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FOREWORD

This Implementation Package provides guidance for the design of stable conve-
yance channels using flexible linings. The information in the manual should be of
interest to State and Federal Hydraulics engineers and others responsible for
stabilizing roadside channels. The manual has been adopted as HEC-15 in the
Hydraulics Engineering Circular Series.

Copies of the manual are being distributed to FHWA regional and division offices
and to each State highway agency for their use. Additional copies of the report
can be obtained from the National Technical Information Service, 5280 Port Royal
Road, Springfield, Virginia 22161.

Hter Byngo-

Stanley R. Byington, Director
Office of Implementation

NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The United States
Government assumes no liability for the contents or the use thereof.

The contents of this report reflect the views of the author, who is responsible
for the facts and the accuracy of the data presented herein. The contents do not
necessarily reflect the policy of the Department of Transportation.

This report does not constitute a standard, specification, or regulation. The
United States Government does not endorse products or manufacturers. Trade or
manufacturers’ names appear herein only because they are considered essential to
the objective of this document.
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LIST OF SYMBOLS

Cross-sectional area of flow prism, ftz, me.

>
1"

A0S = Measure of the largest effective opening in a geotextile; repre-
sents opening size for which 95 percent of fabric pores are smaller
than that diameter.

B = Bottom width of trapezoidal channel, ft, m.
CG = Channel geometry.

085 = Particle size of gradation, of which 50 percent, 85 percent, etc,
of the mixture is finer by weight, ft, m.

50°
d = Depth of flow in channel, ft, m.
d = Change in depth due to superelevation of flow in a bend, ft, m.
d_ = Depth of normal or uniform flow, ft, m.
Fd = Drag force in direction of flow.

F, = Lift force.

Fr = Froude number, ratio of inertial forces to gravitational force in a
system.

2 2

g = Gravitational acceleration, ft/sec™, m/sec”.
h = Average height of vegetation, ft, cm.

Kb = Ratio of maximum shear stress in bend to maximum shear stress
upstream from bend.

K . = Compound channel lining factor.
K1 = Ratio of channel side shear to bottom shear stress.
K2 = Tractive force ratio.

L_ = Protected length downstream from bend, ft, m.

k = Roughness height, ft, cm.

K. = Tractive force ratio at bottom of channel.
MEI = Stiffness factor, 1b ° ftz, Newton * mZ.

n = Manning's flow resistance coefficient.

P = Wetted perimeter of flow prism, ft, m.
Py = Wetted perimeter of Tow-flow channel, ft, m.



P.C-

P.T.

SF
SSF

Point on curve.

Point on tangent.

Discharge, flow rate, ft3/sec, m3/sec.
Hydraulic radius, A/P, ft, m.

Mean radius of channel center line, ft, m.
Roughness element geometry.

Average channel gradient.

Energy gradient.

Mean of the short axis lengths of the distribution of roughness
element.

Safety factor.

Side slope factor.

Channel top width, ft, m.

Mean channel velocity, ft/sec, m/sec.
Shear velocity, ft/sec, m/sec.

Weight of riprap element, 1b, Kg.

Mean value of the distribution of the average of the long and
median axes. of a roughness element.

Side slope; cotangent of angle measured from horizontal.
Z = cot ¢,

Moment arms of riprap channel.
Angle of channel bed slope.

Angles between weight vector and the resultant in the plane of the
side slope.

Unit weight of water, 1b/ft3, Kg/m3.

Angle between the drag vector and resultant in the plane of the
side slope.

Angle of repose of coarse, noncohesive material, degrees.
Stability number.

Stability number for side slopes.

X1




Bed material gradation.
Average shear stress, 1b/ft2, Kg/mz.

Shear stress in a bend, 1b/ft2, Kg/mz.

Shear stress in channel at maximum depth, 1b/ft2, Kg/m".

Permissible shear stress, lb/ftz, Kg/mz.
Shear stress on sides of channel, 1b/ft2, Kg/mz.

Angle of side slope (bank) measured from horizontal.

Xii
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U.S. DEPARTMENT OF TRANSPORTATION
FEDERAL HIGHWAY ADMINISTRATION

DESIGN OF ROADSIDE CHANNELS WITH FLEXIBLE LININGS

I. INTRODUCTION

This manual addresses the design of stable conveyance channels using
flexible 1inings. Because the roadside channel is included within the highway
right-of-way, the gradient of the channel typically parallels the grade of the
highway. Hydraulic conditions in the conveyance channel can become severe
even at fairly mild highway grades. As a result, these channels often require
stabilization against erosion. The channel stabilization measures included in
this manual are deemed flexible 1inings.

The primary difference between rigid and flexible channel 1inings from an
erosion-control standpoint 1is their response to changing channel shape.
Flexible 1inings are able to conform to change in channel shape while rigid
linings can not. The result is that flexible 1inings can sustain some change
in channel shape while maintaining the overall integrity of the channel
1ining. Rigid linings tend to fail when a portion of the 1lining is damaged.
Damage to a lining is often from secondary forces such as frost heave or
slumping. Rigid linings can be disrupted by these forces whereas flexible
linings, if properly designed, will retain erosion-control capabilities.

Flexible 1linings also have several other advantages compared to rigid
linings. They are generally less expensive, permit infiltration and exfiltra-
tion, and have a natural appearance. Hydraulically, flow conditions in chan-
nels with flexible linings generally conform to those found in natural chan-
nels, and thus provide better habitat opportunities for 1local flora and
fauna. In some cases, flexible linings may provide only temporary protection
against erosion while allowing vegetation to be established. The vegetation
will then provide permanent erosion control in the channel. The presence of
vegetation in a channel can also provide a buffering effect for runoff con-
taminants.

Flexible linings have the disadvantage of being limited in the magnitude
of erosive force they can sustain without damage to either the channel or the
lining. Because of this limitation, the channel geometry (both in cross sec-
tion and profile) required for channel stability may not fit within the
acquired right-of-way. A rigid channel can provide a much higher capacity and
in some cases may be the only alternative.

Design procedures covered in this manual relate to flexible channel
linings. Rigid 1linings are discussed only briefly so that the reader
remains familiar with the full range of channel lining alternatives. The pri-
mary reference for the design of rigid channels is Hydraulic Design Series No.
3, "Design of Roadside Drainage Channels'. (1) For channels which require
other protection measures, the design of energy dissipators and grade-control
structures can be found in Hydraulic Engineering Circular (HEC) No. 14.(2)




Riprap design procedures covered in this manual are for channels having a
design discharge of 50 cfs or less. The use of the procedures in Hydraulic
Engineering Circular (HEC) No. 11 is recommended for the design of riprap
revetments or linings on channels and streams with design flows in excess of
50 cfs. (3)

The permissible tractive force and Manning n values provided in this
manual for grass lined channels cannot be compared to values found in earlier
manuals. The current values are based on research conducted at Colorado State
University which takes into account the stiffness of the vegetation.

The riprap procedure for steep channels is based on an analysis of forces
acting on the riprap. While this procedure is theoretically sound, the
results should be used with caution and be taken as guidance. Whenever pos-
sible, the procedure should be checked against the performance of installed
channels in the field. The steep slope design procedure is 1limited to channels
having a design discharge of 50 cfs of less.



I1. BACKGROUND

Considerable development and research have been done on rigid and
flexible channel linings. Prior to the late 1960's, natural materials were
predominantly used to stabilize channels. Typical materials included rock
riprap, stone masonry, concrete, and vegetation. Since that time a wide
variety of manufactured and synthetic channel Tlinings applicable to both per-
manent and temporary channel stabilization have been introduced. Relatively
little data on hydraulic performances of these materials are available com-
pared to the variety of materials produced. Work is continuing on comparing
hydraulic performances, material improvement, and new material development.

Lining Types

Because of the large number of channel stabilization materials currently
available, it is useful to classify these materials based on their performance
characteristics. Lining types are classified as rigid, such as concrete, or
flexible, such as vegetation or rock riprap. Flexible linings are further
classified as temporary or permanent. Lining materials are classified as
follows:

Rigid Linings

Cast-in-place concrete
Cast-in-place asphaltic concrete
Stone masonry

Soil cement

Fabric formwork systems for concrete
Grouted riprap

Flexible Linings

Permanent

Riprap

Wire-enclosed riprap
Vegetation lining
Gravel

Temporary

Bare soil

Straw with net

Curled wood mat

Jute, paper, or synthetic net
Synthetic mat

Fiberglass roving




Performance Characteristics

Rigid Linings. Rigid linings (figure 1) are useful in flow zones where
high shear stress or nonuniform flow conditions exist, such as at transitions
in channel shape or at an energy dissipation structure. In areas where loss
of water or seepage from the channel is undesirable, they provide an imper-
meable lining. Since rigid linings are nonerodible, the designer can use any
channel shape that adequately conveys the flow and provides adequate free-
board. This may be necessary if right-of-way limitations restrict the channel
size.

Figure 1. Rigid Concrete Channel Lining.

Despite the non-erodible nature of rigid 1inings, they are highly suscep-
tible to failure from structural instability. For example, cast-in-place or
masonry 1linings often break up and deteriorate if foundation conditions are
poor. Once a rigid lining deteriorates, it is very susceptible to erosion
because the large, flat, broken slabs are easily moved by channel flow.

The major causes of structural instability and failure of rigid linings
are freeze-thaw, swelling, and excessive soil pore water pressures. Freeze-
thaw and swelling soils exert upward forces against the lining and the cyclic
nature of these conditions can eventually cause failure. Excessive soil pore
pressure occurs when the flow levels in the channel drop quickly. Side slope
instability can develop from excessively high pore pressures and high
hydraulic gradients along the slope surface.

Construction of rigid linings requires specialized equipment and costly
materials. As a result, the cost of rigid channel linings is high. Prefab-
ricated 1linings can be a less expensive alternative if shipping distances are
not excessive.

Flexible Linings. Riprap and vegetation are suitable 1linings for
hydrauTic conditions similar to those requiring rigid 1linings. Because
flexible 1inings are permeable, they may require protection of underlying soil
to prevent washout. For example, filter cloth is often used with riprap to
inhibit soil piping.




Vegetative and temporary linings are suited to hydraulic conditions where
uniform flow exist and shear stresses are moderate. Vegetative channel
linings are not suited to sustained flow conditions or long periods of sub-
mergence. Vegetative channels with sustained lTow flow and intermittent high
flows are often designed with a composite lining of a riprap or concrete Tow-
flow section, (figure 2).

Figure 2. Composite Channel Lining
(Riprap and Jute Net).

Temporary linings provide erosion protection until vegetation is
established. In most cases the lining will deteriorate over the period of one
growing season, which means that successful revegetation is essential to the
overall channel stabilization effort. Temporary channel linings may be used
without vegetation to temporarily control erosion on construction sites.

Information on Flexible Linings

The following is a summary of materials currently available for use as
flexible channel linings.

Permanent Flexible Linings

Vegetation: Vegetative 1inings consist of planted or sodded grasses
placed in and along the drainage (figure 3). If planted, grasses are seeded
and fertilized according to the requirements of that particular variety or
mixture. Sod is laid parallel to the flow direction and may be secured with
pins or staples.

Rock Riprap: Rock riprap is dumped in place on a filter blanket or pre-
pared slope to form a well-graded mass with a minimum of voids (figure 4).
Rocks should be hard, durable, preferably angular in shape, and free from
overburden, shale, and organic material. Resistance to disintegration from
channel erosion should be determined from service records or from specified
field and laboratory tests.




Figure 3. Vegetative Channel Lining Figure 4. Riprap Channel Lining.
(Class D Retardance).

Wire-Enclosed Riprap: Wire-enclosed riprap is manufactured from a rec-
tangular container made of steel wire woven in a uniform pattern, and rein-
forced on corners and edges with heavier wire (figure 5). The containers are
filled with stone, connected together, and anchored to the channel side slope.
Stones must be well graded and durable. The forms of wire-enclosed riprap
vary from thin mattresses to boxlike gabions. Wire-enclosed riprap is typi-
cally used when rock riprap is either not available or not large enough to be
stable.

Gravel Riprap: Gravel riprap consists of coarse gravel or crushed rock
placed on filter blankets or prepared slope to form a well-graded mass with a
minimum of voids (figure 6). The material is composed of tough, durable,
gravel-sized particles and should be free from organic matter.

Figure 5. Wire-Enclosed Riprap. Figure 6. Gravel Channel Lining.



Temporary Flexible Linings

Woven Paper Net: Woven paper net consists of knitted plastic netting,
interwoven with paper strips (figures 7 and 8). The net is applied evenly on
the channel slopes with the fabric running parallel to the flow direction of
the channel. The net is secured with staples and by placement of fabric into
cutoff trenches at intervals along the channel. Placement of woven paper net
is usually done immediately after seeding operations.

Figure 7. Woven Paper Net Channel Figure 8. Installed Woven Paper
Lining. Net Lining.

Jute Net: Jute net consists of Jjute yarn, approximately 1/4 inch
(0.6 cm) in diameter, woven into a net with openings that are about 3/8 by 3/4
inch (1.0 by 2.0 cm). The jute net (figures 9 and 10) is loosely laid in the
channel parallel to the direction of flow. The net is secured with staples
and by placement of the fabric into cutoff trenches at intervals along the
channel. Placement of jute net is usually done immediately after seeding
operations.

Figure 9. Jute Net Lining. Figure 10. Installed Jute Net
Channel Lining.




Fiberglass Roving: Fiberglass roving consists of continuous fibers drawn
from molten glass, coated, and 1ightly bound together into roving. The roving
is ejected by compressed air forming a random mat of continuous glass fibers.
The material is spread uniformly over the channel and anchored with asphaltic
materials (figures 11 and 12).

Figure 11. Fiberglass Roving Figure 12. Installation of Fiberglass
Lining. Roving Along a Roadside.

Curled Wood Mat: Curled wood mat consists of curled wood with wood
fibers, 80 percent of which are 6 inches (15 cm) or longer, with a consistent
thickness and an even distribution of fiber over the entire mat (figures 13
and 14). The top side of the mat is covered with a biodegradable plastic
mesh. The mat is placed in the channel parallel to the direction of the flow
and secured with staples and cutoff trenches.

Figure 13. Curled Wood Mat Figure 14. Installed Curled Wood
Lining. Mat Channel Lining.



Synthetic Mat: Synthetic mat consists of heavy synthetic monofilaments
which are fused at their intersections to form a blanket ranging in thickness
from 1/4 to 3/4 inch (0.6 to 2.0 cm). The mat, shown in figures 15 and 16, is
laid parallel to the direction flow. The mat is secured with staples or
wooden stakes, and anchored into cutoff trenches at intervals along the chan-
nel. After the mat is in place the area is seeded through the openings in the
mat and the cutoff trenches backfilled.

fﬁé | Vs

Figure 15. Synthetic Mat Lining. Figure 16. Installed Synthetic Mat
Channel Lining.

Straw with Net: Straw with net consists of plastic material forming a
net of 3/4-inch (2.0-cm) minimum square openings overlying straw mulch (figure
17). Straw is spread uniformly over the area at a rate of approximately 2.0
tons per acre (4.5 tonnes/hectare) and may be incorporated into the soil
according to specifications. Plastic net is placed after mulching with straw
to secure the mulch to the finished channel.

Figure 17. Straw With Net Channel Lining.




IITI. DESIGN CONCEPTS

The design method presented in this circular is based on the concept of
maximum permissible tractive force, coupled with the hydraulic resistance of
the particular 1ining material. The method includes two parts, computation of
the flow conditions for a given design discharge and determination of the
degree of erosion protection required. The flow conditions are a function of
the channel geometry, design discharge, channel roughness, and channel slope.
The erosion protection required can be determined by computing the shear
stress on the channel at the design discharge and comparing the calculated
shear stress to the permissible value for the type of channel 1lining used.

Open-Channel Flow Concepts

Type of Flow. Open-channel flow can be classified according to three
general conditions: (1) uniform 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. 1In steady flow, no change in
discharge occurs over time. Most natural flows are unsteady and are described
by runoff hydrographs. It can be assumed in most cases that the flow will
vary gradually and can be described as steady, uniform 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 deep, slower velocity
flow. Supercritical flow (Fr > 1.0) is characterized as rapid and has
shallow, high 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 uniform flow equation such as Manning's
equation. Supercritical flow creates surface waves that are approaching the
depth of flow. For very steep channel qgradients, the flow may splash and
surge in a violent manner and special considerations for freeboard are
required.

Resistance to Flow. Depth of uniform flow in a channel depends on the
roughness of a particular lining. For practical purposes in highway drainage
engineering, Manning's equation provides a reliable estimate of uniform flow
conditions. With a given depth of flow, d, the mean velocity may be com-
puted as:

_1.49 .2/3 . 1/2
vV = = R Sf (1)
where V = average velocity in the cross section;
n = Manning's roughness coefficient;
R = hydraulic radius, equal to the cross-sectional area, A, divided
by the wetted perimeter, P; and
S¢ = friction slope of the channel, approximated by the average bed

slope for uniform flow conditions.

10



The discharge in the channel is given by the continuity equation as:
Q = AV (2)
where A = flow area in the channel.

For most types of channel Tinings Manning's roughness coefficient, n, is
approximately constant. The roughness coefficient will increase for very
shallow flows where the height of the roughness features on the 1lining
approaches the flow depth (see figure 29). For a riprap lining, the flow
depth in small channels may be only a few times greater than the diameter of
the mean riprap size. In this case, use of a constant n value is accep-
table, but consideration of the shallow flow depth should be made by using a
higher n value.

A channel lined with a good stand of vegetation cannot be described by a
single n value. The resistance to flow in vegetated channels is further
complicated by the fact that vegetation will bend in the flow, changing the
height of the vegetation. The Soil Conservation Service (SCS) (4) developed a
classification of vegetation depending on the degree of retardance. Grasses
are classified into five broad categories, as shown in table 1 in chapter IV.
Retardance Class A presents the highest resistance to flow and Class E pre-
sents the lowest resistance to flow. In general, taller and stiffer grass
species have a higher resistance to flow, while short flexible grasses have a
low-flow resistance.

Recent studies by Kouwen et al. (5,6), examined the biomechanics of vege-
tation and provided a more general approach for determining the Manning's n
value for vegetated channels. The resulting resistance equation (see
appendix B, equation 19) uses the same vegetative classification as the SCS
but is more accurate for very stiff vegetation and mild channel gradients.
Design charts 5 to 9 were developed from the Kouwen resistance equation.

Channel Bends. Flow around a bend in an open channel induces centrifu-
gal forces because of the change in flow direction. (7) This results in a
superelevation of the water surface. The water surface is higher at the out-
side of the bend than at the inside of the bend. This superelevation can be
estimated by the equation:

4 V2 1
ad = 5——ﬁf = superelevation of water surface (3)
where V = mean velocity;
T = surface width of the channel;
g = gravitational acceleration; and
RC = mean radius of the bend.

Flow around a channel bend imposes higher shear stress on the channel bottom
and banks. The nature of the shear stress induced by a bend is discussed in
more detail in the tractive force section on page 13. The increase stress
requires additional design considerations within and downstream of the bend.

Freeboard. The freeboard of a channel is the vertical distance from the
water surface to the top of the channel at design condition. The importance
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of this factor depends on the consequence of overflow of the channel bank. At
a minimum the freeboard should be sufficient to prevent waves or fluctuations
in water surface from overflowing the sides. In a permanent roadway channel,
about one-half foot of freeboard should be adequate, and for temporary chan-
nels, no freeboard is necessary. Steep gradient channels should have a
freeboard height equal to the flow depth. This allows for large variations to
occur in flow depth for steep channels caused by waves, splashing and surging.
Lining materials should extend to the freeboard elevati-n.

Stable Channel Design Concepts

Equilibrium Concepts. Stable channel design concepts focus on evaluating
and defining a channel configuration that will perform within acceptable
limits of stability. Methods for evaluation and definition of a stable con-
figuration depend on whether the channel boundaries can be viewed as (1)
essentially rigid (static) or (2) moveable (dynamic). 1In the first case, sta-
bility is achieved when the material forming the channel boundary effectively
resists the erosive forces of the flow. Under such conditions the channel bed
and banks are in static equilibrium, remaining basically unchanged during all
stages of flow. Principles of rigid boundary hydraulics can be applied to
evaluate this type of system.

