drops to the normal depth d" in the pipe: 
- Inlet ELHGL =Inlet Pipe Invert Elevation+ d" + Hm 

(3) dofD < 0.8 and Outlet is Submerged 
(The higher of condition (a) or (b) controls) 

Outlet ELHGL =Higher of Tailwater (TW) or Normal pipe flow depth (d") elevation In outfall, 
He= Submerged exit expansion Joas (applicable to submerged outfalls only- see subsection 2-a) 
Hf = Pipe frictional loss (see subsection 2-b) 
He= Curved Sewer Bend Loss (Does not apply to bends in manholes- see subsection 2·c) 
Hm = Manhole or Junction Losses (see subsection 2•d) · 
NOTE: If all pipeline flows have normal depths to piP.e diameter d,/D S 0.80, calculations are not required If the 

outlet Is unsubmerged; or, If the outlet is submerged, caiculatlons are required only to the point where the 
HGL coincit.fes with the normal flow depth a". However, the minimum flow velocity of 2.5 fps in the 2·year 
storm condition must be met. -

HYDRAULIC GRADE LINE CONDinONS FIGURE ·t~-s· 
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5. 

b. 

For a straight through-flow, pipes should be positioned vertically so that they are 
between the limits of inverts aligned or crowns aligned. A horizontal offset is 
allowable provided the projected area of the smaller pipe falls within that of the larger. 
Where feasible, the manhole bottom should support the bottom of the jet issuing from 
the upstream pipe. 

When two inflowing laterals intersect in a manhole, the alignment should be quite 
different. If lateral pipes are aligned opposite one another so the jets may impinge 
upon each other, the magnitude of the losses-are extremely high. Consequently, this 
arrang'ement should be avoided wherever possible. If the installation of directly 
opposed inflow laterals is necessmy, the installation of a deflector, as shown in Figure 
"H-6" will result in significantly reduced losses. 

Lateral inflow pipes larger than 24 inches in diameter shall not be located directly 
opposite; rather, use a manhole on each lateral with a 45° bend, and a third junction 
manhole on the outfall line with inflow pipes at a 45° deflection angle from the 
outflow pipe. 

The University of Missouri presented additional information in 1958 regarding 
manhole inflow/outflow configurations, which information is presented in both 
Maricopa CountYs and UD & FCD's drainage manuals. 

Shaping Inside of Manholes Jets issuing from upstream and lateral pipes must be 
considered when attempting to shape the inside of manholes. 

Figure "H-6" details several types of deflector devices that have been found efficient 
in reducing losses at junctions and bends. In all cases, the bottoms are flat, or only 
slightly rounded, to handle low flows. Tills is because University of Missouri tests for 
full flow revealed that very little, if anything, was gained by shaping the bottom of a 
manhole to conform to the pipe invert. Shaping of the invert was even found to be 
detrimental when lateral flows were involved, as the shaping tended to deflect the jet 
upwards, causing unnecessary headless. On the other hand, more recent studies used 
by the FHW A indicate that manhole shaping does provide limited hydraulic 
improvement for submerged flow conditions, and considerable improvement for 
unsubmerged flow conditions (see Figure "H-4"). It would appear that, for single 
inflow manhole conditions, invert shaping can be very beneficial, whereas only limited 
bottom shaping is advisable when laterals are involved. 

Flow Routing Using the Rational Method The Rational Method does not produce 
hydrographs which can be routed and combined at different points of interest, such as at 
manholes along a storm sewer line. However, if only peaks are ofinterest, then reasonable· 
results may generally be obtained. Peak runoff using the Rational Method involves rainfall 
intensity, which is time dependent. Keeping track of elapsed time for runoff from various 
watersheds to reach a given point allows for adjustments to the combined peak which reflects 
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REPRODUCED FROM FIGURE 4.1 IN MARICOPA COUNTY 

EFFICIENT MANHOLE SHAPING 

Directly opposed lateral with deflector 
(head losses are still excessive with this 
method, but are significantly less than 
when no deflector exists.) Do not use 
thls method for lat,erals over 241nches 
In diameter. Instead, use a manhole on 
each lateral with a 45° bend, and a 
third junction manhole on the outfall 
line with Inflow pipes at a 45" angle to 
the outflow pipe. 

Bend with straight deflector 

Bend with curved deflector 

lnllne upstream main and 9\f lateral 
with deflector. 

) 
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routing and time dependent conditions. There are certain limitations~ but, in smaller systems, 
inaccuracies of "routing" are usually tolerable and generally conservative. 

Unfortunately, there seems to be a prevalent misunderstanding as to how the intensity 
adjustment should be applied. It is thought by some that, as one proceeds downstream in a 
drainage system, at each point where additional flow is added, all upstream contributing 
watersheds are also analyzed at the new (longer) time which accounts for travel time. 
Actually, only the additional contnbuting flow should be estimated using the longer time; the 
flows from upstream are essentially the same as they were when they entered the system. The 
continuity equation indicates that, if a peak flow enters a system (street, channel, or pipe) at 
one point, the same peak will be realized at a point downstream when the travel time has 
passed for that peak to arrive there. Of course, this is true only if there is no storage enroute. 
However, in urban drainage systems, storage capacity of channels and pipes is usually 
minimal, is mostly filled prior to the arrival of peak flows, and therefore attenuation of peak 
flows limited. 

The only watershed that should be analyzed at a larger time is the one adding flow at that 
given point, and then only under certain conditions. Catch basin inlets and connector pipes 
should be designed for the peak flow resulting from the watershed time of concentration (Tc), 
not the accumulated time. Additionally, if the contributing watershed analyzed at its own Tc 
is greater than the combined flows at a longer time, then the main channel or pipe should be 
designed to convey the higher flow from the 'single watershed. 

The above arguments are not only consistent with hydrologic and hydraulic principles, but can 
also be supported by analyzing equal systems by hydrograph routing techniques. Table "H-1" 
provides data for a schematic drainage basin typical in urban systems. Using the information, 
Table "H-2" shows correct and incorrect procedures and estimated flow rates for pipe reaches 
using the Rational Method. Also shown are flow rates obtained by using SCS methods in 
HEC-1 which produce identical individual basin runoffs (rounded to nearest cfs), where actual 
hydrograph routing can be ~ccomplished. It can be seen that hydrograph routing supports the 
above discussion. 

Dynamic Stonn Sewer Design Few systems are designed any more by purely static means: 
that is, estimating peak runoffs for a given reach of a drainage system simply by adding peak 
flows estimated from individual watersheds. However, in order to "simplify" calculations, 
procedures and assumptions are sometimes made less than dynamic. The result is an 
inconsistency in system capacity: some reaches are overdesigned for the design storm; and, 
worse, others are underdesigned. This would apply to both inlets and their laterals and also 
main conveyance facilities. 

Regardless of the hydrologic method used, hydraulic routing should be performed so that, at 
any given point, facilities are being designed for realistic peak flows. If the drainage system 
is a single conveyance element, the job is simple. However, systems are generally more 
.complex, consisting of catch basin inlets, pipes, and overflow channels or streets. Under these 
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Waterefled A 

A= 5.0 AC 

c = 0.80 

Tc = 10 min 

w 

Travel 'l:ime 

i5 4 min. 

TABLE "H-l" 
SCHEMATIC DRAINAGE PlAN 

Waterehed B 

A=5.0AC 

C = O.EXJ 

Tc = 10 min 

X 

Travel 'l:ime 

i5 4 min. 

Waterefled C 

A= 5.0 AC 

c = 0.80 

Tc = 10 min 

y 

TABLE ·H-2· 

Intensities 

I (10 min] = 4.4 in/flr 

I [14 min] = 3.8 in/hr 

I [18 min] = 3.3 in/hr 

z 

FLOW CALCULATION PROCEDURES AND RATES 
(Rates given are cfs) () 

PIPE REACH INCORRECT CORRECT HYDROGRAPH ROUTIN~'- / 
IDENTIFIER PROCEDURE PROCEDURE RESULlS . dllll 

AW .... ~ = QA (10) 18 

= 17.6 

wx .... ~ = QA (10) 18 
.. = 17.6 

BX ~ = QB (14) ~ = Qp (10) 18 

= 15.2 = 17.6 

XV ~ = QA+fl (14) ~ = QA (10) + 33 

= 30.4 QB (14) = 32.8 

CY ~ = Qc (18) ~ = Qc (10) 18 

= 13.2 
.. = 17.6 

yz ~ = QA+8tC (18) ~ = QA (10) + 47 

= 39.6 QB (14) + Qc; (14) 

= 46.0 

NOTE : ~ = TOTAL FLOW IN A REACH OF PIPE 

' QA (10) = RUNOFF FROM WATERSHED A DETERMINED AT A TIME OF 10 MINUTES. 

:: 

! 
'i 
!I 

ll 
i 

I 
! 
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conditions, a detailed but not difficult or lengthy analysis and accounting process must be 
utilized to determine inlet interception capacity for respective flow rates, inlet overflow, and 
pipe/channel flow routing. 

Inlets should be designed to intercept a desired percentage of the design storm peak, be that 
from a single adjacent watershed under a short time of concentration, or from an adjacent 
watershed at a later time with the addition of overflow from upstream inlets. If inlets lead to 
connector pipes or laterals, the laterals should be designed for the same peak flows. 

Double checking to see which condition results in the greatest peak and keeping track of 
flows can be cumbersome. However, if a good chart is used for hand analyses, or, if 
computerized methods are used, the process can be done without undue effort. 

a. Hand Semi-Dynamic Storm Sewer Design It would be hard to justifY performing 
hydrograph routing, combining, and diverting analyses by hand. However, using the 
Rational Method, semi-dynamic results which are acceptable for most projects can be 
obtained. A number of design charts have been prepared through the years by various 
agencies and individuals. However, the principles of semi-dynamic routing and 
procedures contained in this manual have been incorporated into a set of design charts 
prepared by the author, which is presented in Table "H-3a" and "H-3b". At first sight, 
the tables will have a formidable appearance, but, once the worksheets are used, the 
process becomes relatively quick and reasonably simple. Furthermore, the worksheets 
guide the user through most of the checks necessary to ensure that appropriate 
estimated runoff peaks are used to size drainage facilities. However, in many systems, 
abnormalities exist, and the user must be constantly aware of what is going on, and 
should be liberal in use of footnotes, particularly for the benefit of a reviewer.· 

b. Computerized Dynamic Stonn Sewer Design Although the above procedures are 
really not overly tedious, computer methods are less tedious, faster, possibly allow for 
less chance of error, and are capable of hydro graph routing which should increase the 
likelihood of achieving more realistic results. 

Since there are many different programs on the market, they cannot be discussed 
specifically. Consequently, procedures and options will only be discussed in general 
~~ . 

The computer methods will generate hydrographs for the various watersheds 
contributing to the system. These hydrographs may be routed as required for the 
specific project conditions. Inlet interception capacities can generally be entered in 
table form to indicate interception rates over a range of surface flow rates, which will 
include the limits of no flow and the peak flow expected for the design storm. The 
inlet interception then creates its own hydrograph diverted from the surface flow, and 
can be routed and combined with other diverted (intercepted) flows to establish peak 
flows and volumes being conveyed by the primary drainage facility (pipe or channel). 
Unintercepted flow remains on the surface as a hydrograph and is combined and 
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·routed with other surrace hydrographs with diversions due to inlet interception or side t, 
overflows out of the basin as required for the specific project conditions. The end 
results are totally time consistent hydrographs which are based on flow rates 
experienced by the surrace inlets, laterals, channels, and pipes. 

7. Design Aids Several figures are provided as design aids. Figure "H-7" is a nomograph for 
pipes flowing just full or surcharged. Figure "H-8" allows conversion from fuJI to partial pipe 
flow characteristics. When dealing with partial pipe flows, Figures "H-9" and "H-10" may be 
easier to use than Figures "H-7" and "H-8". Figures "H-11" and "H-12" allow detennination 
of critical flow depth and hydraulic radius for circular conduits. For flow in open channels 
other than·circulat, such as rectangular, triangular, trapezoidal, or otherwise, see Appendix 
"I". 

H-16 

Tables "H-3a" and"H-3b" provide comprehensive worksheets for surrace runoff arid stonn 
sewer design, incorporating procedures presented in this manual. 
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Enter Q and D, olrtain V. Start at Turning Line, enter "n", read Sf. 
For partial flow, adjust values using Figure "H-8", or use Figures •H-9" and "H-10" instead of Figures "H-7 and "H-8". 

UNIFORM FLOW FOR PIPES FLOWING FULL 

'[ 
l ,, 

"' :i 
'I 

:! 
,'I 

II 
ii 
·,! 
I 

il 
!I 
if 
\i 

ii 
'j 

il 
'I ll 
II 
i I 
i I 
i-
I 
j 
I 
i 

I 



~ .... 
~ 
E 
~ 

'5 
0 -.s::. 
'5.. 
Q) 

"C 

0 
0 

~ 

MODIFIED FROM FIGURE 4.6 iN MARICOPA COUNlY ADDING INFORMATION (. 

1.0 

Q.9 

0.1 

OJ 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

OBTAINED FROM FHWA HEC-14. "'-

Values of -/- and nn 
•u 1r1 

w u u u u ~ u u u u u u ~ u 

r\ J ~' r-
~ i . V' . ,, n, vari bla mfl, ~t .·/ 1\ 

1\ / 
...... l 

1\ ~ I 
\~ / ~ 1/ 

I 1\~ ~ v . .· I 
1\. 

\'1;..- ~~ / v .· v . 
[\ I'V': v . v / . ~ . 

~[ / 
...... . . v ~~ / 1\. . 

~ \ v ~~ . l~ y ~ / . 
.,. 

'\. . . [/ v ~ / . ./ 

/ . . / / 
v . . / v . . . v v~"'" / . 

1/ . . I ~ 
,. 

J . ~ 
',;" 

l .· I I.L ~v -. 

. I / ~ , . 
~ ~ ...... I ....... 

0 

Hydraulic 8ements ...!.• _g_, ~. and .L 
· Vw Ou Au Ru 

v =Actual velocity of flow, fps 

VAll= Velodtyflov.ingfuU, fps 

q =Actualqu.antityofflow,ds 

Ou =Capacity flowing full, cfs 

A ~ Areaoccupiedbyflow~ 

Au =Area of pipe.~ 

r =Actual hydraulicracfiUs, ft 

R111 = Hydrautic radius of full pipe, ft 

HYDRAULIC ELEMENTS OF CIRCULAR CONDUITS 

~ 

I" 
1\ 

~ 

\. I 

1\_j 
l)\ ~ 

/ ~ 
\~ 
~ 

\ ~ 
\~ 

'"' \ ~ 
' 
\ 
\ 
' 
\ 
~ 

' ~ 

FIGURE ·H·8· 

-
( 

{\ 
)'I 

r 

\ 
l 
l 

I 
1 
I 
l 
I 

·I 
I 

l 
! 
l 
I 
I 

I 
I 
I 



J 

REPRODUCED FROM FIGURE 8-l IN (COLORADO SPRINGS) 

S or Sf 

20 

//// 
0..03 / 

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

\ <I( 
(.J 
{11 

\ Q 

0.01\ ' .. c 
\ .., 

~ 

\ ~ 
::1 

\ ! 
\ 

.... 
"' <!I 

\ a: 
<I( 

\ 
X 
u 
en 

\~ 
~a~ 

\Q.40 
\ 

0.3~ 

0.20 

OJO 

EX.AMP\..E 
GIVEH: S a 0..02 FINO: 4/0• 

O• ZOcfa 4• 
D • 36" (COHCR[TE) 

~SX.!.!II~ 

4/D • 0.30 
4 I 0.30 I 3'• 0.91 

Q 

~ 

Tuning 
Line 

IZ 

D 
12 

1!5 

4/)00 // 
'\ 18 l,DOO // '\ diD 

L/ FUU 1!5 

\. Q90 FlJJW 21 2.1»0 

" 0.70. 
\.0.60 18 2~ 

~·~ 
27 1.000 

20~ 
21 -• 30 -~ ~0.30 24 w c 33 _, 

" ~~ Q 

\. 27 36 ....... 
en .. 

<400 Q 0.20 

' ~0 .. 42 
300c .., 33 

"' i 36 '\. Jl 48 0 < 200 _, Q I c 0.10 of 54 0 042 .... I 

"' FULL/ 60 

" 0.90 Fl!JW 48 c 
< 0.10 66 :: I () 0.60 54 72 Cll 
Q a.~ I 78 • 60 
0 0.40 8~ 

2 I 66 .. ~IJ 
<0.30 72 96 a: 
a 78 IOZ 
....... I 8~ 108 .. 

II~ 0.20 
I 90 120 

I 96 

\ IOZ 

I 108 

\ 114 

10 \ I OJO 
120 

Concrete CMP 

\ I ~ (n=0.024) 

I 
( 12) 

\ 
"\ / Nomo~raph may also be used 

.\ I wHh d ameter, flow depth, and· 
flow rate to obtain frictional 

\ I slope st. 

UNIFORM FLOW FOR PIPES FLOWING PARTIALLY FULL 



u ,/\ 

REPRODUCED FROM FIGURE 8-31N (COLORADO.SPRINGS) 

120 

114 
108 

102 

M 

90 , .. 
78 

n". .. ~ 
. ~" 

\ 

VELOCITY IN PIPE FLOWING PARTIALLY FULL 

OJO 

0..20 

.. 
$0.30 

0.40 

(~ 0.60 
--....:~~01 --=1 

0.90~ 
t.OO 



REPRODUCED FROM FIGURE 8-2 IN (COLORADO SPRINGS) 

IZ 

CRITICAL DEPTH OF FLOW IN CIRCULAR CONDUITS FIGURE ·H-11• 

, I 
if 
'i 
i 
I 

![ 
'i 
il 
d 
ll 
!I 
ii q 
II 
II 
11 

I 
I 
I 

1. 



r 
.2 

.10 

.09 
r.oa 
ko7 
.06 

.05 

REPRODUCED FROM (LINDEBURG) 

r-.2 

.3 

&.4 

.. 
~.5 :§ 

.6 01 

~. ~ 

50 

40 

30 

.01 

1-20 

.8 ~ il > ~ . 

"" 

" c: c: • 
o· f-

.02 g • <>j$1-....- z ~-02 
'-.. ~ 10 i7 !!! 

'-.. " / 0 ~ Q. 9 ;:;:~ 
Q) ""' , ... 

