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Steep Stream Ripzap Dasipgn
stephen T. Maynord’

Intresucsion and Cbiactives

Riprap design in stsep stresms requires consideratiom of fac-
tors such as flow fnpingessnt, downslops gravity forces, fLlov
resistance on steep slopea, and altermate methods of estimeting
velocity that are not required for riprap design in & lower slope
snvirorment. For this peper, steep stremsm riprep desigs vill be
dividad iuto the following three categorias:

s. Biugle chennsls, vonimpinging flow, slopes lezs than
2 pereeat or 100 fr/mile.

b. Braided chaxpels, impinging flow, slopes less than
2 pereent or 100 ft/mile.

¢c. S§ingla chamnals or ovarflow embankments, nonismpinging
flow, slopes betwaan 2 and 20 parcent.

Riprap for category a streams can be deaigned using US Army
Corps of Enginsers guidance for riprap {n flood control chaunels
foupd in Engineer Manual (D) 1110-2-1601 (Hsadquarters, US Army
Corps of Bugineers (BQUSACE), 1991). This guidance depares from
the rraditional guidsnce based on shesr stress or tractive force
and uses & procedute based em locsl depth-sveraged wvelocity. While
the nav method can be derived from a wodiffcation of the sghaar
Stress squations, shear stxess is not usad explicitly in the unew
procedura. local dapth-avarsged valocity was adopted primarily
because local shesr stress fa difficult to visualize, compute, or
meapu¥e. From EM 1110-2-1601 the equation for determining stone
aire 15 '

Resenrch Hydraulic Engineer, Bydraulics Laberatery, US Ammy Engi-
neet Waterways Experimeat Staticn, 3909 Halls Ferry Rosd,
Vicksburg, MS 19180-6199, (501) 634-3284.
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Dye = riprap size of whick 30 parcsnt is finer by weight
Sy = aafety factor, winismm = 1.1

€, » stabilicy coeffioient for incipient failurs, rthick-
ness = 1ADyp(max) aor 1,5D¢p(max), whichever ia
greater, Dyy/Dyg = 1.7 to 5.2

0.30 for sugule:r rock

0.375 for rounded zock (BN 1110-2-1601 incorrect,
glves 0.36) -

gradation uniforaity coefficient

vertical velocity distrihucfon cosfficieut

1.0 for straight chemmels, inside of bends

1.283 - 0.2 log (R/¥) for outside of dYends (1 for
BN > 26)

1.25 downstream of concrete channels

1.25 st srd of dikes

ceuter-line redius of band

vater-surface wideh at upgtrean and of bend

blenkst thicknezx sosfficient

local depth of flow

unie weight of water

Y. = unit weight of g¢tone

V = local depth-averagsd veleeity

Ky = side slope corrsction factor

8 ™ gtavieational conatant
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Riprap designx for categories b and ¢ require medification of
the method presenved im EN 1110-2-1601. The objective of this
papar 1s ¢o present ziprap design for category b and ¢ streams.

Riprag Dasien for Cntegpry b Strmans
For bralded streams heving impinged flow, the EM 1110-2-1601
proceduras requires modification in twe aveas: the method of valoc-

ity estimation and the velacity distribuction coefficient C,. All
other facrors and coefficients presented in the EM sre applicable.

r, Tha wiajor challenge in ziprap dasign for braided stresms is
estinaring the imposed forca at the impingement peint. In the
EM 1110-2-1601 method, the chbaracteristie imposed foree for side
slops riprep is the depch-averaged velocicy at 20 percent of the
alops length up from the tos V.  Although umproven, the moEr "
severe bamk attack in braided strsans ims thought to occur whem the o
watar surface iz st ur alightly above the tops of the midchammel
bara., At thiz stage, flow 1s confined to the multiple chamnels

E-2
Maynord




e | _——p —-—

thet often flow into or "impings® against bunk lines or leveas, Ac
lesssr flowe, the depths and velocities in the mulciple channels
ars decreased. At higher flows, the channel area fncreases drasti.
cally and struamlines are in s Rore downatream rather than Into
pank iines or leveas. Therefors, s wethod was usedad chat allews
estimation of the average channal velocity vhen the flow produces a
stage at or just abeve the tops of ths miachannel bars. This sver-
age channel welocity will be mulsiplied by an espirical factor to

‘obtatn Vi, just as i{n Plate §-33 in 8 1110-2-1601,

The f£irst itea that ir needed in this methed 1s the dischazge
that produces & stage near the tops of the midchamnel dars Qu,-
Qums L5 probebly highly correletad with the chamnel forming dis-
charge concept. In the cass of tha Snike River near Jackson,
Vyoning, Ques i5 15,000-18,000 cf2, which has an average Tecurrence
interval of about 2-3 years.