In a dynamic system, some change in the channel bed and/or banks is to be
expected if erosive forces of the flow are sufficient to detach and transport
the materials comprising the channel boundary. Stability in a dynamic system
is generally attained when the sediment supply rate equals the sediment-
transport rate. This condition, where sediment supply equals sediment
transport, is often referred to as dynamic equilibrium. Although some detach-
ment and transport of bed and/or bank materials may occur, this does not
preclude attainment of a channel configuration that is basically stable. A
dynamic system can be considered stable so long as the net change does not
exceed acceptable levels. For most highway drainage channels, bank instabil-
ity and possible lateral migration cannot be tolerated. Consequently, devel-
opment of static equilibrium conditions or utilization of linings to achieve a
stable condition is usually preferable to using dynamic equilibrium concepts.

Two methods have been developed and are commonly applied to determine if
a channel is stable in the sense that the boundaries are basically immobile
(static equilibrium). These methods are defined as the permissible velocity
approach and the permissible tractive force (shear stress) approach. Under
the permissible velocity approach the channel is assumed stable if the adopted
mean velocity is lower than the maximum permissible velocity. The tractive
force (boundary shear stress) approach focuses on stresses developed at the
interface between flowing water and materials forming the channel boundary.
By Chow's definition, permissible tractive force is the maximum unit tractive
force that will not cause serious erosion of channel bed material from a level
channel bed. (7)

Permissible velocity procedures were first developed around the 1920's.
In the 1950's, permissible tractive force procedures became recognized, based
on research investigations conducted by the U.S. Bureau of Reclamation.
Procedures for design of vegetated channels using the permissible velocity
approach were developed by the SCS and have remained in common use.
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In spite of the empirical nature of permissible velocity approaches, the
methodology has been employed to design numerous stable channels in the United
States and throughout the world. However, considering actual physical pro-
cesses occurring in open-channel flow, a more realistic model of detachment
and erosion processes is based on permissible tractive force.

Tractive Force Theory. The hydrodynamic force of water flowing in a
channel is known as the tractive force. The basis for stable channel design
with flexible lining materials is that flow-induced tractive force should not
exceed the permissible or critical shear stress of the lining materials. 1In a
uniform flow, the tractive force is equal to the effective component of the
gravitational force acting on the body of water, parallel to the chanrel bot-
tom. (7) The average tractive force on the channel, or shear stress is equal
to:

YRS (4)

unit weight of water;
hydraulic radius; and
average bed slope or energy slope.

i5

where Y
R
S

The maximum shear stress, T4, for a straight channel occurs on the channel bed
(13 8) and is less than or equal to the shear stress at maximum depth.

Tq = YdS (5)

where d

maximum depth of flow.

Shear stress in channels is not uniformly distributed along the wetted
perimeter, (9,10) A typical distribution of shear stress in a trapezoidal
channel tends toward zero at the corners with a maximum on the center line of
the bed, and the maximum for the side slopes occurring about the lower third
of the side as shown in figure 18. Flow around a bend creates secondary
currents, which impose higher shear stresses on the channel sides and bottom
compared to a straight reach (11) as shown in figure 19. At the beginning of
the bend, the maximum shear Stress is near the inside and moves toward the
outside as the flow leaves the bend. The increased shear stress caused by a
bend persists downstream of the bend, a distance, Lp. The maximum shear
stress in a bend is a function of the ratio of channel curvature to bottom
width, Rc/B.(12)  As Rc/B decreases, that is as the bend becomes sharper, the
maximum shear stress in the bend tends to increase (see chart 10). The bend
shear stress, tp, is expressed by a dimensionless factor, Kp, multiplied by the
shear stress in an equivalent straight section of channel where

Tb=Kde (6)

The relationship between permissible shear stress and permissible velo-
city for a lining can be found by substituting equation 4 into equation 1
giving:
0.189 _1/6 . 1/2
:____._R T 7
b = b (7)
where T = permissible shear stress.

v
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Figure 13. Typical Distribution of Shear Stress.

It can be seen from this equation that permissible velocity varies
due to the hydraulic radius. However, permissible velocity is not extremely
sensitive to hydraulic radius since the exponent is only 1/6. Equation 7 is
useful in judging the field performance of a channel lining, because depth and
velocity may be easier to measure in the field than water surface or channel
gradient.

The tractive force method is a more compact approach than the permissible
velocity method, because the failure criteria for a particular lining is
represented by a single critical shear stress value. This critical shear
stress value is applicable over a wide range of channel slopes and channel
shapes. Permissible velocities, on the other hand, are a function of lining
roughness, channel slope, and channel shape, and are only approximately
constant over a range of these parameters. An accurate solution of the per-
missible velocity method therefore requires design nomographs. The simpler
representation of failure for the tractive force method is a definite advan-
tage for users who prefer to use programmable calculators and microcomputers.

HIGH SHEAR STRESS ZONE

Figure 19. Shear Stress Distribution in a Channel Bend (after 11).
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Design Parameters

Design Discharge Frequency. Design flow rates for permanent roadside and
median drainage channel linings usually have a 5- or 10-year return period.
A lower return period flow is allowable if a temporary lining is to be used,
typically the mean annual storm (approximately a 2-year return period, i.e.,
50 percent probability of occurrence in a year). Temporary channel linings
are often used during the establishment of vegetation. The probability of
damage during this relatively short time is low, and if the lining is damaged,
repairs are easily made. Design procedures for determining the maximum per-
missible discharge in a roadway channel are given in chapter IV.

Channel Cross Section Geometry. Most highway drainage channels are trap-
ezoidal or trianguiar in shape with rounded corners. For design purposes a
trapezoidal or triangular representation is sufficient. Design of roadside
channels should be integrated with the highway geometric and pavement design
to insure proper consideration of safety and pavement drainage needs. If
available channel linings are found to be inadequate for the selected channel
geometry, it may be feasible to widen the channel. This can be accomplished
by either increasing the bottom width or flattening the side slopes. Widening
the channel will reduce the flow depth and lower the shear stress on the chan-
nel perimeter.

It has been demonstrated that if a riprap-lined channel has 3:1 or
flatter side slopes, there is no need to check the banks for erosion. (8)
With steeper side slopes, a combination of shear stress against the bank and
the weight of the 1lining may cause erosion on the banks before the channel
bottom is disturbed. The design method in this manual includes procedures for
checking the adequacy of channels with steep side slopes.

Equations for determining cross-sectional area, wetted perimeter, and top
width of channel geometries commonly used for highway drainage channels are
given in appendix A.

Channel Slope. The channel bottom slope is generally dictated by the
roadway profile, and therefore is usually fixed. If channel stability con-
ditions warrant and available linings are not sufficient, it may be feasible
to reduce the channel gradient slightly relative to the roadway profile. For
channels outside the roadway right-of-way, the slope may be adjusted slightly.

Channel slope is one of the major parameters in determining shear stress.
For a given design discharge, the shear stress in the channel with a mild or
subcritical slope is smaller than a channel with supercritical slope.
Roadside channels with gradients in excess of about two percent will flow in a
supercritical state. Most flexible 1ining materials are suitable for pro-
tecting channel gradients of up to 10 percent. Riprap and wire-enclosed
riprap are more suitable for protecting very steep channels with gradients in
excess of 10 percent.
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IV. DESIGN PROCEDURE

This section outlines the design procedure for flexible channel linings.
Channels with steep gradients (slopes greater than 10%) will usually produce a
tractive force in excess of the permissible shear stress for most linings pre-
sented in this chapter at relatively small discharges. Also, when riprap is
used on steeper gradients, the design procedure must take into consideration
the additional forces acting on the riprap. Designs involving riprap should
be checked and compared to results obtained from design procedures presented
in chapter V, Steep Gradient Design. The more conservative results, i.e.,
largest riprap size, should be used for design. Other linings presented in
this chapter are applicable over a wide range of channel gradients, provided
the permissible shear for the lining is not exceeded.

The basic design procedure is supplemented for riprap lined channels with
side slopes steeper than 3:1. Use of side slopes steeper than 3:1 is not
encouraged for flexible 1linings other than riprap or gabions because of the
potential for erosion of the side slopes. If a combination of linings is
used, the composite channel lining procedure outlined in chapter VI should be
used. In cases where flexible Tinings discussed in this circular do not pro-
vide adequate protection, other alternatives, including rigid linings should
be considered. Because of the substantial increased cost of rigid linings,
and their vulnerability to failure, other alternatives such as use of addi-
tional inlets, a modified channel geometry or a flatter channel gradient are
preferred.

Flexible Lining Design

The basic design procedure for flexible channel Tlinings is quite simple.
It involves only two computations and several straight forward comparisons of
lining performance. The computations include a determination of the uniform
flow depth in the channel, known as the normal depth, and determination of the
shear stress at maximum flow depth. Designers familiar with methods for
determining normal depth may use any convenient method and the Manning's
roughness coefficients provided in this manual. A nomograph is also provided
in this chapter for determining the normal depth in trapezoidal channels. The
computation for shear stress is much simpler and can be carried out without
the need of any design aids.

The basic comparison required in the design procedure is that of per-
missible to computed shear stress for a lining. A table and two figures are
provided that give permissible shear stress values for a variety of lining
types. If the permissible shear stress is greater than the computed shear,
the lining is considered acceptable. If a lining is unacceptable, a Tining
with a higher permissible shear stress is selected and the calculations for
normal depth and shear stress is repeated. A worksheet is provided at the
end of this chapter (figure 23) for carrying out the design procedures pre-
sented in this chapter.

Channels lined with gravel or riprap on side slopes steeper than 3:1 must
be designed using the steep side slope design procedure. Steep side slopes
are allowable within a channel if cohesive soil conditions exist. Channels
with steep slopes should not be allowed if the channel is constructed in non-
cohesive soils.
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Permissible Shear Stress

The permissible shear stress, Tps indicates the force required to ini-
tiate movement of the lining material. Prior to movement of the lining, the
underlying soil is relatively protected. Therefore permissible shear stress
is not significantly affected by the erodibility of the underlying soil.
However, if the lining is eroded and moved, the bed material is exposed to the
erosive force of the flow. The consequence of lining failure on highly ero-
dible soils is great, since the erosion rate after failure is high compared to
soils of low erodibility.

Values for permissible shear stress for linings are based on research
conducted at laboratory facilities and in the field. The values presented
here are judged to be conservative and appropriate for design use. Table 2
presents permissible shear stress values for manufactured, vegetative, and
riprap lining types. The permissible shear stress for non-cohesive soils is a
function of mean diameter of the channel material as shown in chart 1. For
larger stone sizes not shown in chart 1 and rock riprap, the permissible shear
stress is given by the following equation:

T, = 4.0 Dgy (8)
where Dgg is the mean riprap size in feet. For cohesive materials the
variation in permissible shear stress is governed by many soil properties.
The plasticity index of the cohesive soil provides a good guide to the per-
missible shear stress as shown in chart 2.

Determination of Normal Flow Depth

The condition of uniform flow in a channel at a known discharge is con-
puted using the Manning's equation combined with the continuity equation:

q = 1.49 AR2/3S 1/2 (9)
n f
where (Q = discharge;
n = Manning's roughness coefficient;
A = cross-sectional area;
R = hydraulic radius; and
Sf = friction gradient which, for uniform flow conditions, equals the

channel bed gradient, S.

Chart 3 provides a solution to Manning's equation for trapezoidal chan-
nels. The geometric properties of a trapezoidal channel can be found using
chart 4 or the equations provided in appendix A.

Manning's Roughness Coefficients for Nonvegetative Linings. Table 3
gives recommended values of the Manning's roughness coefficient for flexible
channel Tlining materials, including riprap-type 1lining materials. The n
values will vary with flow depth. The channel roughness will be higher for
shallow flow depths and lower for large flow depths. The range of flow depths
from 0.5 ft (15 cm) to 2.0 ft (60 cm) is typical of highway drainage channels
and should be used in most cases.
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Manning's Roughness Coefficients for Vegetative Linings. Manning's
roughness coefficient for vegetative Tinings varies significantly depending on
the amount of submergence of the vegetation and the flow force exerted on the
channel bed. As a result, the Manning's n value must be determined by trial
and error taking into consideration both the depth of flow and the flow force.
Charts 5 to 9 show the variation in Manning's n for five classes of vegeta-
tion. These charts can be used to determine Manning's n for a wide range of
flow conditions.

Determination of Shear Stress on Channel

As presented in chapter III, Tractive Force Theory (page 13), the shear
stress on the channel lining at maximum depth, tq, is computed using the
following equation:

T4 = YdS (5)
where Y = unit we1%ht of water (62.4 1b/ft3):
= flow depth, tt; and
S = channel grad1ent ft/ft.

Flow around a channel bend imposes higher shear stress on the channel
bottom and banks. For bends, the maximum shear stress is given by the
following equation:

Ty Kde (6)
where the value of Ky can be found using chart 10. In chart 10, the radius
of curvature of the channel center line, Rc, and the bottom width of the
channel, B, determine the magnitude of factor Kp. The length of protection,
Lps required downstream of a bend is found using chart 11. The length of pro-
tection is a function of the roughness of the lining material in the bend (np)
and the depth of flow.

Side Slope Stability

Channels lined with gravel or riprap on side slopes steeper than 3:1 may
become unstable. As the angle of the side slopes approaches the angle of
repose of the channel 1lining, the Tlining material becomes Tless stable.
However, the shear stress on the channel side is less than the maximum shear
stress occurring on the channel bed. The stability of a side slope is a func-
tion of the channel side slope and the angle of repose of the rock lining
material.

When the tractive force ratio is compared to the ratio of the shear
stress on the sides to the shear stress on the bottom of the channel, the rock
size for the channel side slope can be determined. The angle of repose, 8,
for different rock shapes and sizes is provided in chart 12. The ratio of
snear stress on the sides and bottom of a trapezoidal channel, K; , is given
in chart 13 and the tractive force ratio, Ko , is given in chart 14. The
required rock size (mean diameter of the gradation Dgg) for the side slopes
is found using the following equation:

Ky

SO)sides= 'KE

(D (Dgpy) (10)

50 "bottom
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Maximum Discharge Approach

In many cases, the designer simply needs to know the maximum discharge a
channel can convey given the permissible shear stress and the corresponding
allowable depth. By knowing the maximum discharge that a lining can sustain,
the designer can determine the maximum length of lining for a channel, based
on the hydrology of the site. This information can assist the designer in an
economic evaluation of lining types and can determine inlet spacing.

The procedure presented is for both vegetative 1linings and non-vegetative
linings. Applying the procedure for vegetative linings is particularly use-
ful, since it does not involve a trial and error solution.

Design Considerations for Riprap Lining

Two additional design considerations are required for riprap channel
linings: (1) riprap gradation and thickness, and (2) use of filter material
under rock riprap.

Riprap Gradation and Thickness. Riprap gradation should follow a smooth
size distribution curve. Most riprap gradations will fall in the range of
D100/D50 and Dgsg/Dpg between 3.0 to 1.5, which is acceptable. The most
important criterion is a proper distribution of sizes in the gradation so that
interstices formed by 1larger stones are filled with smaller sizes in an
interlocking fashion, preventing the formation of open pockets. These grada-
tion requirements apply regardless of the type of filter design used.

In general, riprap constructed with angular stones has the best perfor-
mance. Round stones are acceptable as riprap provided they are not placed on
side slopes steeper than 3:1. Flat slab-1like stones should be avoided since
they are easily dislodged by the flow. An approximate guide to stone shape is
that neither the breadth nor thickness of a single stone is less than one-
third its length.

The thickness of a riprap lining should equal the diameter of the largest
rock size in the gradation. For most gradations, this will mean a thickness
of from 1.5 to 3.0 times the mean riprap diameter.

Filter Design. When rock riprap is used the need for an underlying
filter material must be evaluated. The filter material may be either a granu-
lar filter blanket or a engineering fabric.

For a granular filter blanket, the following criteria must be met:

D . D .

D15 f11ter< 5 < ‘D}S filter < 40 (11)
85 base 15 base

P50 filter . %0 is)

D50 base
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In the above relationships, "filter" refers to the overlying material and
"base" refers to the underlying material. The relationships must hold between
the filter blanket and base material and between the riprap and filter
blanket.

The thickness of the granular filter blanket should approximate the maxi-
mum size in the filter gradation. The minimum thickness for a filter blanket
should not be less than 6 inches.

In selecting an engineering filter fabric, the fabric should be able to
transmit water from the soil and also have a pore structure that will hold
back soil. The following properties of an engineering filter fabric are
required to assure that their performance is adequate as a filter under
riprap. (18)

1. The fabric must be able to transmit water faster than the soil.
2. The following criteria for the apparent opening size (AOS) must be met:

a. For soil with less than 50 percent of the particles by weight passing
a U.S. No. 200 sieve, A0S < 0.6 mm (0.024 in) (greater than #30 U.S.
Std. Sieve).

b. For soil with more than 50 percent of the particles by weight passing
a U.S. No. 200 sieve, A0S < 0.297 mm (0.012 in) (greater that #50
U.S. Std. Sieve).

The above criteria only applies to non-severe or non-critical installa-
tions. Severe or critical installations should be designed based on per-
meability tests.

Design Procedures

The design procedure is summarized below. The procedure for flexible
linings is a basic stepwise solution approach.

FLEXIBLE LINING DESIGN PROCEDURE
(see computation sheet, figure 23)

1. Select a flexible lining and determine the permissible shear stress, Tp.
(see Table 2)

N

Estimate flow depth for vegetation or flow depth range for non-vegetative
linings, the channel shape, slope and design discharge(s).

3. Determine Manning's n value for estimated flow depth.

a. For non-vegetive linings, use Table 3.
b. For vegetation:
(1) Calculate the hydraulic radius, R. (Use chart 4 for trapezoidal
channels and Appendix A for other shapes.)
(2) Determine n from Chart 5, 6, 7, 8, or 9.
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Calculate the flow depth, d, in the channel. (Chart 3 for trapezoidal
channels.)

Compare computed flow depth, d, with estimated flow depth, di. 1f.d-is
outside the assumed range for non-vegetative linings or differs by more
than 0.1 ft from di for vegetation, repeat steps 2 through 4.

Calculate the shear stress, Tq. If T1q4 > T, the lining is not accep-
table, repeat steps 1 through 5.

For

a.

Tq = vdS
channel bends:

Determine the factor for maximum shear stress on channel bends, Kb,

from chart 10. This is a function of the ratio of channel curvature to
bottom width, Rc/B.

b.

For

For

Calculate the shear stress in the bend, Ty.
Tb =Kb Td (6)
If Ty > Tps the lining is not acceptable, repeat steps 1 through 7.

Calculate length of protection, Ly  downstream of the bend from
chart 11.

Calculate superelevation.

Ad = V2T (3)
gRc

riprap or gravel linings on steep side slopes (steeper than 3:1):

Determine the angle of repose for the rock size and shape from Chart
12,

Determine K1, the ratio of maximum side shear to maximum bottom shear
for a trapezoidal channel from chart 13.

Determine Ky, the tractive force ratio from chart 14.

Calculate the required Dgg for the side slopes.

K1 (10)
(D50)sides = K2 (D50)bottom

riprap on slopes greater than 10%, check design procedure in chapter
Use whichever procedure results in the larger riprap size.
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MAXIMUM DISCHARGE DESIGN PROCEUDRE

1. Determine the allowable depth of flow in the channel using the permis-
sible shear stress (table 2 or charts 1 or 2). Check that this depth
does not exceed the depth (including freeboard) provided in the typical
roadway section.

d = Tp (13)

2. Determine the area and hydraulic radius corresponding to the allowable
depth using chart 4.

3. For non-vegetative linings, find the correct Manning's n from table 3.
For vegetative linings, enter into charts 5 to 9 for the correct vegeta-
tion class and determine the Manning's n value.

4. Solve Manning's equation (equation 9) to determine the maximum discharge

for the channel.

Example Problems

Example 1:

Determine whether it is feasible to use jute net as a temporary lining.

Given: Q = 20 ft3/sec
S = 0.005 ft/ft
Trapezoidal channel with a bottom width of 4.0 ft and 3:1 side
slopes.
Find: Depth of flow in the channel and the adequacy of the jute net lining.