41 "8 u. .E .// ~ ~~.03 

F-.04 

w .01 ./ ·- 7 0 

... .(J(J9 > 0 .ll08 . ./ 1- H 

...J 00 / -
V>.7 .. ./ ' 0 .006 ~,..... ' 91-5 

(I) 
(/) 

~E-.04 
:r: 
C) 

:Jt:-.os 

.ll05 a/ 't". ~ • ~ <:P' ,.,.,. r• 

.DQ4~ "'-~ ~ "1-a 
" I 

I 

.002 

.001 
.0009 
.0008 

i.,OOQ7 

.0006 

.0005 

.0004 

~6 

~7 

f-

8 

9 
10 

L-,0003 L20 

I-

1-2 

1-

1.0 
.9 
.8 

.7 

.6 

.5 

0 
a: 

.. 06 

.07 

.08 . 

.09 

.10 

.2 

.3 

.4 

Enter S and n, then V to R 

HYDRAULIC RADIUS OF FlOW IN·. CIRCULAR CONDUITS FIGURE ·H-12• 

TT '-'" 

\ 

'-

{(-.) 
\ .. ~ 
~· 

f 

l 
! 
J 

i 

l 
l 

:j 

'l ,, 

!I 
l 
l 
t 

I 
t 

! 
i 

I 
I 
I·· I 



·y 

m 
~ 

I 
NOTE: This worksheet pertains only to surface hydro 1his worksheel would only be used for the 2-year storm condition. 

However, under some conditions, there may 

{1)Provklenameofbasinorsubbasintobeanalyzed. 
{2,3) Identify limits of the watershed basin or subbasin, as applicable. T. e 

the top of a watershed to the uppermost set of inlets, from below a set ( 
manhole to another set, or even haHstreet flow or some other designa 24. 

(4)-(S)Usi~ Table "B-2" Reference "B-2"instep4,andenterthe value !8. 
column of able "B-2" into step 8, skipping steps 5-7. 

{4)-{8)WJthoutUsingTable"B-2"Describeeachlandusetypeonasm 
required arid enter the corresponding "c" value from Table"B-1" on pa 
acresofthelanduse;andtheincrementaladditionof"c"timestheare 
incremental "CNvalues in step 7 forthe basin or subbasin described' ,FOR 
enterthetotalinst~S. 

(9)-{25) Using Table E-3". "E-4". or"E-5" Referenceinstep9theappli! tream 
"E-4", or"E-5"thatis used to calculate the basin time of concentration: 150. the 
time for upstream runoff to flowthroughthe reach or basin (Tr). Skips 
enterTcanciTrinsteps24and25, respectively. · Table 

(9).(25)W!IhoutUsingTable"E-3". "E-4".or"E-5"Selectamethodo!e 
flow time. Options are the TR-55, HEC-12, and FMmethods (SeeAp 
Provide asurfacedescription and overland flow resistance factor"N" 

. from Table"E-f"forthe TA-55&HEC-12methods. !fusing the FAA m 
a surface description and runoff coefficients "C" from Table • A-1" (or s fer it is 

a single, double, or triple length inlet. 
(37) Enterthe intercepted runoff (QQ as the lesser of step 32and1he value obtained 

from Figure "G-7' (on-grade) or Table "G-1" (sag), as applcable. Note that ~ure 
"G-7' assumes "standard conditions•- if notappficable, the inlet capacity will have b 
becalculated(seeAppendix"Gj. 

(38) The summation of intercepted runoffroi along thestoon sewer system is general 
equalto (Qi +upstream l:O). However, if Ot =Qc, begin a new summation, i.e., l:Cii = 
Notethatl:Oiisnotnecessari~thepeakpipetlow,butisusedwithOttodeterrnineQ: 
or the flow remaining on the surface that must be intercepted. 

(39) Use this step only ff this is the lower end of a lateral or blanch &newhere hwiA enter 
the man sewerline. Note that where haff-street Howsare analyzed separately, one si1 
couk:l be consklered an inlet and connector, and the otherskle a "lateral line", becaus 
htalls In a lateral subbasin analysis. The additional equivalent CA("c" value times 
acreage) that wll enter the main sewer system isL.ATCA=Oilia (step37/step29), or, 
ifQiisattheuppermostilletinasystem,thenL.ATCA=Oillc(step37/step2n. 

(40)ByuseofanidentHierorfootnote,onemayrecordinformationastowhichMH!he 
•argoesto,orwhk:hinletthatllowbyQs.Qigoesto,oranyotherilformationhelpfult 
thedesgner and reviewer . 

SURFACE DRAINAGE AREA ULATIONS INLET CONDITIONS INLET INFLOW 

LOCATION "C". VALUE 1 To 
._~~~~-+~~~~ TOTAl~ 

BASIN FROM TO LAND "C" AREA INCR !ADD' Qa Qt 

I.D. PT. PT. USE VALUE (AC) CA CA jn/hr) (cfs) 

(1) (2) (3) (4) (5) (6) (7) (8) tf3()) (31) 

Project:----------.....;..; 
Page_-·-of_ Ref. Table "H-3b" sr 

Qs 

(Cfs) 

(32) 

Sag Grate Sgl, 

Street pr orr or pbl o 

Slope gradef::omt: Tpl. 

~) ? ? ? 
(33) (34) (35) (36) 

Qj 

(cfs) 

(37) 

~I 

(cfs) 

{38) 

FO 

LAT. NC 

CA ? 
(39) (41 
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l 
. not required if the outtet is unsubmerged; or if the outlet is submergec 

NOTE: ThiS worksheet pertains to storm sewers o 
.calculations are required only to the poi sewertinesfrom thetoptooutfallofthesy$tem, begin with step 73atthe outfallanc 

{41)· {43) ldentifythesewerfinenumber or watershed basinwhict eH). and upon the chart (upstream il1he system). 
reach of sewerline to be analyzed. Start at the upper endofthe 5j 2 · a&c {73) Beginni"tg at the outfall, enterthe higher of the tailwater or step 59 d.,IO partial! 
generallymoreconvenienttoanalyzethemainstonnsewerline elevationattheendorbrinkolthepipe.UpstreampipeoutletHGLelevationsare 
pickingupsidernainsintheprocess andthenpobackandanat · sameasthedownstreamMHpipeinletHGLelevationsinstep74. 
the main sewerline. Note that the upper endpoint of a sewerline (7 4) The_ elevation of the OOL {Eltn) in the MH at the pipe inlet is determined as fo' 
watershedthatcontrlbutesto it. For example, a drainagesubba ~ (See Ftgure "H-5"): · 
MH8contributestothestormseweratMI-I8(oritslaterals) and ) : lld.,IO>O.BO,InletEL,.q ·OrtletEL.oo. +Hf+He+Hc+Hm(Steps73+61 +63+ 
sewooine is either the mainfine between MH8and MH 7 or an in lld.,IO:S O.BOand outlet IS unsubmerged, 
transferring informationfromtable"H-3a"tothistable, this mus Inlet Elm ,.fnlet E4o,. + Hm (Steps 72 + 70) 

{ 44) lithe pipe reach or segment is a mainline or lateral branch 6~ If d.,IO :S 0.00, and outklt IS submerged, use higher of: 
connector pipe to a catch basin inlet, do this stepandskipsteps OJtletEL +HI+ He+ He+ Hm (Steps 73 +61 +63 + 70);or 
designflowinterceptedbyinlets,andtheinletconnectorplpem lnfe!E4n + Hm(Steps 72+ 70) · 
tlow.lhevalueOiistakenfromstep37onTable"H-3a". 

1
sevalues (75)Entertheelevationof1hemanholerim,inletgrate,orstormsewersurfaceOJ)( 

(45)1dentifythelateralbranch6ne,whichcouldalsobeasinglelrt theupperendofthepipereach.Thisvaluemustbeatleast1.0footbelowtheste 
from a branch subbasin. j value.ll not. eltherthestorrn sewer must be ~ned to lowerthe HGL,orthe 

(46) The time independent"CA"thatenters the rnainsewer&ne iSl opening must be raised. Note also that if step 75mrnus step 74 is close to 1.0foo 
Table "H·3a". manholes orjuncOOns, that the system wilt likely be inadequate if catch basin i1k 

(47) The peakdesgn flowthatthemain sewerline will convey Is~ . connectedatthatpoilt. 
pipeline. TheTa is provided instep 26of Table "H-3a" Be sure 'ions by (76) Provide comment or is! footnotes that may assistthedesignerand revieweri 
tine;thatisthe"ToPoint"inStep3ofTable"H·3a"shoUidcorr~ rll folbwingtheanalysis. 
Inlet" in step 42 on this table. -..lateral 

(48) Using the Table "A·1"inAppendix "A," obtain the intensity Ia · 

LOCATION 

From To 

MHor MHor 

UNE Inlet Inlet 

NO. No. No. 

~s-------------------.--------------------ELEVATIONS 
DESIGN FL< 

Conn. LATERAL UNE I SSES 
PARTIAL 

E4Gt_ @ 

PIPE 

Hm I:Xl-%~ INLET 

Ql LAT. LAT. To C8 K (ft) (ft) (ft) 

(cfs) I.D. CA (min) .(68) (69) 00) 01) 02) 

E4Gt_ @ 

PIPE 

OUTLET 
(ft) 

03) 

E~ln MH RIM 
MH or or 

Jl.Octlon INLET 

@PIPE GRATE 
INLET (ft) (ft) 

04) 05) 
(41) (42) (43) <44> <4S> <46> <4n lr-'-t--'--+,;._;.;.--r---=-t-~-+___;~-1--~~4-~~ 
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NOTE: This worksheet pertains only to surface . 
However, under some conditions, thenlly. this worksheet would only be used for the 2-year storm condition . 

(1) Prov~ ~~of basin orsubbasinto be analyzed. 
(2,3) Identify limits of the watershed basin or subbasin, as~l a single, double, or triple length inlet. . 
thetopofawatershedtotheuppennostsetofinlets, from ~or the {37) Enter the intercepted runoff (01) asthe Jesser of step 32and thevalueobtar 
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APPENDIX "I" 
CHANNEL FLOW 

A. BASIC CONCEPTS OF OPEN CHANNEL FLOW 
Open channel flow is complex and not easily described in a short appendix. Entire books have 
been devoted to the subject of open channel flow. What is provided herein is a brief review 
of definitions, flow types, parameters, and procedures. For additional information, refer to 
other sources such as FHWA's HEC-15, HDS-3, and HDS-4; and also to books on open 
channel flow. 

1. Definition of Open Channel Flow Flow that is conveyed in such a manner t~at the 
top surface is bounded by the atmosphere is open channel flow. This occurs in natural 
channels, and also in artificial covered and uncovered conveyance facilities, such as 
canals, ditches, drainage channels, culverts, and pipes under partially full flow 
conditions. 

2. Hydraulic Flow Types Open channel flow is classified as follows: (1) unifonn or 
nonuniform flow; (2) steady or unsteady flow; and (3) subcritical or supercritical flow. 
In uniform flow, the depth and discharge remain constant along the channel. In steady 
flow, no change in discharge occurs over time. Most natural flows are unsteady and 
are described by ru~off hydro graphs. It can be assumed in most cases that the flow 
will vary gradually and can be described as steady, unifonn flow for short periods of 
time. Subcritical flow is distinguished from supercritical flow by a dimensionless 
number called the Froude number (Fr), which is defined as the ratio of inertial forces 
to gravitational forces in the system. Subcritical flow (Fr < 1.0) is characterized as 
tranquil and has deeper, slower velocity flow. Supercritical flow (Fr > 1.0} is 
characterized as rapid and has shallower, higher velocity flow. 

For design purposes, uniform flow conditions are usually assumed with the energy 
slope approximately equal to average bed slope. This allows the flow conditions to 
be defined by a unifonn flow equation such as Manning's equation. Supercritical flow 
creates surface waves that may approach the depth of flow. For very steep channel 
gradients, the flow may splash and surge in a violent manner and special 
considerations for freeboard are required. 

3. Parameters and Tenns Used in Open Channd Flow Analyses Several tenns and 
parameters are used and must be understood when analyzing open channel flow. 
These are described below. 

.a. 
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Area (A) The area always means the cross-sectional area of the flow, and is 
measured perpendicular to the direction of flow. 
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b. Wetted Perimeter (Pw) The wetted perimeter is the portion of the perimeter 
of a flow conveyance facility that is in contact with the flowing liquid. 

c. Hydraulic Radius (Rh) The hydraulic radius is the cross-sectional area of 
How divided by the wetted perimeter, orRh =NPw. 

d. Depth (d) If not specified otherwise, depth of How refers to the maximum 
depth of water in the cross section. 

e. Surface Spread CD The surface spread is the width at the top of the flow, 
measured perpendicular to the flow direction. 

f. Hydraulic Depth ffih) The hydraulic depth is the ratio of area in flow to the 
width of the channel at the fluid surface, or Db= Aft. 

g. Slope (S) Slope may refer to the channel bed, the hydraulic grade line, or 
energy grade line. 

h. Hydraulic Grade Line (BGL) In an open channel, the hydraulic grade line 
is the profile of the free water surface. 

i. 

j. 

k. 

1. 

m. 

n. 

o. 

Hydraulic Gradient (Jig) The slope of the hydraulic grade line is the 
hydraulic gradient. 

Energy Grade Line (EGL) The grade line of the water surface profile plus 
the velocity head, or the specific energy line. · 

Critical Flow This refers to flow at critical depth or velocity, where the 
specific energy is a minimum for a given discharge. Critical flow is very 
unstable. 

Critical Depth (de) This refers to the depth of flow under critical flow 
conditions. 

Critical Velocity This refers to the velocity of flow under critical flow 
conditions. 

Critical Slope This refers to the slope which, for a given cross-section and 
flow rate, results in critical flow. 

Froude Number (Fr) This is a dimensionless number, equal to the ratio of 
the velocity of flow to the velocity of very small gravity waves, the latter 
being equal to the square root of the product of the acceleration of gravity and 
the flow depth, or 
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When: Fr < 1.0, flow is subcritical; 
Fr = I. 0, flow is critical; and 
Fr > 1.0, flow is supercritical. 

p. Nonnal Depth When the flow depth is constant along a channel reach; that 
is, when neither the flow depth nor velocity is changing, the depth is said to 
be nonnal. · 

q. Uniform F]ow Unifonn flow occurs when flow has a constant water area, 
depth, discharge, and average velocity through a reach of channel. 

B. DESIGN PROCEDURES 

1. Superelevation The centrifugal force caused by flow around a curve results in a rise 
in the water surface on the outside embankment and a potential depression of the 
surface along the inside embankment. This phenomenon is called superelevation. In 
addition, curved channels tend to create secondary flows (helicoidal motion) that may 
persist for many channel widths downstream. The shifting of the maximum velocity 
from the channel center line may possibly cause a disturbing influence downstream. 
The latter two phenomena could lead to serious local scour and deposition or poor 
performance of a downstream structure. There may also be a tendency toward 
separation near the inner wall, especially for very sharp. bends. Because of the 
complicated nature of curvilinear flow, the amount of channel alignment curvature 
should be kept to a minimum as discussed in Subsection 3 that follows. 

In tranquil flow channels, superelevation is usually small for the channel size. In rapid 
· flow channels, the main problem is standing waves generated in simple curves. These 
waves not only affect the curved flow region but exist over long distances 
downstream. The total rise in water surface for rapid flow has been found 
experimentally to be about twice that for tranquil flow. 

Generally, the most economical design for rapid flow in a curved channel results when 
wave effects are reduced as much as practical and embankment heights are kept to a 
minimum. Channel design for rapid flow usually involves low rates of channel 
curvature, the use of spiral transitions with circular curves, and consideration of invert 
banking. 

The equation for the transverse water-surface slope around. a curve can be obtained 
by balancing outward centrifugal and gravitational forces. The superelevation 
equation commonly used is 
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lid= ~:T 

where: 

l1 d = rise in water surface between a theoretical level water surface at the 
center line and outside water-surface elevation (superelevation), ft; 

C = coefficient (see Table "I-1 "); ' 
V = mean channel velocity, fps; 
T = surface spread, or the channel width at the water surface elevation, ft; 
g = acceleration of gravity (assume 32.2 ftls2

); and 
Rc = radius of channel center-line curvature, ft. 

TABLE "1·1" 
SUPERELEVATION COEFFICIENTS 

Flow Froude Channel Type of Value 
Type Number Cross Section Curve ofC 

Tranquil Fr ~ 0.86 . Rectangular Simple circular 0.6 

Tranquil Fr ~ 0.86 Trapezoidal Simple circular 0.5 

Rapid Fr ~ 0.86 Rectangular Simple circular 1.0 

Rapid Fr ~ 0.86, Trapezoidal Simple circular 1.0 

Rapid Fr ~ 0.86 Rectangular Spiral transitions 0.5 

Rapid Fr ~ 0.86 Trapezoidal Spiral transitions 1.0 

Rapid . Fr ~ 0.86 Rectangular Spiral with 0.5 
bottom banked 

This is a reproduction of information found in (ACOE 1970). 

Freeboard Freeboard above 1 00-year runoff levels to finish floors is specified in 
Section I-A-3-b on page I-2. In addition, channel embankments shall have freeboard 
if they are higher than the surrounding terrain. The raised embankment freeboard 
requirement is presented in Table "1-2". 
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TABLE "1-2" 
RAISED EMBANKMENT FREEBOARD REQUIREMENTS 

Flow Froude Freeboard Minimum 
Regime Number Equation(1) Freeboard(2) 

Tr<;~nquil Fr ~ 0.86 0.15(d+~)+~d 1.0' (2) 

Near Critical Fr ~ 0.86 0.15 (d + ~) + ~d 2.0' (2) 
or Supercritical 

where: d = depth of flow, ft; 
~d = increase in height due to superelevation, ft; 
v = average velocity of flow, fps; and 
g = acceleration of gravity (assume value of 32.2 fUs2

). 

(1) Superelevation calculations are only required for bends where the 
channel centerline radius (Rc) is :s: 10T, where ''T'' is the top 
surface width of flow. 

(2) For slopes greater than 10%, wave height usually reaches twice 
the mean flow depth. Freeboard shall be provided accordingly. 

3. Channel Curyature The maximum centerline cwvature of a channel shall be limited 
as shown in Table "1-3". 
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TABLE "1-3" 
MAXIMUM CENTERLINE CURVATURE Rc 

Flow Regime Froude Number Radius Equation 

Tranquil Fr ~ 0.86 Rc~3T \ 

Near critical Rc ~ 4~T = 0.12~T 
to supercritical Fr > 0.86 gd d 

where: Rc = channel centerline radius, ft; 
T = surface width of water, ft; 
v = average flow velocity, fps; 
g = acceleration of gravity (assume 32.2 fUs2

}; and 
d = average depth of flow, ft. 

Note: If Rc ~ 1 0%, the channel may be considered straight. 

