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DONALD H. GRAY

_ Professor of Civil Engineering
. University of Michigan
Ann Arbor, Michigan

Dr. Gray recelved his B.S. and M.S. degrees from the University of California
at Berkeley. After graduation in 1961 he was employed as a Research Engineer
by Chevron Research Company. He subsequently returned to the University of
California and completed requirements for a Ph.D. in Civil Engineering in 1966.

After graduation Dr. Gray joined the Department of Civil Engineering at the
University of Michigan. He 1s currently a Professor of Civil Engineering at.
Michigan with responsibility for research and teaching in the field of .
geotechnical engineering. _

Dr. Gray is a member and past Chairman of the Environmental Concern's
Committee of the Geotechnical Engineering Division of ASCE. He is also a
member of the Division Publications Committee. He was the principal organizer
and chairman of a Symposium on Soil Erosion for the Highway Research Board in
1973. He has also organized and instructed in a summer short course on
erosion control at construction sites sponsored by the Michigan College of
Engineering. In addition, Dr. Gray has been a consultant to the State of
Michigan, Department of Natural Resources in preparation of a manual on soil
erosion and sediment control, and more recntly to the National Park Service
adivsing them on slope protection measures for rehabilitation of disturbed
sites in Redwood National Park. :

. Dr. Gray-has conducted research for a decade on the role of vegetation in
reinforcing soils and stabi1izing slopes. Lately he has been involved in
biotechnical earth support and slope protection systems which entail the
combined or integrated use of plants and structures. He has published several
articles on these topics and is author of a book on biotechnical slope
protection and erosion control.

. BIOTECHNICAL SLOPE PROTECTION AND EROSION CONTROL
September 27-29, 1984 .



ROBBIN B. SOTIR

President,
. Soil Bioengineering Corporation
Marietta, GA

Robbin Sotir received her Bachelor of Landscape Architecture from the
University of Guelph in 1972. Her education includes Soil
Bioengineer/Biotechnical Consultant--Soi1 Bioengineer Apprenticeship, Europe
and Canada, 1976-1979. She is a member of the Canadian Land Reclamation
Association and Soil Conservation Society of America. Her technical
specialties related to soil bioengineering services are Project
Management/Construction Management; Environmental Site Analysis, Design and
Planning; Biotechnical Design; Site and Recreation Planning;
Reclamation/Rehabilitation; Erosion and Sedimentation Control; and
Specification Writing/Cost Estimating.

Robbin Sotir, the president of Soil Bioengineering Corporation, has
successfully completed over 140 projects in the past 10 years in North and
Central America, Europe and S.E. Asia. Miss Sotir has worked as an . _
international soil bioengineer/landscape architectural consultant in: site
analysis, design, construction project management, research, specification
writing, cost estimating and general contracting, in projects in excess of 1
million dollars. Robbin Sotir has worked with world-reknown soil bioengineers
to study these specialized erosion control techniques. In this way she
apprenticed for this work and developed her expertise for the techniques. To
our knowledge she is the only European trained soil bioengineer practicing in
. the S.E. United States. Soil Bioengineering Corporation. She has developed

soil bloengineering construction specifications for the North American
continent.

Robbin Sotir's work has been receiving more attention from the U.S. Army Corps
of Engineers in the past year. She has worked with them on several Phase 1 &
2 reconnaljssance, cost estimating, design and specification writing projects
and site inspection project management. The U.S. Army Corps of Engineers,
Mobile, has installed Soil Bioengineering systems on the Tennessee Tombigbee
Waterway under the direction of Soll Bioengineering Corporation. It appears
that this agency is serious in considering and developing this type of
technologyin the United States, to solve certain instability problems that
cannot be solved by using conventional means alone. They have recognized the
immediate cost effectiveness as well as the low long term maintenanance cost
savings and beautiful products.
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WILLIAM E. WEAVER

Geologist

Redwood National Park
. Arcata, CA

William Weaver received his B.S. in geology, University of Washington; and his
Ph.D. in geology (geomorphology), Colorado State University. Since 1976 he
has specialized in applied geomorphic research related to the causes and
effects of accelerated erosion on cutover lands in northern California
Including 1) technical reviews of timber harvest proposals, 2) evaluation of
forest practice regulations (as they influence erosion processes), 3) erosion
control techniques used on steep, highly erosive terrain, and 4) gully erosion
on logged lands. He is also serving his second term as an appointed member of
the Coast District Technical Advisory Committee to the State Board of
Forestry. The Committee is responsible for changes and additions to
the/State's Forst Practice rules. His most recent publications deal with

1) the causes and rates of sediment production from logged land in the Redwood
Creek basin, 2) the effectiveness and cost-effectiveness of erosion control
techniques used in Redwood National Park, and 3) the approaches and techniques
to watershed rehabilitation.
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C. ALLEN WORTLEY

Professor-Engineering and Applied Science
University of Wisconsin-Extension
Engineering and Applied Science

Madison, Wisconsin

Allen Wortley received the usual protracted engineering education and after
exhaustive study of esoteric subjects of no practical value, received a degree from
Caltech.

He is a licensed professional engineer and land surveyor, but ever since he learned
from Webster's that the initials P.E. are an abbreviation for physical education,
probable error, price-earnings ratio, Protestant Episcopal, and lastly, professional
engineer, he does not use them after his name. For similar reasons he does not use
L.S., as it stands for U.S. Navy landing ship or place of the seal (locus sigilla).
However, he uses C. before his name as most people understand it is an abbreviation
for a first name, Charles, rather than capacitance, carat, Centigrade, cent, century,
chapter, circa, city, college, cycle or hundredweight.

He left California and moved east to begin working for a living. As a consultiﬁg
engineer he inspected old sewer manholes in Pittsburgh. This assignment proved to be
very deep but by no means dry.

Later he moved up, north to Wisconsin, where he began to climb the technical
professional ladder working on zero-bouyancy floating boat docks, French garbage
grinders, and lawn watering systems for penitentiaries. He outraced scientific
obsolescence by achieving appointment as chief engineer of his consulting firm.

Then, instead of working for a 11v1n§, he became a university professor. He has

pursued the Peter Principle earning a Professional Development degree and becoming
Department Chairman.

He teaches soll mechanics and foundation engineering and has unearthed the fact that
although many people think soil is simply dirt, geotechnical engineers have found it
is really bread and butter.

His research 1s beautification of water tanks in combination with restaurants,
discotheques, and hockey rinks; and ice engineering where he has found that lake
water is very cold in the winter, and in fact freezes at all temperatures below
thirty-two degrees Fahrenheit.

The most notable accomplishment of Allen Wortley, holder of eight certificates of
~appreciation and of-the-year awards, is receipt of two Who's Who without purchase of
their 1imited edition directories.

Professor Wortley boasts the usual affiliations that carry arcane Greek letter and
acronym designations in return for the payment of annual dues, as well as membership
in societies that present awards and offer cheap 1ife insurance.