Solution: (1) From table 2, the permissible shear stress is 0.45
1b/ft2 and from table 3, the Manning's n value is 0.022
(assuming a flow depth between 0.5 to 2.0).

(2) Entering chart 3 for S = 0.005, Qn = 0.44, and B = 4,
d/B 0.22
d =0.88 ft

nn

The flow depth has remained within the range of 0.5 to 2.0
ft so that the assumed Manning's n value is correct.

(3) Using equation 5, the shear stress on the channel bed at
maximum depth is,

ydS = 62.4 x 0.88 x 0.005

“d

0.27 1b/ft2
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(4) Comparing the shear stress, 0.27 1b/ft2, to the permissible
shear stress, 0.45 1b/ftZ, shows that jute net is an accep-
table channel lining.

Example 2:

Determine if a single application of fiberglass roving lining is an ade-
quate 1lining for a median ditch.

2+ Tt

4

0.05 ft/ft
10 ft3/sec

Given:

n o o n

B
Z
S
Q
Find: Depth of flow.

Solution: (1) From table 3, Manning's n is 0.021 assuming a flow depth in
the range of 0.5 to 2.0 ft

(2) Entering chart 3 for S = 0.05, given

Qn = 0.21 and B = 2
d/B = 0.21
d = 0.42 ft

Checking the flow depth against the initial assumed range
shows that the computed depth is below that range. The
Manning's n for flow depth range of 0.0 to 0.5 ft is 0.028.

Enter chart 3 for S = 0.05,

Qn = 0.28 and B = 2
d/B = 0.24
d = 0.48 ft

The computed flow depth is within the assumed range.
(3) The maximum shear stress from equation 5 is,

62.4 x 0.48 x 0.05

Td =
1b/ft2

YdS
1.5

(4) The permissible shear stress for fiberglass is 0.6 1b/ft2.
Since this is less than the maximum shear stress, the lining
is not adequate.

Example 3:

A roadside ditch is lined with a good stand of uncut buffalo grass. Determine
the flow depth and Manning's n for the depth at design discharge.

20 ft3/sec
0.005 ft/ft
4.0 ft

4

Given: 9)
S
B
Z
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Find: (1) Manning's n value.
(2) Flow depth in the channel.

Solution: The vegetative retardance classification is found in table 1. A
good stand of uncut buffalo grass is classified as retardance D.

The determination of Manning's n and flow depth for a vegetative
lining may require several trials.

Trial 1

(1) Initial depth is estimated at 1.0 ft.
(2) From chart 4 for Z = 4 and d/B = 0.25,

R/d
R

0.65 ft
0.65

(3) Entering chart 8 given R = 0.65 and S = 0.005,

n = 0.088

(4) Entering chart 3 given S = 0.005, Qn = 1.76, B = 4, and Z = 4,

d/B
d

0.40
1.60 ft

(5) Since the difference between the initial and calculated depth
is greater than 0.1 ft, the procedure is repeated.

Trial 2

(1) Use the calculated depth of 1.60 ft from trial 1.
(2) From chart 4 for Z = 4 and d/B = 0.40,

R/d = 0.61

R 0.98

i n

(3) Entering chart 8 given R = 0.98 and S = 0.005,

n = 0.066

(4) Entering chart 3 given S

d/B
d

0.005, Qn = 1.32, and B = 4,

0.36
1.44

non

(5) Since the difference between the initial and calculated
depths is 0.16 ft, which is greater than 0.1 ft, the proce-
dure is repeated.
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Trial 3
(1) Use the calculated depth of 1.44 ft from trial 2.
(2) From chart 4 for Z = 4 and d/B = 0.36,

R/d
R

0.61
0.88
(3) Entering chart 8 given R = 0.88 and S = 0.005,

n = 0.070

(4) Entering chart 3 given S = 0.005, Qn = 1.40, and B = 4,

d/B
d

0.37
1.48 ft

(5) The initial depth and the calculated depth are in agreement.
The procedure is completed with the following results,

0.070
1.5 ft

=
nu

Example 4:
Determine a temporary cHannel lining for a trapezoidal channel.

16 ft3/sec
0.03 ft/ft
4.0 ft

3

Given: Q

nonwonon

S
B
74
Find: Adequate temporary channel Tining.
Solution:

Trial 1

(1) Jute net is selected as an initial channel 1lining alternative. The
permissible shear stress (table 2) and Manning's n value (table 3)
are,

0.45 1b/ft2

T
h = 0.022 (assuming a depth range of 0.5 to 2.0 ft)

n

(2) The flow depth is determined from chart 3, given S = 0.03,
Qn = 0.35, and B = 4,

d/B
d

0.12
0.48 ft

The flow depth is slightly below the specified range for
Manning's n.

25




(3)

The shear stress at maximum depth is found using equation 5,

62.4 x 0.48 x 0.03

T
d
0.90 1b/ft2

(4) The computed shear stress of 0.90 1b/ft2 is greater than the per-
missible shear stress of 0.45 1b/ft2, so jute net would not be an
acceptable lining.

Trial 2

(1) The next lining chosen is curled wood mat because the permissible

shear stress for this lining exceeds the calculated shear stress
from the first trial. Fiberglass roving was not chosen since its
permissible shear stress was less than the calculated shear stress
from the first trial. The permissible shear from table 2 ancd the
Manning's n from table 3 for curled wood mat are,
Tp = 1.55 1b/ft?

n = 0.035 (assuming a depth range of 0.5 to 2.0 ft)

(2) The flow depth is determined from chart 3, given S = 0.030,

Qn = 0.56, B =4, and Z = 3,
d/B = 0.15

d = 0.60 ft
The flow depth is within the specified range for the Manning's n
value used.

(3) The shear stress at maximum depth is found using equation 5,

Tq = 62.4 x 0.60, 0.03
= 1.12 1b/ft2
(4) The computed shear stress of 1.12 1b/ftZ is less than the per-

missible shear stress of 1.55 1b/ft2, so curled wood mat is an
acceptable channel lining.

Use of the worksheets for this problem is illustrated in figure 21.

Example 5:

Determine an acceptable channel 1lining for the roadside channel in example
4 if a bend is included in the channel alignment.

Given:

Find:

45° channel bend

= 20 ft

(1) The channel lining required for the bend and the location of the

lining.

(2) The superelevation of the water surface in the bend.
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Solution:

Trial 1

(1) From the results of example 4, the shear stress of the straight
reach upstream of the bend is,

1q = 1.12 1b/ft?
A curled wood mat lining was used to stabilize the channel.

(2) The shear stress in the bend is given by equation 6. The value of
Kp in equation 6 is found from chart 10 given R./B = 5,

Kp = 1.6

The bend shear stress is,

T

1.6 x 1.12

b
1.79 1b/ft2

(3) The computed shear stress in the bend is greater than the per-
missible shear stress for a curled wood mat channel lining (1.55
‘ 1b/ft2). A new lining is required for the channel bend.

Trial 2

(1) Synthetic mat is chosen as a bend 1lining material, because it is
permissible shear stress from table 2 (2.0 1b/ft2) is greater than
the computed shear stress from trial 1. The Manning's n value is
0.025 for a flow depth range from 0.5 to 2.0 ft.

(2) Entering chart 3 given S = 0.03, Qn = 0.40, and B = 4,

d/B
d

0.13
0.52 ft

This depth falls within the range originally assumed for
Manning's n.

(3) The shear stress from equation 5,

62.4 x 0.52 x 0.03

T
d
0.97 1b/ft2

The bend shear stress from equation 6 is,

Ty = 1.6 x 0.97
= 1.55 1b/ft2
‘ (4) The calculated bend shear stress is less than the permissible shear

stress for synthetic mat of 2.0 1b/ft2. Synthetic mat therefore
provides an acceptable channel bend lining.
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(5)

The synthetic mat will extend through the bend and a distance
downstream. The downstream distance is found using chart 11, given
np = 0.025, R = 0.40 (from chart 4 for d/B = 0.13 and 7 = 3),

Lo/R
P
Lp

15.9
6.4 ft

The total length of synthetic mat lining is the sum of the length
in the bend plus the length required for downstream protection.

The following figure shows the required location of lining
materials.

STRAW WITH NET -l

\

SYNTHETIC MAT

P.C.

STRAW WITH NET

CENTER OF CURVATURE

Figure 20. Location Sketch of Flexible Linings for Example 5.

(6)

The superelevation of the water surface is computed from equation
3. To execute equation 3, top width and cross-sectional area must
be computed, where,

T =8+ 2Zd
=4 +2x3 x 0.52
= 7.1 ft

and

A = Bd + 7d2
=4 x 0.52 + 3 x 0.522
= 2.89 ft2

The velocity in the channel found using the continuity equation
(equation 2),

V = Q/A
16.0/2.89
5.5 ft/sec
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Solving equation 3 given V = 5.5 ft/s, T = 7.1 ft, and R¢ = 20 ft,

2

NaAT
Ad =
K = 5.52_x 7.1
322 X 20
=.0.33 ft

The freeboard in the channel bend should be at Tleast 0.33 ft to
accommodate the superelevation of the water surface.

Use of the worksheets for this problem is illustrated in figure 21.
Example 6:
Because of a width constraint on available right-of-way, the side slopes of a
roadside ditch must be steepened to 2:1. The 2-inch gravel lining has been
determined to be adequate to protect the ditch bed. DNetermine the gravel
size, Dgg, necessary to protect the ditch banks.
Given: Very rounded gravel

A trapezoidal channel

2
3.5 Tt

z
B

Flow depth, d = 0.7 ft

Find: 050 for side slope.
Solution: (1) From chart 12 given a Dgg = 0.167 ft, the angle of repose
6 = 36°

(2) From chart 13 given B/d = 5.0, the ratio of side shear to bot-

tom shear, Ky = 0.79

(3) From chart 14 given Z 2 and 6 = 36°, the tractive force

ratio, K2 = 0.65
(4) The required side slope Dgy from equation 10 is,

_ 0.79
50 - 0.65

2.4 1inches

(2.0)

Example 7:

Determine the maximum allowable discharge for a median ditch lined with a good
stand of Kentucky bluegrass (approximately 8 inches in height). The ditch has
a depth of 3 feet from the roadway shoulder.

Given: .010 ft/ft
0

S-=0
B =24
Z=4
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Worksheet for Flexible Lining Design

DESIGNER: DATE:

mocicT: _Example Broblems 435

STATION: TO STATION:

DRAINAGE AREA: ACRES

DESIGN FLOW: Q = ft3/sec

DESIGN FLOW FOR TEMPORARY LINING: Q 2 = G  ft3/sec

CHANNEL SLOPE (S) : O3S s/t

CHANNEL DESCRIPTION:

R e
i Re =207
LINING Q 15 | 9 R n d | tg=vdS |  REMARKS
(1) (2) (3) (4) (5) (6)

Ereeapled

JoteNet |16 | .45 |05-2] — [.022] .48 | O.9 |ustacceplabld

CovledWeod| 16 |1.65| v | — |.035| .60| |.l12 |OK

Example 5

f\)}.(;;{ke%m \¢ | 2 los-2 | — |.o25| .52 .97 c o c Ik bend

Ke=1.6
A =1 79<p
O K
(1) Table 2

1

(2) For vegetation, estimate initial depth
For other liners, select range from table 3

3) Vegetation only, chart 4 for trapezoidal channels

(4) For vegetation, charts 5-9
For other liners, table 3

) Normal deptn, chart 3 (d must be in dj range)
) 14 must be < Tp
) Check for steep side slopes and channel bends

—~~
~N Oy O

Figure 21. Worksheet for Example Problems 4 and 5
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. Find: Maximum allowable discharge.

Solution: (1) From table 1, a good stand of Kentucky bluegrass is classified
as retardance C. From table 2 the permissible shear stress,

tp = 1.00 1b/ft?

Determine the allowable depth from equation 5, given T4 = Tp,

d

1.00
62.4 x 0.010

= 1.6 ft

Note that the allowable depth is less than the depth of the
ditch.

(2) Determine the flow area and hydraulic radius from chart 4,
given d/B = 0.40,

A/Bd = 2.6
A =16.6
R/D = 0.61

R

‘ (3) From chart 7: n = 0.072.

(4) Solving the Manning's equation with continuity (equation 9),

o = L4 /3112

_1.49 . 16.6 x 0.98 172

33.8 cfs

2/3, 0.01

Example 8:

Determine the need for a granular filter blanket.

Given: Riprap Gradation
Dgs = 1.3 ft
Dgp = 0.66 ft
D15 = 0.33 ft

Base Soil Gradation

Dgs = 1.5 mm = 0.0049 ft
D5g = 0.5 mm = 0.0016 ft
‘ D1& = 0.167 mn = 0.00055 ft
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Find: Granular filter blanket requirement.

5 = not less than 5
85 base

0.0049

D .

15 riprap _ 0.33 _ 600 n
—_—F F = = ot Tess than 40
D15 base  0-00095

DSO riprap 0.66
UEE;I;;;;—— = O - 412 not less than 40

Since the relationships between riprap and base do not meet the
recommended dimensional criteria, a filter blanket is required.
First, determine the required dimensions of the filter with respect
to the base material,

D50 fitter

5 < 40 x 0.0016 = 0.064 ft (20 mm)
50 base

<40, s0 Dy £ivter

015 filter

R <40, so D
15 base

15 filterS 40 x 0.00055 = 0.022 ft (6.7 mm)

D15 filter

T —— 5, S0 D5 fiter

< 5 x 0.0049

0.024 ft (7.3 mm)

D .
Di5 filter , 5 o

D15 base

> 5 x 0.00055 = 0.0028 ft (0.83 mm)

15 filter

Therefore, with respect to the base material, the filter must
satisfy:

D50 filter < 0.064 ft
0.0028 ft < D15 filter < 0.22 ft

Second, determine the required filter dimensions with respect to
the riprap,

D 2
50 riprap . 49, so D >0:66 _ 016 ft (4.9 mm)
D50 £ilter 50 filter” 740
D .
15 riprap 0,33 .
—oFiTter < 405 S0 Dy citep” 2~ - 0-0082 ft (2.5 mm)
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‘ 015 riprap . 5 0.33

0.066 ft (20 mm)

so D ; >
D85 4 Teap 85 filter 5
D 3
15 riprap 5 0:33; L
—_— , soD < < = 0.066 ft (20 mm)
015 filter 15 filter 5

With respect to the riprap:

e > 0.016 ft

0.0082 ft < 020 filter 57066 ft
15 filter > 0.066 ft
85 filter

Combining:

0.0082 ft < D15 filter < 0.022 ft (2.5 mm < D15 filter < 6.7 mm)
0.016 ft < D5g filter < 0.064 ft (4.9 mm < Dgg filter < 19.5 mm)
> 0.0 )

D85 filter 66 ft (Dg5 filter > 20.0 mm

The gradation requirements for the resulting granular filter
blanket specifications are illustrated in figure 22.

INEES L i
® 7] e i \\§b§§§\ /,é 4
80 // \\\§§§§- 2
5 \§§§ ‘// /
) N : 7
A §§§§g.. '?Zéé?%g?z
20 N\ N 3 ;;%%éZ’ /////
d N K / ]

PARTICLE SIZE (mm)

Figure 22. Gradations of Granular Filter Blanket for
Example 8.

33




Worksheet for Flexible Lining Design

DESIGNER: DATE:

PROJECT:

STATION: TO STATION:

DRAINAGE AREA: ACRES

DESIGN FLOW: Q = ft3/sec

DESIGN FLOW FOR TEMPORARY LINING: Q = ft3/sec

CHANNEL SLOPE (S) : ft/ft
CHANNEL DESCRIPTION:

LINING Q g | 4 R n d | Tg=vdS REMARKS

(1) Table 2
(2) For vegetation, estimate initial depth
For other Tliners, select range from table 3
(3) Vegetation only, chart 4 for trapezoidal channels
(4) For vegetation, charts 5-9
rFor other Tliners, table 3
Normal deptn, chart 3 (d must be in dj range)
Tq fMust be < 1
Check for steep side slopes and channel bands

A~
~ Oy O
~———

Figure 23. Worksheet for Flexible Lining Design
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Table 1. Classification of Vegetal Covers as to
Degree of Retardance. (4)

IRetatdence Cover Condition
Class
Weeping lovegrass .........| Excellent stand, tall (average 30") (76 cm)
A Yellow bluestem
Ischaemum .v.ceevevesesss| Excellent stand, tall (average 36") (91 cm)
Kudzu cececeescescescesesss| Very dense growth, uncut
Bermuda grass .............| Good stand, tall (average 12") (30 cm)
Native grass mixture
(little bluestem, blue-
stem, blue gamma, and
other long and short
midwest grasses).........| Good stand, unmowed
B Weeping lovegrass .........| Good stand, tall (average 24") (61 cm)
Lespedeza sericea ....cc... %ogd sgand, not woody, tall (average 19")
48 cm
ALEALEa) oo ois aiseis vsine eesse.. | Good stand, uncut (average 11") (28 cm)
Weeping lovegrass .........| Good stand, unmowed (average 13") (33 cm)
Kudzu ..eeveeeeeeeeeeeness. | Dense growth, uncut
Blue gamma ..eeeeeeecnss ... | Good stand, uncut (average 13") (28 cm)
Crabgrass .ececececees «eee.| Fair stand, uncut (10 to 48") (25 to 120 cm)
Bermuda grass .............| Good stand, mowed (average 6") (15 cm)
Common lespedeza .......... Good stand, uncut (average 11") (28 cm)
Grass-legume mixture--
C sumner (orchard grass,
redtop, Italian ryegrass,
and common lespedeza).... ggod §tand, uncut (6 to 8 inches) (15 to
cm
Centipedegrass....ceeeee... Very dense cover (average 6 inches) (15 cm)
Kentucky bluegrass.........| Good stand, headed (6 to 12 inches (15 to
30 cm)
Bermuda grass.............. Good stand, cut to 2.5-inch height (6 cm)
Conmon lespedeza v.eveeeese Excellent stand, uncut (average 4.5") (11 cm)
Buffalo grass ......... <lsies ?ood §tand, uncut (3 to 6 inches (8 to
5 cm
D Grass-legume mixture--
fall, spring (orchard
grass, redtop, Italian
ryegrass, and common
lespedeza)....... B M Good §tand, uncut (4 to 5 inches) (10 to
13 com
Lespedeza sericea .....cee.. After cutting to 2-inch height (5 cm)
Very good stand before cutting
E Bermuda grass ....... veee..| Good stand, cut to 1.5 inch height (4 cm)
Bermuda grass ....eceeeeen Burned stubble

NOTE: Covers classified have been tested in experimental channels. Covers were green
and generally uniform.




Table 2. Permissible Shear Stresses for Lining Materials.

Permissible

Unit Shear Stress1
Lining Category Lining Type (1b/ft2) (Kg/m?)
Temporary* Woven Paper Net 0.15 0.73
Jute Net 0.45 2.20
Fiberglass Roving:
Single 0.60 2.93
Double 0.85 4.15
Straw with Net 1.45 7.08
Curled Wood Mat 1.55 {57
Synthetic Mat 2.00 9.76
Vegetative Class A 3.70 18.06
Class B 2.10 10.25
Class C 1.00 4.88
Class D 0.60 2.93
Class E 0.35 ) 9 4 |
Gravel Riprap 1-inch 0.33 1.61
2-inch 0.67 3.22
Rock Riprap 6-inch 2.00 9.76
12-inch 4.00 19.52
Bare Soil Non-cohesive See Chart 1
Cohesive See Chart 2

1Based on data in (5, 8, 13, 14, 15).

*Some "temporary" linings become permanent when buried.
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Table 3. Manning's Roughness Coefficients.

n - va]ue1

Depth Ranges
0-0.5 ft 0.5-2.0 ft 2.0 F%

Lining Category Lining Type (0-15 cm) (15-60 cm) (> 60 cm)
Rigid Concrete 0.015 0.013 0.013
Grouted Riprap 0.040 0.030 0.028
Stone Masonry 0.042 0.032 0.030
Soil Cement 0.025 0.022 0.020
Asphalt 0.018 0.016 0.016
. Unlined Bare Soil 0.023 0.020 0.020
Rock Cut 0.045 0.035 0.025
Temporary#* Woven Paper Net 0.016 0.015 0.015
Jute Net 0.028 0.022 0.019
Fiberglass Roving 0.028 0.021 0.019
Straw with Net 0.065 0.033 0.025
Curled Wood Mat 0.066 0.035 0.028
Synthetic Mat 0.036 0.025 0.021
Gravel Riprap 1-inch (2.5-cm) Dgg 0.044 0.033 0.030
2-inch (5-cm) Dgg 0.066 0.041 0.034
Rock Riprap 6-inch (15-cm) Dgg 0.104 0.069 0.035
12-inch (30-cm) Dgg _— 0.078 0.040

1Based on data in (5, 8, 13, 14, and 15).