4. Transitions Where an abrupt channel cross-section change occurs, special design 1F\ 
considerations must be given to prevent an increase in the flow depth from back water . J 
effects, excessive velocities, hydraulic jumps, or other disturbances. Flow may remain 
subcritical or supercritical, change from subcritical to supercritical, or experience 
hydraulic jump in changing from supercritical to subcritical. If either of the channel 
flows are near critical depth, special care should be taken to prevent a change to the 
opposite type of flow that could result in channel overbanking or excessive erosion. 

For proper transition design, one must calculate critical and normal depth for each 
section at the peak design flow rate (see Figures "1-5" and "1-6"). This will indicate 
if flows are critical or subcritical. Use normal depth for the design depth (see Figure 
"1-1"). 

For channel constrictions, the water surface level downstream must be set below the 
upstream water surface level by at least as much as the drop due to increased velocity 
head and fractional losses, or ad as shown on Figure "1-1". 

Once the transition design is completed for peak design flow rate, the analysis should 
be repeated at a lower flow to ensure suitability of design at lower flows. Flow 
transitions must be complete before exiting a site onto property owned by others. 

There may be other conditions superimposed on the transition reach that may affect 
the final design. Transition deigns shown in Figure "1-1" are for the simplest cases Q 
with all other features held constant. Conditions may vary so that additional 
requirements may be called for in the transition design. 
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5. Drop Structures Rock drop structures and other channel flow eriergy dissipation and 
grade control structures shall be designed in accordance with engineering practices. 
Excellent resources are the UD & FCD and Maricopa County drainage manuals. 
Figure "1-2" provides guidance on. the application of various types of facilities that 
may aid in selecting a type of drop structure prior to researching d~sign procedures. 

6. Permissible Velocities To mitigate erosion, flow velocities shall not exceed that 
allowed for liners per procedures presented in Appendix "J", nor the velocities shown 
below in Table "1-4". 

7. Channel Liners There are many types of liners that may be used for channels. 
Appendix "J" presents design procedures for all types of flexible liners for flows less 
than 50 cfs, and for larger flows with use of riprap. 

TABLE "1-4" 
ALLOWABLE CHANNEL FLOW VELOCITIES 

Channel Cover* Maximum Velocity 

Erosion Easily 
Resistant Eroded 

Soil Soil 

a) Bare soil 4 2.5 

b) Buffalo Grass, Bluegrass, Smooth 7 5 
Brome, Blue Grama Native Grass Mix 

c) Lespedeza, Lovegrass, Kudzu, Alfalfa, 4.5 3 
Cr~bgrass 

*Assuming a good stand of grass 

Source: UD & FCD 

C. DESIGN AIDS An assortment ofnomographs, graphs, and chart are provided which may assist 
in the hydraulic design of open channels. These comprise Figure "1-3" through Figure "1-9". 
Worksheets for channel design are provided in Appendix "J" - Flexible Lining Erosion 
Protection". Table "1-5" provides a matrix of design charts that can be used in channel design. 
They do not account for transitions, however. These must be addressed separately. 
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Slope 

0-2% 

2%-10% 

10%-20% 
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. TABLE "1-5" 
CHANNEL DESIGN WORKSHEET MATRIX 

Q s: 50 cfs Q >50 cfs 

Method: HEC-15 Method: HE~11 
Reference: Appendix "J", Reference: Appendix "J", 

Section II-A Section 111-A 
Worksheet: Table "J-2" Worksheet: Table "J-7" 
UnerTypes: Bare soil; straw UnerType: Riprap 

net, jute, and other 
temporary liners; 
and riprap. 

Method: HEC-15 Method: HEC-11, CSU/Abt, 
Reference: Appendix "J", ACOE 

Section II-A Reference: Appendix "J", 
Worksheet: Table "J-2" Sections 111-A, 
Uner Types: Bare soil; straw 111-B-1 ; & 111-B-2 

net, jute, and other Worksheet ·Table "J-7" 
temporary liners; (HEC-11); Table 
and riprap. "J-9" (CSU/Abt & 

ACOE) 
UnerType: Riprap 

Method: HEC-15 M~thod: CSU/Abt 
Reference: Appendix "J", ACOE (1) 

Section 11-B Reference: Appendix "J", 
Worksheet: Table "J-5" Sections 111-B-1 & 
UnerType: Riprap 111-B-2 

Worksheet: Table "J-4" 
UnerType: Riprap 
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CHANNEL WIDENING CHANNEL CONSTRICTION 

T2 - r, r2 - r, 
2 ////// 

'\ " " " " ' 
-2-

/ / / /1/ ~~ T-4 ~~ -~-" " " " 
r, V1 ~ T3 v2 

T2 T2 
v2 v, r, ~ ~ ~ ~ 

/ / / / / / '" " "'" 
Lt 
r///// ' " ' " " l 

Lt , 

PlAN VIEW PLAN VIEW 

&J.=-1 
\7 

\7 r-&l 
1' 1' iJ' ~ - 1' iJ'\ Y, &1112 v2 
d~ ~ v2 ~ v1 

~ anz ~ allj 
~ ..:i -
////// 

/ / / / / 
\1 

" " " ' ' " " " " " ' ' " 
PROFILE PROFILE 

. .... , 
"' 

Ad = 0.8 (V, ;gv2t - FRICTION LOSS Ad= 
(V: v: )2 . 

1.1 
1 ~ 2 

+ FRICTION LOSS 

0 = tan"
1
(V(:3.375Fr)J (Pima County) 9 = tan"1[1/(:3.375Fr)] (Pima County) 

tan 9 = 1/:3.375Fr tan 8 = 1m.375Fr 

Lt = 0.5[T2 - TJ!tan 9 = 1.69Fr[T2 -TJ 
Lt = 0.5(T2 - T1)/tan 8 = 1.69Fr[T2 - TJ (From ~01ed to impr01ed channel) 

Lt = 6.65F -4- 0.7faJ (From natural or impr01ea to improved channel) 
(From improved to natural channel- Pima County) 

CAUTION: If Fr ~ 0.51, use e ~ wa or set Fr = 0.51 in the Lt equation unle55 it can be 
demonstrated that .6d ~ 0.1 foot, llV ~ 1 fp5, and V change5 by les5 than 10 'Yo. 

TERMS 

V1 = Velocity in narTOW channel, ft · &I= Olange in flow dr!, ft 
V 2 = Velocity in wide channel, ft Lt = Length of channe transition, ft 
Tj = Surface width of naiTOW channel, ft 9 = Transition. angle, degret:5 
T2 = Surface widU1 of wide channel, ft g = Acceleration of gravity (a55ume at :322 fp5) . 
T3 =One-half of Ule up5tream channel water surface, ft Fr = Frouele number (Uee upstream Froude in the5e et{Uatione) 
T-4 =One-half of the downstream channel water surface, ft 

TRANSITIONS BETWEEN TWO OPEN CHANNELS FIGURE ·1-1• 

'· 

i 
I 
i 
I 
! 
I 

:I 
'I 
'l 
:j ., 

:I 
i 
' ' i 
l 

I 
I 
I 

'' 



REPRODUCED FROM UD & FCD, FIGURE 2-1 

CbaDDeiBed 
QaraC1trisfics 

Saldy . 
Consideretions 

Appropriate 
~ml! Dc,irm 
(~ill order 
olprderucc) 

t; 
li 
I! 

E
~dl 

~2Ft..----------------------~ $00-~ dl ----~ 

~~.ooo m-------1 

I~ 
lfi 

Nol~dl 

~ 3 Fl.-~- Ia area lil.ely 1o bYe - L 500-~,000 dl ----~ 
~publicuu,e? 

Ya-- 0-~,000cfJ --------4 ~~ 
'BCD 
losa ._ >3Fl- VmlcaJdropl --------------------i 

DOC aa:qUblc 

~2Fl--------------------------------------~ "VHB 

I~ 

No-----------1 
Yes ---11- 3 FL---11 area. likely 1o 1ww --1 

!Up p\lblic: \15afC1 I I~ 
•BCD Ya------------------~ loss 

•BCD - >3 Fl.- Vertic:aJdropl----------------i }ass DOC aazpcablc 

WHERE: 
VRR : VERTICAL RIPRAP BASIN 
VHB :·VERTICAL HARD BASIN DROPS 

·· GSB : GROUTED SLOPING BOULDER DROPS 
BCD : BAFFLE CHUTE DROPS 

DROP STRUCTURE SELECTION CHART 

() 
-.... _~ -~---' . 

~ 



· .. t .. REPRODUCED FROM FHWA HEC-15, CHART 3 

''"(} ~/ NOTE: Proj~ horizontally fnltft Z a 0 &eelt 

to obtain voluec for 2 a I to 6 

t-- B ---1 
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20 
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GIVEN: FINO: 

,S•O.OI d 

/ o= 10 F,-3/s 
n• 0.03 

B•~ FT 
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(FT} 

40 

30 

20 
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SOWTION: 

On•0.3 

d/B=OJ4 

d 
0 8 
II 

N N ~CO 

0.02 

... I--
I-- 0.03 

~ I-- 0.04 

d •0.14(4)•0.56 FT 

TRAPEZOIDAL CHANNEL UNIFORM FLOW NOMOGRAPH FIGURE 1-3 
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REPRODUCED FROM UD & FCD, FIGURE 2-1 
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NORMAL DEPTH FOR UNIFORM FLOW GRAPH FIGURE ·1-s· 



REPRODUCED FROM UD & FCD, FIGURE 2-2 
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REPRODUCED FROM FHWA HEC-14, TABLE 111-2 

d • ckplh otll.,... (ft) 0 • O.o.d'>¥ .. on cuboc fHI pet MCOftCI by .....,,.,,..., IO<mvla 

0 • c»nw1•• of P.Pf (ft) .. . t.4nnt,..'t .,_ffoco.,.l 
A • a<N of llow CW> s • ol- of - chennel bollom end of the _,., ourfac~~ 
At. • hydr..,loc tadout (ft) CfVft) 

::<:=:;:;:::;:;::<:::=::::] :·:·:·:·:·:·:·:·=·=·=·:·:·:·:·:·:·:·:·· 

A .5I. On On ·lllll'~[;!.·j:.::l~l=,l:f A .& On On 

~ 0 o8'3s1/2 ,jJIJs1/'J o'J 0 o8'Js112 .,SIJs112 

0.0013 0.0066 0.00007 15..1M 

I!~~ 
0.2531 0.239 1M2 

0.0037 0.0132 o.ooo:u 10.57 0.2562 0.247 1.415 
0.0069 0.0197 0.00074 8.56 0.2592 0.255 1.388 
0.0105 0.0262 0.00138 7.38 0.2621 . 0.263 1.362 

0.0147 0.0325 o.oom 6.55 0.2649 0.271 1.336 
0.0192 0.0389 0.00328 5.85 0.2676 0.279 1.311 
0.0242 0.0451 0.()()455 5.47 0.2700 0.287 1.286 
0.0294 0.0513 0.00604 5.()9 0.2728 0.295 1..262 
0.0350 0.0575 0.00775 4.76 0.2753 0.303 1.238 

0.0409 0.0635 0.()0967 4.49 0.2776 0.311 1.215 
o.ouo 0.0695 0.01181 4.25 0.2799 0.319 1.192 
O.OSJ4 0.0755 0.01417 4..1M 0.2821 0.327 1.170 
0.0600 0.0813 0.01674• 3.86 0.2842 0.335 1.148 
0.0668 0.0871 0.01952 3.69 0.2862 0.343 1.126 

0.0739 0.0929 O.G225 3.54 

·~~ 
0.2882 0.350 1.105 

0.0811 0.0985 0.0257 3.41 0.2900 0.358 1.o&4 
0.0885 0.1042 0.0291 3.28 0.2917 0.366 1.o64 
0.0961 0.1097 O.o327 3.17 0.2933 0.373 1.()44 
0.1039 0.1152 0.0365 3.06 0.2948 0.380 1.024 

0.1118 0.1206 0.0406 2.96 0.2962 0.388 1.00.C 
0.1199 0.1259 0.0448 2.87 0.2975 0.395 0.985 
0.1281 0.1312 0.0492 2.?9 0.2987 0.402 0966 
0.1365 0.1~ 00537 2.71 0.2998 0.409 0.9C7 
01~9 0.1416 0.0585 2.63 0.3008 0.416 0.928 

0.1466 0.0634 2.56 0.3017 0.422 0.910 
0.1516 0.0686 2.49 0.3024 0.429 0.891 
0.1566 0.0739 2.42 0.3031 0.435 0.873 
0.1614 0.0793 2.36 0.3036 0.~1 0.856 
0.1662 O.o&49 2.30 0.3039 0.~7 0.838 

01709 0.0907 2.25 0.3042 0.453 0.821 
0.1756 0.1)966 2.20 03)43 0.458 0.804 
0.1802 0.1027 2.14 0.3043 0.463 0.787 
0.1847 0.1089 2.09 0.3041 0.468 0.770 
0.1891 0.1153 205 0.3038 0.473 0.753 

0.193$ 0.1218 2.00 0.3033 0.477 0.736 
0.1978 0.1284 1.958 0.3026 0.481 0.720 
0.2020 0.1351 1.915 0.3018 0.485 0.703 
0.2062 0.1420 1.875 0.3007 0.488 0.687 
0.2102 0.1490 1.835 0..2995 0.491 0.670 

0.2142 0.1561 1.797 0.2980 0.494 0.664 
0.2182 0.1633 1.760 0.2963 0.496 0.637 
0.2220 0.1705 1.724 0~ 0.497 0.621 
0.2258 0.1779 1.689" 0.2921 0.498 0.604 
0.2295 0.1854 1.665 0.2895 0.498 0.588 

0.2331 0.1929 1.622 0.2,.865 0.498 0.571 
0.2366 0.201 1.590 0.2829 0.496 0.553 
0.2401 0.208 1.559 0.2787 0.494 0.53$ 
0.2435 0.216 1.530 0.2735 OA89 0.617 
0.2~ 0.224 1.500 0.2666 0.483 0.496 

0.2500 0.232 1.471 0.2500 0.463 0.463 

CIRCULAR CONDUIT UNIFORM FLOW TABLE FIGURE ·a-1· 
T 1 C 



REPRODUCED FROM FHWA HEC-14, TABLE 111-1 
\_ 

cl/bl I Valuca of 
Qn Kt ·--~, :-'2f._ 

11atJ 5 a12 
z ._:..-b---1 z 

z•O z• 1/4. J. 1/2 J •l/4 z• I J. 1·1/4 z. 1-1/2 l. l·l/4 z•2 z•J 

#1 .00213 .00215 .00211 .oo217 .00211 .()()211 .oo220 .oo220 .00221 .00223 
.o3 ~14 ..()0411 ..()0423 .00426 .00421 ..()0431 .()0433 ..0()434 .oo437 J)()443 
.()4 Al0661 .0()670 .o067t ..oo685 .D0680 ..ooeee .00700 .00704 .00707 .00722 

.OS ~7 .()0964 ..()()980 .00991 .0100 .0101 .0102 .0103 .0103 .0106 

.o6 ..0127 ..0130 .0132 .0134 .0136 .0137 ..0138 . .01410 .01411 .01415 
JJ7 JJ162 JJ16a JJ170 JJ173 JJ176 JJ177 JJ180 .0182 .0183 .0190 
.oe .0200 .0206 .0211 ..021fi .()211 .on2 .om .om .0231 .02410 
..oe .0240 .0241 .0258 .D2I2 .o:tl7 .0271 .0275 .0271 .D282 .0296 

.10 .D283 .0294 .0305 ..D311 .,0318 .,0324 .0321 .Q334 .0339 ..D3S8 

.11 ..D329 -0342 .0354 ;.Q:J&4 .()373 ..D380 .o387 ~ .0400 .0424 

.12 .o378 .0333 -0408 -0420 .,0.&31 .,0.&41 .0450 AM 58 -0466 -0497 
.13 -0425 

I 
..04<16 1)464 .,04180 ..o.&93 .o505 .OS16 ..OS27 .D537 .OS75 

.14 .0471 

' 
..OS01 .os24 .,05412 ..D659 ..OS73 .,0587 .egg .0612 .0659 

.15 .OS28 ·I .OSSI .o585 .0608 .()628 .o&45 .0662 .0677 ..06192 .07419 

·" .o582 .0618 .o550 .o676 ..D699 .0720 .0740 ..0759 .0776 ..()645 

\(-) •• 7 .D638 -0680 .0717 .0748 .0775 .CI800 .()823 . .Q84fi .D867 .()947 
.11 .()695 .:1744 

~ 
.()822 .os54l .o883 .ottO ..OS36 .o961 .105 .: 

\ ~.---· :i .18 .0753 .Q80SI .D900 .D936 JJ970 .100 .103 .106 .117 .. 
;J 
'l 

.20 .()813 .()875 ..ot32 .D979 .102 .101 .110 .113 .116 .129 :i 

.21 .()873 ..o944l .101 .106 .111 .111 .120 .123 .127 .142 d 

.22 .o935 .101 .101 .115 .120 .125 .130 .134 .1:& .1ss· il 

.23 .otll7 .108 :u1 .124 .130 .135 .141 .148 .151 .169 p .,. .106 .111 .125 .133 .139 .1441 .152 .117 .163 .1&4 l . 
.25 .113 .1,. .133 .142 .1150 .157 .113 .170 .176 .199 ! 

.26 ·"' .131 .142 ·.1&2 .160 .168 .175 .182 .189 .215 I .27 .128 .1:& .161 .1&2 .171 .180 .188 .185 .203 .232 I 

.21 .133 .147 .180 .172 .182 .112 .201 .201 .217 .249 I 

.28 .131 .1&6 .170 .182 .193 .204 • .214 .223 .232 .267 I 

.30 .148 .113 .178 .113 .205 .217 .227 .238 .248 .286 l .:u .153 .172 .18SI .204 .217 .230 .242 .2S3 .264 .306 

.32 .110 .180 .1M .215 .230 .243 .256 .268 .281 .327 

.33 .117 .119 .201 .227 .243 .257 .271 .285 .298 .348 

.34 .174 .118 .218 .238 .2M .272 .217 .301 .315 .369 
··-

.315 ·'" .207 .230 .251 .270 .287 ,303 .:na .334 .382 

.31 .180 .211 .241 .213 .283 .302 .311 .336 .353 . .416 

.37 ;116 .226 .251 .271 .287 .317 . .331 .3541 .372 .440 

.38 .203 .234 .263 .281 . .311 .333 .354 .373 .312 .&&& 

.31 .210 .244 .274 .301 ~ .348 .371 .392 .412 .491 

AO .211 .254 .2M .314 .341 .361 .. .412 A33 .518 
.41 .225 .263 .287 .321 .357 .313 .408 .432 .455 .&45 
A2 .233 .271 .310 .342 .373 A01 .427 .453 .471 .574 

. A3 .,., .282 .321 .351 ~ .411 .447 .474 .501 AI04 
A4 .24t .2t2 .334 .371 A05 .437 M7 .41N1 .124 .134 

L_ 
1For fl/tl.._ tt..n O..o.&, - of the ~lion A • cl il ,_. eonwenienl and more ec:cufete INn int.,pOiation in the teble. 