The second item that iz needed in this wathod Is croas:
soceion {nfermation gt sites vhers the flov is concentreted into
one chemnel againsr the bavk line or leves. In the casge of the
Boake River, severzl locations could be found whers cross sections
had baen measured and vhers the Flow was concefitrated into a single
charmel, VUsing cross-section date to determine the chemel area
belav the vops of the midchannel bars and Qu, allovs datsrminatien
of the sverags chenmnel wvelocity at the top of the midchannel bars

Vm.

Fleld measuremencs at impingement sitex wers tsken in 1951 on
the Sanake River mear Jacksan, Wyoming, snd reportad in Maymord (in
preparation). Flow during these wessurements ranged from 14,000 to
16,000 cfs, vhich produced a svage just below the tops of the uid-
chaznel harz. Valocities ware messured with electrTomsgnetic velac-
ity weters suspended By a creme that could extend &0 fr from the
bank line. Cross sactions wera mot obtained duxring the 1991 Fiela
rrit. Ar sight cross sectioms measured in 1588, the average chan-
nel area balov the nopa of the midchanmel bars was about 2,000 sq
fr, Using & Quug of 15,000 ofs resulted in 8 Ve, of 7.5 fpa. The
velocity measuremsuts fn 1993 gasulted in V, ranging up to 12 £ps.
The ratio Vyo/Veee — 12/7.5 = 1.8, vhich is almost idemticsl to the
ratic shown in Flats B-33 for sherp bendways having RA = 2 in
natural channals, and this ratio is recommanded for determining Vi

for impinged flov.

Vater-surface mtasuresents ca the Snake Rlver at the impinge-
mant sitsg showed that the maximum local wacer-gurfsce slopes mes-
sured over a 100-ft Alstence xveraged 45 ft/uile and ranged from 19
to 82 fr/mile. The downvalley slope of the Snake River 4n this

reach is 19-21 ft/mile. ‘

As stated esrlier, twoe areas of EM 1110-2-1601 zequirs modi-
fication for use in ispSnged flow {n draided streams. The secend
iz che velocity distribucion coefficient C,, which varies with RW
in bendways ‘ms shown in Plate B-40 In EM 1110-2-1601. In scraighc
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laboratory channels having 1V:2H side slopes and channel bottoms
with the same riprap size, failure almost always occurred on the
channel bottom in stsbility tests. In laboratory bendways of the
Riprap Test Facility, US Army Engineer Waterways Experiment
Station, having 1V:2H side slopes, failure generally occurred about
halfway up the side slope. Preliminary results from ongoing
studies of impinged flow having 1V:2H side slopes showed that fail-
ures were initiated higher up the side slope than in the bendway.
This suggests that impinged flow has high velocities well up on the
side slope, and the 1991 field study (Maymord, in preparation) con-
firms this observation. The laboratory study of impinged flow is
trying to determine the appropriate value of C, for impinged flow.
Until that time a value of C, of 1.25, which is close to a bendway

having R/W = 2, is recommended.

For the Snake River near Jackson, Wyoming, the required rip-
rap size using the procedures presented herein is as follows:

Input: V, = 1.6(15,000/2000) = 12 fps, depth at V,, = 10
ft, specific weight = 155 pef, C, = 1.25, ¢, = 0.30,
C, - 1.0, S = 1.1, 1V:2H side slope, thickness =
1Dsp, use ETL 1110-2-120 gradations given in Table
3-1 of EM 1110-2-1601.

Result: Required Dy =~ 1.09 ft, ETL Dse(min) = 1.10 ft,
thickness = 27 in., Ws(min) = 185 1b.

This compares with the existing riprap that has an average size of
less than 100 1b according to US Army Engineer District, Walla
Walla (1987). New riprap placement along the Snake River generally
uses riprap having Wy = 400 1b with thickness of 42 in. at the toe
and 24 in. at the top. _

Ri or_GCat e

For single channels or overflow embankments, slopes greater

" than 2 percent are outside the range of direct applicability of

EM 1110-2-1601 because of the importance of the downslope gravity
component and the effect of steep slopes on flow resistance.
Overflow embankment riprap stability tests have generally been
limited to a maximm slope of 20 percent. The most recent tests
were conducted by Abt et al. (1986) and Abt et al. (1988). While a
20 percent slope may seem large for loose riprap, highway engineers
have questioned this author about design guidance for riprap placed
on slopes approaching 40 percent. Using Abt’s data and dimensional
analysis results in the following empirical equation

0.555,2/3 :
2.2650-533q 2/ e, (2) De
173 2. 45 b bl

Dgp = ;

or in terms of Dy, used in EM 1110-2-1601
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= 1.9550.5” 213 :
) DSO = gll3 g9 (3)

where S is the slope of the bed and g is the unit discharge. Both
equations can be used in any consistent set of units, both fall on
the conservative side of the ¢ata, and both are restricted to a
thickness of 1.5D;q,, angular rock, specific weight of 167 pef,
6-in. gravel filter beneath riprap, Dgs/Dys from 1.7 to 2.7, slopes
from 2 to 20 percent, uniform flow on a downslope with no tail-
wvater, and average riprap size less than 6 in. The comparison of
Equation 3 with the data is shown in Figure 1. One of the problems
with this approach is that different specific rock weight, blanket
thickness, and gradation uniformity 'camnot be used with this

approach.