Note: Values listed are representative values for the respective depth
ranges. Manning's roughness coefficients, n, vary with the flow
depth. See Appendix B.

*Some "temporary" linings become permanent when buried.
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Chart 1

D(in)
.005 .01 .05 .10 .50 1.0
4 l[]rTI 1 ]llll] | Illlll 1
3
2
1.0 |= //
0.5 /
Tp ~
Ib/ft2
0.10 [
0.05 >
e L~
0.01 L Ll Lol 411 Lt
0.1 0.5 1 5 10 50 100

PARTICLE DIAMETER, D(mm)

Chart 1. Permissible shear stress for non-cohesive
soils. (after 15)
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1.0

0.5

Tp 0.1
Ib/ft2

0.05

0.01

Chart 2

i b |
T 1
I 1 |
! [
EXPLANATION
E— “N* Value
Loose 4 - 10
Medium Compact 10 - 30
Compact 30 - 50
i N = Number of blows required to /
effect 12" penetration of the 2*
split-spoon sampler seated to a
depth of 6" driven with a 140 1b.
. weight falling 30",

v

5.0 10.0

PLASTICITY INDEX - P.L

50.0

Chart 2. Permissible shear stress for cohesive soils.

(after 16)
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Chart 3 NOTE:  Project horizontally from Z=0 scale ?
to obtain values for Z=| to 6 N~ o
—_— o T TT70.01
N
Z .
~10.02
B
(FT) T
~0.03
S N
40 L
—~0.1 Qn LT o04
- 0.08 (FT3/s) 30 LT Ho.05
— \\\
) 20 N
= o T N
0.05 d \::~ 0.08
= N =
s —10 = T Ho.1
-0.03 - 8.0 - k
6.0 ) 10— 4
- 5.0 g i N N
-0.02 e Z 81 \\\
> \ No.2
- - 3.0 = 6 /. N
4 7/ N
Lop 8 J/ \ N
5.0-01 4y \\\ No.s
-0.008 /7 N N
- N 7 34 N
N —1.0 / \\l No0.4
-0.006 e / \\\ :
- R /
-0.005 -
o0 -0.6 /7 2 \\ Noss
-0.004 - 0.5 /7 \\
/ AN No.e
- 0.4 / \ N
-0.003 \ / NN
0.3 / \\
Q- / N
i / \\ 0.8
-0.002 L 0.2 N\ / EXAMPLE: A\
! ™ / \ 1.0
- 7 GIVEN: FIND: SOLUTION:
e ' S:00I d Qn=0.3
-0.001 C0.08 Q=10 FTYs d/B=0l4
- n=0.03 d:=014(4):056 FT
- 0.05 B=4 FT
-0.04 =4
-0.03
L0.02

Chart 3. Solution of Manning’s equation for channels

of various side slopes. (after 17)
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Chart 4. Geometric design chart for trapezoidal channels.
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Chart 5. Manning’s n versus hydraulic radius, R, for class A vegetation.

(after 5)

o= {-— l;, S| (o ) I | SR ,.‘i SRS ‘ i ’ A;.lr._.
‘ | |
.
| |
|
.10 .20 .30 .40 .50 .70 1.00 2.0 3.0 4.0 5.0 7.0 10.00
R

S Heyo



0.50
0.10
n PR
= .
w
¢ e
j R1/8 >k i
n= ot | [ f
\ | 23.04+19.97log(R"*s%4) | | ‘
— — _ — = S — = e ermme e —r——e + -+ t +
a \ ! | i ‘ |
| 1 ‘\ i
| | 1 |
l .
| EaTiEar
| ‘
.010 l | ! l t }
10 .20 .30 .40 .50 .70 1,00 2.0 3.0 4.0 5.0 7.0 10.00

Chart 6. Manning’s n versus hydraulic radius, R, for class B vegetation.
(after 5)
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0.50

Chart 7. Manning’s n versus hydraulic radius, R, for class C vegetation.
(after 5)
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‘ Chart 10
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‘ MEAN STONE SIZE, Dgq, FT. Chart 12
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Chart 13
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V. STEEP GRADIENT CHANNEL DESIGN

Achieving channel stability on steep gradients usually requires some type
of channel 1lining except where the channels can be constructed in durable
bedrock. This section outlines the design of two types of flexible channel
linings for steep gradients, riprap, and gabion mattress. Because of the
additional forces acting on riprap, results obtained using the previous design
procedure should be compared to the steep gradient procedures when channel
gradients approach 10 percent.

Rigid cnannel 1linings may be a more cost-effective alternative in the
case of steep slope conditions. The size of riprap and gabion 1linings
increases quickly as discharge and channel gradient increase. The decision to
select a rigid or flexible lining may be based on other site conditions, such
as foundation and maintenance requirements for the steep slope channel lining.

Steep Slope Design

Riprap stability on a steep slope depends on forces acting on an indivi-
dual stone making up the riprap. The primary forces include the average
weight of the stones and the 1ift and drag forces induced by the flow on the
stones. 0On a steep slope, the weight of a stone has a significant component
in the direction of flow (see figures in appendix C). Because of this force,
a stone within the riprap will tend to move in the flow direction more easily
than the same size stone on a mild gradient. Hence, for a given discharge,
steep slope channels require larger stones to compensate for larger forces in
the flow direction and higher shear stress. The riprap design procedure is
based on the factor of safety method for riprap design, using a safety factor
of 1.5. A description of the factor of safety method and the assumptions made
in developing the design charts is presented in appendix C.

Gabion mattress stability on a steep slope is similar to that of riprap
but because the stones are bound by wire mesh, they tend to act as a single
unit. Movement of stones within a gabion is negligible. This permits use of
smaller stone sizes compared to those required for loose riprap. Of course
the stability of gabions depend on the integrity of the wire mesh. In streams
with high sediment concentrations or with rocks moving along the bed of the
channel, the wire mesh may be abraded and eventually fail. Under these con-
ditions the gabion will no longer behave as a single unit but rather as indi-
vidual stones. Applications of gabion mattresses and baskets under these con-
ditions should be avoided. A worksheet is provided at the end of this chapter
(figure 25) for carrying out design procedures in this chapter.

Other Considerations for Steep Slope Design

Channel Alignment and Freeboard. Bends should be avoided on steep gra-
dient channels. A design requiring a bend in a steep channel should be
reevaluated to eliminate the bend or designed using a culvert.

Extent of riprap or gabions on a steep gradient must be sufficient to
protect transition regions of the channel both above and hbelow the steep gra-
dient section. The transition from a steep gradient to a culvert should allow
for slight movement of riprap or slumping of a gabion mattress.
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Riprap or gabions should be placed flush with the invert of a culvert.
The break between the steep slope and culvert entrance should equal three to
five times the mean rock diameter (or mattress thickness if gabions are used).
The transition from a steep gradient channel to a mild gradient channel may
require an energy dissipation structure such as a plunge pool. 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 uniform depth of flow in the downstream channel. (7)

Freeboard should equal the mean depth of flow, since wave height will
reach approximately twice the mean depth. This freeboard height should be
used for both temporary and permanent channel installations.

Gradation, Thickness, and Filter Requirements. Riprap gradation,
thickness and filter requirements are the same as those for mild slopes. It
is important to note that riprap thickness is measured normal to steep channel
gradients. Also, the rock gradation used in gabion mattress must be such that
larger stones do not protrude outside the mattress and smaller stones are
retained by the wire mesh.

Design Procedures

A stepwise guideline with complete references to charts and figures is
given for steep slope riprap and steep slope gabion mattress designs.

STEEP SLOPE RIPRAP DESIGN PROCEDURE

1. For given discharge and channel slope, enter chart 15 to 18 for correct
channel shape and determine the flow depth and mean riprap size. For
channel widths not given in charts 15 to 13, interpolate between charts
to find the correct value. For channel bottom widths in excess of 6
feet, use the more detailed design procedures in Appendix C.

2. To determine flow depth and riprap size for side slopes greater than 3:1,
use the following steps:

a. Find the flow depth using the formula:

d= A3 dj (14a)
NZ

where values of the A3/A, ratio are found from table 4 (the subscript
refers to the side slope z-value) and di is the flow depth from the
design charts.

b. Find the riprap size using the formula:

Dsp = 4 D5pj (14b)
“di

where dj and Dgpj are values from the design charts.
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STEEP SLOPE GABION MATTRESS DESIGN

|

For given discharge and channel slope, enter chart 19 to 22 for correct
channel shape and determine flow depth. For intermediate channel widths
or side slopes, follow the interpolation procedures given in steep slope
riprap design procedure. For channel bottom widths in excess of 6 feet,
see Appendix C.

Determine the permissible shear stress for the gabion mattress rock fill
size from Chart 23.

Determine the permissible shear stress for thickness of the gabion
mattress from Chart 24.

The design permissible shear stress, Tp, will be the Tlarger of the two
shear stress values determined in steps 2 and 3.

Calculate the maximum shear stress acting on the channel, T 4.
Tq = YdS (5)

1€ T4 > Tp, the gabion mattress analyzed is not acceptable.

Example Problems

Example 9:

Determine the mean riprap size and flow depth for a steep gradient channel.

Given:

Find:

20 ft3/sec
0.15 ft/ft
2 ft

Q
S
B
Z=3

Flow depth and mean riprap size.

Solution: Entering into chart 16, given Q = 20 ft3/sec and S = 0.15 ft/ft:

d
D50

0.75 ft
0.9 ft

Example 10:

Determine the mean riprap size and flow depth for a steep gradient channel.

Given:

Find:

30 ft3/sec
0.15 ft/ft
3.0 ft

Q
S
B
Z=3

Flow depth and mean riprap size.
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‘ Solution: (1) Enter into chart 16, for B = 2.0 given Q = 30 ft3/sec and
S = 0.15 ft/ft,
d = 0.92 ft
Dgp = 1.1 ft
Enter into chart 17, for B = 4.0 given Q = 30 ft3/sec and

$ = 0.15 ft/ft,

d
D50

(2) Interpolating for a 3.0 ft bottom width gives,

0.70 ft
0.9 ft

d
D50

0.81 ft
1.0 ft

Example 11:

Determine the mean riprap size and flow depth for a steep gradient channel.

20 ft3/sec
0.20 ft/ft
2.0 %

4

Given: Q
S
B
Z

. Find: Flow depth and mean riprap size.

Solution: (1) Enter into chart 16, given Q = 20 ft3/sec and S = 0.20 ft/ft,

d = 0.70 ft
Dgg = 1.2 ft

(2) Enter into table 4, given d/B = 0.35 and Z = 4:

A3/Agq = 0.85
Actual flow depth for 4:1 side slope,

d = 0.85 x 0.70

0.60 ft

Actual riprap size for 4:1 side slope,

0.60/0.70) x 1.2

Dgg = |
1:0 Tt

Use of the worksheet for this problem is illustrated in figure 24.
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Example 12:

Determine the flow depth and required thickness of a gabion mattress lining.

Given: Q = 10 ft3/sec
S = 0.12 ft/ft
B =2.0ft
Z=23
Dsp = 0.5 ft
Find: Flow depth and gabion mattress thickness.

Solution: (1) From chart 20 given Q = 10 ft3/sec and S = 0.12 ft/ft,

d = 0.55 ft
(2) Calculate the maximum shear stress from equation 5,
Tq =YdS
= 62.4 x 0.55 x 0.12
= 4.1 1b/ft2

(3) Permissible shear stress for rockfill size from chart 23,

T, =3.8 1b/ft2

Permissible shear stress for a 0.75-foot mattress thickness
from chart 24,

T, = 4.5 1b/ft2

Use tp = 4.5 1b/ft2 for design.

(4) The gabion mattress 0.75-foot thick is acceptable, since
Tg =4l <AS =T

Use of the worksheet for this problem is illustrated in figure 24.
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DESIGNER:

Worksheet for Steep Slope Channel Design

DATE:

PROJECT:

Example Bobleps 11312,

STATION:

TO STATION:

DRAINAGE AREA:

ACRES

DESIGN FLOW: Q

20

RTIN { [o f 2 S

CHANNEL SLOPE (S)

CHANNEL DESCRIPTION:

RIPRAP (E-xanaple | 1)

: 020 fi/ft (012 for Ex. 12

N
)

Ex. 124
; ;;
2/

dj D505 z A3/a, d Dsg REMARKS
(1) (1) (2) (3) (4) (5)
Q.7 L2 | 4 .85 0.6 | 1.0
ABION (Example 12)
Rock dy z A3/n, d o |Mattress ™ ™ T4=YdS
Fill Rock [Thickness| Mattress
Size (6) | (2) 3) | 4] (7) (8) 9) | (10)
05’ .55 3 l 55138 9 4.5 451 4.1
OK
(1) Charts 15-18 (6) Charts 19-22
(2) side slope (z:1) (7) Chart 23
(3) Table 4 (8) Chart 24
(4) d = (A3/A;)dj (9) T, = the larger of (7) or (8)
(10

V5o = (9/d5)D504

—
(8]
~

Figure 24.

) Tq must be < T,

Worksheet for Example Problems 11 and 12
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Worksheet for Steep Slope Channel Design

DESIGNER: DATE:
PROJECT:

STATION: TO STATION:
DRAINAGE AREA: ACRES

DESIGN FLOW: Q = ft3/sec

CHANNEL SLOPE (S) : ft/ft

CHANNEL DESCRIPTION:

RIPRAP

d; D504 z A3/a, d Dsg REMARKS

GABION

Rock dj z A3/AZ d Tp [|Mattress o ™p T4=YdS
Pyl ‘ Rock [Thickness| Mattress

Size (6) | (2) @) @4 @) (8) (3) | (10)
(1) Charts 15-18 (6) Charts 19-22

(2) side slope (z:1) (7) Chart 23

(3) Tanle 4 (8) Chart 24

(4) d = (A3/A;)dj (9) Ty = the larger of (7) or (8)

(10) T4 must be < Tp

(5) Usg = (9/dj)050;

Figure 25. Worksheet for Steep Slope Channel Design
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Table 4. Values of A3/Az for Selected Side Slopes
and Depth to Bottom Width Ratios.l

A3/Az
d/B sl 3l 4:1 51 6:1
0.10 1.083 1.000 0.928 0.866 0.812
0.20 1.142 1.000 0.888 0.800 0.727
0.30 1.187 1.000 0.853 0.760 0.678
0.40 1,222 1.000 0.846 0.733 0.647
0.50 1.250 1.000 0.833 0.714 0.625
0.60 15272 1.000 0.823 0.700 0.608
0.70 1.291 1.000 0.815 0.688 0.596
0.80 1.307 1.000 0.809 0.680 0.586
. 0.90 1.321 1.000 0.804 0.672 0.578
1.00 1.333 1.000 0.800 0.666 0.571
1.10 1.343 1.000 0.796 0.661 0.565
1.20 1352 1.000 0.793 0.657 0.561
1.30 1.361 1.000 0.790 0.653 0.556
1.40 1.368 1.000 0.787 0.650 0.553
1.50 1.378 1.000 0.785 0.647 0.550
1.60 1.381 1.000 0.783 0.644 0.547
1.70 1.386 1.000 0.782 0.642 0.544
1.80 1.391 1.000 0.780 0.640 0.542
1.90 1.395 1.000 0.779 0.638 0.540
2.00 1.400 1.000 0. 771 0.636 0.538

1 Based on the following equation:

1+ 3(
A3/AZ = T 77d/®)
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Chart 23. Permissible shear stress for gabion mattress
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VI. COMPOSITE LINING DESIGN

Composite linings protect the bed of a channel against the higher shear
stress occurring in that portion of the channel. The distribution of shear
stress in a trapezoidal channel section (see figure 18, chapter III) is such
that the maximum shear stress on the sides of the channel is significantly
less than on the channel bottom. This allows for a channel 1lining material to
be used on the side slopes that has a lower permissible shear stress that the
lining material used for the bottom of the channel. The maximum shear on the
side of the channel is given by the following equation:

Tg = K1 T4 (15)

where K; is a function of channel geometry and is given in chart 13 (in
chapter IV) and T4 is the shear stress at maximum depth.

It is important that the bed lining material cover the entire channel
bottom so that adequate protection is provided. To guarantee that the channel
bottom is completely protected, the bed lining should be extended a small
distance up the side slope.

Computation of flow conditions in a composite channel requires the use of
an equivalent Manning's n value for the entire perimeter of the channel.
For determination of equivalent roughness, the channel area is divided into
two parts of which the wetted perimeters and Manning's n values of the low-
flow section and channel sides are known. These two areas of the channel are
then assumed to have the same mean velocity. Chart 25 provides a means of
determining the equivalent roughness coefficient, K¢, for various applica-
tions of two channel linings.

Another important use of composite linings are in vegetative lined chan-
nels that have frequent low flows. These low flows will usually kill the sub-
merged vegetation. In erodible soils, this leads to the formation of a small
gully at the bottom of the channel. Gullys weaken a vegetative lining during
higher flows, causing additional erosion, and can result in a safety hazard.
A solution is to provide a nonvegetative low-flow channel 1lining such as
concrete or riprap. The dimensions of the Tow-flow channel are sufficient to
carry frequent low flows but only a small portion of the design flow. The
remainder of the channel is covered with vegetation.

Special Considerations

When two lining materials with significantly different roughness values
are adjacent to each other, erosion may occur near the boundary of the two
linings. Erosion of the weaker lining material may damage the 1lining as a
whole. In the case of composite channel linings with vegetation on the banks,
this problem can occur in the early stages of vegetative establishment. A
temporary lining should be used adjacent to the low-flow channel to provide
erosion protection until the vegetative lining is well established.
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Design Procedure

COMPOSITE LINING DESIGN PROCEDURE

The procedure for composite lining designs consists of the following

steps.

1.

10.

11

Determine the permissible shear stress 'p, for both lining types.
(see table 2)

Estimate the depth of flow, dj.

Determine Manning's n for each 1ining type. (Table 3 for nonvegetative
1inings and charts 5 to 9 for vegetative linings.)

Compute the ratio of rougher to smoother Manning's n values, N2/N1.

Determine the hydraulic radius, R, and the wetted perimeter, P, for the
entire channel section (chart 4 or equations in appendix A).

Compute the ratio of low-flow channel wetted perimeter, Py, to total
wetted perimeter, P, (P, /P).

Determine a compound lining factor, K¢  from chart 25. Calculate the
effective Manning's n from,

n=Ken
where np = Manning's n for smoother lining.
Determine channel flow depth, d, using the effective Manning's n.

Compare estimated flow depth, dj, with calculated flow depth, d. If the
difference is greater than 0.1 ft, repeat steps 3 through 8.

Determine the shear stress at maximum depth, T4, and the shear stress on
the channel side slopes, Tg

Tq = vdS
and
T = KTy (15)
where K1 is from chart 13.
Compare the shear stresses, T4 and T, to the permissible shear stress,
Ty, for each of the channel linings. If T4 or Tg is greater the T, for

the respective lining, a different combination of linings should be eva-
luated.

70



‘ The design procedure is demonstrated in the following example. The
worksheet at the end of this chapter (figure 28) is provided for carrying out
the compound Tining design procedure computations.

Example Problem

Example 13:

Determine the channel design for a composite concrete and vegetation lining.

Given: Q = 10.0 ft3/sec
S =0.02 ft/ft
Trapezoidal channel shape
Z =3

Concrete low-flow channel, 3.0 ft wide

CLASS C VEGETATION

‘ h 121

CONCRETE LOW FLOW CHANNEL

Figure 26. Compound Lining Example.

Find: (1) Effective Manning's n.

(2) Flow depth in channel.

(3) Suitability of channel lining materials.
Solution:

(1) Permissible shear stress for Class C vegetation, Tp = 1.00 1b/ft2
and concrete is a nonerodible, rigid lining.