/ 

TRAPEZOIDAL CHANNEL UNIFORM FLOW TABLE FIGURE ·1-sa• 
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REPRODUCED FROM FHWA HEC-14, TABLE 111-l 

d/1> Qn .~ Values of 
813 112 b s 

z J-..--b--1 z 

, .• Cl l. l/4 l. 1/2 ,. 3/4 z • I z. 1·1/4 z• H/2 z. 1·3/4 1"2 z•3 

.45 .256 .303 .346 .385 .422 .455 .487 .519 .548 .665 

.46 .:!63 .313 .359 .401 .439 .475 .509 .541 .574 .696 

.47 .271 .323 .371 .417 .457 .494 .530 .565 .600 .729 

.48 .279 .333 .38-4 .432 .475 .514 .552 .589 .6:!6 .763 

.49 .287 .345 .398 .448 .492 .534 .575 .614 .652 ."797 

.50 .295 .356 .411 .463 .512 .556 .599 .639 .679 .833 

.52 .310 .377 .438 .496 .548 .599 .646 .692 .735 .906 

.54 .327 .398 .468 .530 .590 .644 .696 .746 .795 .984 

.56 .343 .421 .496 .567 .631 .690 .748 .803 .856 1.07 
.58 .359 .444 .526 .601 .671 .739 .802 .863 .922 "1.15 

.60 .375 .468 .556 .640 .717 .789 .858 .924 .988 1.24 

.62 .391 .492 .590 .679 .763 .841 .917 .989 1.06 1.33 

(;\ .64 .408 .516 .620 .718 .809 .894 .976 1.05 1.13 1.43 ... 

'· • 66,·, .424 .541 .653 .759 .858 .951 1.()4 1.13 1.21 1.53 

-41 .68 .441 .566 .687 .801 .908 1.01 1.10 1.20 1.29 1.64 

.70 .457 .591 .722 .842 .958 1.07 1.17 1.27 1.37 1.75 

.72 .474 .617 .757 .887 1.01 1.13 1.24 1.35 1.45 1.87 

.74 .491 .644 .793 .932 1.07 1.19 1.31 1.43 1.55 1.98 

.76 .508 .670 .830 .981 1.12 1.26 1.39 1.51 1.64 2.11 

.78 .525 .698 .868 1-03 1.18 1.32 1.46 1.6.0 1.73 2.24 

.80 .542 .725 .906 1.0S 1.24 1.40 1.54 1.69 1.83 2.37 

.82 .559 .753 .945 1.13 1.30 1.47 1.63 1.18 1.93 2.51 

.84 .576 .782 .985 1.18 1.36 1.54 1.71 1.87 2.03 2.65 

.86 .593 .810 1.03 -1.23 1.43 1.61 1.79 1JI7 2.14 2.80 

.88 .610 .839 1.07 1.29 1.49 1.69 1.88 2.07 2.25 2.95 

.90 .627 .871 1.11 1.34 1.56 1.77 1.98 2.17 2.36 3.11 

.92 .645 .898 1.15 1.40 1.63 1.86 2.07 2.28 2.48 3.27 

.94 .662 .928 1.20 1.46 1.70 1.14 2.16 2.38 2.80 3.43 

.96 .680 .960 1.25 1.52 1.78 2.03 2.27 2.50 2.73 3.61 

.98 .697 .991 1.29 1.58 1.85 2.11 2.37 2.&1 2.85 3.79 

1.00 .714 1.02 1.33 1~ 1.93 2.21 2.47 2.73 2.99 3.97 
1.05 .759 1.10 1.46 1.80 2.13 2.44 2.75 3.()4 3.33 4.45 
1.10 .802 1.19 1.58 1.i7 2.34 2.69 3.04 3.37 3.70 4.96 
1.15 .846 1.27 1.71 2.14 2.56 2.96 3.34 3.72 4.09 $.52 
1.20 .891 1.36 1.85 2.33 2.79 3.24 3.68 4.09 4.50 6.11 

f 
4.49 4.95 6.73 1.25 .936 1.45 1.99 2.52 3..04 3.54 4.03 I 

:.30 .980 1.54 2.14 2.73 3.30 3.85 4.39 4.90 5.42 7.39 
1.35 1.02 1.64 2.29 2.94 3.57 4.18 4.76 5.34 UIO 8.10 
1.40 1.07 1.74 2.45 3.16 3.85 4.52 5.18 5.80 6.4;1 8.83 
1.45 1.11 1.84 2.61 3.39 4.15 4.88 5.60 6.29 6.98 9.62 

TRAPEZOIDAL CHANNEL UNIFORM FLOW TABLE 

T 1.., 



l 
REPRODUCED FROM FHWA HEC-14, TABLE 111-1 

d/b I Valurs n( 
Qn tt --. 4 ba/J 5112 

z '---b--...4 ~ 

z•O z• 1/4 l• 1/1. z• l/4 z• I ~~ H/41z• H/211• l·l/41 I.,. l I ,.J 

1.50 1.16 1..94 2.78 3.63 4.46 5.26 6.()4 6.81 7..55 10.4 
1.55 1.20 2.o5 2.96 3.88 4.78 5.65 6..50 7.33 8.14 11.3 
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APPENDIX "J" 
FLEXIBLE LINING EROSION PROTECTION 

I. GENERAL DISCUSSION 

Runoff produces erosive forces which may, if not mitigated by some means of erosion protection, 
cause undesirable damage to drainage facilities and nearby properties. Protection in channels, whether 
for the entire section· or only the embankment or revetment, and at outlets of culverts or other 
drainage structure, is often desirable to maintain the integrity of the drainage system. The type of 
protection best suited for a. particular purpose will depend upon a variety of factors, including 
hydraulic conditions, economic factors, soil conditions, material availability, ·aesthetic considerations, 
and site restraints. 

The principles of hydraulic erosion can be quite complex, and are treated at length in many 
publications. This appendix will not present all aspects of erosion protection, but is intended to 
provide a basis that may assist the designer with more common applications. 

A. LJNING MA TEBJALS 
Traditional materials used in rigid erosion protection systems include cast-in-place concrete, 
concrete modular block or stone masoruy, asphaltic concrete, soil cement, grouted riprap, and 
use of metal products. Common materials used in flexible erosion protection systems include 

· ordinary and wire-enclosed riprap, graveL and vegetation. For temporary conditions during 
bed stabilization, products such as straw with or without netting, curled wood or synthetic 
mats, jute, paper,· and synthetic nets have been used. In more recent years, geofabrics and 
geogrids, alone and with vegetation (soil bioengineering) have been used with success in many 
applications. 

Rock riprap is the most commonly used material for erosion protection of drainage systems, 
. and is therefore the main focus of this appendix. The term "riprap" may include rubble, broken 
concrete slabs, and preformed concrete shapes, but, as discussed in this appendix, the term 
riprap will only have reference to rock. 

B. CHANNEL LINER DESIGN GUIDELINES 

1. Flow Range Channel flows of 50 cfs or less are usually sufficiently uniform that 
average hydraulic conditions may be assumed. Also, these channels are small enough 
that, where erosion protection is necessary, usually the entire channel section is lined. 
Channel flows·greater than 50 cfs are usually not uniform, flow concentrations may 
develop, and erosive forces can be quite dynamic. Consequently, liner design 

2 • 

. procedures are separated based upon flow rate. 

Channel Slope Flow velocities tend to increase with channel slope, which results in 
more drag force which liner materials must resist.· Also, the greater the slope, the 
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more that the gravitational force is applied to materials in a downstream direction. 
Consequently, procedures developed for liner design are different for mild and steep 
channel slopes. 

3. Flow Transitions Forces of erosion are usually high at locations offlow transition. 
Expansion and contraction cause turbulence that is highly erosive. Liners are often 
required at these locations. Protection upstream and downstream, as ~pplicable, must 
be of adequate length to allow flow to fully transition. 

a. Channel Bends At channel bends, transition length, but not length of 
protection, is discussed in Appendix "I". Where protection lengths are 
covered in Sections IT and ill of this Appendix as part of a Methods 
procedure, follow them. Otherwise a general rule of thumb provided in 
Subsection "4" below may be used. · 

b. Outlet Flow Transition For culvert and other concentrated discharge from 
outlets, protection lengths are covered in Section IV of this appendix. 

c. Steep to Mild Gradient Change Another application is extent of riprap 
between the toe of a steep gradient and the beginning of a mild slope. The 
transition distance should be between 3 and 5 times· the mean rock diameter 
(D50) required on the steep gradient. The transition fr9m a steep gradient 
channei to a mild gradient channel may require an energy dissipation structure 
such as a plunge pool. 

d. Mild to Steep Gradient Change The transition from a mild gradient to a 
steep gradient should be protected against local scour upstream of the 
transition for a distance of approximately five times the downstream unifonn 
depth of flow. 

4. Channel Alignment Channels for which no protection is required in straight sections 
may have need of protection at bends, and channel reaches where protection is 
required may have need of larger riprap at bends. For design purposes, a channel may 
be considered straight if the centerline of channel radius (Rc) is at least 10 times 
great~r than the surface width of flow (T). 

a. Flow s 50 cfs. Slope s· I 0% Protection or increased protection, as 
applicable, shall be provided in accordance with HEC-15 procedures outlined 
in Section IT-A. 

b. Flow > 50 cfs. Slope < 10% If the design procedures used lack specific 
guidelines for protection length, it is advisable that the protection be at least 
1.0 times the surface water width (T) in an upstream direction from the bend, 
all the way through the bend, and a distance of at least 1.5T beyond the bend 
in the downstream direction. 
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c. Slope > 10% Bends should be avoided on steep gradient channels. A design 
requiring a bend in a steep channel should be reevaluated to eliminate the bend 
or designed using a culvert. 

5. Supereleyation Where flow superelevation occurs, the amount shall be calculated 
per Section B-1 of Appendix "1". A protective liner.shall be high enough to protect 
embankments for the superelevated condition plus required freeboard. 

6. Freeboard Channel freeboard shall conform to requirements given in Section B-2, 
Appendix "1". Freeboard embankments shall receive the same liner protection that the 
adjacent channel bottom and side slopes receive. Note that freeboard height shall, as 
a minimum, equal twice the mean depth of flow for slopes exceeding 10%. 

7. Liner Thickness Most of the design-methods presented herein pertain to riprap. All 
riprap procedures result in determination of a minimum required rock size, usually the 
mean rock size DSO> although one procedure results in a minimum D30 rock size. The 
riprap blanket, measured perpendicular to the grade, shall meet or exceed the 
thickness of2.25 D» 2.0 Dso, and 1.5 DulO· In addition to the riprap, a liner includes 
0.25 foot of granular bedding below the riprap and over a filter fabric. Riprap and 
fabric specifications are provided in Section V of this Appendix. 

8. Liner Flanks At the approach and discharge edges of a channel liner, and at the 
termination of an outlet liner, a liner flank is required. Typically, upstream liner flanks 
have a thickness of 5.0 feet or 3 times the liner thickness,_ whichever is less. 
Downstream flanks are typically 3.0 feet or 2 times the liner thickness, whichever is 
less. 

CHANNEL LINER DESIGN METHOD SELECTION There are several published 
methods of designing a channel liner. Each of the methods has applicable conditions for which 
they are best suited. Table "J-1" provides a matrix that shows method application, allowing 
proper method selection for a given problem. Also provided in the table are references to 
where in this appendix design procedures are presented. 
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TABLE "J-1" 
CHANNEL DESIGN WORKSHEET MATRIX 

Slope Q s 50 cfs Q >50 cfs 

0-2% Method: HEC-15 Method: HEC-11 
Reference: Appendix "J", Reference: App~ndix "J", 

Section II-A Section 111-A 
Worksheet: Table "J-2" Worksheet: Table "J-7" 
UnerTypes: Bare soil; straw net, 

.. 
UnerType: Riprap 

jute, and other 
temporary liners; 
and riprap. 

2%-10% Method: HEC-15 Method: HEC-11, CSI)/Abt, 
Reference: Appendix "J", ACOE 

Section II-A Reference: Appendix "J", 
Worksheet: Table "J-2" Sections 111-A, 
UnerTypes: Bare soil; straw net, 111-B-1; & 111-B-2 

_ jute, and other Worksheet: Table "J-7" 
temporary liners; (HEC-11); Table 
and riprap. "J-9" (CSU/Abt & 

ACOE) 
UnerType: Riprap 

10%-20% Method: HEC-15 Method: CSU/Abt 
Reference: Appendix "J", ACOE (1) 

Section 11-B Reference: Appendix "J", 
Worksheet Table "J-5" Sections 111-B-1 & 
UnerType: Riprap 111-B-2 

Worksheet: Table "J-9" 
UnerType: Riprap 

Note (1) The FHWA does not limit usage of HEC-11 based upon slope, and therefore it 
could be used in the 10% to 20% range. However, the riprap size determined by 
HEC-11 procedures in this range becomes extremely large, and does not appear 
realistic. Through the 2% to 20% range, the CSU/Abt equation will likely yield the 
smallest required rock, theACOE equation slightly larger, and HEC-11 the 
largest of the three methods. Judgement as to which procedure produces the 
best results for a given application is left up to the user. It is noted, however, that 
at slopes of 10% and above, loose riprap is usually not a very economical design, 
and other means of erosion protection ought to be explored. 
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ll. CHANNEL DESIGN. FLOW< 50 CFS (REC-15) 

This section is divided into two parts, depending upon channel slope. Subsection "A" pertains to 
slopes ofiO% or less; subsection "B" pertains to greater slopes. 

A. FLEXIBLE LINER CHANNEL DESIGN FOR SLOPES ~ 10% 

1. 

2. 

General Guidelines This subsection outlines design procedures for flexible linings 
on channel slopes less than or equal to I 0% and flows not exceeding 50 cfs. Primary 
emphasis is on riprap; however, other flexible liners will be presented as well for 
comparative purposes. When riprap is used on steeper gradients, the design procedure 
must take into consideration the additional forces acting on the riprap. Designs 
involving riprap on grades approaching I 0% should be checked and compared to 
results obtained from design procedures presented in Subsection B which follows. 
The more conservative results, i.e., the largest riprap size, shall be used for design. 

Design procedures for flexible linings involves only two computations and several 
comparisons oflining perfonnance. Computations include a determination of uniform 
normal flow depth in the channel (see Appendix "I" - Channel Flow), and 
determination of shear stress at maximum flow depth. The comparison required in the 
design procedure is that of permissible to computed shear stress for a lining. If the 
computed shear stress exceeds the permissible shear, the lining is considered 
unacceptable, and a lining with a higher permissible shear stress is selected and 
calculations repeated. Channels lined with gravel or riprap on side.slopes steeper than 
3H: IV must be designed using the steep side slope design procedure presented in 
Subsection B which follows. 

Design Procedures The design procedure for flexible linings is presented in the 
· worksheet on Table "J-2". 
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STEPS (1) • (26} 
(1) & (2) Enter 0, trlaVreach no., channel slope, lining steps 4, 5, & 9. straight channel ftner design. Then, select For Fr > 0.86, freeboard. 0.25(d+Y/2g) +Mat 

description from Table • J-3", and sketch the (b) For vegetative linings, If "d" differs by more another Rner type with a hfgher 'tp, and start a new bends. 
channel section with base width B and side than 0.1 foot from "dl", repeat steps ~-9. trial for use In the bend. If 'td Is significantly larger Enter freeboard without .M (step 20) and with M 
slope "1:' horizontal to 1 vertical. (1 0) Calculate shear stress 'td • 62.4 (d) (S) (see than 'tp, one may as well continue with step 15. (step 21) for straight and bend reaches, respec· 

(3) • ($) From Tbl. • J-3", obtain 'tp and estimated ftow steps 2 & 9111 'td s 'tp (step 3), the lining ls (15) For Fr s 0.86, minimum Rc • 3T tlvely. · · 
depth (dij and corresponding Manning •n• value. acceptable lor straight reaches. If not, repeat steps f:or Fr > 0.86, minimum Ac • 0.121/T/d (22) Determine the rock angle of repose from Fig. 

(6) • (8) For non-vegetative liners, ski~ these steps. 4-10. Enter design Acwhlch must not be less than "J-5". 
(G) Use values In steps 1, 2, & 5 with Ag. "1·3"to get (11, 12) Calculate water surface width T and area of minimum Ac. . (23) (24) Determine K1 and K2 from Fig. •J-6" and 

first Iteration of dl. flow (See Ag. "1-9j. {1 ~ Determine bend shear stress Kb from Ag. "J-3" • J-7", respectively. 
(7) Enter Ag. "l-4"wlth di/B and obtain Aid (Ah/di). l1~ V. 0/A(See ~~.s' & 12) 1 Calculate 'tb • (Kb)('td} ·See steps 10 & 16. (25) Calculate 050 (side slopes) • K1/K2tlmes 050 

Multlj)IV by dl to obtain A (or Ah). 14 Fr. 0.176VI(AIT) •· 18 Calculate A (or Rh), If not done In step 7. Use Fig ~ttom) 
(8) Use Chart "F·1"1n Appendix F to determine •n•. 1 • (19) -If there are no bends for which Rc < tOT, J·4" to obtain lp. (26 If the slope was near 10o/o, the liner should also 
(9) Calculate ftow depth (d) using Fig. "1-3". skip to step 19, enter zero, and continue. Olher· (19) Supereleva!lon 6d • ClfT/(32.2~c}, where C analyzed by HEC-11 procedures. Use the most 

(a} For non-vegetative ftnlngs, d must fall within the wise, steps 15-19 must be done. However, If 'td Is values are presented In Table "1·1 • . ~ conservative resulls. 
depth range assumed when selecting an •n• close to 'tp, It may be wen to sldp steps 15·18 for (20) & (21) For Frs 0.86, freeboard • 0.15(d+v-12g) + 
value from Table • J-3"1n Step 5. If not, repeat the current trial liner type, and complete the · Ad at bends. 

Trial/ 

Rch. 

No. 
(2) 

'tp 
(psf) 

(3) 

Estimate 

dl 
(ft) ·n· 
(4) (5) 

Vegetative 

dl Rh 
(ft) (ft) n 
(6) (7) (8) 

d 
(ft) 

(9) 

Channel Hydraulics 

'td T A V 
(psf) (ft) <tn (fps) 

(10) (11) (12) (13) 

Channel Bends 

Rc 
Fr (ft) Kb 

(14) (15) (16) 

'tb lp 
(psf) 

(17) 

(ft) 

(18) 

Freeboard 
Ad ptrolgh Bend 
(ft) (ft) (ft) 

(19) (2(0 (21) 

Side slope rock s!ze 

(Do only If 2 s Z < 3 

9 1<1 K2 Doo 
(22) (23) (24) (25) 

HEC 

11 
Doo 
(26) 

FLEXIBLE LINER CHANNEL DESIGN WORKSHEET (HEC-15) TABLE • J-2• 
Q s 50 cfs, 0% S SLOPES 10% .,.... ______ .... ______ ..._ ___ ....,..