His hobby is bimonthly golf outings on rainy days, and although not a scratch golfer,
he has been scratched while mastering nearly all the Madison areas nineteenth holes.

When not administering, teaching, researching, studying or golfing, he either cuts
grass, shovels snow or conducts Extension institutes. As course director his main
task is to keep speakers on schedule and avoid running over into social hours.
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BENNETTS, DAVID
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DENVER, CO 80211

303-455-6277

BRAY, MOLLY

MARYLAND WATER
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TAWES STATE OFFICE BLDG.
ANNAPOLIS, MD 21401
301-269-2224

CAREY, DEBRA

GEOLOGIST

ENGEO INC.

2280 DIAMOND BLVD, #200
CONCORD, CA 94520
415-687-9700

DEUSEN, MILLARD

BIOLOGIST

WA DEPT.OF FISHERIES

GENERAL ADMIN.BUILDING

ROOM 115

OLYMPIA, WA 98506
206-753-2984

DUNKIN, PHYLLIS

J.T.DUNKIN & ASSOCS.

URBAN PLANNERS & LANDS.ARCH.
1540 E.GATE DR.,SUITE 206
GARLAND, TX 75041
214-270-7661

FARMER, RON

GEOTECH’L. ENGINEER

U.S.ARMY CORPS

OF ENGINEERS

211 MAIN ST/ SPNPE-D

SAN FRANCISCO, CA 94105
415-974-0369

GOETTLER, BRIAN

CIVIL ENGINEER

U.S.COAST GUARD

BLDG. 107/CIVIL ENGRG.BRANCH
GOVERNORS ISLAND

NEW YORK, NY 10004
212-688-7010

BERGSTROM, FRANK W.
HYDROLOGIST

NERCO MINING CO.

P.0. BOX 4000

SHERIDAN, WY 82801
307-672-0451

BROSIUS, MYRA

HORTICULTURIST

SOIL BIOENGINEERING

CORP.

627 CHEROKEE ST. #20
MARIETTA, GA 30060

404-424-0719

CHAINEY, STEVE

STUDENT

UNIV.OF CAL-DAVIS
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DAVIS, CA 95616
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DUNKIN, J. T.

URBAN PLANNER

J.T. DUNKIN & ASSOCS

URBAN PLANNERS & LANDS.ARCH.
1540 E.GATE DR.,SUITE 206
GARLAND, TX 75041
214-270-7661

EUGE, KENNETH M.
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CORP.
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STATE PARK RES.ECOL.
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SACRAMENTO, CA 95811
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GONZALES, SAM

FACILITY MANAGER

BUR. OF RECLAMATION
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SPANISH SLAT STATION
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KING, JAMES R.
JR.LANDSCAPE ARCH.
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LANDSCAPE ARCH.
LANDTECH-ALASKA, INC.
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ANCHORAGE, AK
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HUDDLESTON, JIM
GEOTECHNICAL ENGR.
USDA FOREST SERVICE
3031 MAIN STREET
SWEET HOME, OR
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97386

KARR, LESLIE

ENVL. ENGINEER
NAVAL CIVIL ENGRG.
LAB

CODE L71

PORT HUENEME, CA
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LANE, SUSAN

CIVIL ENGINEER
CORPS OF ENGINEERS
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SOIL CONSERV.
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SKYWALKER DEVEL.CO.
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CHIEF/ENGRG. DIV.
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309-788-6361

61204
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REINFORCED EARTH WALLS - METAL STRIPS
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Design Hypotheses for Reinforced Earth Walls
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Figure 5.4 Schematic diagram of forces and stresses acting on
a gravity retaining wall.



DESIGN OF GRAVITY TYPE
) RETAINING WALLS

Bin-Type Retaining Wall is a gravity retaining wall in
which an earth mass inside bins acts as the gravity wall
and the steel members hold the earth mass intact. These
two components combine to resist overturning and sliding
forces imposed by the retained soil and other superimposed
loads. Because of this design, support for the wall is
needed under the earth mass. On rigid foundations, provi-
sion must be made to allow slight settlement of the vertical
corner members. Normal practice is to provide a compres-
sible cushion under the base plates with approximately 8
inches of loose fill.

Individual walls should be designed for stability in ac-
cordance with established criteria for gravity walls. Recog-
nized texts are available which thoroughly cover the design
of gravity retaining walls, and these should be consulted
by the engineer responsible for the design of the wall. De-
sign Chart A, while no substitute for individual site design,
presents long-used gravity wall criteria for width-to-height
ratio under the typical loading conditions listed in Table I.
However, they are presented here only as suggested guide-
lines.

A critical factor in wall design is the adequacy of the
foundation. The resistance of the foundation to the over-
turning and sliding forces acting on the wall is a sophisti-
cated engineering evaluation. Proper site investigations
and analyses should be carried out for any retaining wall.

BATTER VS. VERTICAL. While batter walls should
always be considered first, the advantages of vertical
Bin-Walls, where other considerations permit their use,
should not be overlooked. Careful analysis of a given situ-
ation will sometimes show a vertical wall of the same
thickness as a batter wall will be structurally adequate.
Even a thicker vertical wall will sometimes prove eco-
nomical, land values considered.

Invariably, it is easier to construct a vertical Bin-Wall
on a curve. Short stringers can be used in adjacent bins,

Wall Height
4.00°

CHART A

A B c D E
Wail Design

for example, without restriction. If sharp bends are re-
quired, the special plates required are much simplified
and more economical.

Under some circumstances, the obvious gain in usable
space, by use of a vertical wall, will assume importance.
For example, a vertical 24-foot-high wall will provide 4
square feet of valuable land for every foot of wall, as com-
pared to a 1 to 6 batter wall with its toe in the same loca-
tion.

It must be remembered that Armco Bin-Walls are flexible
structures that will adjust to minor ground movements. To
allow for this, as well as normal construction tolerances,
vertical walls are frequently installed on a slight batter.

Slight With Sloping to' ) Sloping above
Batter Level SUporirgposod Load 3xD 3xD
* \ & -z_over 3xD
3 notover 3x D but not
Wall On T over 100’
1:6 =
Batter _L 0 o
R = .45 = .50 R=.55 R = .60
=0 — (R = .45) (R =.50) ( ) (R = .60)
= ‘A over3xD
S notover3xD -t-but not
over 100’
VWall :
ertical o
(R = .55) (R = .60) (R = .65) (R =.70)
=D o
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: These depths may vary to suit conditions

Note:

DESIGN F
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BIN=-TYPE RETAINING WALLS [ .(

GRAVITY WALL DESIGN. Bin-type gravity wall design
should include computations to determine the stability of
the wall for (1) overturning; (2) soil bearing resistance un-
der the base; (3) sliding; and (4) bin internal pressures.
The formulae which follow are typical of those found in
most engineering texts on retaining wall design. Substitu-
tion factors can be found for the necessary design computa-
tions in these same texts.

b
b/ —>|

Sijiiiieg,

R i‘_°

Mote: Assumptions used in computing loads are
based on soil construction in which no hydrostatic
conditions exist. The installation of subdrains does
help eliminate potentially dangerous hydrostatic
situations. .