(2) Initial depth is estimated at 1.0 ft

(3) From chart 4, given d/B = 0.33

R/d = 0.64
R = 0.64 ft
A/Bd = 2.0
A=2.0x23.0x1.0=25.0ft2
P =A/R = 6.0/0.64
= 9.4 ft
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(4)

(5)

(3)

The concrete lining provides the low-flow channel, as given in
the sketch,

Pg = 3.0
Py/P = 3.0/9.4
= 0.32
From chart 7 for Class C vegetation, np = 0.083
From table 3 for concrete, n; = 0.013
np/np = 0.083/0.013
= 6.4
From chart 25, given Py /P = 0.32 and np/n; = 6.4,
KC = 5.0
n =5.0 x 0.013
= 0.065
From chart 3 for S = 0.02, given Qn = 0.65 and B = 3,
d/B = 0.28
d =0.84 ft

The difference between calculated depth and estimated depth is
greater than 0.1 feet; therefore repeat steps 3 through 6.

The revised depth of flow is 0.84 ft. From chart 4, given
d/B = 0.28,

R/d = 0.66
R = 0.56
A/Bd = 1.84
A = 4.64 ft2
P =4.64/0.56 = 8.3 ft
Pe/P = 3.0/8.3 = 0.36

From chart 7 for Class C vegetation, np = 0.095.

np/n; = 0.095/0.013
% 7.3
From chart 25, given Py /P = 0.36 and np/ny; = 7.3,
KC = 5-5
n =5.5x0.013
= 0.072
From chart 3 for S = 0.020, given Qn = 0.72 and B = 3,
d/B = 0.29
d = 0.87
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(7)

(8)

The calculated and previous values of depth are within 0.1 feet.
The results are,

0.072
0.87 ft

(a8
" n

The shear stress, at maximum depth from equation 5,

YdS
62.4 x 0.87 x 0.02
1.09 1b/ft2

Td

The maximum shear stress on the sides of the channel is deter-
mined from equation 15.

s = K1 14

where the shear stress ratio, Ky, is determined from chart 13
given Z = 3 and B/d = 3.45, as K1 = 0.87

g = 0.87 x 1.09
0.95 1b/ft2

" n

The maximum shear stress on the channel side slopes is less than
permissible, so the lining is acceptable.
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Worksheet for Compound Lining Design

DESIGNER: DATE:
PROJECT:
STATION: TO STATION:
DRAINAGE AREA: ACRES
DESIGN FLOW: Q = ft3/sec
DESIGN FLOW FOR TEMPORARY LINING: Q = ft3/sec
CHANNEL SLOPE (S) : ft/ft
CHANNEL DESCRIPTION:

Lining Type Tp n PQ

() {(2) | (3)

Lowf low

Side

d; R h2 P Py K¢ n d d K1 T

n P

(4) | (5) | (o) | (7) (8) { (9) [{10) {(11) J(12) J(13) REMARKS
(1) Table 2 (8) Chart 25
(2) Non-vegetative linings, table 3 (9)  n = Kenm

Vegetative linings, charts 5-9 (10) Chart 3, trapezoidal channels

(3) Lowflow channel wetted perimeter (11) 14 = vds
(4) Flow depth, estimate Tq must be < Ty for Towflow
(5) Chart 4, trapezoidal channels (12) Chart 13
(6) Ratio of rougher to smoother n (13) 19 =Ky74
(7)

Total channel wetted perimeter

Tg must be < Ty for sides

Figure 27. Worksheet for Compound Lining Design
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Worksheet for Compound Lining Design

DESIGNER: DATE :
PROJECT : EKQMPle Poblena 14

STATION: TO STATION:
DRAINAGE AREA: ACRES

DESIGN FLOW: Q = 1O ft3/sec

DESIGN FLOW FOR TEMPORARY LINING: = £t3/sec

CHANNEL SLOPE (S) : ©-O2 ¢/t

CHANNEL DESCRIPTION: \;::i:izzf
3

'5/
Lining Type D n Pz
(1) | (2) | (3)
Lowflow | comevele | — 1.OI15] 3
Side qrass-classC| 1.001.095| £~ 24"
08" \Cof;.Q
d; R | M2 | p P | Ke| n | d oKk | e
n P

@) | 5) | (6) | (7) (8) | (9) |(10) {(11) [(12) [(13) | REMARKS

10| . 4| c4|94|.32] 5 |oes|.84] — |- | - | d=d;

.84|.56|7.3|8.3|.36| 5.5[.072].87|1.09|.87 | .95 | Y= p

o i<,
(1) Table 2 (8) Chart 25
(2) Non-vegetative linings, table 3 (9) n = Ken
Vegetative linings, charts 5-9 (10) Chart 3, trapezoidal channels

(3) Lowflow channel wetted periineter (11) T4 = Yds
(4) Flow depth, estimate Tq must be < T for Towflow
(5) Chart 4, trapezoidal channels (12) Chart 13
(6) Ratio of rougher to smoother n (13) 15 = K14
(7) Total channel wetted perimeter Tg must de < 1, for sides

Figure 28. MWorksheet for Example Problem 13
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APPENDIX A

‘ EQUATIONS FOR VARIOUS CHANNEL GEOMETRIES
[
o T g
\ 4
\d 1
T z
A= 2d2
P=2dVz?+1
T=2dz
V-SHAPE
L |
i "]

P=116d2 + T2 + T2 Ing <4d+\]16d7-+T2>
2
T=15A
d
PARABOLIC
- T -
\ A
d __J’
% *\ Z
L g
| B |
A = Bd + 2d?
P=B+2dVz2+1
T=8+2dzZ
TRAPEZOIDAL

Figure 29. tquations for Various Channel Geometries .

77




—
i
- e —
Nk

4

2 CASES
NO. 1

IF d <1/Z, THEN:
A= 8d vd

P=2ZIn <vq§ vf_gi> 2 [d?+dz

NO. 2
IFd > 1/Z THEN:

A= 8d +4< >
Z2

P=2ZIn <1+
e —-—
Z

<d1

+1>+2 1+22+2<d4 >J1+z2
Z

Z Z

7\/

V-SHAPE WITH ROUNDED BOTTOM



APPENDIX B
DEVELOPMENT OF DESIGN CHARTS AND PROCEDURES

Resistance Equations

Resistance to flow in open channels with flexible 1inings can be accura-
tely described using the universal-velocity-distribution law (7). The
form of the resulting equation 1is:

V=V, [a+blog (R/k )] (16)
where V = mean channel velocity;
V, = shear velocity which is (gRS)
a, b = empirical coefficients;
R = hydraulic radius;
kg = roughness element height; and
g = acceleration due to gravity.

Values of kg and the empirical coefficients, a and b, for different
1ining material are given in table 5. These values are based on an analysis
of data collected by McWhorter et al. and Thibodeaux (14,15) for the
Department of Transportation. The coefficients for riprap were'ﬁéve1oped by
Blodgett and McConaughy (19) and the coefficients for vegetation are from work
by Kouwen et al (6).

Manning's equation (equation 1) and equation 16 can be combined to give
Manning's roughness coefficient n in terms of the relative roughness. The
resulting equation is:

K T76° ~3.82 [a + b Tog (R7KT] (17)

S

The n value is divided by the roughness height to the one-sixth power in
order to make both sides of the equation dimensionless.

Figure 30 shows the behavior of Manning's n versus relative roughness.
It can be seen that for values of relative roughness less than 10, there is
significant variation in the n value. Flow conditions in small to moderate
sized channels will typically fall in the range of relative roughness from 10
to 100. Over this range, the n value varies about 20 percent.

The relative roughness of vegetative channel 1inings depends on physical
characteristics of the grass as well as the shear stress exerted on the grass.
With grasses, the relative roughness will vary depending on the bending of the
vegetation with the degree of bending being a function of the stiffness of the

79




Table 5. Empirical Coefficients for Resistance Equation.

ks

Lining

Material {ft) (cm) a b
Woven Paper 0.004 0.12 0.73 8.00
Jute Mesh 0.038 1:16 0.74 8.04
Fiberglass Roving 0.035 1.07 0.73 8.00
Straw With Net 0.12 3.66 0.72 7.83
Curled Wood Mat 0.11 3.35 0.65 7.10
Synthetic Mat 0.065 1.98 0.96 8.13
Riprap Dso 2.25 5.23
Vegetation equation 18 0.42 5:23

Table 6. Relative Roughness Parameters for Vegetation.

Average Stiffness
Height, h MEI
Retardance
Class (ft) (cm) (1b © ft2) (Newton © m2)

A 3.0 91 725 300

B 2.0 61 50 20

£ 0.66 20 1.2 0.5

D 0.33 10 0.12 0.05

E 0.13 4 0.012 0.005
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vegetation and the shear stress conditions.(ﬁ) Roughness height for vegeta-
tion is given by:

1/4

k
== 0.14 [(EL T /nyte®? (18)
T
where h = average height of vegetation;
T = ave. shear stress; and
MEI = stiffness factor.

Values of h and MEI for various classifications of vegetative roughness,
known as retardance classifications, are given in table 6.

The relative roughness for grasses in classifications A through E is typically
less than 10. In this range, the variation in the Manning's rcughness coef-
ficient is substantial, and it is not acceptable to use only an average value.
By combining equations 17 and 18, the Manning's roughness coefficient can be
described as a function of hydraulic radius and mean tractive force. The
resulting equation is:

R1/6
n = (19)
C + 19.97 log (RL-% sU-%)
where C is 19.97 log (44.8 h0-6 MEI'O‘4) and depends on the class of vegeta-

tion. Design charts for determining Manning's n for vegetative channel
linings were developed by plotting values given by equation 19.
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APPENDIX C

DEVELOPMENT OF STEEP GRADIENT DESIGN CHARTS
AND PROCEDURES

General

The design of riprap for steep gradient channels presents special
problems. On steep gradients, the riprap size required to stabilize the chan-
nel is often of the same order of magnitude as the depth of flow. The riprap
elements often protrude from the flow, creating a very complex flow condition.

Laboratory studies and field measurements (20) of steep gradient channels
have shown that additional factors need to be considered when computing
hydraulic conditions and riprap stability. The development of design proce-
dures for this manual has, therefore, been based on equations that are more
general in nature and account directly for several additional forces affecting
riprap stability. The Bathurst resistance equation is used to predict
hydraulic conditions 1in steep gradient channels and the factor of safety
method is used to assess riprap stability. A brief discussion of both methods
is given in this appendix and the assumptions used in developing the design
procedures are presented.

Bathurst Resistance Equation

Most of the flow resistance in channels with large-scale roughness is
derived from the form drag of the roughness elements and the distortion of the
flow as it passes around roughness elements. Consequently, a flow resistance
equation for these conditions has to account for skin friction and form drag.
Because of the shallow depths of flow and the large size of the roughness ele-
ments, the flow resistance will vary with relative roughness area, roughness
geometry, Froude number (the ratio of inertial forces to gravitational
forces), and Reynolds number (the ratio of inertial forces to viscous forces).

Bathurst's experimental work quantified these relationships in a semi-
empirical fashion. The work shows that for Reynolds numbers in the range of
4 x 104 to 2 x 105, resistance is likely to fall significantly as Reynolds
number increases. For Reynolds numbers in excess of 2 x 105, the Reynolds
effect on resistance remains constant. When roughness elements protrude
through the free surface, resistance increases significantly due to Froude
number effects, i.e., standing waves, hydraulic jumps, and free-surface drag.
For the channel as a whole, free-surface drag decreases as the Froude number
and relative submergence increase. Once the elements are submerged, Froude
number effects related to free-surface drag are small, but those related to
standing waves are important.
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The general dimensionless form of the Bathurst equation is:

1/6
— =B @y - (Fr) x £ (REG) X £ (CG) (20)
* g
where ;I = mean velocity divided by the shear velocity;
Vx = (gds)0-9;
d = mean flow depth;
g = acceleration due to gravity;
n = Manning's roughness coefficient;
Fr = Froude number;
REG = roughness element geometry; and
CG = channel geometry.

The functions of Froude number, roughness element geometry, and channel
geometry are given by the following equations:

log (0.755/b)

_ ,0.28

£ iEr) = (== Fr) (21)

o 0.492 1.025(1/vg,)0 118
f (REG) = 13.434 (— b (22)
. Y50

T -b

fn(CG) = (HJ (23)

where T = channel topwidth;
Y50 = mean value of the distribution of the average of the long and
median axes of a roughness element; and
b = parameter describing the effective roughness concentration.

The parameter b describes the relationship between effective roughness
concentration and relative submergence of the roughness bed. This relation-
ship is given by:

4 .C
b =a (x—) (24)
50
where S50 = mean of the short axis lengths of the distribution of roughness

elements; and
a, ¢ = constants varying with bed material properties.

The parameter, c, is a function of the roughness size distribution and varies
with respect to the bed-material gradation, o, where:

¢ = 0.648 ¢ ~0-134 (25)

For standard riprap gradations the log standard deviation is assumed to be
constant at a value of 0.182, giving a ¢ value of 0.814.
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The parameter, a, is a function of channel width and bed material size in the
cross stream direction, and is defined as:
Y 0.557
al/c = 1.175 (%) (26)

In solving equation 20 for use with this manual, it is assumed that the
axes of a riprap element are approximately equal for standard riprap grada-
tions. The mean diameter, Dgg, is therefore substituted for Sgp and Ygp
parameters.

Riprap Stability

The stability of riprap is determined by analyzing the forces acting on
an individual riprap element and calculating the factor of safety against its
movements. The forces acting on a riprap element are its weight (Wg), the
drag force acting in the direction of flow (Fgq), and the 1ift force acting to
1ift the particle off the bed (F_ ). Figure 30 illustrates an individual ele-
ment and the forces acting on it. The geometric terms required to completely
describe the stability of a riprap element include:

angle of the channel bed slope;

a:
B & = angles between the two vectors: weight and drag, and their
resultant in the plane of the side slope, respectively;
6 = angle of the channel side slope; and
¢ = angle of repose for the riprap.

As the element will tend to roll rather than slide, its stability is
analyzed by calculating the moments causing the particle to roll about the
contact point, c, with an adjacent riprap element as shown in figure 30. The
equation describing the equilibrium of the particle is:

22 ws cosg = 1, ws sind cosp + 23 Fd coss + % FL (27)

The factor of safety against movement is the ratio of moments resisting
motion over the moments causing motion. This yields:

2, W_cosb
S

2
SF = : (28)
zl‘w; S1n6 CosSp + 23 Fd cosg + 24 FL

where SF = safety factor.

Evaluation of the forces and moment arms for equation 28 involves several
assumptions and a complete derivation is given in Simons and Senturk. (21)
The resulting set of equations are used to compute the factor of safety:

_ cosg tan¢
SF = n' tang + sino COSP (29)
b = 1:an'1 5 Siﬁgsa - (30)
T tang |~ SN¢
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Figure 31. Hydraulic Forces Acting on a Riprap Element.
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g (31)

" T T v T Dgg

A R T B LR L (32)
where Tg = side slope shear stress;
F, = dimensionless critical shear stress;
Yg = specific weight of the rock;
y = specific weight of water;
D5g = median diameter of the riprap;
n = stability number; and

side slope stability number.

The side slope shear stress can be computed as:
's T Kl ‘o (33)
K{ can be obtained from chart 13.

from chart 12.

The angle of repose ¢ may be obtained

In the derivation given in Simons and Senturk (21), Fix was equal to

0.047. Recent studies (22) have shown F, to take on much larger values for
—n flow conditions having a high Reynolds number.

large-diameter particles
Based on this work and Reynolds numbers encountered in steep gradient chan-

nels, the design procedure sets F, equal to 0.15.

Solution Procedure

the Bathurst resistance equation and factor-
of-safety approach to riprap stability is outlined in the flow chart given in
figure 31. A factor of safety of 1.5 is used. This value was used in devel-
oping the design charts of this manual (charts 15 through 18).

The solution procedure using
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APPENDIX D
SUGGESTED GUIDE SPECIFICATIONS

The Specifications in this appendix are presented for the information of
the designer, and should be modified as required for each individual design.

RIPRAP
Description

This work consists of furnishing materials and performing all work
necessary to place riprap on bottoms and side slopes of channels, or as
directed by the engineer.

The types of riprap included in this specification are:

a. Rock riprap. Riprap consists of stone dumped in place on a filter
blanket or prepared slope to form a well graded mass with a minimum of
voids.

b. Gravel channel lining. Gravel placed on filter blanket or prepared
slope to form a well graded mass with a minimum of voids.

Materials

a. Rock riprap. Stone used for riprap shall be hard, durable, angular in
shape; resistant to weathering and to water action; free from overbur-
den, spoil, shale and organic material; and shall meet the gradation
requirements specified. Neither breadth nor thickness of a single
stone should be Tless than one-third its length. Rounded stone or
boulders will not be accepted unless authorized by special provisions.
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-dry basis,
AASHO Test T 85) times 62.3 pounds per cubic foot.

The sources from which the stone will be obtained shall be selected
well in advance of the time when the stone will be required in the
work. The acceptability of the stone will be determined by service
records and/or by suitable tests. If testing is required, suitable
samples of stone shall be taken in the presence of the engineer at
least 25 days in advance of the time when the placing of riprap is
expected to begin. The approval of some rock fragments from a par-
ticular quarry site shall not be construed as constituting the approv-
al of all rock fragments taken from that quarry.

In the absence of service records, resistance to disintegration from
the type of exposure to which the stone will be subjected will be
determined by any or all of the following tests as stated in the spe-
cial provisions:

1. When the riprap must withstand abrasive action from material
transported by the stream, the abrasion test in the Los Angeles
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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 loss of not more than 40 after 500 revolutions.

2. 1In locations subject to freezing or where the stone is exposed to
salt water, the sulfate soundness test (AASHO Test T 104 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 103 for ledge rock
procedure A) is used as a guide to resistance to weathering, the
stone should have a loss not exceeding 10 percent after 12 cycles
of freezing and thawing.

Each load of riprap shall be reasonably well graded from the smallest
to the maximum size specified. Stones smaller than the specified 10
percent size and spalls will not be permitted in an amount exceeding
10 percent by weight of each Toad.

Control of gradation will be by visual inspection. The contractor
shall provide two samples of rock of at least 5 tons each, meeting the
gradation specified. The sample at the construction site may be a
part of the finished riprap covering. The other sample shall be pro-
vided at the quarry. These samples shall be used as a frequent
reference for judging the gradation of the riprap supplied. Any dif-
ference of opinion between the engineer and the contractor shall be
resolved by dumping and checking the gradation of two random truck
loads of stone. Mechanical equipment, a sorting site, and 1labor
needed to assist in checking gradation shall be provided by the
contractor at no additional cost to the State.

Gravel channel Tining. Gravel riprap shall consist of gravel or
crushed rock of the thickness and gradations shown on project
drawings. A1l material comprising the riprap shall be composed of
tough durable particles reasonably free of thin, flat, or elongated
particles and shall not contain organic matter.

Construction Requirements

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.

Protection for structured foundations shall be provided as early as
the foundation construction permits. The area to be protected shall
be cleared of waste materials and the surfaces to be protected pre-
pared as shown on the plans. The type of riprap specified will be
placed in accordance with these specifications as modified by the spe-
cial provisions.
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When shown on the plans, a filter blanket or filter fabric shall be
placed on the prepared slope or area to be provided with foundation
protection 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 of voids. 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 permitted.

The 1larger stones shall be well distributed and the entire mass of
stone shall conform to the gradation specified by the engineer. All
material going into riprap protection shall be so placed and distri-
buted so 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 in 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. The contractor shall maintain the riprap protection until
accepted, and any material displaced by any cause shall be replaced to
the lines and grades shown on the plans at no additional cost to the
State.

When riprap and filter material are dumped under water, thickness of
the Tayers shall be increased as shown on the plans; and methods
shall be used that will minimize segregation.

c. Gravel channel lining. Gravel for riprap shall be placed on the pre-
pared slope or area.