1
__ r. -
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TABLE "J-3" 
PERMISSIBLE SHEAR STRESSES AND "n" VALUES FOR LINING MATERIALS 

(Taken from Tables 2 and 3 in FHWA's HEC-15) 

Manning "n" at 
Lining Material -rp{1) Depth Ranges (2) 

Category Type 
lb/ft2 

0.0-0.5 ft 0.5-2.0ft > 2.0 ft 

Temporary Woven paper net 0.15 0.016 0.015 0.015 
(3) Jute net 0.45 0.028 0.022 0.019 

Fiberglass roving: 
single 0.60 0.029 0.021 0.019 
double 0.85 0.028 0.021 0.019 

Straw with net ' 1.45 0.065 0.033 0.025 
Curled wood mat 1.55 0.066 0.035 0.028 
Synthetic mat 2.00 0.036 0.025 0.021 

Vegetative Class A 3.70 - - (0.14) 
Class 8 2.10 - (0.18) (0.075) 
Class C (4) 1.00 - (0.075) (0.050) 
Class D 0.60 (0.35) (0.055) (0.042) 
Class E 0.35 

.~ 

(0.19) (0.046) (0.038) 

Gravel 1-inch 0 50 0.33 0.044 0.033 0.030 
Riprap 2-inch 0 50 0.67 0.066 0.041 0.034 

Rock 6-inch 0 50 2.00 0.104 0.069 0.035 
Riprap 12-inch 0 50 4.00 - 0.078 0.040 

Bare Non-cohesive See Fig. "J-1" 0.023 0.020 0.020 
Soil Cohesive See Fig. "J-2" 0.023 o:o2o 0.020 

1) -rp is the permissible unit shear stress 
2) See Appendix "F" for Manning's "n" value for other conditions. Values shown for 

vegetative liners in parentheses are preliminary, to be used only for an initial 
estimate in Table "J-2". 

3) Some temporary linings become permanent when buried. 
4) See Table "J-4" for vegetative descriptions. 
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NOTE: THIS IS A REPRODUCTION OF TABLE liN HEC-15 

Retardanc:e 
lr.hc:c: 

Cover Condition 

[ 

NOTEt 

A 
Weeping lovegraaa ••••••••• Ex~llent atand, tall {average 30") (76 aa) 
Yellow blueat .. 

8 

c 

Iacha~u. ••••••••••••••• Excellent ataod, tall (average l6") (91 aa) 

Kudzu ••••••••••••••••••••• 
Berauda graaa ••••••••••••• 
Native graaa •ixtura 

(little blueetea, blue
.tea, blue g ...... and 
other long and ahort 
•idweat graaa .. ) ••••••••• 

Weeping lovegraaa ••••••••• 
leapedeza aeric:ea ••••••••• 

Alfalf• ••••••••••••••••••• 
Weeping lovegraaa ; •••••••• 
K~u ••••••••••••••••••••• 
Blue g~• •••••••••••••••• 

Crabgraaa ••••••••••••••••• 
Be nuda graaa •••••••••• ; .•• 
Comqon leapedeza •••••••••• 
Graaa-leguae.•ixture--

aUANer (orchard graaa, 
redtop, Italian ryegraaa, 
and CCiiaon leapedeza) •••• 

Centipedegraaa ••••••••••••• 
Kentucky bluegraaa ••••••••• 

Berauda graaa .............. . 
C~On leapedeza •••••••••• 
Buffalo graaa ••••••••••••• 

Crae~leguae •ixture-
fa1l, spring (orchard 
graaa, redtop, Italian 
ryegraaa, and c011111on 
leapedeza) ••••••••••••••• 

leapedeza eericea ••••••••• 

Vary danae growth, W~cut 
Cood atand, tall (average 12") (~ aa) 

Good atand, t6111Qwed 
Good atand, tall (average 24") (61 aa) 
Good atand, not woody, tall (average 19") 
(48aa) 
Good atand, uncut (average 11") (28 aa) 
Cood atand, t61110Wad (average 1)") ()) aa) 
Denae growth, W~cut 
Good atand, uncut (average 1)") (28 aa) 

rdr atand, uncut (10 to 48") (2S to 120 aa) 
Good atand, aowed (average 6") (15 aa) 
Good etand, W~cut (average 11") (28 ca) 

Good atand, uncut (6 to 8 inchea) (lS to 
20 aa) 
Vary danae cover (average 6 inches) {15 aa) 
Good stand, headed (6 to 12 inchea (15 to 
30 aa) 

Cood stand, cut to 2. 5-inch height (6 aa) 
Excellent atand, uncut (average 4.5") (11 aa) 
Good stand, W~cut () to 6 inches (8 to 
lS aa) 

Good etand, W~CUt (4 to S inchea) (10 to 
ll aa) 
After cutting to 2-inch height (S 01) 
Very good stand before cutting 

Berauda graae ••••••••••••• Good stand, cut to l.S inch height (4 ~) 
Berauda graaa ••••••••••••• Burned etubble 

Covera claaaified have been tested in exper~ental channele. Covere were green 
and generally unifor.. 

CLASSIFICATION OF VEGETAL LINERS 
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THIS IS A REPRODUCTION OF CHART 1 IN HEC-15. 
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For larger sizes of rip rap, 
'tp = 4.0050 
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THIS IS A REPRODUCTION OF CHART 2 IN HEC-15: 
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THIS IS A REPRODUCTION OF CHART 10 IN HEC-15. 
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. THIS IS A REPRODUCTION OF CHART ll IN HEC-15. 
. ) \.. 

"'1. ~·· .· ·"~~1\. 1) rtt, = MANNING ROUGHNESS IN THE 
' '\ BEND (SEE STEP 5, 8 OR APPENDIX "f") 

1------f~~~~~-i---+--..J---1- 2) R = HYDRAUUC RADIUS (SEE 
~ ~ '-.. APPENDIX "I") 
' ' r\_.' r\.. 3) LpfR = 0.604R

116
/I'lt, .. '\ l "~ ' 4) lp = (R)(lp/R) 

"'~~~t'~ 0.1 t-----t---t--~r.:-f~~~.3i-..J-----4-----1---+-----t ' ~ .'\ ~ ~ 

lp/R 

NOTE: "R" herein is hydraulic radius, denoted as "Rh" in some places. 

~ 
~-------------------------------------------.--------------PROTECTION LEN(;TH (Lp) IN FEET DOWNSTREAM OF CHANNEL BENDS FIGURE • J-4· 

-:; 
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THIS IS A REPRODUCTION OF CHART 13 IN HEC-1 s·. 
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B. RlJ>RAP-LJNED CHANNEL DESIGN FOR SLOPES> 10% 

1. General Guidelines This subsection outlines the design of riprap flexible channel linings for 
steep gradients. Because of the additional forces acting on riprap, results obtained using the 
previous design procedure should be compared to results obtained using these steep gradient 
procedures when channel gradients approach 10 percent. 

The size of riprap (even wire-enclosed riprap liners) increases significantly as discharge and 
channel gradient increase. If the size ofriprap or cost ofriprap becomes excessive per these 
design requirements, it may be well to look at rigid channel linings as a potentially more cost
effective alternative. 

· 2. Design Procedures The design procedure is presented in the worksheet provided on Table 
"J-5". 
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Project:------------ Designed by: ______ Date: _____ I 
Channel Identification: ___ ---....; ______ _ en Design Flow Q __ = __ cf~ 

(2) TRIAL 1 TRIAL 2 TRIAL 3 
REACH REACH REACH 

NOTE: WHEN USING THIS METHOD, THE CHANNEL CENTERLINE CURVATURE Rc MUST EXCEED 10T, WHERE 
T = SURFACE WATER WIDTH. THEREFORE, SUPERELEVATION NEED NOT BE ANALYlED. 

STEPS: (The5e corre5pont.l with numllere on the chan llelow.) 
1. Enter pre-t.leterminCJ t.le5lgn .flow. . , 
2-6. Select trial or reach channel geometric configuration and elope. 
7 & 8. Enter Figures "J-8a" through "J-8d", a5 appropriate, with the discharge Q of (1), read horizontal to the elope in (4), 
and 

vertically to determine the preliminary flow depth (di) and mean rock 5lze (D501). · 

a. For channel width5 not given, interpolate lletween values on two figure5 to determine the correct values. For channel 
bottom width5 greater than 6 feet Wide, aee detailed dealgn procedurea In HEC-15, Appendix C. 

b. If the aide alope (Z) In step 6 i5 B, then atep 7 and 8 value5 do not need adjuatment, di Ia the flow depth, D501 is 
the required mean rock size, and 5teps 9 through 13 may l:>e 5kipped. 

Steps 9-13 are only applica111e If 5tep 6 Z ;t B. 
9. Divide step 7 "dl" I7Y etep 5 "B". 
10. From Table "J-6", read or interpolate the eide 5lope K factor. 
11. The corrected flow depth (d) = K(t.li), or (7) times (10). 
12. Divide step {7) "di" by step 11 "d". 
13. The correCted mean rock size (D50) = Dso;(dild), or (8) times (12). 
14. The required channel depth Is 2 times the flow depth (i.e., 2di or 2d, as appropriate). 
15. Using the final design flow depth from step (7) or (11), as appropriate, calculate surface water spread T (See Fig. "1-9"). 

The de5ittn radiue of channel centerline Rc must be areater than lOT. 

TRIAl 
NO. 
(3) 

SLOPE 
(ft/ft) 

(4) 

Bottom 
Width 

8 
(ft) 
(5) 

Side 
Slope 

z 
(ZH:lV) 

(6) 

dl 
(ft) 
0) 

Dsoi 
(ft) 
(8) 

di/B 
{9) 

K 
(10) 

USEIFZ;t3 

d (ft) 
(11) 

dl/d 
(12) 

Doo (ft) · 
(13) 

Channel 
Depth 

(ft) 
(14) 

T 
(ft) 
(15) 

·:... 
..... 

Q 
"': 

~--------------------------_.----------~~------~----STEEP SLOPE RIPRAP- LINED CHANNEL DESIGN WORKSHEET (HEC-15) 
Q s 50 cfs, SlOPE > 10% 
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STEEP SLOPE RIPRAP DESIGN (HEC-15): 
TRAPEZOIDAL CHANNEL (6=6). Z=3 
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TABLE "J-6" 
SIDE SLOPE K FACTOR 

(This is a reproduction of Table 4 in HEC-15) 

Channel Side Slopes 

2H:1V 3H:1V 4H:1V 5H:1V 

1,.083 1.000 0.928 0.866 
1.142 1.000 0.888 0.800 
1.187 1.000 0.853 0.760 
1.222 1.000 0.846 0.733 
1.250 1.000 0.833 0.714 
1.272 1.000 0.823 0.700 
1.291 1.000 0.815 0.688 
1.307 1.000 0.809 0.680 
1.321 1.000 0.804 0.672 
1.333 1.000 0.800 0.666 
1.343 1.000 0.796 0.661 
1.352 1.000 0.793 0.657 
1.361 1.000 0:790 0.653 
1.368 1.000 0.787 0.650 
1.378 1.000 0.785 0.647 
1.381 1.000 0.783 0.644 
1.386 1.000 0.782 0.642 
1.391 1.000 0.780 0.640 
1.395 1.000 0.779 0.638 
1.400 1.000 0.777 0.636 

6H:1V 

0.812 
0.727 
0.678 
0.647 
0.625 
0.608 
0.596 
0.586 
0.578 
0.571 
0.565 
0.561 
0.556 
0.553 
0.550 
0.547 
0.544 
0.542 
0.540 
0.538 
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ill. CHANNEL DESIGN. FLOW> 50 CFS 

A. RIPRAP-LINED CHANNEL DESIGN FOR SLOPES< 10% (FBWA HEC-11) 

The entire design procedure is presented in the worksheet provided on Table "J-7''. 

TABLE J-8 I 

RIPRAP STABILITY FACTOR CSF 
(Reproduced from Table 1 in FHWA HEC-11) 

Stability 
Factor 

Condition Range 

Uniform flow: Straight or mildly curving reach [curve radius 1.0-1.2 
(Rc)/channel width (T) > 30]; Impact from wave action and 
floating debris is minimal; Little or no uncertainty in design 
parameters. 

Gradually varying flow; Moderate bend curvature (30 > curve 1.3-1.6 
radius (Rc)/channel width (T > 1 0); Impact from waves or 
floating debris moderate. 

Approaching rapidly varying flow; sharp bend curvature (10 > 1.6-
curve radius (Rc)/channel width (T); Significant impact potential 2.0* 
from floating debris and/or ice; Significant wind and/or boat 
generated waves (1 -2ft (.30- .61 m)); High flow turbulence; 
Turbulently mixing flow at bridge abutments; Significant 
uncertainty in design parameters. 

*The stability factor for a sharp bend curvature alone would be 1.75 
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~~ecl: __________________________________ __ 
Designed by:_-r------------~ 

Channel Identification: (1) Design Flow Q 

Date: ________ _ 

- cfs Q (Main ChanneO • cfs 

(2) TRIAL 1 TRIAL 2 TRIAL 3 
REACH S · · TRIAL 4 TRIAL 5 

. . •. ft/ft REACH S • ~ft/ft REACH S = ft/ft REACH S • ft/ft REACH 
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............ , ...... + .. ;. .. : ... :.. • .j. .. ; ... J ... ! .. .j. •• ; ... i. .. !.l, j ! ! I + I ': ! l J • I ; J • ' • , ~-~-- I •• : I + I l . . I -t-+-!-1-+-+- . I j I • I l '..l. ~: I • I .. ',"'j"'l" ...................... ,. ................................. .;. .. • .. 
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. ... .. .. i' r ·.l·• .. ct···~ .. t·.J.-i .. +·t-! ......... l .... ! ..... .\. ..... ~ .. .\. .. ; ... J ... L . .\. .. ; ... 1 .... .\. .... L. ............ L.\. .. +..i ... > .. .\. .. i : .. ~ 1 ~-f ·"t"t~-r"'H"'; :1 , • ; ; ; • : ; ; '1 : ~~ • 1 • : : 1 1 
1

1 : i 1 1: i !-- -f. r+ r-t-· • ....1-U....:. w., : 
1 

1 . : · L : -i-+-+- · l.. 1 : • • 1 1 • T"•"''" .................... t ........... , ....... , ..................... :. .. .; , . • · · · . . · 1 : 1 • : 1 
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STEPS (1) • ~22) . . methods such as WSPAO and HEC·2 are resist particle erosion using Ag. • J-9". (18\ Calculate minimum Rc as: 
{1) Enter to1a arid main channel 0, If known. recommended. (12} Select the appropriate stabRity factor from Table f:or Fr s 0.86, minimum Rc • 3T; al).d 
(2) Select channel trial/reach geometry, lneludlng c. Any backwater analysis conducted must be • J·8". For Fr > 0.86, minimum Rc. o.t2V'T/d · 

sketch of channel section with base width B and based on conveyance weighting of flows In the (13) Enter the rock rlprap specific gravity (2.65ls The design Rc of step 17 must be equal to or 
side slope "Z" horizontal to 1 vertically and over· main channel, right bank, and left bank. typical}. larger than this value. . 
bank areas. If any. Check the calculated depth "d" against that (14} Determine combined adjustment factor from (19) Determine longitudinal extent of rlprap protection 

(3) Estimate a required rock size and whether the Rner assumed In step 31n determining the •n• value.lf FIQure •J-10". (lp) req'd. The liner should be used at least tT 
wm be used only on the embankments or the calculated "d"ls more than 0.25 foot different than {15} 11 designing rlprap for piers or abutments, apply and t.ST upstream and downstream, respectively, 
run channel section. Use Table "F·2" to select base that assumed In step 3, return to step 3. pier/abutment correclfon (Cpa) of 3.38. Otherwise, from bend. 
•n•, then adjust per Table "F·3". !!Determine water surface width T~ee Ag. "1·9"}. enter 1.0. (20) Superelevatlon &! • C~/(32.2Rc), where C 

(4) Determine the design water surface and average 6 Determine water flow area (see . "1·9j. (16) Calculate corrected rock rlprap size as: values are presented In Table "1·1". 
flow depth "d" In the main channel. 7 Determine avera_g,l!flowvefoclty • 0/A). D50 ·C(Cpa)Dsa (21) & (22) For Frs 0.86, freeboard • 0.15(d+v212g) + 
a. If the design section approximates a trapezoid, Fr • 0.176VI(NT)" ; If Frs 0.86, rlprap Is not If the entire channel perimeter Is being stabilized, ~d at bends .. 

and ftowcan be assumed to be uniform, use required and steps 9·16, and 19 may be skipped. and the D50 assumed In selection of Manning's •n• For Fr > 0.86, freeboard. 0.25(d+v212g) +~at 
Fla. "1·3". (9) Calculate the rlprap angle of repose from Ag. • J-5". Is more than 0.25' dHferent from the value obtained bends. 

b. lftfiedeslgn section Is ltregular or Row Is not (10) Determine the !ractlon force ratio 1<2 from Agure In step 16, return to step3 and repeat steps 3·16. Enter freeboard wtthout~d (step 21) andwtth &! 
uniform backWater procedures must be used to • J· 7". (17) Enter design channel centerline radius of (step 22} for straight and bend reaches, respec· 
, determtOe the design wate.r surface. Computer (11) PreUmtnarlly determine the rlprap size required to curvature Rc.lf Ac> tOT. skip steps 18·20 and 22. ttvely. 

CHANNEL HYDRAULICS 
CHANNEL ROCK SIZE CHANNEL BENDS FREEBOARD 

Trial/ Avg. Width Area Avg. Prelim. Adj. Rc Rc 

Reach ·n· depth T A v e D501 050 dsgn. min. Lp ~d ~tralght Bend 

No. Value d (ft) (ft) <ff> (fps) Fr (deg) K2 (ft) Csf SG c Cpa (ft) (ft) (ft) (ft) (ft) (ft) (ft) 

(3) (4) (5) (6) (7) (6) (9) (10) (11) (12) (13) (14) (15) (16) {17) (18) (19) (20) (21) (22) 

(2) 

TABLE •J-7" 
RIPRAP - LINED CHANNEL DESIGN WORKSHEET (HEC-11) 

. Q > 50 cfs, 0% S SLOPE S lO'Ye 
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Example· 
Given: 
• Va• 16 tvsec 
~-9ft . 