A. Check for overturning
£F,=€F,= o (FnoR)

EMpeet = © (Fivo &)

2
P= !zﬂ K WHERE Ws SOIL WEIGHT
hs WALL HEIGHT
cos &\ cos? & - cos? ¢
Kscose

cos w{ cos? e —cos? ¢

© » SURCHARGE ANGLE
$® = ANGLE OF INTERNAL SOIL FRICTION
FOR THE CASE OF @ = 0°(NO SOIL SURCHARGE) THEN

K» 1an2(45°- ¢p) .

——

B. Check for supporting soil pressure

Py = o= St

C. Check for sliding resistance
£Fn=0

f= WwTAN X

WHERE < = ANGLE OF SLIDING FRICTION
FOR THE WALL BASE AND SOIL. FOR

ARMCO BIN-WALLS ®\ MAY BE TAKEN TO
EQUAL ¢, ANGLE OF INTERNAL FRICTION

OF THE SoOiL.
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TABLE 5.1 COEFFICIENT OF ACTIVE EARTH PRESSURE AS é FUNCTION
OF WALL AND BACKFILL INCLINATION, FOR o’z o(-90,

AND ¢, = O. )
(from Lambe and Whitman, 1969)
-30° -120 — /
- £0 +12° +30
/e N"’» R w—"™ 147 117
*=+200 % 057 065 081
=100 | 050 055 068
$=20° x'zs0° i 044 049 0.60
«=-100 0.38 042 0.50
=200 032 03s 040
=400 % 0.34 043 050 0.59 117
<=4100 030 036 041 0.48 092
¢=30° =200 E 026 0.30 033 038 075
<'=-100 [ 022 025 027 031 061
=-200 £ 018 020 021 024 050
w'=4+20 % 027 033 0.38 043 059
x=+100 022 0.26 0.29 032 043
b =40° <= 200 E 0.8 020 022+ 0.24 032
«=-100 f 0.3 0.15 0.16 017 024
x=-200 £ 010 0.10 011 012 0.16
_—7
e

S

13
NN T NN T




Table 7.03a

Proposed Coefficients of Skin Friction between Soils
_ and Construction Materials—after Potyondy

Ca max
[fp=28/¢ fc= - femax = —max

Ca

; without factor of safety)

I Cohesive

Construction material Sand Cohesionless silt ‘ Clay
granular soil |’
0.06< D< 002<D<006 0% Clay~ .  D<0.06mm
2.0 mm 509 Sand
Surface finish of construction material Dry | Sat. Dry | Sat. ' Consist. [ Consist. Index:
. ' | ‘ . =1.0-05 10-073
Dense ; Dense | Loose _ Dense
o6 8 o 6 fo i I fb | fo | fomm
PR Smocte | Polished 054 | 064 i 079 . 040 | 0.68 | 040 0.50 | 0.25 | 0.50
tae r.- ' - i
{ Rough Rusted 0.76 ~ 0.80 ; 0.95 0.48 0.75 ] 0.65 ' 035 ' 0.50 | 0.50 0.80
Para's! to grain 076 . 085 | 0.92 | 055 | 087 080 020 | 060 | 040 | 0.5
Waed — I SO S N ; ! —— g
At right argles to grain 0.88 : 0.89 : 098 | 0:63 ! 095 : 090 : 040 ' 070  0.50 | 0.85
Smooth Made in iron form 0.76 ! 0.80 i 0.92 0.50 i 0.87 | 0.84 i 0.42 0.68 0.40 1.00
toncrete { Grained | Made in vood form 088 | 0.38 | 098 | 0.62 ' 09¢ | 090 | 0.58 | 080 | 0.50 | 1.00
Rough Made on adjusted ground 098 | 0.90 ' 1.00 | 0.79 1.00 l 0.95 080 | 095 | 0.60 1.00

K
1.8

1.6
14
12

1.0

0.8
Yos

0.4

—— - —a—

1 1

J/»Loose sand

1 L//Dense sand

0

Fig. 9.3.

1. A
0.002 0.004

0.006

" Terzaghi (1954).]

o/H

Relationship between earth pressure and wall deflection. [After






2. CLASSIFICATION AND CAUSES OF
SLOFE FAILURES
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CL ASSIFICATION & (AUSES OF SLOPE FAKURES

L. CLASS/FICATION
A. MO Z“er/O /6

. Zce
2. Kock ( O/M/'ea/ wea{'h(red écok/cd é/aled )
3. Soil (dr;z o sahurated | sondy vs. <layey )

5B Ve/oc://‘;/
;. bid (seconds —» minules )

rock#alls, avalanches, e anthHews air cushion s/hdes
2. In%ermeo’/afe (minutes > houvrs )

Jebris slides, block glides, .slum/é.s
3. Slew ( doys —> years)

Creep, soliflucten, (g fera/ S/S/veadm7

. e D/s’,b/acemen 2
| Vst mioH. meves =7[ﬂ46;< veloe, va s/ze.
Sep iz

enbrammer H.0

D. Faslure Mechanism

L Slides - MG'ZCMf’/?/L a/o'n’é]we( c/e/med si/c//;
ol Snegring SR face o e niac
blocks m?MAdédzo jiﬁ alo’rocf\’

a) P/Oﬂar Cecuvs f/ofcs whee //cz.(.e S Somft
geologic conbrol, €2, bedding pbnes, jomts,
colly vrirm MamL/ Ablo s/tcs//ew STcles (5/ AM7)
2 /’/'OWO?eheoz/.S SOVC/J 5/0/295 (See Fig. 2. //)

8 kotabona!: Occens m slope /6 /éasec/ oF ﬁo/myeﬁm

Colosee soils 117 which resrstrce o shdirm 7
® | /s iidependent oF depth, Gt 5//0//7
Bnds o éz@na/zc/bcw/_&wr /éé, awa’%

s/o e w/;w 576@4 f‘eS/SIL ce
fesz‘ and shear shesses h,«?/—z (See Fig. 2:/2)
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2. Flewss = Quasie us cous Peos wm wluckh .
difficult to detect a disthinet
s|icyw Squccw.‘e. Mohon dies egx*'
o depth. Temds bo occun wa
sctuated soils (sawnds silks, dcu.ts)
LAth o Luq\a\ wrate conbent.

3. Falls - g‘olli'nC( mews of wa eua l LDonon
coherent contact Lt siable,
umwcv'wq base. Temds k& occun
VA Joijred, ‘QY‘\*‘H@ viock mehﬂ
SkeF 5\otws.

£ Class/Ficalion Sosier

5}’6 classtfieation sqstens ( Fo. 2./0) by tarres
whucls Classifres accondnig ko _ o)
Toppeof Movcwmert- Lok, tobples, sliaes (rofational
" fmas,é//ona//s ), §preacs, flows W.