Measurement for Payment

The quantity of riprap to be paid for, of specified thickness and extent,
in place and accepted, shall be measured by the number of cubic yards as com-
puted from surface measurements parallel to the riprap surface and thickness
measured normal to the riprap surface. Riprap placed outside the specified
limits will not be measured or paid for, and the contractor may be required to
remove and dispose of the excess riprap without cost to the State.
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Basis of Payment

Quantities shall be paid for at the contract unit price per cubic yard and
shown in the bid schedule which price shall be full compensation for furnishing
all material, tools, and Tabor; the preparation of the subgrade; the placing of
the riprap; the grouting when required; and all other work incidental to
finished construction in accordance with these specifications.
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WIRE ENCLOSED RIPRAP

Description

This work will consist of furnishing all materials and performing all work
necessary to place wire enclosed riprap on bottoms and side slopes of channels
or as directed by the engineer. Wire enclosed riprap consists of mats or
baskets fabricated from wire mesh, filled with stone, connected together, and
anchored to the slope. Details of construction may differ depending upon the
degree of exposure and the service, whether used for revetment or used as a toe
protection for the other types of riprap.

Materials

Material requirements shall meet those given for riprap, except for size
and gradation of stone. Stone used shall be well graded and the smallest
dimension of 70 percent of stone, by weight, shall exceed the wire mesh
opening. The maximum size of stone, measured normal to the slope, shall not
exceed the mat or basket thickness.

Wire mesh shall be galvanized woven fencing conforming to the specifica-
tions for fence fabric, and shall be of the gage and dimensions shown on the
plans. Ties and lacing wire shall be No. 9 gage galvanized unless otherwise
specified.

Construction Requirements

Construction requirements shall meet those given for rock riprap. Wire
enclosed segments shall be hand- or machine-formed to the dimensions shown on
the plans. These units shall be placed, laced, and filled to provide a uni-
form, dense, protective coat over the area specified.

Perimeter edges of wire enclosed units are to be securely selvedged or
bound so that the joints formed by tying the selvedges have approximately the
same strength as the body of the mesh. Wire-enclosed units shall be tied to
its neighbors along all contacting edges at 1-foot intervals in order to form
a continuous connecting structure.

Mattresses and baskets on channel side slopes should be tied to the banks
by anchor stakes driven 4 feet into tight soil (clay) and 6 feet into loose
soil (sand). The anchor stakes should be located at the inside corners of
mattress or basket diaphragms along an upslope (highest) wall, so that the
stakes are an integral part of the mattress or basket. The exact maximum
spacing of the stakes depends upon the configuration of the mattress or basket;
however, the following is the minimum spacing: Stakes every 6 feet along and
down the slope for slopes 2.5:1 and steeper, and every 9 feet along and down
the slope for slopes flatter than 2.5:1.

Channel 1linings should be tied to the channel banks with wire-enclosed
riprap counterforts at least every 12 feet. Counterforts should be keyed at
least 12 inches into the existing banks with slope mattress or basket linings
and should be keyed at least 3 feet by turning the counterfort endwise when the
lining is designed to serve as a retaining wall.
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Measurement for Payment

The quantity of wire-enclosed riprap of specified thickness and extent in
place and accepted, shall be measured by the number of square yards obtained by
measurements parallel to the riprap surface. Riprap placed outside the spe-
cified limits will not be measured or paid for, and the contractor may be
required to remove and dispose of the excess riprap without cost to the State.

Basis of Payment

Quantities shall be paid for at the contract unit price per square yard
and shown in the bid schedule, which price shall be full compensation for fur-
nishing all material, tools, and labor; the preparation of the subgrade; the
placing of the stone; and all other work incidental to finished construction in
accordance with these specifications.
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WOVEN PAPER NET

Description

This work shall consist of furnishing materials and all work necessary to
install woven paper net fabric for erosion control on roadway, ditches, or slo-
pes, or as directed by the engineer.

Materials

Materials shall consist of knitted plastic net, interwoven with paper
strips. The yarn shall be of photodegradable synthetic types and the paper
shall be biodegradable. Staples shall be 6 inches and 12 inches in length, and
composed of high carbon iron.

Construction Requirements

Woven paper net shall be placed on the prepared slope or seedbed area
which has been prepared and Tleveled according to various other sections in
these specifications. If seeding and fertilizer are in the provisions, they
should be applied immediately before laying the fabric.

Woven paper net shall be applied on slopes with the fabric running ver-
tical from the top of the slope. In drainages, woven paper net shall be
applied in the direction of the water flow. The fabric shall be secured and
buried in a 4-inch trench, 1 foot back from the crown and at the bottom of the
slope. Heavy gauge staples shall secure the fabric at 9-inch intervals along
the edges and overlaps and at 3-foot intervals down the center of the fabric
roll. Rolls shall overlap 4 inches. Woven paper net shall be draped rather
than stretched across the surface.

The contractor shall maintain the fabric blanket until all work on the
contract has been completed and accepted. Maintenance shall consist of the
repair of areas where damaged by any cause. A1l damaged areas shall be
repaired to reestablish the condition and grade of the soil prior to applica-
tion of the covering and shall be refertilized, reseeded, and remulched as
directed.

Measurement for Payment

The quantity of woven paper net, including staples, complately in place
and accepted, shall be measured by the square yard of finished surface. No
allowance will be made for overlap. Woven paper net placed outside the spe-
cified limits will not be measured or paid for and the contractor may be
required to remove or dispose of the excess without cost to the State.

Basis of Payment

Quantities shall be paid for at the contract unit price per square yard
which price shall be full compensation for furnishing all materials, tools, and
labor; the preparation of the subgrade; the placing of the woven paper net; and
all other work incidental to finished construction in accordance with these
specifications.
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JUTE NET

Description

This work consists of furnishing materials and performing all work nec-
essary to install jute net on roadway ditches or slopes or as directed by the
engineer.

Materials

Jute net shall consist of heavy mesh of a uniform open plain weave of
unbleached, smolder-resistant, single jute yarn. The yarn shall be of a
loosely twisted construction having an average twist of not less than 1.6
turns per inch and shall not vary in thickness by more than one-half its nor-
mal diameter. The jute net shall be furnished in approximately 90-pound
rolled strips and shall meet the following requirements:

Length  approximately 75 yards
Width 48 inches + 1 inch
78 warp ends per width of cloth
41 weft ends per yard
Weight 1.22 pounds per linear yard with + 5 percent

Staples shall be 3, 6, and 12 inches in length, and composed of high car-
bon iron or as specified by the engineer.

Construction Requirements

The blankets shall be placed in designated locations immediately after
seeding and mulching operations have been completed. The material shall be
applied smoothly but Tloosely to the soil surface without stretching. The
upslope end of each piece of jute net shall be buried in a narrow trench 6
inches deep. After the jute is buried, the trench shall be firmly tamped
closed.

In cases where one roll of jute mesh ends and a second roll starts, the
upslope piece should be brought over the buried end of the second roll so that
there is a 12-inch overlap to form a junction slot. Where two or more widths
of jute net are applied side by side, an overlap of at least 4 inches must be
made.

Check slots should be made before the jute net is rolled out. A narrow
trench should be dug across the slope perpendicular to the direction of flow.
A piece of jute, cut the same length as the trench, is folded lengthwise. The
fold is placed in the trench and the trench is tamped closed. The portion of
the jute remaining above ground is unfolded and laid flat on the soil surface.
Check slots will be spaced so that one check slot or junction slot occurs
without each 50 feet of slope. Overlaps which run down the slope, outside
edges and centers shall be stapled on 2-foot intervals. Each width of jute
net will have a row of staples down the center as well as along each edge.
Check slots and junction slots will be stapled across at 6-inch intervals.
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For extra hard soil, use 3-inch sharp-pointed fence-type staples, composed of
hardened steel.

The jute net must be spread evenly and smoothly and be in contact with
the seeded area at all points. The contractor shall maintain the jute wmesh
until all work on the contract has been completed and accepted. Maintenance
shall consist of the repair of areas where damaged by any cause. A11 damaged
areas shall be repaired to reestablish the condition and grade of the soil
prior to application of the covering and shall be refertilized, reseeded and
remulched as directed.

Measurement of Payment

The quantity of jute net, including staples, completely in place and
accepted, shall be measured by the square yard of finished surface. No
allowance will be made for overlap. Mat placed outside the specified limits
will not be measured or paid for, and the contractor may be required to remove
and dispose of the excess mat without cost to the State.

Basis of Payment

Quantities shall be paid for at the contract unit price per square yard
which price shall be full compensation for furnishing all materials, tools,
and labor; the preparation of the subgrade; the placing of the jute net; and
all other work incidental to finished construction in accordance with these
specifications.
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FIBERGLASS ROVING

Description

This

work consists of furnishing materials and performing all work

necessary to install fiberglass roving on roadway ditches or slopes, or as
directed by the engineer.

Materials

a. General requirements. The material shall be formed from continuous
fibers drawn from molten glass, coated with a chrome-complex sizing
compound, collected into strands and 1lightly bound together into
roving without the use of clay, starch, or like deleterious substan-
ces. The roving shall be wound into a cylindrical package approxima-
tely 1 foot high in such a manner that the roving can be continuously
fed from the center of the package through an ejector driven by
compressed air and expanded into a mat of glass fibers on the soil
surface. The material shall contain no petroleum solvents or other
agents known to be toxic to plant or animal life.

Liquid asphaltic materials shall conform to the requirements of
AASHTO M81, M82, and M141 for the designated types and grades.

b. Detailed requirements. The fiberglass roving shall conform
to these detailed requirements:

Property Limits Test Method
Strands/Rove 56-64 End Count
Fibers/Strand 184-234
Fiber Diameter, inch

(Trade Designation-G) 0.00035-0.0004 ASTM D 578

Yd/1p of Sand 13,000-14,000 ASTM D 578

Yd/1b of Rove 210-230 ASTM D 578

Organic content, percent maximum 0.75 ASTM D 578

Package Weight, 1b 30-35 ASTM D 578

Construction Requirements

The fiberglass roving shall be applied over the designated area within
24 hours after the normal seeding operations have been completed.

The fiberglass roving shall be spread uniformly over the designated area
to form a random mat of continuous glass fibers at the rate of 0.25 pounds per
cubic yard. This rate may be varied as directed by the engineer.
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The fiberglass roving shall be anchored to the ground with the asphaltic
materials applied uniformly over the glass fibers at the rate of 0.25 gallon
per square yard. This rate may be varied as directed by the engineer.

The upgrade end of the lining shall be buried to a depth of 1 foot to
prevent undermining. Instructions for slope and ditch protection may be sti-
pulated by the engineer to fit the field conditions encountered.

The contractor shall maintain the roving until all work on the contract
has been completed and accepted. Maintenance shall consist of the repair of
areas where damaged by any cause. All damaged areas shall be repaired to
reestablish the condition and grade of the soil prior to application of the
covering and shall be refertilized, reseeded and remulched as directed.

Measurement for Payment

Fiberglass roving will be measured by the pound, and the quantity to be
measured will be that actually used on the project. Roving placed outside the
specified Timits will not be paid for and the contractor may be required to
remove and dispose of the excess roving without cost to the State.

Basis of Payment

Quantities shall be paid for at the contract unit price per pound and
shown in the bid schedule, which price shall be full compensation for fur-
nishing all materials, tools, and labor; the preparation of the subgrade; the
placing of the roving; and all other work incidental to finished construction
in accordance with these specifications.
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CURLED WOOD MAT

Description

This work consists of furnishing materials and performing all work
necessary to install curled wood mat on roadway ditches or slopes, or as
directed by the engineer.

Materials

A1l materials shall meet the requirements of the following specifica-
tions. The blanket shall consist of a machine produced mat of curled wood
excelsior of 80 percent, 8 inches or longer fiber length with consistent
thickness and the fiber evenly distributed over the entire area of the
blanket. The top side of the blanket shall be covered with a biodegradable
extruded plastic mesh. The blanket shall be made smolder resistant without
the use of chemical additives.

Width 48 inch + 1 inch
Length 180 ft average

Weight per roll 78 1b + 8 1b

Weight per yd2 0.875 Tb + 10 percent
Volume per roll 80 yd3, average

Pins and staples shall be made of high carbon iron wire 0.162 or larger
in diameter. "U" shaped staples shall have legs 8 inches long and a l-inch
crown. "T" shaped pins shall have a minimum length of 8 inches after bending.
The bar of the "T" shall be at least 4 inches long with the single wire end
bent downward approximately 3/4-inch.

Construction Requirements

The area to be covered shall be properly prepared, fertilized, and seeded
before the blanket is placed. When the mat is unrolled, the netting shall be
on top and the fibers shall be in contact with the soil. 1In ditches, blankets
shall be unrolled in the direction of the flow of water. The end of the
upstream blanket shall overlap the buried end of the downstream blanket a
maximum of 8 inches and a minimum of 4 inches, forming a junction slot. This
junction slot shall be stapled across at 3-inch intervals. Adjoining blankets
(side by side) shall be offset 8 inches from center of ditch and overlapped a
minimum of 4 inches. Use 6 staples across the start of each roll, at 4-foot
intervals, alternating the center row so that the staples form an "X" pattern.
A common row of staples shall be used on adjoining blankets.

The contractor shall maintain the blanket until all work on the contract
nas been completed and accepted. Maintenance shall consist of the repair of
areas where damaged by any cause. All damaged areas shall be repaired to
reestablish the condition and grade of the soil prior to application of the
covering and snall be refertilized, reseeded, and remulched as directed.
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Measurement for Payment

Curled wood mat, including staples, completely in place and accepted,
will be measured by the square yard of finished surface. No allowance will be
made for overlap. Mat placed outside the specified limits will not be
measured or paid for, and the contractor may be required to remove and dispose
of the excess without cost to the State.

Basis of Payment

Quantities shall be paid for at the contract unit price per square yard
and shown in the bid schedule, which price shall be full compensation for fur-
nishing all materials, tools, and labor; the preparation of the subgrade; the
placing of the matting; and all other work incidental to finished construction
in accordance with these specifications.
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STRAW WITH NET -
Description

This work consists of furnishing materials and performing all work
necessary to install straw with net on roadway ditches or slopes, or as
directed by the engineer.

Materials

a. Straw. Straw shall be derived from wheat, oats, or barley. The
contractor shall furnish evidence that clearance has been obtained
from the county agricultural commissioner, as required by law, before
straw obtained from outside the county in which it is to be used is
delivered to the site of the work. Straw that has been used for
stable bedding shall not be used.

b. Plastic net shall be an extruded polypropylene or other approved
plastic material, extruded in such a manner as to form a net of
3/4-inch winimum square openings. The net shall be furnished in
rolls to meet the following characteristics:

Width 48 1inch, minimum
Length 50 yard, minimum, convenient lengths
Weight 2.6 1b/1,000 ft2, minimum

c. Pins and staples shall be made of high carbon iron wire 0.162 or
larger in diameter. "U" shaped staples shall have legs 8 inches long
and a 1-inch c¢rown. "T" shaped pins shall have a minimum length of 8
inches after bending. The bar of the "T" shall be at least 4 inches
long with the single wire end bent downward approximately 3/4-inch.

Construction Requirements

Plastic net shall be placed as soon as possible after mulching operations
have been completed in locations designated in the plans. Net shall be used
only to secure straw mulch to the finished slope or ditch.

Preparation shall include all the work required to make ready the areas
for incorporating straw. Areas on which straw is to be applied shall be pre-
pared such that the straw will be incorporated into the soil to the degree
specified. Removing and disposing of rocks and debris from embankments
constructed as part of the work will be considered as included in the contract
price paid per ton for straw and no additional compensation will be allowed
therefore.

Straw shall be uniformly spread at the rate specified in the special pro-
visions. When weather conditions are suitable, straw may be pneumatically
applied by means of equipment which will not render the straw unsuitable for
incorporation into the soil.
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Straw shall be incorporated into the soil with a roller equipped with
straight studs, made of approximately 7/8-inch steel plate, placed approxima-
tely 8 inches apart, and staggered. The studs shall not be less than 6 inches
long or more than 6 inches wide, and shall be rounded to prevent withdrawing
the straw from the soil. The roller shall be of such weight as to incorporate
the straw sufficiently into the soil so that the straw will not support com-
bustion and will Teave a uniform surface.

The net shall be applied smoothly but loosely on the mulched surface
without stretching. The net shall be unrolled from the top to the bottom of
the slope. The top edge of the net shall be buried and stapled at the top end
of the slope in a narrow trench 6 inches deep. After the edge is buried and
stapled, the trench shall be backfilled and tamped.

In cases where one roll of net ends and a second roll starts, the upslope
piece shall be brought over the start of the second roll so that there is a
4-inch overlap.

Where two or more widths of net are applied side by side, an overlap of
at least 4 inches must be made. Insert 1 staple every foot along top and bot-
tom of edges of the net. Also, insert staples over 4 feet on each edge and
down center of net so that the staples alternate between edges and center to
form an "X" shape pattern.

The contractor shall maintain the straw with net until all work on the
contract has been completed and accepted. Maintenance shall consist of the
repair of areas where damaged by any cause. All damaged areas shall be
repaired to reestablish the condition and grade of the soil prior to applica-
tion of the covering and shall be refertilized, reseeded, and remulched as
directed.

Measurement for Payment

Straw with net, including staples, completely in place and accepted, will
be measured by the square yard of finished surface. No allowance will be made
for overlap. Straw and net placed outside the specified Tlimits will not be
measured or paid for, and the contractor may be required to remove and dispose
of the excess net without cost to the State.

Basis of Payment

Quantities shall be paid for at the contract unit price per square yard
and shown in the bid schedule which price shall be full compensation for fur-
nishing all materials, tools, and labor; the preparation of the subgrade; and
all other work incidental to finished construction in accordance with these
specifications.
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SYNTHETIC MAT

Description

This work consists of furnishing materials and performing all work
necessary to install nylon mat on roadway ditches or slopes, or as directed by

the engineer.

Materials

Synthetic mat shall consist of three-dimensional structure of entangled
nylon monofilaments, melt-bonded at their intersections, forming a stable mat

of suitable weight and configuration.
pliable, resilient, water-permeable,

mat shall be crush-resistant,
and highly resistant to chemicals and

environmental degradation. The mat shall comply with the following physical

properties:

Material type

Filament diameter
Weight
Thickness
Nominal width of roll
Nominal Tlength of roll
Color
Tensile properties1
Strength
Length direction
Width direction
tlongation
Length direction
Width direction

Resﬂiency2
30 minute recovery
(3 cycles)

Nylon 6 plus a minimum content
of 0.5 percent by weight of
carbon black

0.0157 dinch, minimum

0.747 + 0.075 1b/yd2

0.70 inch, minimum

38 inch

109 yard

Black

7.5 1b/inch, minimum
4.4 1b/inch, minimum

50 percent, minimum
50 percent, minimum

80 percent, minimum

Pins shall be 1 inch x 2 inch x 12 inch wedge-shaped wood stakes or 12
inch x 12 inch x 6 inch, 0.162-inch gauge or larger, one-piece or two-piece,

ungalvanized steel "T" pins.

Construction Requirements

A1l surfaces to be protected shall be graded and finished so as to be
stable and firm. Prepared surfaces that become crusted shall be reworked to
an acceptable condition before placing the mat.

L ASTM D 1682 Strip test procedure modified to obtain filament bond

strength to indicate tensile properties.

Compression lsad cyciing of 100 16/in2 on 2 inch x 2 inch sample size,
crosshead speed of 2 in/min
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Synthetic mat used as a ditch lining shall be applied with the length of
roll laid parallel to the flow of water. Start the installation with the ini-
tial strip placed in the center of the ditch to avoid an overlap in the center
of the ditch. Where more than one width is required, a longitudinal lap joint
of not less than 3 inches shall be used, with the upslope width on top. All
lap joints and upslope edges shall be pinned or staked at intervals of 3 feet

or less.

A11 wood stakes shall be driven to within 2 inches of the ground surface.
A1l steel pins shall be driven flush to the ground surface.

An anchor slot shall be placed at the upslope and downslope ends of the
mat placement. At least 12 inches of the end of the mat shall be buried ver-
tically in a slot dug in the soil. The mat shall be secured in the anchor
slot by pins or stakes at intervals of 3 feet or less prior to burying. The
soil shall be firmly tamped against the mat in the slot.

Successive lengths of mat shall be overlapped at least 3 feet, with the
upstream length on top. Pin or stake the overlap by placing 3 pins or stakes
evenly spaced across the end of each of the overlapping lengths and by placing
3 pins or stakes across the width of the center of overlap area. Check slots
shall be constructed by placing a tight fold at least 8 inches vertically into
the soil. Check slots shall be spaced so that a check slot occurs within each
25 feet. Pin or stake the mat in the check slot at each edge overlap and in
the center of mat.