,K2•0.72 

REPRODUCED FROM CHART 1 IN HEC-11 

Dsc,..0.001 v: /(d.:0
12

J<2
312

) 

Find; 
050 

0 10 - Mediin ~ Slzt (ft.) 

V8 • A~ velcdy ~main dwloei (tvs4q 

d -..g • A~ depth ~main dlwYlel (11) 

KZ- Tractfve Force Rat1o <See F1gure •J-r) 0.2 

Solution: 
050-225 

PRELIMINARY 0 60 RIPRAP SIZE (HEC-11) FIGURE • J·-9· 
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\-{ 

\ 

SG 

..... 

2.7 

2.8 

2.9 

3.0 

. REPRODUCED FROM CHART 2 IN HEC-ll 

._ ..... ..... 

C = COMBINED ADJUSTMENT FACTOR 
C&t = STABILITY FACTOR (TABLE 'J-81 
SG = SPECIFIC GRAVITY OF ROCK 

c 
caf 

2.0 

1.9 

1.8 

1.7 
2.5 

1.6 

2.0 
..... ..... 
1.5 ..... ..... -..... ..... ..... 1.4 ..... 

- 1.3 ..... 

1.0 1.2 

1.1 

1.0 

0.5 

Exampie: 

Given: 
SG=2.75 

Csf·= 1.60 

Find: 
c 

COMBINED ADJUSTMENT FACTOR 

Solution: 
C=1.59 

FIGURE • J-1 o· 
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B. RlPRAP-LINED CHANNEL DESIGN FOR SLOPES BE1WEEN 2% AJ\"'D 20% (CSU 
&ACOE) 

J-28 . 

Although the HEC-11 manual does not preclude its use for slopes above I 00/o, the method 
results in very large riprap sizes that appear to be unrealistic. More recent methods have been 
developed based upon analyses of riprap sizing for steep slopes performed ,by Abt et al. at 
Colorado State University. Near prototype flume analyses were conducted with riprap
protected liners for slopes up to 20%. Results and conclusions were published, providing an 
equation and recommended rock sizing procedures (Abt I99I). Based upon this study and 
published results, the Army Corps of Engineers proposed revisions . to their published 
procedures (ACOE I994). Notwithstanding the influence of the CSU study, the ACOE 
equation is quite dissimilar in form. Both methods are presented herein. 

1. CSU/Abt Procedure The equation recommended by the CSU study is 
Dso (in)= 5.23 S0

•
43 q0

·
56 (for rock with a specific gravity of2.65). 

However, several adjustment factors were also recommended: 

I) A stability factor of 1.2 to be applied to the riprap size per the observed 
deviation envelope; 

2) A rock shape factor to be applied to the riprap size; 

3) A stone failure/stone movement factor of 1.35 to be applied to the unit 
discharge; and 

4) A flow concentration factor of I to 3 to be applied to the unit discharge. 

The CSU/ Abt study recommends use of a rock shape factor of 1.0 for angular rock 
and 1.4 for rounded rock. However, the study was based upon experimental 
observations on a scaled-down near-prototype flume using 2-inch and 4-inch rock. 
Observing Figure "J-Sb", one may see that the angle of repose is significantly different 
for angular and rounded rock in the 2-inch to 4-inch range. On the other hand, rock 
sizes that wiU be required for practical channel flows on high slopes will be 
considerably larger where the difference in angle of repose values is significantly ~~-
reduced. Using HEC-11 procedures, riprap sizes do not vary between angular and 
rounded riprap for channel bottoms. This is because while the permissible unit shear . 
stress is Jess with rounded rock, FHW A experience is that the reduction in drag force If 

on the smooth rock is compensating, even for bed ~lopes up to 20%. Using the I 
FHW A's HYCHL computer program, the author perfonned analyses for the most 
severe stability condition (2H: 1 V side slopes). It appears that from 2% to 20% 
channel bed slopes, the increase in rock size between angular and rounded riprap for 0 
the 2H: 1 V side slopes is only 4% per HEC-11 procedures. Consequently, it does not . . 
appear reasonable to apply a shape factor of 1.4 for rounded riprap. Instead, the .:·;; 
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2. 

author recommends use of the same size riprap in channel beds regardless of rock 
shape. On side slopes, which generally are much steeper than channel beds, the 
difference can be adjusted by the same procedures presented in HEC-15; that is, the 
rock shape determines angle of repose, which in tum impacts the factor to be applied 
to Dso (channel) to calculate the D50 (side slopes). 

A flow concentration factor of I to 3 is recommended. This is to account in part for 
variations in velocity between the peak and average, but more particularly for 
subchannelization that occurs. However, subchannelization will be minimal without 
stone movement, which the stone failure/stone movement factor should help prevent. 
Furthennore, CSU's tests were on small riprap, unlike the larger riprap that would be 
used in real projects. Based upon their previous experience, the ACOE decided to 
adopt a flow channelization factor of 1.25 for use in their equation. It is noted that, 
if a flow concentration factor of2.0 were used, which is the mean value, the resultant 
riprap size requirement is similar to that obtained using the ACOE equation. It would 
seem justifiable, then, to use a channelization factor between 1.25 and 2.0. 

The CSU/ Abt equation below is modified to give the riprap size in feet, apply the 
stability factor of 1.2, and insert other recommended factors. 

Channel Bottom 

Channel Embankment 

where: s 
J<rc 

~ 

q 
K1 
K2 

D50(ft) = 0.523 S0
•
43 (K,m Krc q)0

•
56 

D50(embankment) = (Kl/K2) D50 (channel 
bottom) 

= 
= 

= 

= 
= 
= 

channel bed slope, ftlft; 
channel flow concentration factor, ranging 
between 1.25 and 2.0; 
stone failure/stone movement factor equal to 
1.35; 
unit discharge, or Q/B; 
shear stress ratio (see Figure "J-6"); and 
tractive force ratio (see Figure "J-7"), which is 
dependent upon the angle of repose, which in 
tum is dependent upon the rock shape (see 
Figure "J-5b"). 

The CSU/ Abt method is presented along with other channel design procedures in the 
design worksheet on Table "J-9". 

ACOE Procedure The procedure recommended by the Army Corps ofEngineers 
is to use the following equation (ACOE 1994): 

1.95 so.sss (I .25 qt-67 

030 = g0.333 

DECEMBER·I994 J-29 



J-30 

where D30 = Rock size where 30% of the rock is finer by weight; 
s = Channel bed slope, ft; 
q = Unit discharge, or Q/B; and 
g = Acceleration of gravity (assume 32.2 fps) 

Conditions of equation use are: 
I 

I) Rock is angular (per the previous discussion, this may not be critical); 

2) Minimum riprap thickness= 1.5 D100 (provided per specifications); 

3) Unit weight of rock is at least 167 pcf(SG ~ 2.59) [the SG ~ 2.5 required 
by specifications may be adequate]; 

4) Use a uniform riprap gradation having I. 7 ~ D,/1)15 ~ 2 (specified gradation 
is adequate); and 

5) Restrict application to straight channels with a side slope of 2.5H: IV or 
flatter. 

Only condition .(5) deserves additional comment. Riprap embankments are 
allowed to 2H: IV; however, procedures presented in the ~esign worksheet on 
Table "J-9" allow for riprap enlargement on steeper side slopes, and should be 
adequate. Also limitations on curvature prevent use of small radii for· flatter 
grades, and preclude use of bends at slopes over IO% in grade. It is·felt that the 
ACOE method is applicable to procedures. outlined herein, and as presented in 
Table "J-9". 
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Project: Chonneii.D. (1) Design Q = cfs Design by: Date: 
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STEf'S (1) • (22) . 
(1), (2) Enter 0. trlaVreach no., channel slope, and (7} Determine average flow velocitY (V..Q/A). For ACOE meth~ 

sketch channel section with base width Band (8) Fr• 0.176V!(Afl')0.5 If Fr s O.M. rlprap Is not D (ft). 0.6145 ~CK!..o)0·87 
slope '7:' horizontal to 1 vertical. required and steps 9-16 and 19 may be skipped. Enteras50 or D30 In the tabulation heading and the 

(3) Estimate a required rock size .and whether the Rner(9) Calculate the unlt dlsc;harge. This Is typically taken rock size In the column. 

For Fr ~ 0.86, minimum Rc • 3T; a!J.d 
For Fr > 0.86, minimum Rc • 0.12V"T/d 
The design Rc of step 17 must be equal to or 
larger than this value. · 

wiD be used only on the embankments or the full as q • 0/B. For a non-rectangular channel, use (13l Determine the rock angle of repose from Fig. 
channel section. Use Table "F-2" to select base q • Qd/A. J-s·. 
•n•, then adjust per Table "F-3". (10} Kt.n •1.35 forCSU/ABTmethod, 1.00 for ACOE (141, (15) Determine K1 and K2 from Ag. "J..S" and 

(4} Determine channel flow depth using Ag. "1·3". method J.;, respectively. · 

(19) Calculate R (or Rh). Use Ag "J-4" to obtain Lp. 
(20) Superelevatlon ~ • C\f21'/(32.2Rc), where C 

values are presented In Table ,.1•. · 
(21} & (22) For Fr ~ 0.86, freeboard • 0.15(d+v212g) + 

t.d at bends. Check the calculated dep1h "d" against that (11) K,~ •1.25·2.0 forCSU/ABT method (designer (16) Calculate the rock size required on the side 
assumed In step 31n determining the •n• value. If choiCe, higher value Is more conservative • see slope. 
calculated •cr Is more than 0.25 toot different than text for explanation), or 1.25 for the ACOE method. Dxx (side slope) • K1 11<2 times Dxx. (bottom) 
that assumed In step 3, return to step 3. (12) Calculate the channel bed D!!O as follows: (17) Enter design channel centerline radius of 

(5) Determine water surface width T (see Ag. "1·91. For CSU/ABT m~~· o.se cUMture Ac.lf Ac > 10T, skip steps 18·20 and 22. 
(6) Determine water ftow area {see Fig. "1-91 D50(ft} • 0 . .52.3S ~!<,.A} (18) Calculate minimum Rc as: 

Trial/ 
Reach •n• 

No. Value 

(2) (3) 

CHANNEL HYDRAUUCS 
CHANNEL ROCK SIZE SIDE SLOPE ROCK SIZE 

Avg. Width 

depth T 

d (ft) (ft) 
(4) (5) 

Area Avg. 

A v q D -
<ff> (fps) Fr (tf/s) l<tm f<te (ft) e Kl K2 

(6) (7) (8) (9) (10) (11) (12) (13) (14) (15) 

RIPRAP - liNED CHANNEL DESIGN WORKSHEET (CSU/ ABT) 
Q > 50 cfs, 2% ~ SLOPE ~ 20% 

D -
(ft) 

(16) 

Rc 
dsgn. 

(ft) 
(17) 

For Fr > 0.86, freeboard • 0.25(d+v212g) + t.d at 
bends 
Enter freeboard w!thoutt.d (step 21) and with .6d 
(step 22) for straight and bend reaches respec· 
tlvely. 

CHANNEL BENDS FREEBOARD 

Rc 
min. Lp t.d ~trolght Bend 

(ft) (ft) (ft) (ft) (ft) 

(18) (19) (20) (21) (22) 

TABLE •J-9" 

\ 
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VI. OUTLETPROTECJJON 

A. GENERAL GUIDELINES 

Where concentrated flows are discharged, velocities are usually high, and there is a significant 
flow transition, both of which are conducive to high erosion poteqtial. A general 
understanding of problems and mitigating facilities may be helpful as a background prior to 
presenting facility design procedures. 

1. Outlet Velocities Conduit outlet velocity is one of the primary indicators of erosion 
potential, and has been used as a guide to what erosion control facilities may be 
required (Pima County, Maricopa County). These are categorized depending upon the 
receiving channel. · 

a. Natural Channel Outlets Natural channel outlet protection is often based on the 
ratio of the culvert outlet velocity to the average natural stream velocity as 
follows:. 

1} Culverts with outlet velocities less than or equal to 1.3 times the average 
natural stream velocity for the design discharge usually require a cutoff wall 
or flared end section as a minimum for protection; 

2) Where the outlet velocity is greater than 1.3 times the natural· stream 
velocity, but Jess than 2.5 times, a riprap apron should be provided; and 

3) When outlet velocities exceed 2.5 times the natural stream velocity, an 
energy dissipator should be provided. 

b. Artificial Channel and Side Channel Outlets Artificial channel and side 
channel outlet protection is often based on the ratio of the culvert outlet velocity 
to the allowable velocity for the channel lining material. Outlet discharge must be 
transitioned to limit the velocity to that allowed by criteria and the channel design 
and liner, if any. Typical guidelines are: 

1) ConduitS with outlet velocity less than or equal to the allowable require no 
outlet protection; 

2) Con~uits with outlet velocity greater than one and less than 2.5 times the 
allowable velocity must be provided with a riprap, concrete, or other 
suitable apron to transition the velocity to the allowable channel velocity; 
and 

3) When outlet velocities exceed 2.5 times the natural stream velocity, an 
energy dissipator should be provided. 
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2. Yelocity of Flow Reduction by Conduit Size Change This subsection summarizes 
a discussion presented in Section ill ofFHWA's HEC-14 on the same subject. 

Culvert outlet velocities are often quite high, and therefore it is reasonable to 
investigate measures to modify or reduce velocity within the culvert before 
considering an energy dissipator. Several possibilities exist, but the degree of velocity 
reduction is, in most cases, limited and must always be weighed against the increased 
costs which are generally involved. 

The continuity equation, Q = A V, can be utilized in all situations to compute culvert 
velocities, either within the barrel or at the outlet. Since discharge will generally be 
known from culvert design, determining the flow area wiU define the velocity. 

a. Culverts on Mild SlopeS Where high tailwater controls the culvert outlet 
velocity, outlet velocity is determined using the full barrel area. With this flow 
condition, it is possible to reduce the velocity by increasing the culvert size. The 
degree of reduction is proportional to the reciprocal of the culvert area. However, 
for high tailwater conditions above the top of culvert outlet, erosion may not be 
a serious problem. It may be more important to determine iftailwater will always 
control or only sometimes. 

When the tailwater depth is low, culverts on mild or horizontal slopes will flow 
with critical depth near the outlet. When culverts discharge with critical depth 
near the outlet, changing the barrel slope will have no effect on the outlet velocity 
as long as the slope is less than critical slope. Changing the resistance factor will 
change the depth at the outlet an insignificant degree and will, therefore, -not 
modify the outlet velocity: 

b. Culverts on Steep Slopes Increasing the barrel size for a given discharge and 
slope has little effect on velocity if the flow reaches nonnal depth, as it will within 
most culverts on steep slopes. 

Some reduction in outlet velocity can be obtained by increasing the number of 
barrels carrying the total discharge. Reducing the flow rate per barrel reduces 
velocity at nonnal depth, if the flowline slopes are the same. Substituting two 
smaller pipes with the same depth to diameter ratio for a large one reduces flow 
per barrel to one-half the original rate and the outlet velocity to approximately 87 · 
percent of that in the single-barrel design. However, this 13 percent reduction 
must be considered in light of the increased cost of the culverts. In addition, the 
percentage reduction decreases as the number of barrels is increased. For 
example, using four pipes instead of three results in only an additional 5 per cent 
reduction in outlet velocity. Furthennore, where high velocities are produced, a 
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design using more barrels may still result in velocities requiring protection, with \ 
a large increase in the area to be protected. ~ 

. Outlet velocities can also be modified by substituting a rough barrel for a smooth 
· barrel, or by using flow tumblers. These restrictive rings go inside the culvert and 
change the nature of the culvert flow. Tumbling flow is discussed in detail in 
HEC-14, Sections Vll-B and VII-C. When using this metpod of velocity 
reduction, it should be remembered that changing the flow from supercritical to 
subcritical may result in a marked change in the headwater. 

Substituting a "broken-slope" flow line for a steep, continuous slope is not 
recommended for controlling outlet velocity. Such a design is based on the 
assumption that the reduced slope of the lower barrel wiJJ control depth and 
velocity, as indicated by the Manning formula. Where the total fall from inlet to 
outlet remains the same, a broken-slope flow line reduces the outlet velocity only 
slightly. The initial steeper slope will bring abou~ a lesser depth and greater 
velocity at the break in grade, followed by a smalll~crease in depth in the lesser 
slope section. In supercritical flow, the total loss of energy by resistance will be 
somewhat greater with the steeper and then flatter slope because a lesser depth 
is produced over a greater portion of the barrel length. This increased loss due to 
resistance will be small, however, as will the reduction in outlet velocity. 
Fonnation of a hydraulic jump in the lower barrel is rare, as the downstream depth 
required to force a jump will seldom be encountered. If this type of design is 
attempted, water surface profile calculations must be made to insure that the 
hydraulic jump relationship is fulfilled. 

For culverts on slopes greater than critiCal, rougher material will cause greater 
depth of flow and less velocity in equal size pipes. Velocity varies inversely with 
resistance; therefore, using a corrugated metal pipe instead of a concrete pipe will 
reduce velocity approximately 40 percent, and substitution of a structural 
c01rugated metal plate pipe for concrete will result in about 50 percent reduction 
in velocity. Barrel resistance is obviously an .important factor in reducing velocity 
at the outlets of culverts on steep slopes. Sections Vll-B and Vll-C oflffiC-14 
contain detailed discussions and specific design information for increasing barrel 
resistance. 

3. DOwnstream Scour Holes Without outlet protection, a scour hole will typically 
fonn downstream of the outlet. Two reasons for understanding the geometry of 
the predicted hole are: · 

1) It may be that the scour hole is acceptable, and therefore no protection is 
needed; and 

2) Knowing the region of predicted scour, one may predict the area of 
proposed mitigation facilities. 
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A dimensionless scour hole is shown in Figure "J-11 ". Procedures have been 
prepared to estimate the dimensions of the scour hole. A simple method was 
developed by the ACOE which uses culvert diameter, culvert hydraulic radius, 
and the hydrological time of concentration, and three coefficients which depend 
upon tailwater conditions (Pima County). The drawback of this straightforward 
procedure is that it does not account for soil types. FHW A's HEC-14 presents a 
more detailed but not difficult procedure that takes into consideration soil 
characteristics. The procedure will not be presented herein, however, because 
erosion protection is usually desired and/or necessary anyway. One may as well 
simply design a protection facility directly per acceptable procedures, such as 
those presented in Subsection B which follows. 
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THIS IS A REPRODUCTION OF FIGURE 4. 78 IN (MARICOPA COUNlY) 

Dimensionless Centerline Profile 
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B. OUTLET PROTECTION DESIGN PROCEDURES 

Riprap aprons and energy dissipation basins placed downstream of culverts provide protect 
against scour immediately around the culvert as well as providing for the unifonn spreading 
of flow and decreasing flow velocity, thus mitigating downstream damages. Several design 
methods and the range of their allowed use are shown in Table "J-10". 