7}/& of Matevial - rock soil (coarse vo, Frne )

T FACTORS COwTRIBOTIAG 7O WNSTABILITY OF EZRTH
SAL OFFS.

/5?6 Subdivtsion of /éc/ms (7'46/9 -2./0) Gcw-zd/v‘z?
o feae thal Conbribute fo

/V/lqﬁ Sheau Sheso O/?c//rfz Leotw Shean 5#%7%

Stpes foul wheu sheon shess s, shea s treugll
d/o'h7 a cotica/ 5//(/M'7 St iap '

JIL. IDENTIEICATION OF UMNSTABLE SLOPES

Zerttocc o OF M#ﬁzéé/e S/O/és a Jzé/é?s corty
a 4{7ﬁ lands/de /ﬁ&@%&/ Con be wicke Usins CELFIIrT .
/0/497m/5/«4c'/ vege fo e, ﬁyaéa/a?}c , aud 7(a/af/c
J3itatns (see Table 2°71). 7




TYPE OF MATERIAL

of movement

TYPE OF
MOVEMENT
BED- ENGINEERING SOILS
ROCK Predominantly | Predominantly
coarse fine
FALLS Rock Debris fall |Earth fall
fall
Rock .
TOPPLES topple Debris topple |Earth topple
‘ROTA- Rock .
TIONAL FEW slump Debris slump Earth slump
UNITS , v
- SLIDES I" o ns- oK . | Debris block |Earth block
oc slide slide
LATIONAL slide
MKﬁQ- Rock . . .
UNITS|| slide Debris slide Earth slide
Rock .
LATERAL SPREADS spread Debris spread |Earth spread
FLOWS Rock Debris flow {Earth flow
flow (soil creep)
COMPLEX Combination of two or more principal types

Figure 2.10 Abbreviated classification of slope movements (from

Varnes,

1978)
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Figure 2.12., Schematic illustration of rotational, earth slump.
(from Royster, 1978)
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Figure 2.11. Schematic illustration of translational, debris
slide( from Royster, 1978),



TABLE 2.11 FEATURES INDICATING LANDSLIDES OR

1

AREAS WITH HIGH LANDSLIDE POTENTIAL

FEATURE SIGNIFICANCE
1. Hummocky, dissected Common feature in old and active

10.

topography

Abrupt change in slope

Scarps and cracks

Grabens or "stair step"
topography

Lobate slope forms

Hillside ponds

Hillside seeps

Incongruent vegetation

"Jackstrawed" trees

Bedding planes and joints
dipping downslope

progressive slides (slides with
many individual components). Slide
mass is prone to gullying.

May indicate either an old landslide
area or a change in the erosion
characteristics of underlying
material. Portion with low slope
angle is generally weaker and often
has higher water content.

Definite indication of an active or
recently active landslide. Age of
scarp can usually be estimated by the
amount of vegetation established

upon it. Width of cracks may be
monitored to estimate relative rates
of movement.

Indication of progressive failure.
Complex or nested series of rotation
slides can also cause surface of slo

to appear stepped or tiered.

Indication of former earthflow or
solifluction area.

Local catchments or depressions

formed as result of (4) above act as
infiltration source which can exarcer-
bate or accelerate landsliding.

Common in landslide masses. Area with
high landslide potential. Can usually
identify by associated presence of
denser or phreatophyte vegetation
(cattails, equisetum, alder, etc) in
vicinity of seep.

|
i
i
Patches or areas of much younger or
very different vegetation, e.g., !
alder thickets; may indicate recent i
landslides or unstable ground. i
Leaning or canted trees on aslope are !
indicators of previous episodes of |
slope movement or soil creep. !

|

!

Potential surface of sliding for
translational slope movements.

@




_3_

TL. APPROACHES TO PREDICTING OR EVALUVATING
MASS-STABILIT Y

A. Stabsteal (orrelalions

5.

C.
D.

Srability Ancalyses
. L tim E’?u///b
2. Limif ,4144175/5
3. FEM
4. PRobabr/istic Methods
Fheologicol Stucles
Requisites fo 51‘061//7‘7 Analyses
/T Accurate descub Honm of slo}:.c c‘eom}'rj
2. PRelickble soil pioperties - c o, ¢
3. Covuct debimition exlernal loads- sanchanqge,
L loads, ecathguake
4. Covect dencub hom .SLO}Z.Q anology —
F'Wual—xc sunouw (GwT) <€ 222 poqe
5. Corvect watuod ] Gma YYD
- ‘@WC'}'WQ vo. totYal =Twan
- wmbimite ua. inaite s\c‘:_Q
- F\OV\OA v voraronal

V. FACTOR ©OF SAFeTY

A De Ln'-r\.\‘\'\or\

Mest covwwiom acece bl C‘U.g\vn\-\ou\

v basd ow sww%w ol o)
F= S/~ (1)

W ke S= sSleaau strenmq a G(c\/\c\ et b
o= SL‘-QQA $LVM 1 " 'y

Poko tionall s\\c\mc\ s feca
Tt cyqlindvica)l sunbea of s\\d\V\C\-
v canawacl :

F= Me /Mg ' (2)



__4-

| w hana MQ = YQSA-‘Q\‘\V\C‘ WQMQM\- | .
Mo = csu-vx.\-—\,uzmmc‘ v oncemt

De buibiows (1) cmd (1) aw @u\'mw
hecowns Mg £ Mg e wut Ld o cnac
ol Mp=<cxR cmd Mg = xR /Lu\aed-vueb)
whker R = radwuns & CUA U g & HMw
cuticod auntow .

C. Uncerntamties w 50}-61“1 Fac o

L TYpe of fecd une

- lanau v rokhornal
- shallew wvns O(:Le}o s.e.o’rec\.

2. T'/Hz,p of &MOL““AA
. - toral v eflicke sTasrs cmad
- peak ua vesdual shaan sTieug .

Cowveat: ?M-}s ot caleulations
wiclicatl 60423—»\ against (ad

ot M wmuestigad e assumed...
2em 4 all lmFu*’ PO/\.OW\"C@LS
Wd‘«\ Aeterwiinede .

D Acceptoble Limik

Acceptoble sate Foctors depemd
ubon swuch fachas ::ju:: pes

Cest of ve\aoa')\. . NLions vuckion
Coneequamcen o a feulune

Perwmanency of slobt or ewmleomkrienT
Umceantaia Fes un < lhean slvevg i
Wedaus wemTs o O bl 6LOrL-Q

omd sed rowelas. .

See Tabkle 1 (o | @uc‘c‘esl-ec\ volans

Ay =



+§9§38719310va8Yd Y313uai1ls ayj jo aan3oyd (edjlor 10 ‘9391dwod
‘3ua31sFsu0d ® IpjAcad jou op wiep yiBuails arquiivae 9ayjl uaym pue xajdwod aiv
SUOTITPUOD TJOS 9Y3 uaym 389318913 87 SIUSwIInewaw Y3IBusals 3yl jo KJujeliadun ayl .