An alternative approach would be to use the EM 1110-2-1601
procedure to address other specific weights, thickness, and grada-
tion but to include the appropriate factors for downslope gravity
effects and a resistance equation for flow on steep slopes. From
Ulrich (1987), the appropriate K, factor to use in Equation 1 is

iy . T3 Tana ' &)
Kl Cos nﬁ 1' — 1'Tan é}

When «a 1s the angle of the chamnnel bottom from horizontal and ¢
is the angle of repose of the riprap revetment. From Maynord
(1988) the appropriate ¢ for riprap revetments is asbout 53 degrees.
Using Abt et al. (1986), flow resistance data and dimensional
analysis result in the following modification of the Strickler

equation

n = 0.07(Dg,S) M6 (5)

which is applicable to slopes between 2 and 20 percent. Combining
Equations 1, &, and 5, using q = Vd, and Dgy = 1.2D3y results in

2/3q0.432
Dy = €/ 25 (6)
-t S
where
C’ = 5.3(8G,C,C,)0- 785 |1 } M
Ys ™ Tw
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Note the similarity of Equation 6 and Equations 2 and 3 and that
Equation 6 was derived without using Abt’s et -al. stability data.
Also note that the slope effect in Equation 6 is also part of the
K, factor in the denominator. Equation 6 is limited to slopes from
- 2 to 20 percent, angular rock, 6-in. gravel filter beneath riprap,
uniform flow on downslope with no tailwater, and average riprap
size less than or equal to 6 in. The comparison of Equation 6
“using S¢ =~ 1.1 (minimm safety factor), €, = 1, Cr = 0.84 (for
thickness = 1.5Dyq6), Cs = 0.30 (for angular rock), specific stone
weight= 167 pcf, and ¢ = 53 degrees with Abt’s et al. data is shown
in Figure 1 as the modified EM 1110-2-1601 curve. Equation 6 fits
the observed data as well as the empirical approach given by Equa-
tion 2 or 3 and allows variation of stone size with unit weight,

blanket thickness, etc.

Abt et al. (1988) presents a flow concentration factor that
varies from 1 to 3 that is multiplied by the unit discharge when
the inflow is not uniform across the approach channel. Although
guidance is lacking on the amount of flow concentration for a given
geometry, some degree of flow concentration should be expected.
Riprap on steep slopes should be relatively uniform with Dgs5/Dys <
2.5. Additional studies are needed to extend Equations 2, 3, or 6

to larger riprap sizes.

Consider a 10-ft-wide downslope having a 10 percent slope and
a total discharge of 25 cfs. Rock protection will be placed to a
thickness of 1.5Dyg,, and have a unit weight of 165 pcf. Using a
flow concentration factor of 1.25 results in a unit discharge of
1.25(25/10) = 3.13 cfs/ft. Using Equation 3, the required D;; =
0.37 ft. Using the modified EM 1110-2-1601 procedure given by
Equation 6, the required Dj; = 0.34 ft. In either case, a typical
gradation having Dgo(min) > 0.34 ft would have Dygg(max) of about
9 in. and a blanket thickness of 1.5(9) = 13-14 in.

Summary and Conclusio

. Riprap design for single channels, nonimpinging flow, and
slopes less than 2 percent should use guidance presented in EM
1110-2-1601.

Riprap design for braided channels, impinged flow, and slopes
less than 2 percent should use the velocity estimation method pre-
sented herein and C, = 1.25 in the EM 1110-2-1601 procedure.

Riprap design for single channels or overflow embankments,
nonimpinged flow, slopes between 2 and 20 percent, uniform flow on
a downslope with no tailwater, and average rock size less than or
equal to 6 in. should use either the empirical method in Equation 2
or 3 or the modification of the EM 1110-2-1601 method given in

Equation 6.
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o 0
To convert To -Multiply by
(1) (2) (3)
Cubic foot per second Cubic meter per second 0.03
(cfs) (m%/s)
Degree Radian 0.02
Foot (ft) Meter (m) 0.31
Inch (in.) Meter (m) 0.03
Pound (mass) (1b) Kilogram (kg) 0.45
Pound (mass) per cubic | Kilogram per cubic 16.02
foot (pcf) meter (kg/m®)
Square foot (sq ft) Square meter (mz) .09
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