TABLE "J-10" 
OUTLET PROTECTION DESIGN METHODS 

Conduit Flow Velocity 
Outflow 

Froude No. Vo Vo 25<~ Vp :S: 1.3 1.3 <vp ~ 2.5 . Vp 

FR < 0.86 - Use a standard - Pima Co. Riprap - HEC-14 Riprap 
flared end section Apron Plunge Basin 

- Pima Co. Riprap - Other standard 
Plunge Basin energy dissipation 

- UD & FCD Riprap structures 
Apron 

- HEC-14 Riprap 
Plunge Basin 

- Other standard 
energy dissipation 
structures 

0.86 s: Fr s - Pima Co. Riprap - Pima Co. Riprap - HEC-14 Riprap 
1.7 Apron Apron Plunge Basin 

- Pima Co. Riprap - Pima Co. Riprap - Other standard 
Plunge Basin Plunge Basin energy dissipation 

- UD & FCD Riprap - UD & FCD Riprap structures 
Apron Apron 

- HEC-14 Riprap - -HEC-14 Riprap 
Plunge Basin Plunge Basin 

- Other standard - Other standard 
energy dissipation energy dissipation 
structures structures 

1.7 s: Fr s 2.5 - HEC-14 Riprap - HEC-14 Riprap - HEC-14 Riprap 
Plunge Basin Plunge Basin Plunge Basin 

- Other standard - Other standard - Other standard 
energy dissipation energy dissipation energy dissipation 
structures structures structures 

2.5 < Fr - Other standard - Other standard - Other standard 
energy dissipation energy dissipation energy dissipation 
structures structures structures 

Fr = Froude number, Vo = culvert brink flow velocity (fps), Vp = permissible velocity for the 
channel (fps) . 
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1. Pima County Riprap Apron Method This method is taken from a Pima County 
publication (Pima County), although Maricopa County presents the same material ·."""' 
(Maricopa County). Neither manual identifies the originator or source of the 
material, which is unknown to the author, hence the method name of "Pima 
County".The procedure is presented in a worksheet format in Table "J-11" 

2. Pima County Riprap Plunge Basin Method A modification to lhe riprap apron 
is a riprap plunge basin. The advantage of plunge basins is that the required riprap 
size is reduced; however, the reduced thickness may be offset by the enlarged 
area. Nonetheless, the Pima County procedure is presented in worksheet format 
in Table "J-12". 
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CULVERT I.D. No. (l) Dso = ff CULVERT I.D. No. (1) Dso = ff 

2H:1V SLOPES OR FLATIER: 2H:1V SLOPES OR FLATIER: 
RIPRAP@ 2D50 TO DAYLIGHT RIPRAP @ 2D50 TO DAYLIGHT 

WLr = ft 

= ft = ft 

4D50 (4' Max.) 4D50 (4' Max.) 

STEPS 

NOTE: SEE TABLE "J-10" REGARDING APPLICABILITY OF ll-US PROCEDURE (SEE TABLE :'L-5" FOR 
PARAMETER VALUES) 

( 1) • (2) Enter rulvert klentifJCation number and c:orrespond'mg Table "l·S" 
worksheet number. 

(3) • {9) Enter data from Table '1. ·5" worksheet from the folowing columns: 

f
22); (9); (5} or (6); (7); (13); (25), (26), or (27); and (33). 

c 1 o catcuJate 012. 
(11 Calculate lp: 

or TW s 012,lp. 0(8 + 17 klg Fr) 
For TW > 012, lp • 0(8 + 55 bg Fr) 

(12) Adjust lp, if necessary as follOws: 
30 s lp s 100. Enter value in column and on figure. 

Ref. I DATA FROM TABLE "L-5" 

(t3) Enter Z vakJe as follows: 
. t=or TW s 012. Z-=2 

ForTW > 012. Z.S 
(14} Wb .. Width of proteclion at the culvert brink. If the protected embank· 

ments are at leaSt 0/2 high, then use double the outlet width (20 or 28); 
otherwise, use triple (30 or 38). Enter value in cokJmn and on fiaure. 

(15} W~ .. Width of protection atthe end of protection .. 2lpiZ + WD. Enter 
val~ i1 column and on figure.. · 

(16} 0 .. o.02U1.:J:Jo21TW. Enter size in column and on f~gure. 

CUiv. "L-5" Dia. or Froude, Adj. 

I.D. 
No. 
(1) 

Sheet Trial Q Depth Width TW Param · D/2 lp lp 

(Cfs) D (ft) B (ft) (ft) u I Fr 
(4) (~ (6) (7) (8) (9? 

No. No. 
(2) (3) 

(ft) (ft) (ft) 
(10) (11) (12) 

OUTLET RIPRAP PROTECTION DESIGN WOR~SHEET 
PIMA COUNTY APRON 

Wo 

z I (ft) 
(13) (14) 

wl.p o8) 
(ft) (ft)" 
(15) (16) 

TABLE •J-11• 

il 



CUlVERT J.D. No. __ _ 

(B OR D) 

CONDUIT HEIGHT 
OR DIAMETER 
(D) 

025' BEDDING & FABRIC 
WRAP FABRIC AROUND NOSE 

2D50 

Dso= __ tt CUlVERTI.D. No. __ _ 

CONDUIT HEIGHT 
OR DIAMETER 
(D) 

02!3 BEDDING & FABRIC 
WRAP FABRIC AROUND NOSE 

D50 = __ tt 

2D50Jjl 
2Dso (5' Max) 

NOTE:. SEE TABLE "J-10" REGARDING APPLICABILITY OF THIS PROCEDURE (SEE TABLE "L-5" FOR 
PARAMETER VALUES) 

(1) • (2) Enter culvert identifcation number and corresponding Table 1.·5" 
wOrksheet nunber. 

(3) • {9) Enter data frOm Table 1. -s• worksheet from the folowing cokJmns: 
(22); (9}; (5} ()( (6); m: (13); (25}, (26), or (27}; and (33). 

1
10) Enter d.rop heght JiS. 
n~calculate 012 12 caJculate 0 • 

orHssDI2.~-=0.0t25u1~rrw . 
For Hs > 012. Dso. o.0082u u rrw 

Ref. DATA FROM TABlE 'l-5" 

Culv. 'l-5' Dla. Height Width Froude 

1.0. Sheet Trial ·Q Depth H B T'W aram Hs 

No. No. No. (cfs) D (ft) (ft) (ft) (ft) u {ff) 

(l) (2) (3) (4) (5) (6) (7) (8) {9) {10) 

D/2 Dm 
(ft) (ft) 
(11) (12) 

OUTLET RIPRAP PROTECTION DESIGN WORKSHEET 
PRIMA COUNTY PLUNGE BASIN 

T..An 

Remarks 

TABLE •J-12· 
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3. UD & FCD Riprap Apron Method The Urban Drainage & Flood Control 
District (Denver Metropolitan) provides another method of designing rip rap outlet 
protection. The procedure is presented in a worksheet format in Table "J-13". 

The iiD & FCD method may also be used to design outlet erosion protection for 
multi-barrel culvert installations by hypothetically replacing the multiple barrels 
with a single hydraulically equivalent rectangular conduit. The dimensions of the 
equivalent conduit may be established as presented below: 

1) Distribute the total discharge, Q, among the individual conduits. Where all the 
conduits are hydraulically similar and identically situated, the flow can be 
assumed to be equally distributed; otherwise, the flow through each barrel 
must be computed. 

2) Compute the Froude parameter Q/Di2.s (circular conduit) or Q/W~1•5 

(rectangular t), where the subscrip~ i indicates the discharge and dimensions 
associated with an individual conduit. If the installation includes dissimilar 
conduits, select the conduit with the largest value of the Froude parameter to 
determine the dimensions of the equivalent conduit. 

3) Make the height of the equivalent conduit, ~. equal to the height, or 
diameter, of the selected individual conduit. 

4) The width of the equivalent conduit, W eo is determined by equating the Froude 
parameter from the selected individual conduit with the Froude parameter 
associated with the equivalent conduit, Q/W J..fc 1·

5
• 
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CULVERT I.D. No. ___ (l) Dso = ___ ft, CULVERT I.D. No. ___ (l) Dso= ___ ft 

2H:1V SWPES OR FLATIER: 21-1:1V SWPES OR FLATTER: 
Rlf'RAP lJJ 2050 TO DA'11..1GHT RIF'RAP 0 2D50 TO DA'l'l.IGHT 

wlf = __ ft 

= ft; 

4D50 ( 4' Max.) 4D60 (4' Max.) 

NOlE: SEE TABLE "J-10" REGARDING APPLICABILITY OF lHIS PROCEDURE (SEE TABLE "L-5" FOR 
PARAMETER VALUES) 

(1) • (21 Enter culvert identifca1ioil number and COITesponding Table 1.. -s· 
wOcksheet number. 

(3) • {10) Enter data from Table 1.. ·5" worksheet from the folowing coklmns: 

i
22}; (9); (5} or (6); ~· (13); J25. ), (26), or (27).; and (34). 

I
H Deterinlne ..Q~ from IR'e ~12". Enter in cOknnn and on figtKe. 
12 !\'". Q It m •Vp) · ter value In cobnn and on figure. · 
13 oetennile·coeffdent of expansion Ce from FigiR'~ •J-13". 
14 Calculate minimum length of protectoo Lp c Ce{Wt.p ·B). Enter value 

m column and on figure. 

Ref. DATA FROM TABLE 'L-5" 

Culv. 'L-5" Dla. or Width Froude 
J.D. Sheet Trial Q Depth B lW a ram 
No. No. No. (cfs) O(ft) (ft) (ft) u 
(1) (2) (3) (4) (5) (6) (7) (8) 

(15) Adjust Lp, It neoessal)', as follows: 3D s Lp s 100. Enter value In 
column and on fiQUre. 

(16) Wb. Width of protection atthe culvert brink. If 1he protected embank· 
ments are at least D/2 high, then use double the outlet width (20 or 2B); 
othe!Wise, use triple (30 or aB). Enter value in coulumn and on figure. 

Adj. 

Vp Doo W~p Lp Lp Wo 

Fr (fps) (ft) (ft) Ce (ft) (ft) (ft) 
(9) (10) (11) (12) (13) (14) (15) (16) 

. OUTLET RIPRAP PROTECTION DESIGN WORKSHEET 
UO&:fCD APRON 

TABLE •J-13• 

T...i? 
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l 
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TW 
(ft) 

KNOWN 

UNKNOWN 

(
Assume at'\ 

0.40 ) 

SOLUTION BY EQUATION 

. FLOW CONDITION AT THE END OF THE CONDUIT 

SUBCRITICAL 

(de < dn; Fr < 1.0) 

Doo = 

0.069Q 
D1.5 

SUPERCRITICAL 

(dn < de; Fr > 1.0) 

0.028Q 
1W12(D+dnt3 

0.195Q 
(D+dn)1.5 

IF Doo < 050 FT PER lHE AOOYE, USE D60 = 050 FT FOR A DISTANCE OF 5D DO'NNSTREAM 

SOLUTION BY GRAPHICS 

J---·+-----f----1-------l----·--+·----f----+----~-----+---·---l----+-<!--·-i--+---t---1~--·+------l-.. ---+·-~i Oso = 2.0 ft 

ABOVE D50 = 2.0 FT. AN 
•-------;------+ ENERGY Di551PA110N BASIN -+--··----f·------i·-----i-----·-t--·-+---t---/i-· .... -i---·----t·---·--i---·71 Oro = 1.50 ft 

60 1-"'t---t-- WOULD LIKELY DE MORE 
COST EFFECTIVE. 

Oso = 1.00 ft 

Oro = 0.75 ft 
.. 30 r-~-r-4--+-~-+~~~~~~~+-~-+~~+-~~~~ 

Oso = 0.50 ft 

o.1o 0.20 o.30 o.40 o.so o.60 o.7o o.eo o.90 1.0 

1W/D 

) 
D50 = Mean rock diameter, ft · D = Diamm:er of oonelult, ft 

. . Q = Conduit flow, de dn, de = Normal and Critical depth, ~ely, ft 

•

.. ·.· TW = Tailwater d(M'netrcam. · ft; . Fr = Frout.le Num.er 
NOTE: VvHEN USING GRAPH, _IF FLOW IS SUfFRCRmCAL, SU5S11TUTE 0.5 (D+dn) FOR D. 

[0.5(D+dn) SHALL. Nor .EXCEED D] . 

~----------------------------------------.-----------~ . . 

RIPRAP D$0 SIZE AT OUTLETS - UD&FCD 
(CIRCULAR OR SQUARE CONDUITS) 

FIGURE • J-12a• 
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TW 
(ff) 

KNOWN 

UNKNOWN 

SOLUTION BY EQUATION 

FLOW CONDITION AT THE END OF THE CONDUIT 
SUBCRITICAL 

(de < dn; Fr < 1.0) 

SUPERCRITICAL 

(dn < de: Fr > 1.0) 

050 = 

= 

0.0099(D+dntsa 
B(1W) 

0.0099(D+dnt.5 q!T'N 

(
Assume at\ 

0.4D I 
0.049Q 0.049q 

050 = B(D+dnt.5 = (D+dnt.5 

IF D50 < 0!50 FT PER THE ABOVE, USE D50 = 050 FT FOR A DISTANCE Of 5D DCM'NSTREAM 

ABOVE D50 = 2.0 FT. AN 

70 

ENERGY DISSIPATION 
WOULD UKELY 6E MORE 

. COST EFFEC11VE. 

(?s) 40 

T-44 

D50 = 0.75 ft 

l········f ....... +····· .. i·-··· .. f·····~--·-+··,.·+-.. ····~·······+ .... ~ ................. ~······~-·+· .. ·-·f······ .. t·······t-...... i········t D50 = 0.50 ft 

0.10 0.20 0.30 0.40 0:50 0.60 0.70 0.60 0.90 1.0 

TW/D 
D50 = Mean rocl:: diameter, f1; D = Diameter of conduit, f1; 
Q = Cont.luit flow, cf6 an, ac = Normal ana Critical depth, rc5pcctiVCI,y, f1; 
TW = Tailwster down~m. f1; · Fr = Frolu!c Nlln1Cr 
NOTE: MiEN USING GRAPH, IF FLOW IS SUPERCRmCAL, SU5511TU1E 0.5 (D+dn) FOR D. 

[0.5(D+an) SHALL NOT EXCEED Dl 

··• . .. · . 
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REPRODUCED FROM FIGURES 5-9 & 5-10 IN (UD&FCD). 
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NON-SQUARE OR o' 
NON-ciRCULAR 4 ~'"' 

CONDUITS ~~~ 
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J-46. 

4. HEC-14 Riprnp Plunge Basin Method The design procedure presented herein 
for riprap energy dissipators is based on data obtained during a study sponsored \..., 
by the Wyoming Highway Department and conducted at Colorado State 
University. The purpose of the experimental program was to establish 
relationships between flow properties and the dimensions of effective riprapped 
basins at culvert outfalls. 

I 

The dimensions of a scour hole in a basin constructed with angular rock were 
approximately the same as the dimensions of a scour hole in a basin constructed 
of rounded material when rock size and other variables were similar. 

When the ratio oftailwater depth to brink depth (fW/Yo) was less than 0.75 and 
the ratio of scour depth to size ofriprap (h/dso) was greater than 2.0, the scour 
hole functioned very efficiently as an energy dissipator. For high taiiwater basins 
(TW/Yo greater than 0.75), the high velocity core of water emerging from the 
culvert retained its jetlike character as it passed through·the basin, and diffused in 
a manner very similar to that of a concentrated jet diffusing in a large body of 
water. As a result, the scour hole was much shallower and generally longer. 
Consequently, riprap may be required for the channel downstream of the rock
lined basin. 

General details ofthe basin are shown on Figure "J-14", and a design worksheet 
which presents the design procedures is provided in Table "J-14". 

5. Other Standard Energy Dissipation Structures Concrete energy dissipation 
or stilling baSin structures are required to prevent scour damages caused by high 
exit velocities and flow expansion turbulence at conduit outlets. Outlets structures 
can provide a high degree of energy dissipation and are generally effective even 
with relatively low tailwater control. Rock protection at conduit outlets is 
appropriate where moderate outlet conditions exist; however, there are many 
situations where rock basins are impractical. Concrete outlet structures can be 
designed easily and are suitable for a wide variety of site conditions. In some 
cases, they are more economical than large rock basins, partieularly where long 
tenn costs are considered. 

Details of specific grouted rock and concrete energy·dissipation structures are not 
provided in this manual. For these other methods of erosion control, reference is 
made to (FHWA HEC-14), (UD & FCD), (Maricopa County), and USBR 
publications listed in Section ll of this manual. 
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~----------------------------------------------------------------~ MODIFIED FROM FIGURE Xf-1 IN HEC-14 

NOTE: 
W0 • DIAME'n;R FOFI 

PI.PE ctJLVEIU' (O,fl) 

W0 • BAFIAEI. WIO'IH 

WAAP END OF CHANNEUZA110N lO CONFORM: TO NA'I\IRAI.. STREAM C!iANNEt. TOP OF AIPI'W> IN 
FI.OOFI OF BASIN SHOULD BE AT 1HE SAME ElEVA110N OR lOWER '!HAN NAlUAAt. . 
CHANNEl BOTTOM AT SEC. ~A. 

OISSI.P'ATOA I'OOL AP'AON J----- 10 '\OR 3W0 MIN. ----t--l"s OR W0 MIN. ---t-1'-...c;~;:....-.! 

AIPIW' SHALl BE PlACED OVER o.2S' 
BEDDING AND FILTER FABRIC {1YP) 

!, SECTION 

--.-
__ .., 

.• I 

.J 
.,. ,. .,. ""' I 

I 

FOR BOX CULVERT (B,fl~ 

W0 • SPAN OF PIPE·AACH - I 
CULVERT (8.11) 

HOfltZONT AL 
r. SVMM AIIOUT 

J_q_ L-. __ .....__ 

...-\8 
OISSIPA10A POOl APRON 

I 
I 

_I 

-- ... - ' ·-1-.t' 
ts.'! 
·~ I 

: I 
I I 
I 
I ~ 

·== -------1 

HEC-14 PLUNGE BASIN DESIGN DETAILS 

• BASED UPON SIZE 
OF Dso AT ENO OF 
EXll:NDED APRON 

' ' 

src.o .. o 

llf:AM AS AlOUIAED 
TO SUP'I'OAT AII'RAP' 

FIGURE • J-14" 
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W- !NO OF CHAN.M!IJZATI()N 'ID CONFORM '10 NA'7UI'W.. STFI~ CIWINEL 'lOP OF ,.,.,;.. 
2ie.&"a~8~C. ~_tT 1M£ IIAME ElEVAllON ~ ~ lHAN NA1UIW. · " 1111· 

l.p - ..;___ ft (22) 

OISS~f'A ICI!II'Ool .I.~IION 
t----10 .._OII''II!,MIN, ---4-·1 '\OIIW~MIN. 