*§273871930v10YDd Y3Bua13s 3yl jo ainldyd tedsydog

pue 9391dwod 9uaisFsuod v apraoad eIep 18931 YiBusazs L3ytendb y3yy puv wiojyun sae
SUOTITPUOD TFO8 3YJ usym 3Is3a[[ews sf sJuawdansedw Yi3uaxls ayl jo Luyelaadun 3yl |

.

*s1ye3 odoys

31 £3aadoad agqeniea 13ylo
uuuaowu 10 c'1 10 93J71 ueuny 03 133uep 10
0°z ‘uoFIoNI1I8UOD JO IS0D uwyjl
1938213 yonm ayedaa jo 3Is0)

*sTjej 2dors 3§ Kiaadoad aayjo
. . 20 3337 ueuny o3 193uep oN
$'T szl *UOFIONIISUCD JO IF0D 03
’ a1qeavduwod iyedax jo 380D

L4 °81w] ¢ TTUS sanyyegy odots jo

saouanbasuo) puw 83150)

sjusmaansesl Yyiduaaigs jo Ljugeiaasdupn

AL3AVS 40 YOLOVA DIIVIS A0 SANTVA RNWINIH QIANAWHOO3Y --°T AT9VL

.






e “"INFINITE SLOPE" ANALYSIS



\;’.




—I—-

1t} "
INFINONTE SWOPE ANALNY SIS

A Deg‘\Y\\’\'\Ol’\ \

.'7(';- shclir
W mass

A buite’ slope v oo
dealization ©f a slohy wa
wluch B bluckwess of
Sltdw\c\ WA ua swiall wwm _g\
o@AAFo/uSom Lo« it s />
—QWQHA owmd  aad oL

H << [
B ) Mu/\.e aunta s esrential Elancu\
aomd \:avo!\e\ fe He <lobtz: ocuved wost ol s EWC\MA

B Assuw}o%o-ﬂs oy Mecde:

N

I, é)o'@; Ao Louwstcuat O-qu CJ‘(lWC\IV\O\'IOW'(ﬁ\)
2. Conditions ot PoF t lboHow =4 slopes
WManr howr LHle & wo -QIHJ_cf on
6\‘0\0—'«?\ )
s Q%"“Q or o qu'.al s 2 2wanT
wa S\Q__Q.
4. Sde wen (v 2lewent o cFPog\’{-e Gun
‘Q.C_&uc\ (ot covnandersc ).

C. Abbliccele S)O'@Si: G—eo"'oqic. Condiidors

I Shallows slough na o Fe sLiding
SOamday glahosy ‘ "

2. %iob&s 01 Pa wa.\\MC{\ : lgnes of weal\'\‘w:/‘.;/}

CSWCA‘N *:"%CCA*\:DV‘ , Jo!w‘ts , < :TL \, Cb\ F\p\/‘-q Apurac'oh

3. Looes , ‘

1 N
R |
'

vodueh oY wes Hiun g (veaduo\soe\s)

colluvaum, 24¢ ) oL bl wmombeN ow wclined
bedvock sun Foca



-2-

D Factor of 50(—e+\/\ Eq,ucx\':dw& .
- _—T-—
H

B
I S pace-Force Polygqon I~ —

PF= Wi+ K- f__ W/MW3 |
r. = S /5+ Kglen el
R F= CBSQQ/ﬁ-PK) *‘CAM@ xﬂ/7 i

%= QBSec/,u-D B ©
N

e

verrical suncharg

S i1swaic Cc:e;'

w

O TR
1} "

A)

Cohosion Lo aile

Z
N
frou v?oo{- Tul;u?rs ; L C,

"

R

. Laro
N C’
g o

(5"%/5“:‘31‘.:

F o= l:ccl“'c‘ﬂ art (1=K o)+ (ym 3 R | o &
mzﬁm®l+ Q‘ oA ® /3) 3*) Jm/}:

[{ C'\°+XR (\(7\-0/\/\/@“.‘ "-\/"" {;Ksmg"‘d\ Aw] L

W

GitennatR rotation <%o=0\)3

T oo T () Jym om ©

| )~
l_‘CO')Q/Q}LPQMCb' T E <1° V“‘) - K b’“ﬁﬂ_‘ k:w\/’s 4)

( Ks/4emm) + 1
] ’ J °

wheve 1, = pove wa e Pvessure raho



-3-

AH?V‘O)( esthwmate of ru:

Ao (sA'TD = X . d’s__.: \/LA/

themn 1-Y, = H- ‘/sz 5 Yux Ho (=)

——

H A

3 Spec! Conce

@) Dry, Cohssion leas Slope (<=6, Gu=0, Huw=0, k=0 )

g: i_O'M@\ )
———M/L (6

Notes F i subwmerged slope 15 same?

b) Satcl, Colesionican Slope (C"—O)Q\o‘—'O) Buw=H4H, ke=0 )
s paqge 1l fo siopr

. F= Ysaro—-Yo TGuad \
{onTd Mﬂ (7

SR "3‘5&\"."3"3/‘«) = )/2_ &SA‘\‘W
Foato X \/2, Fory

c) )\AO\S*'/ ONWEIN] S\DF_‘Z <®—.O) C.\,;:O‘ Hw ’D)

N> GwT
F= (S~ m?}sm/b @)
wlherw 4 = ubs o o lede, oo cecvecis
K. Cow \:u'\-e/\ PVOCLV‘OV/\
TInswoPE - (cles @Mian wmswl v ske e facien

~

ot sa?-e\«) o wosT Geuwci oaz
. F= £ (C) (b\ &;A'TD, {/) H) \-\w) (sbﬁoycya)



..L'c..
F. Paramelan 5%5\%61.\\4\ Ama\u&s\'s

I Tn Huenee of Swnchange
Surchongqe » bere feciad  umcan ¥

grO“OW'W\C‘ conclitions:

G=o c < Hw?oaa’/.skmcb (a)d

2 Tufluence of Sheca S\qul'\o\ Pvrawmelens

Fo1 Fheur 01l wamtles cud lugh GwT (Hw—=H)
swall ckcwc\m w colusion (¢) haowe a bc,c\e\
m Huzarea o <a fe by fochn i connesponding |
Chomges wm ichon cmgle (3). %2 kguw
belews ... gqrowthic slops

s | o

H=36"
3,- Ys =17 pcf

, Hw ¥o=88 pcf $=41°
;'—405 q =0
“ () 35°
ere
tan ¢/tan B / 190

FACTOR OF SAFETY AGAINST SLIDING (F)

(o] 10 2.0
COMESION (Cs),Ib/in?
Figure 28. — influence of cohesion on the stability of a sandy residuat
s0il resting on an inclined bedrock contact. Hw = 0.5.
- M




-5_

3. Genera) Swsd-u;-dwi Avalysis

A qwmal me Yuod com e w‘;lo ed Vat
reveals wot cm'-q N ewsahm\' \but alse Ha

durchon of cWouge wm safe f»o.c&-m Lems nding
o o C\/\O-MC‘Q m a w :1« F°
Cleu.M&\ w bamite s\o‘),e WAOQ—\G\A.