Upslope edges of mat used as ditch lining shall terminate on 6-inch wide
horizontal shelves running parallel to the axis of the ditch for the full
length of the ditch. Edges of the mat shall be pinned or staked at 3-foot
intervals, backfilled with soil, and tamped to original slope.

After the mat has been placed, the area shall be evenly seeded as spe-
cified, allowing the seeds to drop to the grade through the openings in the
mat.

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

Measurement for Payment

Synthetic mat, including pins or stakes, complete, in place, and
accepted, will be measured by the square yard of finished surface. Mat placed
outside the specified Timits will not be measured or paid for and the
contractor may be required to remove and dispose of the excess mat without
cost to the State.

Basis of Payment

Quantities shall be paid for at the contract unit price per square yard
and shown in the bid schedule, which price shall be full compensation for fur-
nishing all materials, tools, and labor; the preparation of the subgrade;
placing of the mats; and all other work incidental to finished construction in
accordance with these specifications.
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FILTER BLANKET

Description

This work consists of furnishing materials and performing all work
necessary to install filter blanket on roadway ditches or slopes, or as
directed by the engineer.

Materials

The filter blanket will consist of one or more layers of gravel, crushed
rock, or sand, of the thickness shown on the plans. The gradation of material
in each layer of the filter blanket shall meet the requirements of the special
provisions. All material comprising the filter blanket shall be composed of
tough, durable particles; reasonably free from thin, flat, and elongated
pieces; and shall be free from organic matter.

Construction Requirements

A filter blanket shall be placed on the prepared slope or area to the
full specified thickness of each layer in one operation, using methods which
will not cause segregation of particle sizes within the filter material. The
surface of the finished Tayer should be reasonably even and free from mounds
or windows. Multiple Tayers of filter material, when shown on the plans,
shall be placed in the same manner, using methods which will not cause mixture
of the material in the different Tlayers.

The filter blanket shall be placed in accordance with various sections of
these specifications requiring the use of a filter blanket or as specified by
the engineer.

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

Measurement for Payment

The quantity of filter blanket to be paid for, of specified thickness and
extent, in place and accepted, shall be measured by the number of cubic yards
as computed from surface measurement parallel to the riprap surface and
thickness measured normal to the riprap surface. Blanket placed outside the
specified limits will not be measured or paid for, and the contractor may be
required to remove and dispose of the excess without cost to the State.

Basis of Payment

Quantities shall be paid for at the contract unit price per cubic yard,
which price shall be full compensation for furnishing all materials, tools,
and labor; the preparation of the subgrade; placing of the filter blanket; and
all other work incidental to finished construction in accordance with these
specifications.
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ENGINEERING FABRIC
Description

This work consists of furnishing materials and performing all work
necessary to install engineering fabric on roadway ditches or slopes, or
as directed by the engineer.

Materials

The filter fabric shall be manufactured of polyester, nylon, or polypro-
pylene material, or a combination thereof. The material shall not act as a
wicking agent, shall be permeable, and shall conform to the following cri-
teria:

For For
Edge Drains Underdrains

Weight, ounces/ydZ, minimum

ASTM Designation D 1910 40 4.0
Grab tensile strength (l1-inch grip), 1b,

minimuml 50 90
Elongation, percent, minimum

ASTM Designation, D 1682 10 30
Toughness, 1b, minimun (percent

elongation x grab tensile strength) 3,000 4,000

Construction Requirements

Engineering fabric shall be placed to the specified thickness in accor-
dance with various sections of these specifications requiring the use of an
engineering fabric or as specified by the engineer.

‘fhe contractor shall maintain the fabric until all work on the contract
has been completed and accepted. Maintenance shall consist of the repair of
areas where damaged by any cause.

Measurement for Payment

Engineering fabric to be paid for, of specified thickness and extent, in
place and accepted, will be measured in square yards in accordance with the
provisions in the various sections of these specifications, requiring the use
of engineering fabric.
Basis of Payment

Quantities shall be paid for in accordance with the provisions in the
various sections of these specifications requiring the use of engineering
fabric.

1 In each direction
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GLOSSARY

ANGLE OF REPOSE. Angle of slope formed by particulate material under the
critical equilibrium condition of incipient sliding.

APPARENT OPENING SIZE (AOS). Measure of the largest effective opening in an
engineering fabric, as measured by the size of a glass bead where five
percent or less by weight will pass through the fabric (formerly called
the equivalent opening size, EOS).

COMPACTION. The closing of pore spaces among the particles of soil and rock,
generally caused by running heavy equipment over the soil during
construction.

DEPTH OF FLOW. Vertical distance from the bed of a channel to the water sur-
face.

DESIGN DISCHARGE. Discharge at a specific location defined by an appropriate
return period to be used for design purposes.

ENGINEERING FABRIC. Permeable textile (or filter fabric) used below riprap to
prevent piping and permit natural seepage to occur.

FILTER BLANKET. One or more layers of graded noncohesive material placed
below riprap to prevent soil piping and permit natural drainage.

FREEBOARD. Vertical distance from the water surface to the top of the channel
at design condition.

GABION. Compartmented rectangular containers made of galvanized steel hexag-
onal wire mesh and filled with stone.

HYDRAULIC RADIUS. Flow area divided by wetted perimeter.

HYDRAULIC RESISTANCE. Resistance encountered by water as it moves through a
channel, commonly described by Manning's n.

HYDROSTATIC PRESSURE. Pressure exerted at a depth below the water surface for
flow at constant velocity or at rest.

INCIPIENT MOTION. Conditions at that point in time when any increase in
facters responsible for particle movement causes motion.

LINING, COMPOSITE. Combination of 1lining materials in a given cross section
(e.g., riprap in low-flow channel and vegetated upper banks).

LINING, FLEXIBLE. Lining material with the capacity to adjust to settlement
typically constructed of a porous material that allows infiltration and
exfiltration.

LINING, PERMANENT. Lining designed for long term use.
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LINING, RIGID. Lining material with no capacity to adjust to settlement
constructed of nonporous material with smooth finish that provides a
large conveyance capacity (e.g., concrete, soil cement).

LINING, TEMPORARY. Lining designed for short term utilization, typically to
assist in development of a permanent vegetative lining.

NORMAL DEPTH. Depth of a uniform channel flow.

PERMEABILITY. Property of a soil that enables water or air to move through
oo

RETARDANCE CLASSIFICATION. Qualitative description of the resistance to flow
offered by various types of vegetation.

RIPRAP. Broken rock, cobbles, or boulders placed on side slopes or in chan-
nels for protection against the action of water.

RIPRAP, DUMPED. Consists of stone or graded broken concrete dumped in place
on a filter blanket or prepared slope to form a well-graded mass with a
minimum of voids.

RIPRAP, GROUTED. Consists of riprap with all or part of the interstices
filled with portiand cement mortar.

RIPRAP, WIRE-ENCLOSED. Consists of wire baskets filled with stone, connected
together, and anchored to the slope.

ROADWAY CHANNEL. Stabilized drainageway used to collect water from the road-
way and adjacent areas and to deliver it to an inlet or main
drainageway.

SHEAR STRESS. Force developed on the wetted area of the channel that acts in
the direction of the flow; force per unit wetted area.

SHEAR STRESS, CHANNEL. Value of shear stress occurring in a channel section
for a given set of hydraulic conditions.

SHEAR STRESS, PERMISSIBLE. Force at which the channel lining will fail.

SIDE SLOPE. Slope of the sides of a channel. It is customary to name the
horizontal distance first as 1.5 to 1.0, or frequently 1-1/2:1, meaning a
horizontal distance of 1.5 feet to 1-foot vertical.

SUPERELEVATION. Local increases in water surface on the outside of a bend.

TRACTIVE FORCE. Force developed due to the shear stress acting on the peri-
meter of a channel section which acts in the direction of flow on the
channel bed. Equals the shear stress on the channel section multiplied
by the wetted channel area.
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UNIFORM FLOW. The flow condition where the rate of head loss due to friction
is equal to bed slope of the channel (i.e., S¢ = Sy where Sg is the
friction slope and Sp is the bed slope).

VELOCITY, MEAN. Discharge divided by the area of the water cross section.

- VELOCITY, PERMISSIBLE. Mean velocity that will not cause serious erosion of
the channel.

110



REFERENCES

Federal Highway Administration, Bureau of Public Roads, "Design of
Roadside Drainage Channels." Hydraulic Design Series No. 3, Hydraulics
Branch, 1965.

Federal Highway Administration, "Hydraulic Design of Energy Dissipators
for Culverts and Channels." Hydraulic Engineering Circular No. 14,
Hydraulics Branch, 1983.

Federal Highway Administration, "Use of Riprap for Bank Protection.”
Hydraulic Engineering Circular No. 11, 1987.

Soil Conservation Service, "Handbook of Channel Design for Soil and Water
Conservation." SCS-TP-61, Stillwater, Oklahoma, 1954.

N. Kouwen, R.M. Li, and D.B. Simons, "Velocity Measurements in a Channel
Lined with Flexible Plastic Roughness Elements." Technical Report No.
CER79-80-RML-DBS-11, Department of Civil Engineering, Colorado State
University, Fort Collins, Colorado, 1980.

N. Kouwen, T.E. Unny, and H.M. Hill, Flow Retardance in Vegetated
Channel. J. Irrigation and Drainage Division, IR2, 1969, pp. 329-342.

V.T. Chow, Open Channel Hydraulics (New York, McGraw-Hill Book
Company, 1959).

A.G. Anderson, A.A. Painta, and J.T. Davenport, "Tentative Design
Procedure for Riprap Lined Channels." NCHRP Report No. 108, Highway
Research Board, National Academy of Sciences, Washington, D.C., 1970.

U.S. Bureau of Reclamation, Stable Channel Profiles. Lab. Report No.
Hyd. 325, September 27, 1951.

0.J. Olsen and Q.L. Florey, "Sedimentation Studies in Open Channels:
Boundary Shear and Velocity Distribution by Membrane Analogy, Analytical
and Finite-Difference Methods." Reviewed by D. McHenry and R.E. Glover,
U.S. Bureau of Reclamation, Laboratory Report N. SP-34, August 5, 1952.

M.A. Nouh and R.D. Townsend, "Shear Stress Distribution 1in Stable
Channel Bends." Journal of the Hydraulics Division, ASCE, Vol. 105, No.
HY10, Proc. Paper 14898, October, 1979, pp. 1233-1245.

E. Lane, "Design of Stable Channels," Transactions ASCE, Vol. 120, 1955.

R.L. Cox, R.C. Adams, and T.B. Lawson, "Erosion Control Study, Part II,
Roadside Channels." Louisiana Department of Highways, in Cooperation with
U.S. Department of Transportation, Federal Highway Administration, 1971.

111




(14)

(15)

(16)

(17)

(18)
(19)

(20)

(21)

(22)

(23)

J.C. McWhorter, T.G. Carpenter, and R.N. Clark, "Erosion Control
Criteria for Drainage Channels." Conducted for Mississippi State Highway
Department in Cooperation with U.S. Department of Transportation, Federal
Highway Administration, by the Agricultural and Biological Engineering
Department,  Agricultural Experiment  Station, Mississippi  State
University, State College, Mississippi, 1968.

K.G. Thibodeaux, "Performance of Temporary Ditch Linings." Iterim Reports
1 to 17, Prepared for Federal Highway Administration by U.S. Geological
Survey, Gulf Coast Hydroscience Center and Computer Science Corporation,
1982 to 1985.

E.T. Smerdon and R.P. Beaseley, "The Tractive Force Theory Applied to
Stability of Open Channels in Cohesive Soils." Agricultural Experiment
Station, Research Bulletin No. 715, University of Missouri, Columbia,
Missouri, October 1959.

B.M. Galloway, "Pavement and Geometric Design Criteria for Minimizing
Hydroplaning." Texas Transportation Institute, Texas A&M University,
Federal Highway Administration, Report No. FHWA-RD-30, December 1979.

"Geotextile Engineering Manual, Course Text, FHWA, 1985.

J.C. Blodgett and C.E. McConaughy, "Evaluation of Design Practices for
Rock Riprap Protection of Channels near Highway Structures.” 8.
Geological Survey, Prepared in Cooperation with the Federal Highway
Administration Preliminary Draft, Sacramento, California, 1985.

J.C. Bathurst, R.M. Li, and D.B. Simons, "Resistance Equation for
Large-Scale Roughness." Journal of the Hydraulics Division, ASCE, Vol.
107, No. HY12, Proc. Paper 14239, December 1981, pp. 1593-1613.

D.B. Simons and F. Senturk, Sediment Transport Technology (Fort Collins,
Colorado: Water Resources Publications, 19/7).

S.Y. Wang and H.W. Shen, "Incipient Sediment Motion and Riprap Design."
Journal of Hydraulics Division, ASCE, Vol. 111, No. 3, March 1985,

pp. 52-538.
"Hydraulic Analysis and Design of Open Channels," Highway Drainage

Guidelines, Volume VI, American Association of State Highway Officials,
1982.

112



OPEN CHANNEL HYDRAULICS
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open C,}'la.nne,‘ Flow wl'n.c,}-\ SC.IAom occurs l.h na+ura|
cl"lo.nne—\s . Howwer

= ; for most Pmc‘l’c'c.a.\ }n'a hw«aa
QPP,'.°°'+'.°“S the flow 1s S'fe-"'afj and c.'-\a.njes i

In w;cl‘H'll /de,f:”\ or dl'\‘t,c,h'on are Su¥$|.cien+'3
small that flow can be considered

un; gofm .

L R




Types ofF Frow

SUBCRITICAL FLOW
I) Re ‘a“';VQl j J e,e,P
2) Low Ve_|oc,.l+|j
3) Mild s‘ope. .

5 UPERCRITXICAL Ft.ow

1) Shallow $low
2) Hlak Ye.lou'{’j

3) S‘h_ep slope

CO ﬂ*\"o !

Section

. Suberitical

Supercritical

h-4

47T 77777 777777777777

ConTroL SecTron .
Anﬂ cross- section for which the Jq:'"l\ of flow

can be uniquel pve.cf{c,fed for a S;Ven
dl‘sc."\o.rae, . ¥




CoNTINUITY EaQuaTIOoN

Q = VA

Wherc. .
Q= Dfsdxarae. in cubice feet per second
V = Mean velocity in Feet per seqtnd

A = Avrea of ‘F'ow m Sgum’"— 'Pe.ei‘
®
0, /
—— V, e i Vz

Qc = Q.
AV. = AV,




E NERGY EQL&ATION

Enercy ar Sectzon | = Enercy ar Secrrom 2  + Losses

2 2
Zo+d,v g = Z,0d, 0 f vk

23

W}\cre. .

Z = Elevation above some datum in feet

Depth of Flow at a point in feet

d
V = Mean 'Ve,lo cH’i m feet per se,c,oncl
hL . Eng,rau heoJ ’ ,OSS l.r\ ‘FEGJ‘

] |
1

—_— E; = g
iz —— —=fergy _Grade Line % hn.
\23! 3
4 H. J”’Qu’c Q —Vi
ade /.. 23
R 4
dl |
y dz
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'////I/////////
CTT77ETTTI
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MomenTum EaquaTzon

d:  JT+8R? - |
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& 2

O
| |

o |
5

Y
P R TR AT TR E T LT T EEETL L LS

Fr'ohcle, Num ]::er

F;=_\_/_
dqd

F <] subcr':f'»'cql Flow
F‘; = ‘ C\"H’o.ca‘
F,- >' | 3upercr]+.ha| ‘F’ow




Speczrrzc EnNeray

Specir{c enera,j , E) Is ‘H’nc "—O‘}-a.l e.neranj hec\d
measured abeve the channel bed . E i s the
sum of the deP‘Hﬁ of Flow and the Vc,!oc;f'lj
head .

= d -r--\i2
E 24

Q = constant

— e —— s e —_— e — e ——— — — — — ———

Supef‘cr‘l +fCa| ‘Plow
R -
E (%)

,




MANNING'S EauaTzon

v
V - l‘?\BQ R%’s S° 2

W"le.rc .

V = mean ve,locf‘"i . feet per second

h = Mc\.nnl‘r'\ﬁs \"ouj"\ness coetficient
A

——

R = Hﬁc[mul{c radius = =

A = Cross secton of flow area 1n

sa'uwre feet

P = Wetted Pcr{me"’éx of flow area in
feet ‘

So = SIoPe O'F Cl"\anne.l bec[ ;n ‘Fee,"‘
per foot




Appendix A.—TABLES

Table 1.—Manning roughness coefficients, n !
‘;l ing’ IV. Highway channeis and swales with maintained vegetation 7
seanning.s (values shown are for velocities of 2 and 6 {.p.s.): ,
I. Closed conduits: wrange A. De th ol flow up to 0.7 foot: Manning's
A. Concrete DIPL. .. oooooooosaaanacascaonosascooscmmcmasss 0.011-0.013 g ass, Kentucky bluegrass, buffalograss: nrange !

B. Corrugated-metal pipe or pipe-arch:

1. 234 by “-in. corrugation (riveted pipe):?
8. Plain orfully conted. . cccomancrmsancaninsssssnve 0.024
b. Paved invert (range values are for 25 and 50 percent
of circumference paved):

(1) Flow{ull depth.....icnesusiaspusmsunenasposans 0.021-0.018
(2) Flow 0.8 depth. - 0.021-0.016
(3) Flow 0.6 depth... - 0.019-0.013

2. 6 by 2-in. corrugation (fleld bolt = 0.03
C. Vitrifled clay pipe....__. . 0.012-0.014
D. Cast-iron pipe, uncoated_ . 0.013
E. Steel pipe.__ . 0.009-0.011
B BPICKL oo msssuinssssnssnsin e s st e A A R S S S TS SRS 0.014-0.017
G. Monolithic concrete:

1. Wood forms, rough. c.cc.cccsscasacsavacssasssassensss

2. Wood forms, smooth

3. Steelforms..............
H. Cemented rubble masonry ws

1. Concrete floor 404 tOD . cacmcocssccocnrsansaassnmasnes 0.017-0. 022

2. Natural floor...._....... 0.019-0. 025
I. Laminated treated wood. 0.015-0.017
J. Vitrified clay liner plates 0.015

o. Open channels, lined ¢ (straight alinement): ¢

. Concrete, with surfaces as indicated:
1. Formed, no finish....cccaaee-.
2. Trowel finish___. =
3. Bloat Anieh. . ..cuecannsnsaavmons
4. Flosat finish, some gravel on bottom
5. Guunite, zood section..cccccecccsa
6. Gunite, wavy section
s Concrete bottom toat finished, sides as indicated:
Dressed stone {n mortar
2. Random stone in mortar. .
3. Cement rubble masonry..
4. Cement rubble masonry
5. Dry rubble (riprap).......
. Gravel bottom, sides as indica:
1. Formed concrete............
2. Random stone {n mortar. .
3. Dry rubble (riprap).......

D BHEE o coscciizsissvssiasissssainasissenssssossasssnie
E

A

C.

D.

g. Wood, planed, clean

; Eugh, fairly uniform section:

. Channels not maintained, weeds and brush uncut:

5 Asghall:
OO e e e e s T s
2. Rough......._.

Concrete-lined excavated rock:
1o G000 SeCtiON . ususswumsussusssmsisssasan b sossmR R 0.017-0. 020
2. Irregular SeCtion.  oou-sessssosnmsrsssnssonssassmmsasad 0.022-0. 027

. Open channels, excavated ! (straight alinement,' natural

lining):

Earth, uniform section:

1. Clean, recently completed. .. . ooooecaicaaaaaaaa.
2. Clean, after weathering.....
3. With short grass, few weeds________. S
4. In gravelly soll, uniform section, clean. ... .._......