- ft 119) - ft (20) 
T~0,.1111a. 

- ft (23) 
TOt' OF 

2~~ 24rio~ 

U~u U~,o.x 
D,.. • __ ft (17) . 

· ~ Be ~!\.ACED 'US' 
BeDOINQ AND FILlER FABRIC (T'I'P) 

!t SECTION 

NaTE: 
·w. • DIAMETER FOR 

PIPE CUI.VEAT (O,ft) 

W,, • BARREL WIC1lt 
POA lOX CVLVI!Pn' ll,ft) 

. w. • SPIN OF I'IPE-AACH ~ 
CUI.Y!AT (1,11) 

' BASED IJI'ON SIZE 
OF 0.., AT END OF 
EXT'ENOEO N'1'rON 

HOflllONTAl 

DISSII'ATOR POOl 

---
__ ., 

•' I 

--~ ....... ""' ' 
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NOTE: DO NOT USE THIS PROCEDURE IF Fr > 2.5 (SEE TABLE "l-5" FOR Fr VALUE) 

(1) • (2) Eri!Br culvert ldentlflca1lon number and between 2 and 41 skip to step ( 17). 
corresponding Table 't.S•worksheet number. (14) • (18) Repeat steps (11) • (13) If (13) Is not 

(3) • (10) Eri!Br data from Table 't·5"worksheet ~m between 2 and 4. 
the foRowlng columns: (22~, (9); (5) or (7); (13); (17} Muftlply acceptable D!lfe value by step (8) to 

~
) or (29) times (5) or (6 ; (32); {33) & (34). get Dso. Round 1o conventional size, and enter In 

(11 Ented=tgure • J-15 wllh , read vertically. column and on figure. 
teet D~e value In mid-ran~ of· shaded area. (18) Multlptv acceptable hSI1)51 value by step (17)to 

(12) Read hOrfzontafty to hs/Ye from 1rlal D'!J!Ye & get hs. Enter value roundea to nearest 0.1 foot In 
J=r Intersection. column and on figure. 

(13) DMde.(12) by (11) to obtain hS!1)50.1f value Is (19) Pool length Is greater of 10hs and 3Wo. Enter 

DATA FROM TABLE "L-5" 
Ref. Culv. 

value In column and on figure. 
(20) Apron length Is greater of Shs and Wo. Enter 

value In column and on figure. 
(21) lfTW/Yo > 0.75, additional downstream rlprap 

may be req'd to protect against jet stream. Go 
now to Table • J-ts• for calculations of lp and rock 
size to use for the extended basin. 

(22) If TwfYo > 0. 75, enter lp value from step 17 on 
Table "J·ts•.ffTWfYo s 0.75, the minimum length 
of protection lp Is the greater of (19) + (20) and 

DESIGN 

1.5 (·- wo) 
Enter In column and on figure. 

(23) Extended apron length, If any, Is Lp • r{19) + 
(20}1. Enter value In column and on figure. If this 
value Is a positive number, Table •J-ts• should 
be used to design smaller rfprap req'd for the 
extended apron. 

(24) The width of the end of the apron or extended 
apron Is WAA • 2lpf3 + Wo. Enter l1 column and 
on figure. 

Ext. 
Culv. ·L-5· Width FIRST TRIAL SECOND TRIAL VALUE Pool Apron Apron 

I. D. Sheet Trial Q Wo 

No. No. No. {cfs) D or B) 

{1) (2) (3) (4) (5) 

co 

TW Yo Ye Vp SJIYe hs SJIYe 
{ft) {ft) {ft) Fr {cfs) Value hs/Ye DSJ Value hs/Ye 
(6) (7) (8) (9) (10) {11) (12) (13) (14) (15) 

OUTLET RIPRAP PROTECTION DESIGN WORKSHEET 
HEC-14 PLUNGE BASIN 

hs DSJ hs Length Length TIN Lp length WM 
Dro (ft) (ft) (ft) (ft)_ Yo (ft) (ft) (ft) 

{16) (17) {18) {19) (20) (21) (22) (23) (24) 
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t: 
Ul 
0 
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a: 

2 

1 

OPTIMAL RANGE 
0..25 s dso s 0.45 

Ye 

MODIFIED FROM FIGURE Xl-2 IN HEC-14 

1 

V DESIGN DISCHARGE Q . (fps) 
ave = WElTED AREA. AT BRINK OF CULVERT 

lliE MEDIAN SIZE OF ROCK 
BY WEIGHT. ROUNDED ROCK 
OR ANGULAR ROCK. (ft) 

Ye = EQUIVALENT BRINK DEPTll (ft) 

= BRINK DEPlli FOR BOX CULVERT (ft) 

: £A)112 FOR NON-RECTANGULAR 
\ 2 SECTIONS (ft) 

2 3 

FROUDE NUMBER : Fr 

~------------------------------------~----------~ HEC·14 PLUNGE BASIN DESIGN GRAPH 
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1.0 
0.1 . --... 
G.l -r--

0,) ' " 0.' ~ 
VL • AVetli£C Vc:Jocity L Feet DoWII3trcam £rom briolc ~ . 

G.5 I-

V Vo • Averag<: Velocity at Outlet brink . I ""- 1 1 1 1 1 J J. 1 

V~u I I I l··l~c....,e~"\. 11 

ul l "'\ I I I I I 1 1 I 

., Modified from I ~I I I I I 

Figure XI·3, ~14 . 

. I I I I 

a.z, "" I I 

••• ~n. ~=y:-=r·=rrTTff·.. I'N I I I. 

2 3 4 5 ' 7 •• 10 20 30 •o 10 60 70 ao to 100 

L ., ~ downstream fi-om cu!Yert brink 
De Eauiv.llent o.dYert diar'Mter 

RIPRAPSIZE FOR USE DOWNSTREAM OFENERGYDISSIPATORS 
(MODIFIED FAa-A FIGURE 11-C-1, HEC-14) 

4~~~~--~~,--r~~~r-~~~ 

31--

FOR STONE WEIGHING --if---1--+--+--+-"1"+--=1 
165LBS. PEA CU. FT. 

(SG=2.65) 

1~4-~-4--r-+-~~~--r 

vl {fpsJ 
0o z 16 18 

STEPS (1-13 here, 14·17 beloW) 

(1) • ~2) Enter culvert I.D. and corresponding Table Sheet No. 
(3) • 6)Enter data from Table "J·11d" lrom the following columns: 

(8 ; (10); (19); and (20). 

rn 
& {8) Enter valles frqm Table 1.·5", columns {30) & (31 ). 
Add steps (5) and (6). Enter In cokJmn af'K!..qn fgure. 

0) De • Ve for ci'cular rondults, and (4Aohtj otlierwise. 

Ref. DATA FROM TABLE "J-14" TABLE "L-5" 
Cutv. •J-14" Pool Apron 

1.0. Sheet Ye Vp length length Ao Vo 

No. No. (ft) (fps) (ft) (ft) (tt2) (fps) 

(1) (2) (3) (4) (5) (6) 0) (8) 

lp = ft _, 

(17) l 
Sta. ba5in length = ft; I 

(9) ~ 

POOL APRON EXTENDED 
APRON 

~ 
(11) • (15) Provide an ilctemental tabulation to determine req'd lp and where 
ri~ size reduc1ions rould OOCIX. 

(11) ~ratios of (Jt)e from the graph at top, starting with the eqWalent 
of the STD basin length In step (9). With each value selected, do steps 
12~15, then. retumfo step (11) untl a length is reached where VL s Vp. 

(12) Enter praph at t>p with uoe and read ~-:mer value. 
(13) Multiply step (12) by step (8) to get VL. tions may eodonthe 

row where VL s Vp. · 

STD. l - V - D50 Tabulation 

Basin MIN. L Design 

Length De l vl Vt D50 (ff) Dm -
(ft) (ft) De Vo (fps) (ft) (15 & (ff) 

(9) (10) (11) (12) (13) (14) 17) (16) 

I 
(< 
fill 

0 

11
14} Enter step (13) V~,_ value Into 9raph at mid-page and read Dso-

. 15 Mu/t~ step (11) oy step(10} to get d'astance l where Oli9 in step 4 is aooepiable • 

.

•. 16 DonotdO'Step 16untisteps11:15havebeencompleteafora11Vt,> Vo. Then, usiladatainl I I I I I ( 9 colJmns (14) alld(15),selec! design 060 to be used between bgbll ilcrements of L. D50 shaD . _ _ _ • . . 
not be Jess than 0.5, reethowever. . • ' I (17.') The. d'tStanoe. .l where VL :S Vp is lp. Enter 1his value on the. figure above, and on Table • J-14"1--+--+----t---t-----t 
fn ~n J22l and the ~ure. Comll'ete Table • J-14" by perfo~ steps (23) & (?4). 

EXfE:NOED RIPRAP APRON DESIGN WORKSHEET TABLE •J-15. 
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A. 

V. SPECIFICATIONS 

RIP RAP 

Work involving riprap shall conform to this subsection. 

1. Materials 

a. Specifications Stone used for riprap shall be hard and durable; resistant to 
weathering and to water action; free from overburden, spoil, shale and organic 
material; and shall meet the gradation requirements specified. Neither breadth nor 
thickness of a single stone should be less than one-third its length. Shale and stone 
with shale seams are not acceptable. The minimum weight of the stone shall be 
155 pounds per cubic foot as computed by multiplying the specific gravity (bulk
saturated-surface-d!)' basis, AASHO Test T 85) times 62.3 pounds per cubic foot. 
This corresponds with a specific gravity of 2.5. A size-weight-specific gravity 
relationship is provided in Figure "J-16". 

Each load of riprap shall be reasonably well graded from the smallest to the 
maximum size specified. Stones smaller than Dsof3 will not be permitted in an 
amount exceeding 5 percent by weight of each load. For an economical thickness, 
the largest stones (D100) should not exceed 1.5 D50; even so, only 10% by weight 
ofthe riprap may exceed 1.5 Dso. and then only up to a maximum size of2.0 D50• 

The slope of gradation o shall be within the range of 1. 50 and 2.25 as determined 
by the following equation · 

0 = o.s[f ~+ D.,} or 
DI6 · 

3 ;s; [ !2&.+ 
Dso 

!2,] s 4.5 
DI6 

(Dx represents the rock size for which "x" percent of riprap particles by weight are 
finer) 

b. Engineer Approval The sources from which the stone will be obtained shall be 
selected in advance of the time when the stone will be required in the Work. The 
acceptability. of the stone by the Engineer must precede riprap use, and will be 
determined by Engineer approval of service records, suitable tests, or by visual 
inspection. The approval of some rock fragments from a particular quarry site shall 
not be construed as constituting the approval of all rock fragments taken from that 

. quarry. 
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REPRODUCED FROM CHART 5 IN HEC-11 
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2. 

In the absence of service records, resistance to disintegration from the type of 
exposure to which the stone wiJJ be subjected will be detennined by any or all of the 
following tests: 

I) When the riprap must withstand abrasive action from material transported by the 
stream, the abrasion test in the Los Angeles machine shall also be used. When the 
abrasion test in the Los Angeles machine (AASHO Test T 96) is used, the stone 
shall have a percentage Joss of not more than 40% after 500 revolutions. 

2) In locations subject to freezing or where the stone is exposed to salt water, the 
sulfate soundness test (AASHO Test T I 04 for ledge rock using sodium sulfate) 
·shall be used. Stones shall have a loss not exceeding 10 percent with the sulfate 
test after 5 cycles. 

3) When the freezing and thawing test (AASHO Test 10 for ledge rock procedure 
A) is used as a guide to resistance to weathering, the stone should have a loss not 
exceeding I 0 percenf after 12 cycles of freezing and thawing. 

Construction Requirement~ 

a. General Slopes to be protected by riprap shall be free of brush, trees, stumps, 
and other objectionable materials and be dressed to smooth surface. All soft or 
spongy material shall be removed to the depth shown on the plans or as directed 
by the Engineer and replaced with approved native material. Filled areas will be 
compacted and a toe trench as shown on the plans shall be dug and maintained 
until the riprap is placed. 

Filter fabric covered with 0.25 feet of clean granular material shall be placed on 
the prepared slope or area as specified before the stone is placed. 

The Contractor shall maintain the riprap until all work on the contract has been 
completed and accepted. Maintenance shall consist of the repair of areas where 
damaged by any cause. 

b. Rock Riprap Stone for riprap shall be placed on the prepared slope or area in 
a manner which will produce a reasonably well-graded mass of stone with the 
·minimum practicable percentage ofvoids. The entire mass of stone shall be placed 
so as to be in conformance with the lines, grades, and thicknesses shown on the 
plans. Riprap shall be placed to its full course thickness at one operation and in 
such a manner as to avoid displacing the underlying material. Placing of riprap in 
layers. or by dumping into chutes, or by similar methods · likely to cause 
segregation, will not be penniued. 
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- The larger stones shall be we11 distributed and the entire mass of stone shall 
conform to the specifications on the construction drawings. All material going 
into riprap protection shall be so placed and distributed that there will be no large 
accumulations of either the larger or smaller sizes of stone. 

It is the intent of these specifications to produce a fairly compact riprap protection 
in which all sizes of material are placed in their proper proportions. Hand placing 
or rearranging of individual stones by mechanical equipment may be required to 
the extent necessary to secure the results specified. 

Unless otherwise authorized by the Engineer, the riprap protection shall be placed 
in conjunction with the construction of the embankment with only sufficient lag 
ih construction of the riprap protection as may be necessary to allow for proper 
construction of the portion of the embankment protected and to prevent mixture 
of embankment and riprap. 

B. FILTER FABRIC 

1-54 

Underlying riprap liners sha11 be an engineering filter fabric and 0.25 foot of granular bedding 
material to protect the fabric during riprap placement. Filter fabric shall conform to the 
specifications of this subsection. 

1. Materials 

2. 

a. Specifications Minimum properties for geotextiles shall be as presented in Table 
"J-16". 

b. Engineer Approval The Contractor shall submit fabric specifications to the 
Engineer for approval prior to use on the project. 

Construction Requirements 

a. General All subgrade compaction and grading shall be completed and approved 
by the Engineer prior to placement of fabric. Also, surfaces where fabric shall be 
placed shall be placed shall be free of brush, trees, stumps, sharp rocks exceeding 
1 ~"in size, and other objectionable materials, and shall be dressed to a smooth 
surface. 

b. Placement Filter fabric sh~ be placed similar to erosion control nettings as 
shown on Figure "J-17", except that check slots are not required. Figure "J-18" 
shows fabric wrapping at the toe of revetments. 
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Table "J-16" 
Filter Fabric Specifications 

Property Class A1 Class 82 Test Method 

Grab Strength, Jbs 200 90 ASTM D-4632 

Elongation, % min. 15 15 ASTM D-4632 

Seam Strength, Jbs3 180 80 ASTM D-4632 

Puncture Strength, lbs 80 40 ASTM D-3787 

Burst Strength, psi 320 140 ASTM D-3786 

Trapezoid Tear, lbs 50 30 ASTM D-4533 

Apparent Opening AOS Jess than 0.297 mm 
Size (AOS) US Std (greater than No. 50 sieve) CW002215 
Sieve 

Permeability, em/sec" k fabric > k soil for all classes ASTM D-4491 

Ultraviolet 70% strength retained for al1 
Degradation at 150 classes ASTM D-4355 
hours 
1 Class A erosion control geotextiles are used where installation stresses 'are 
more severe than for Class 8 applications. 

2 Class 8 erosion control geotextiles are us~d in structures or under 
conditions where the fabric is protected by a sand cushion or by .. zero drop 
height .. placement of stone. Stone placement depth should be Jess than 3 
feet and stone weights should not exceed 250 pounds . 

. 
3 Values apply to both field and manufactured seams, if required. 
" A nominal coefficient of permeability may be determined by multiplying 

permittivity value by nominal thickness. The k value of the fabric should be 
areater than the k value of the soil. 
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RtPRODUCED FROM UD&FCD 

On sholbw slopes. ~ ot 
ootflng may be oppled across 
the slope. 

Where fhere .!s o berm ot the top of·1he stope. 
brho the netting over the berm and anchor H 
behhd 1he befm. · 

FILTER FABRIC PLACEMENT 

On s1eep slopes,. apply s1rlps of 
netting poroUel to· ~.·dlr:ecfion 
of 1\oW and anchOr securely.·· . 

In ditches. apply netting 
porOllel to 1he directlori of 
now. Use check slOts every 
15 feet. Do not join strips In 
the center of the ditch. 

FIGURE • J·17a• 
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REPRODUCED FROM UD&FCD 

Anchor Slot: Bury thG t.p-Channel end of the net In 
a 6• deep trench. Tamp the soli firmly. Staple at 12" 
Intervals across the net. 

Overt~: Ovetq.) edges of the 
strips at least 4•, Stap!e every 3 
feet down the center of the 
strip. . 

., 3't+" 

B . 
. . . 

Jolnlna ~ hsert 1he new roll ot net h a 1rench. 
OS wffh the Anchor Slot. Overtop 1he up-channel end 
of the previous roU 1a• Cl1d tum the end under 6•. 
Staple the end ot 1he previous . roll just below the 
anchor slot md at the ond at 1 'Z' Intervals. 

Check Sbts: On erodible soils ex steep slopes. d1eCk 
slots Shoulcf be made every 15 feet. Insert a fold of 
the net hto a 6• trench and tamp firmly. Staple at 
12' Intervals across the net. Lay the net smoothly on 
the surface of the soli - do not stretch the net, and 
do not aUow wrinkles. (Not required for filter fabrics) 

Anchoring Ends At .Sfructures: 
Place the end of 1he net h 
a 6• llot on the up-chomel 
side of the structure. Fll 1he 
trench and fOOl> firmly. Rol 
the. net up the channel. 
Place staples at l'Z' Intervals 
along the anchor end of 
the net. 

~----------------------------------------.-----------~ FILTER FABRIC PLACEMENT 
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MODIFIED FROM FIGURE 19 IN HEC-11 ', ) 
(:-

WRAP FABRIC AROUND BASE OF ARMOR 

FINISH 
\CHANNEl 
~GRADE 

FILTER FABRIC TOE WRAPPING 

025' GRANULAR BEDDING 

~FILTER FABRIC 

FIGURE • J-18. ~) 
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