Tee approach cowducted w fuse sleps

G) Select a vealishe romage of veluan (AX()

fn each w\\mﬂ— vouable (X() wwpute \"'«-?
mean volue X .

b) Cc‘w})utg o o fachn of sateby (R
Using He wiedian usluss b a\l Jucualkles
<) C«swv;:uﬁ sa le fackm. F(X() en 2athn

cwelon s d amecan 1vs vaugR
d) Calcula® HMa velatum c\hamge w
fackn AFC an o pacant of

ety

l—tn PERCENT af
kc "'w‘ Basis:
Central Values
. ] - " 8+ 2° Cs
AF(7)= FU)- R T %
= ¥+ 100 pef
Fo s €g 120 6ef A
44 Cg 108pst (0.75 psi) "
. ' Ca* azapsl (0. 5 psil
Me
Q) D 1% P vesultrs Ly Yoot
VOP\NCCJ \; \QAj Far 2.55
Flopn w 1
eac Fovowm W, R
AX 6 shourn - <-m
b - q = 7 N | PERCENTaX,
X, (o = - X, -100 0 250 +100
A V()= XL X"xloo \ '
(AXL)M F T \
'3
4.2 ~ 8
H
Ca M
Cs -0

Figure 30. — Percent change in siope safety factor versus percent
change in input variables. Base safety factor (F) was computed
mum«mmuumm&n .



STABILITY CHARTS

z. '}NF/N}%E" SLOPE - ENGR FIELD MANUAL (UC)
4 Tota! Sheso Analysss

et of o pussure (seefage) not cons/dered
ﬁ;(/D//t/f?..\ o-wé, viq valkue of C, 0.

= Qn@+5c

Eﬂ FH

whew C,d= tots/ shews shean
-S_Z‘:_/b:mme#as .
+= total unit wh.

5=

/ (sea Fig./0)

B. Effechie Shess Afm/rysﬂs

ZnMeuence of bre prossine coysidered /rer
Meust aocmé/hféefw e <ondgrtrons wq/fé)/ée

A‘our 45/64—0 ﬂef' ol WJOME‘ 5%.

F= A Bud’ ‘
G © OTH

Lo hece c/’¢’=. %é cheie sheas | sthean s5. /bcdzs»uefe—/\s

A= £( chart
3=:C§3/%G) > %7./0 ”
qu—fd&fmww/égmweé: = }_/_(/7 .
Y = pore pussore

A _=‘ ;’eﬁﬁ w(:,f)wmwy /o /ﬂ-e



-2 -
T. TwemirE Siope - EFF sTRESS 4nAL. (cont)

Case D - §ee,/§a’qe/éra//e/ fo_Slof2

vy = X 4L ces
7 F '
/?
where X = dist hom 5/&»&7 swhace to GWT (romal)

'/"-:. avs# s z iz /a.s/o/be Swtoca 14

Case () - See’/u?e Emenging hrow S/O'Lé.v

More critca) coudor

see
diiectror .

F 7+ s bud

Whewe & = Mf/e of ses ~ megsuved
" how fHowzontol.



Parameter A

y ® total unit weight of soil
Yw* unit weight of water

.

¢’scohesion intercept Effective
} Stress

¢'s friction angle
ry * POre pressure ratio * ';_H'
u * pore pressure gt depth H

Steps:

‘(@ Determine r, trom measured

pore pressures or formulas
ot right

® Determine A ond B from.
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fu® ‘%‘ % CDSZB
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20° |
Surface of seepage MM‘:O—:'\_OVQ

y = 120 b/t

¢’= 300 psf

o3 O,p tan 3 = 0.364
ton & 20,577 cotfB =2.75

Formula

8 624 from Fig. 10

r® 153 Tag (0-94)% = 0.325

For serpage parallel 1o slope, with X= 8 ft., T =I1.3 ft.}

From Fig.l0, A =0.62 for r, =0.325 and cotfB = 2.75
B =3.1 for cot 8 =2.75

0.577 + 3 —00

- 3. = 0. .65 = 1.63
'C.364 (120} (i2) 098 +0.85

F=062—

Formula

For horizontn! seepage emerging f(om slope, 8§=0
} from Fig. 10

62.4 |

u®T20 Trozeao - 02

r

From Fig. 10, A
]

0.41 for r,=0.52 and cot 3= 2.75
3.1 for cotB =2.7%

= 0.577 300 . = s
F = 0.41 0364 +3I-———(120)“2) = 0.65+ 0.65 = 130

Fig. 14 EXAMPLE OF USE OF INFINITE SLOPE CHARTS.
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CONCLUSIONS

. EXAMPLE DESIGN PROBLEM

A low bluff shoreline will be examined (Figure 25). The
nine-foot bluff face is steep and there is no fronting beach except
at low tide when a gravel-covered shoreline is exposed. At high
tide, the water is just above the toe of the bluff. The bluff
soils are sandy-silt and the offshore slope is mild. The shoreline

has steadily receded for years as is evident by the fallen trees
along the shore.

e v " S ——

The owner purchased the land to construct a retirement home
(no structures have yet been built). He intends to extend a dock
out to deeper water but he has no other plans for the shoreline.
After examining the site, he determines that no slope stability or
groundwater seepage problems exist and erosion is being caused by
wave action undercutting the bluff toe (Figure 26).

’ Figure 26 Eroded Bluff
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- Design Parameters .

Figure 27 is a profile of the site. As shown on the figure,
the water depth was measured, the depths at spring tide and the
design stillwater level were calculated (using the Tide Tables) and
the design wave height was determined following procedures de-
scribed earlier in the text. The bluff toe is susceptible to
erosion during the design storm when it is submerged under approxi-
mately 3.0 feet of water. A protective device must be installed to

prevent further erosion.
~EXISTING BLUFF
—_— .._.‘__....._.._*;3:50'““'_..__...;_; DESIGN_SwiL —
. t!8OMLW_ . SPRING TIDE LEVEL ¢
.00 ML W 1
v ————— . 00O MLW 3 LOW_TIDE LEVEL _ 1.6
' /‘ AN A\ AWz e LS5
l EXISTING OFFSHORE SLOPE -
| * —
FROM LOCAL EXPERIENCE FROM_TIDE TAB
STORM SURGE=2.0 FT. SPRING TIDE RANGE= 1.70 FT *
(1) BLUFF MEIGHT 13 . MEAN TIDE LEVEL= +0.7SFT MLW ’
(2) BLUFF SLOPE : 1 on 1 TA 7ing ligde rognge ;s nter the mean 11 1gt +0.75' ML W
(3) OFFSHORE SLOPE: 1on33
(4) MEASURED DEPTH 50' OF FSHORE «1.5"ar MLW g%SIGTVMER £vE «3.60
(8) DEPTH AT SPRING TiDE: 3.1 Ll LEVEL :3.60 MLw ’
© (8) STORM SURGE :2.0'
(7) DESIGN WATER DEPTH:(5)4(6): 3.l'¢2,0‘=5,l' '
(8) DESIGN WAVE MEIGHT:DESIGN DEPTM x0.8:5.120.8:4.0 20
SPRING TIDE LEVEL +1.60 MLW
MEAN TIDE LEVEL 085 | 075 mw
MEAN_LOW WATER (MLW) | 000 !
Figure 27 Profile and Physical Conditions at the Site