4. Sides clean, gravel bottom
5. Sides clean, cobble bottom. . ... oioieocoiiooo.o
Dragline excavated or dredged:
1. No VeRetation:..csnssssssonsassosrasasssnsvsnssssssns
2. Light brush on DARKS. ..cciciccssonscsasansanssnmssons
Rock:
1. Based on:design sCtion. .....cavocovossnconssameascans
2. Based on actual mean section:

8. Smoothiand UNHOIM. . .ccomsccrsovovssonssvsssansss

b, Jagged and Pregular. o rsrsnare s ans s e

. Dense weeds, high as flow depth
. Clean bottom, brush onsides_ _________._.__.______.__ X

. Clean bottom, brush on sides, higbest stage of flow... 0.07-0.11
. Dense brush, bighstage ... .. ... . ... 0.10-0. 14

- e -

Footnotes to table | appear at the top of page 101.

100

Mowe 10 2 INCDeS; ovssisnsussnssanssevsissEsass
b. Tength 48 INCBeS. o . ciusccasesonsmonaninasssssinsn
2. Good stand, any grass:
s. Length about 12 inches
b. Length about 24 inches.
3. Fair staad, any grass:
a. Length about 12 inches

b. Length about 24 inches. . 25-0.
B. Depth of flow 0.7-1.5 feet:
1. Bermu ass, Kentucky bluegrass, buffalograss:
a. Mowe: Lo2lnch ................................ 0.05-0.035
b. Length 4 to 6 inches . ocoucio caoimaminanansnsas 0.06-0.04
2. Good stand, any grass:
a. Length about 12 inches. ... .ocoooacisciissasiomana 0.12-0.07
b. Length about 24 inches. ... ______________ 0.20-0.10
3. Fair stand, any grass:
a. Length about 12 inches__ .. ... ...._.._.. 0.10-0.06
b. Length about 34 inches_. ... ... ... 0.17-0.09
V. Streetand expresaway ru
A Cona—ete gutter, trowe)ed ﬂnl.sh ......................... 0.012
Asphalt pavement:
MOOLR LeXLUPE. oo cicasrsssssacsscssnassissnssoassena 0.013
2. Rough texture 0.018
C. Concrete gutter with asphalt pavement:
. Smooth 0.013
2. Rough 0.015
D. Concrete pavement:
1. Float finish 0.014
2. Broom finish. 0.016
E. For gutters with small slope, where sediment may accu-
mulate, increase above valuesof n by ... ....... 0.002

VI. Natural stream channels:!

A. Mln)or stzeams ? (surface width at flood stage less than 100

1. Fairly regular section:
. Some grass and weeds, littleor no brush.__._..__._ 0. 030-0. 035
. Dense growth of weeds, depth of flow materially
gﬂm than weed height. . ... . .o ooooo.._.
ome weeds, light brush oa banks..
. Some weeds, beavy brush on banks.. -
Some weeds, dense willows on banks____._.....___.
For trees within channel, with branches submerged
at bigh stage, increase all above values by..__.__ 0.01-0.0¢2
2. Irreguisr sections, with pools, slight channel meander;
{ncrease values given in la—eabout. .. .....oo..... 0.01-0.02
3. Mountain streams, no vegetation in chanpel, banks
usually steep, trees and brush along banks sub-
merged at high stage:
8. Bottom of gravel, cobbles, and few boulders. ... 0.
b. Bottom of cobbles, with large boulders. .. ......__ 0.
B. P’lood plains (adjacent to nstural streams):
1. Pasture, no brush:
8. Bhort grass......cicccnccaccccaneccncoasnnscananoes
b BN ETASS, . cosoissvsssiscncionasonsanntsnmnennnas
2. Cultivated areas:
B NOCIOD covuicrosisasssscsssonssisussessasssnncees
b. Mature row crops.
c. Mature fleld crops.___
. Heavy weeds, scattered brush..
. Light brush and trees: i*
8 Winter .. .ccccnuns
b, Summer. .. ..ciccsccvss
5. Medium to dense brush: ¢

b. Summer.
6. Dense willows, summer, not bent ovor by ‘current....
7. Cleared land with tree stumps, 100~150 per acre:
8. NOSPIOULS.  covacasnoseneessmesensnnnsrmsensmrnesn 0. 04-0. 05
b. With heavy growth of sprouts. .. .. .. c.cocaaann 0. 06-0. 08
8. Heavy stand of timber, a few down trees, little urder-
growth:
a. Flood depth below branches. . . .. ... ...
b. Flood depth reaches branches. ..
C. Major streams (surface width at flood stage more than
100 ft.): Roughness coefficient is usually less than for
minor streams of similar description on sccount of less
effective resistance offered by irregular banks or vege-
tation on banks. Values of n may be somewhat re-
duced. Follow recommendation in publication cited *
{f possible. The value of n for larger streams of most
regular section, with no boulders or brush, may be in the
TRREL Ol s iisinsmininnmsssmsnasnasenmamansommnmmsaes 0
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CHANNEL CAaAPAczITY

Gzven !
The c]’lanncl Sl'\own ol R— 4
d = | &. J -
n = 0.035 ) -\ '
S. = 0.05 _ TR el ’
Fxwp *

Veloc_&j IV[ Oﬂd Copac‘lfj 3 Q

_ 1.4806 A
p e pY% g

A= Bd + 2d® = (4)1) « BX1)* = 8 #*

P - B + 2dJTEAT = 4 +20) @] = J2.25 B

R=F = za@mwn ~ B, B
-_-. L‘*_g_&. 22 (p.05 e o i
V = (0.65)** (0.05) 7.1 $ps

Q = VA = (71 %)(8 &2) = 56.8 cfs

CheCk Ve'oc;'}j us;nj nomajr‘aP"\.
oz 2l s




SLOPE in feet per foot - S
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Frow DePrHs

NormaL Deptn  d,

l?e,pi‘,'i of which uniform flow will occur

in an ope_n C."xa.nne,’.

NO\"H\a.I A?P'H't rna_j . LQ dej’gry.n.‘nga bj. er.;hj
‘H’\e Mann\ nj e?ua'hor\ 'Por dlsc}\qrac)

_ ).486 2/ o Vs
() = 22 AR v 8
and :uk;'*'c.fu“‘fnj for A ard R expressions
inVolv{nj d and other necessary dimensions of
the channel cross-section .

CrrTrcaL Dsbru , de ] ‘L .
Depﬂ‘t for which the sPec;ch. e,ne,rgx s a
minimum .

The critical ng‘H\ occurs 1IN a C}’lanne,,
when s A3

9 T

where T s the surface wid Hh - On o mild
S’opc. ‘(dn>d°) flow s suberitical while on

a x“’ch sloPe_ (d'\‘dc) ‘F’ow is Shperc.r”‘;.co.{.




FrLow DEePTHS

MéAN DEPTH dm

Somchmcs rcferrccl Yo as ‘H‘le lw c"ra.u.llc cleF'H’t
E?ua.' to ‘ch Qareo o;\ ‘Now A clw:cje,d b'j
the top width ar flow T,

L

pAC T

- Eazvarentr Depru , de '

De?fl'l COY‘Y‘OSPOHJ;ni To an area ‘io‘r Flow
which has a width™ t+wice the Jgpﬂ\ of Flow.

i (4)"




Normar LPepth  (CoMPuTaTTONS
Gzven - .
The channel shown o 7 /
) = 800 ¥ | d
h = 0.03 2 r
Se = 0.05 L ehs ]
FI.ND .
Novral etk - of Hlow d:
So,u‘f’u-or\._ ;S Bj +Y‘0‘Q| ancj error
1.48 I
Q = — AR % S, = ll.o7e AR
A= Bd +»2d? = gd + 2d°?
P=3B+2dJzz,7 = 8+ 2dJ5s
d A P - ARz Q
e 52,50 23.6S .22 89.3¢ 98%. 7
3.0 42.00 2].42 1.9G 65,82 729,0
32 408 | 22.3 2.07 74.75 | 827.9
L
d Q = 800 crs
(7 .
dn = 3.14 pr.




NorMAL DEPTH

Gzvew :
The channel shown \ -—-=x
Q= 800 cfs , ,
h= 003 ' = |
S, = 0.05 | 8'—‘-1
Frup !

Norma‘ ACFHPI 0{: ‘Clow ) cJl’\
USe, “ Can.c.H'j C"r T\"apeza;dal Cho.rmc'“ C”\qv"(’

Qn _ (800)(0.03)
L% QY2 (8)%3 (0.05)" = 0.42
Entering chaet % - 0.39

d = 0.29 (8 %) = 3.2 f&

n

(.

Area os'\ ‘How = Bd + 2d°
= 8(3.12) + 2(3.!2)2
= 44.4 §*
i Q _ 800 cfs
VC.|oc.|+i = ';\" = 44.4 §2

18 $ps




Capacity of Trapezoidal Channel
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Chart 3
\ A
d - 1
72
i' B8 'I
S
0.1 Qn
- 0.08 (FT3/3)
- 0.06 20
- 0.05 -
[~0.04 _'_—10
-0.03 8.0
- 6.0
- 5.0
-0.02 L 40
- - 3.0
2.0
- 0.01
=N\
[o.bog T
» 3 :-1.0
-0.006 \\ C o5
-0.005 =
\\ - 0.6
-0.004 N\ - 0.5
\\ - 0.4
~0.003 \\
R03
N
-0.002 0.2
:-0.1
—0.001 -0.08
-0.06
- 0.05
- 0.04
-0.03
~0.02

TURNING LINE

Vi

NOTE:
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to obtaln voives for 2:| to 6

,/ GIVEN:
Y $:0.01
Q:10 FTYS
n:0.03
B:4 FT
Z:4

(FT)

40+

30

SOLUTION:

Qnz0.3
d/Bz0.14

(=]
L

]Z

4
| P

4

ZALL L ]
7 0 7 I

1

57 (0 ) |

Vi

z-

4
7

e |

d=014(4):056 FT

VA4
YA

T A AR

P
7 2 7

Chart 3. Solution of Manning’s equation for channels
of various side slopes. (after 17)
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NormMAL DEePTH

G:VEN ‘

The. c;rcu|ar SQC.‘Hor\ tkbwn

é = 400 cfs | \
n= 002 E )

8,= 0.08

Faup ©

Normal depth of flow : dn
Use “Partial Flow in a Cireular -P;P"‘ o —_—

Qn _. (400)(0.012)

gL S 0.29
D% g% (5)¥* (o.05)"
ter hart 4 - g7
Eh er;na char ' D A

dn = 0.57(5%) = 2.85 .
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Partial Flow in a Circular Pipe
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CRITIC_AL Derprr

Gaven
The channel shown 9
Q = 200 f: - z
h = 0O0I2 2 _ic
So= 0.03 b

-
—

. IND

CrH’u‘cal c{ePTh oF ‘ﬂow} dc

A3
sm——— AT S A =
S T Bdg
(200 5:)? [Gs)de]”
32.2 §+/sec? 5 f+.
d = 49.¢9 &3
He = ZGT B,
Or from Chact 5 HEC * 3
Q 200 <fs
—= - === 0
N B () (5 ®&) 4
de = 367 #&,




Chart 5
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CrriTrear DerpTH

Gzrven:
The c;rcu!qr P'Pe Sl’lown ' /\
Q = 300 cfs - I =
de
Fznp »

Critical c{eP‘H‘t of 'Flow’ d.
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EaqurvaLent DepTH |

Gzven:
The ecircular Fff:e shown

Q = 400 cfs /\

n= 0.0I2 ) , 2

S° = O-OS T Go“

al
Y
- Fzwnp

Equ;VQlen“' depth of H”‘J) C[e
A\
de = (%)

Serurzon -
 Dhelesidline i oda” & $low using Table TI-2  HEC*H

- MR depth of $low
D diameter of pipe

CleP‘H'\ of 'Flow = 2.85 %. (ncrmal clep”‘x from

previous example )

dit 285 & . A . o425
D 5.0 . =5 - D

A = 04625 D? = 0.4L25(5.06) = JI.5C §2

de = (—"é*-)'/z - (L8 o4 n

| |




Table 111-2.=Uniform flow in circular sections flowing partly full. From Reference 111-3.

d = oepthof fiow Q = discharge in cubic feet per sacond by Manning’s formula

DO = diamaeter of pipe n = Manning's coefficient

A = ares of flow S = slope of the channel bottom and of the water surface

R = Ahydresulic radius

g A R Gn .| On B A R o on
o] o2 [o] p8/31/2 gB/35112 D o? o} p8/3g1/2 8135112

0.01 0.0013 0.0066 0.00007 1504 0.51 0.4027 0.2531 0.239 1.442
0.02 0.0037 0.0132 0.00031 10.57 0.52 0.4127 0.2562 V.247 1.415
0.03 0.0069 0.0197 0.00074 8.56 0.53 0.4227 0.2592 0.255 1.388
0.04 0.0105 0.0262 0.00138 7.38 0.54 0.4327 0.2621 0.263 1.362
0.05 0.0147 0.032% 0.00222 6.55 0.55 0.4426 0.2649 0.271 1.336
0.06 0.0192 0.0389 0.00328 595 0.56 0.4526 0.2676 0.279 1.311
0.07 0.0242 0.0451 0.00455 547 0.57 0.4625 0.2703 0.287 1.286
0.08 0.0294 0.0513 0.00604 5.09 0.58 0.4724 0.2728 0.295 1.262
0.09 0.0350 0.0575 0.00775 4.76 0.59 0.4822 0.2753 0.303 1.238
0.10 0.0409 0.0635 0.00967 4.49 0.60 0.4320 0.2778 031 1218
0.1 0.0470 0.0695 0.01181 4.5 0.61 0.5018 0.2799 0.319 1.192
0.12 0.0534 0.0755 0.01417 4.04 0.62 05115 0.2821 0.327 1.170
013 0.0600 0.0813 0.01674 388 0.63 0.5212 0.2842 0.33% 1.148
0.14 0.0688 0.0871 0.01952 3.8 0.64 0.5308 02862 0343 1.126
0.15 0.0739 0.0929 0.022% 3.54 0.65 0.5404 0.2882 0.350 1.10%
0.16 0.0811 0.0985 0.0257 34 0.66 0.5499 02900 03s8 1.084
0.17 0.0885 0.1042 0.0291 3.28 0.67 0.5594 02917 0366 1.064
0.18 0.0961 0.1097 0.0327 3.7 0.68 0.5687 0.2933 0.373 1.044
0.19 0.1039 0.1152 0.0365 3.06 0.69 0.5780 0.2948 0.380 1.024
0.20 0.1118 0.1206 0.0406 296 0.70 0.5872 0.2962 0.388 1.004
o 0.1199 0.1259 0.0448 287 0.7 0.5964 0.2975 0.395 0385
0.22 0.1281 0.1312 0.0492 2.79 0.72 0.6054 0.2987 0.402 0965
0.23 0.1365 0.1364 0.0537 2N 0.73 0.6143 0.29%8 0.409 0547
0.24 0.1449 0.14186 0.058% 2.63 0.74 0.6231 0.3008 0416 0928
0.25 0.1535 0.1466 0.0634 2.56 0.75 0.6319 03017 0.422 0910
0.26 0.1623 0.1516 0.0686 2.49 0.76 0.640%5 0.3024 0.429 0.891
0.27 0.1711 0.15686 007X 242 0.77 0.6489 0.2021 0.43% 0873
0.28 0.1800 0.1614 0.0793 2.36 0.78 06573 0.3036 0.441 0856
0.29 0.1890 0.1662 0.0849 2.30 0.79 0.6655 0303 0.447 0838
0.30 0.1982 0.1709 0.0907 225 080 06736 03042 0.453 0821
0.31 0.2074 0.1756 0.0966 2.20 0.81 0.6815 0.3043 0.458 0.804
0.32 0.2167 0.1802 0.1027 2.14 082 0.6893 0.3043 0.463 0.787
0.33 0.2260 0.1847 0.1089 209 083 0.6969 03041 0.468 0.770
0.34 0.235% 0.1891 0.1153 205 0.84 0.7043 03038 0.473 0.753
0.35 0.2450 0.193% 0.1218 2.00 08S 0.7115 0.3033 0477 0.736
0.36 0.2546 0.1978 0.1284 1958 086 0.7186 0.3026 0.481 0.720
0.37 0.2642 0.2020 0.1351 1915 0.87 0.7254 023018 0.485 0.703
0.38 0.272 0.2062 0.1420 1875 088 0.7320 0.2007 0.488 0.687
0.29 0.2836 0.2102 0.1490 183% 0.89 0.7s84 0.2935 0.491 0.670
0.40 0.2934 0.2142 0.1561 1.797 0.90 0.7445 02380 0.454 0.654
0.41 0.3032 0.2182 0.1633 1.760 0.91 0.7504 0.2963 0.496 0637
0.42 0.3130 0.2220 0.1705 1.724 092 0.7560 0.2944 0.497 0.621
0.43 0.3229 0.2258 0.1778 1.689 0.93 0.7612 0.2921 0.458 0.604
0.44 0.3328 02295 0.1854 1.685 054 0.7662 0.2895 0.498 0.588
0.45 03428 0.2331 0.1929 1.622 0.95 0.7707 0.2865 0.498 0571
0.46 0.3527 0.2366 0.201 1.590 0.96 0.7749 02829 0.496 0.553
0.47 0.3627 0.2401 0.208 1.559 097 0.7785 0.2787 0.454 0535
0.48 0.3727 0.2435 0216 1.530 0S8 0.7817 02735 0.489 0.517
049 0.3827 0.2468 0.224 1.500 0.99 0.7841 0.2666 0.483 0.496
050 0.2927 0.2500 0.232 1471 1.00 0.7854 0.2500 0.4863 0.463
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Backwater  CaLcuaTions (DirecT STeP)

e
/////////////////;/ g
A ///////////////////////////—
Se= 0.0I B
N=0.03
Given: N == g
The channel shown IT—>'\ /A
2
Q = 400cfs
| =L
r g
FING:

Tailwater depth at "cU\vcr-{- A ossuming 5.0+

heodwoter at culvert B.

l. Calculote normol depth of flow

Qn _ 400 (0.03)
b6/3 5I/g_ = (8)8/3 (O.O!)Vl = 0.47
E}ercr-ing chaort ——%— = Q47

dn= 0.47(8)= 3.7¢

2. Determine the 1—\”3; of flow
A = 8(3.70) + 2(3.70)% = 58. 30 f+2%
T = 8+ 2(2)(370)= 23.04 f+
. A _ 58.36
dm T

¥ = FZ 04 & 53




Backwater CaccucaTions Cont)

%— = ————AOO = 685 ‘FPS

V= 58.30

Fr = L = ©.85 = 0.70

J g-dm J(32.2)(2.53)

Clow 1= subcribicol (R € 1)
d > dn > dc:

3. Determine depth of culvert A

— He—-H. = Hz - H.
Ay Se - St Z(ZSO-S;:‘SF?_
_ Ay
H - d ¢ Zg
(n V)°
J9f = ZZI R

'




BackwaTER  CaLculations (ConT)

C:Ornpu#o#l'oﬂs for direct method

gl T A S o el R AL e

5.0 | 90 [444|0.31 |53 |30.55[4.24 |00019 O
25.3

475 |83.43|4.91 [0.30 5.1l |29.23 |4.02 [0.0023 253
| £5.7

4.5 |70.5 [5.23|0.42|4.92 |28.12 | 3.80 |0.0029 SLa
| (9.1

4.3 [71.38]|5.60(0.49 |4.719 |z1.22 | .60 [5.0035 T0. |

Toil~woter depth ot culvert A s 4 3 £+
(+o +he ncares+ Q.1 )




Bed

Class Slope Depth Type Classification
Mild s°>0 y)yo)yc 1 "I
Hild 5,20 Y0y, 2 M,
Mild S°>0 Y)Yy 3 N’
Critical so‘o Y>Y,*y, 1 cl
Critical 5,0 YUY, 3 Cy
Steep S0 Yy, 1 5
Steep 5,20 Yy, 2 s
Steep 5.0 e Mo 3 Sy
Horizontal 50-0 Yy, 2 “1
Horizontal so-o Yy 3 , N,
Adverse So<0 Y, 2 A2
Adverse s°<o Y>>y 3 A,

Characteristics of water surfece profiles.

Mild Siape 4 Steep Stape
S0, wry 520, sere €

C, Hesltontsl
Ly,

v- 7”’7’%7»””’7
\ Crincel Stepe -
\'0, %, Nc_v:o_u.l
—e Y

Exapples of water surface profiles,

Heurontel Slape

Advarse Siepe
N0 yrw 80, e

Classification of water surface profiles,