Device Selection

Bulkheads are applicable to low bluffs if frequent access to
the shore is not required. At this site, a bulkhead would not
interfere with the planned use of the property and once backfilled
to the height of the existing bluff, the amount of useable land
would be increased. Any of the sheet pile bulkheads would easily
meet the design wave and other criteria. It is likely, however,
that their material and installation costs at this site would be
significantly greater than other devices that would also meet the
design criteria. The post supported bulkhead using treated timber
sheeting is well suited and will be illustrated in this design
example. The Longard tube was not selected for aesthetic reasons
and its short life expectancy when exposed to water-borne debris.
The stacked used tire and used concrete pipe bulkheads were re-
jected because they did not meet the design wave criteria.

B
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Regrading is acceptable, as the land is undeveloped, so revet-
ents are a possibility. Little useable land would be lost in this
qase because of the low bluff height. A rubble revetment is a
ikely alternative because stone is available in the area at a
reasonable price. A typical design will be shown. Concrete blocks
would also be applicable. The steps involved in designing concrete
block and stone revetments are similar and therefore will not be
. repeated, but in a real design, the comparative costs of stone and
concrete block revetments should be developed. Stacked bags and
mats were eliminated for aesthetic reasons and because of short
life expectancy when exposed to water-borne debris and bombardment
by stones and cobbles. Gabions were also judged to be too short-
lived in this situation. Materials for fuel barrel and concrete
slab revetments were unavailable.

A breakwater does not provide positive protection to the bluff
toe. To avoid downdrift erosion problems, sand would have to be
imported from a borrow area nearby. This would require additional
expense and would still not provide positive toe protection.
Therefore, all breakwaters were eliminated. Groins were also
rejected for the same reasons.

A beach fill and a perched beach were considered as possi-
bilities because the offshore slope is mild. However, they do not
positively protect the bluff toe and enhanced recreational use of
shoreline was not a high priority of the owner. Because neither
would provide the needed protection, they were not selected as

ossible alternatives. Slope flattening or infiltration and drain-

Qge controls were inappropriate. Slope flattening, however, would

e a part of the revetment design and proper groundwater drainage
would be included in all designs.

Vegetation, if used alone, would be ineffective. Completion
of the Vegetation Stabilization Site Evaluation Form (Figure 28)
yields a score of 32, which places the site just beyond the accept-
able range.

One possible combination approach will be developed that
employs devices that were rejected when considered alone: a gabion
revetment, a perched beach retained by a sand bag sill, and vegeta-
tion. The vegetation will provide a buffer zone to inhibit wave
action against the bluff toe. The existing gravel beach will not
support plantings so the perched sand beach and sill are provided
to encourage plant growth while also protecting the new plantings
against wave action. A recomputation of the Evaluation Form (Fig-
ure 28), with a perched beach of medium sand, yields a score of 28,
which is in the acceptable range.
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‘Design Example No. 1 = Treated Timber Bulkhead (Figure 29)

Runup Calculation. From Table 4, with the design wave height,
H = 4.0 feet for a vertical face .

R=2.0H=2.0x4.0=28.0 feet

The design top of structure is at the crest of the bluff, or +9
feet MLW. The runup above the design stillwater level would be to
+11.6 feet MLW (8.0' + 3.6'). The structure, therefore, will be
overtopped during design conditions, and a splash apron must be
provided at the crest.

Backfill. Only granular backfill material should be used.
The fill must be placed and compacted around the deadmen before any
is placed behind the wall. Otherwise, load would be applied to the

wall without support of the anchoring system and failure could
result.

Filter Cloth. A continuous filter cloth is provided behind
; the planks and under the overtopping apron. It is needed to pre-
. vent the backfill and natural bluff material from being washed out.
Additional holes in the wall were not included in the design be-

cause the small spacing between the planks will provide sufficient
drainage. '

Toe Protection. Toe protection is provided to insure stabil-
ity against scour. A filter cloth is used to prevent settlﬁpent of
the rock.- Given a unit weight of stone, w_ = 165 lbs/ft” and a
design wave height, H = 4.0 feet; from TaKles B-1, B-2 and B-3
(APPENDIX B), find the required stone weight, W.

From Table B-1, with H = 4.0 feet, W = 390 pounds.

The toe protection is placed on an essentially .flat surface so
enter Table B-2 with the flattest slope shown (l:6) to correct W.

From Table B-2, for a 1 on 6 slope (l1l:6), the correction
factor, K1 = 0.3. Therefore,

W =390 x 0.3 = 120 pounds

The range of allowable stone weights is 0.75W to 1.25W with 75%
greater than W, therefore,

wmin = 0.75 x 120 = 90 pounds
whax = 1.25 x 120 = 150 pounds

Seventy-five percent should exceed 120 pounds and no stone should
be accepted if the longest dimension is more than three times the
shortest.

Flanking. The bulkhead will be tied into the existing bluff.
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QUARRYSTONE OVERTOPPING APRON

(ORIGINAL GROUND SURFACE

___+9.0'MLW (DESIGN CREST EL.)
Y NEARORETNREEIRCe R © ©

SAND T iEL
BACKFILL - '™

TIE-ROD

- +3.6' MLW (DESIGN WATER LEVEL)
or0:9] W/ TURNBUCKLE _

_ “FILTER
... CLOTH

CONCRETE DEADMAN

+1.6' MLW (SPRING TIDE LEVEL)
ANCHOR

EXISTING —

TOE PROTECTION
SLOPE T

e T —

. TREATED -
TIMBER
PLANKS

FILTER CLOTH

W TREATED TIMBER
POST

S
NOTES'

. POST SIZE: 12'x12"x24'
2 PLANK SIZE: 3"%x12"x12'
3. POST SPACING: 6'

-13.5' MLW (TIP OF POST)

Figure 29 Treated Timber Bulkhead

Design Example No. 2 - Quarrystone Revetment (Figure 30)

Required Slope. The selected slope angle depends on the
amount of available land at the top of the bluff, the amount of
runup expected and the cost of materials. A milder angle results
in less runup, smaller stone sizes, greater slope length, and more
loss of land. A 1 on 2.5 slope was selected.

) Runup Calculation. From Table 4, for a rough face structure
with a 1 on 2.5 slope, the runup, R = 1.0 H or 4.0 feet. The
revetment must extend vertically 4.0 feet above the design still-

water level. There is enough height available (5.4 feet) and no
splash apron is required.

Weight of Armor and Underlayer Stone. Use Tables B-1 and B-2.

Armor Stone. Given: H 4.0 feet

w 390 pounds (Table B-1)
K1 0.8 (Table B-2) for a 1 on
2.5 slope
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Therefore: Use W 390 x 0.8 = 310 pounds.

Underlayer Stone. Use W/10

30 pounds.

Range of Allowable Stone Weights. The range for both the
armor and underlayer is 0.75W to 1.25W with 75% of the stones
weighing more than W. All stones should be sized so that no side
is greater than 3 times its least dimension.

w in 0.75 x 310 = 235 pouhds.
Wi ® = 1.25 x 310 = 390 pounds.

75% must exceed 310 pounds.

Armor Laver.

Underlaver.

0.75 x 30 = 20 pounds.
wﬁgg 1.25 x 30 = 40 pounds.

75% must exceed 30 pounds.

W

Filter Cloth. A properly sized filter cloth will allow water
to pass while retalnlng the bluff soil. When laying the filter
cloth, insure continuous coverage by overlapping the cloth edges at
least 18 inches.

Toe Protection. Bury the toe (extend the slope down into
shore) at least one design wave height below the existing bottom.
Add an additional layer of armor stone to thicken the toe section.

Flank Protection. The revetment will be tied into the exis-
ting bank.

ARMOR STONE W=3|0 Ibs.
’ +9.0'MLW (TOP OF STRUCTURE) -

\ .
KCUT—\ ' ORIGINAL GROUND
‘ SURFACE

AN 3.60' MLW DESIGN SLW

UNDERLAYER 1.60' MLW SPRING TIDE

w=30ibs.
FILTER CLOTH

BURY TOE 4 FEET
(ONE WAVE HEIGHT)
BELOW BOTTOM FOR
SCOUR PROTECTION

Figure 30 Quarrystone Revetment
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Table 4

Wave Runup Heights
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Quarrystone

wave Height Range: Above five feet.
Runup Characteristic: Rough slope.

Stone revetments, a proven method of shoreline protection, are
durable and can be relatively inexpensive with a local source of
suitable armor stone. Such stone should be clean, hard, dense,
durable, and free of cracks and cleavages. Figure B-3 shows a
typical cross section of a stone rubble revetment. Table B-1,
which gives the required weight of armor units for a given design
wave height, was developed for a 1:2 bank slope and a stone unit
weight of 165 lbs/ft3. If your bank slope is something other than
1:2, find the value on Table B-2 and multipy the stone weight from
Table B-1 by this factor. Flatter slopes require smaller rock
sizes. Table B-3 contains a second correction factor to be appligd
when the unit weight (density) of the rock varies from 165 lbs/ft~.
The tables contain an illustrative example of their use.

FIRST UNDERLAYER (STONE WEIGHT=W/I0)

ARMOR (2 LAYERS)
(STONE WEIGHT =W)

NOTE Use either stone or
filter fabric(Both are
shown to illustrate
their use -only one is

= £ o
/ i s : needed) :
..‘,~F\
%
GRADED STONE . gl =MW

FILTER (IF USED IN
PLACE OF FILTER FABRIC)

TOE PROTECTION-
BURY AT LEAST
THREE FEET OR
ONE DESIGN WAVE
HEIGHT BELOW THE

FILTER FABRIC B80T TOM

(IF USED IN PLACE OF
GRADED STONE FILTER)

Figure B-3 Typical Quarrystone Revetment

Since it is not possible to obtain quarrystones of exactly the
same weight, one must specify a range of permissible sizes. For
any given required weight, W, stones ranging from 0.75W to 1.25W
can be used, but at least 75% should weigh W or more. For example,
if 100-pound stones are required, the armor stones may range from
75 to 125 pounds, as long as 75% weigh at least 100 pounds.

If graded stone filter material -is used, it generally will be
much finer than the armor stone. An intermediate layer of stone,
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between the armor and filter, one-tenth as heavy as the armor units

(100/10 =

10 pounds in the examp

transition to the filter material.

le), should provide the necessary

FIND :

TABLE B-1 TABLE B-2 TABLE B-3
ESTIMATED WEIGHT CORRECTION CORRECTION FOR
OF ARMOR STONE FOR SLOPE UNIT WEIGHT

WAVE ESTIMATED| SLOPE CORRECTION| UNIT CORRECTION

HEIGHT WEIGHT FACTOR | WEIGHT FACTOR

H w wr

(ft) (ib) (ft/ft) Ky (1b/1t3) K 2
0.5 1 1:2 1.0 120 4.3
1.0 10 1:2% 0.8 130 2.8
1.5 20 1: 3 —y—0.7, 135 2.4
2.0 50 /1:33 o.es\ 140 2.0
2.5 © 100 2| 1:4 0.5 af 145 1.7
3.0 vm e von o 1 6 07 1: 4% 0.4 150 1.5
3.5 260 1: 5 0.4 155 mem muy-1.3
4.0 390 1: 5% 0.4 160 1.1
4.5 550 1: 6 0.3 165 1.0
5.0 750 170 0.9
5.5 1000 175 0.8
6.0 1300 180 0.7
6.5 1650 185 0.6
7.0 2100 190 0.6
EXAMPLE

GIVEN: The wave height (H) is 3.0 feet and the structure

slope is 1 on 3 (1 Vertical on 3 Horizontal) and one
cubic foot of rock weighs 155 Ibs (we)

The required weight of armor stone (W) from the
tables (Dashed Line)

W=160 Ibs x 0.7 x 1.3=145Ibs

106 -







&S. MECHANICS OF FIBER REINFORCE—
MENT IN SOILS






 WECHANICS OF FIBER (FABRIC)
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7. SOIL LOSS PREDICTIONS
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PROBLEM NO. 6 - SOIL LOSS ESTIMATES

Assume Ann Arbor, Michigan as the locale of a construction
or development site. The site is 40 acres in size, however,
only 20 acres will be disturbed by grading and construction.

The following soil and topographic conditions are encoun-
tered at the site:

disturbed area undisturbed area

ave. slope length, ft 400 600
ave. slope gradient, % 6 10
soil type Miami silt loam (K = 0.37)
vegetation factor 1.0 0.12

QUESTION #1 - Compute the total, annual soil loss from the site
in the absence of any soil erosion control mea-
sures. Give answer in both tons and cubic ft.
of soil.

Assume the construction period lasts 12 months during which
time the disturbed areas lie fallow and exposed for 3 months.
Seed, fertilizer, and straw mulch are then applied. The vegeta-
tion establishment period lasts another 3 months during which
the representative vegetation (or C-factor) value is 0.4. The
vegetation factor for the balance of the construction period
is 0.2.

In addition to seeding and mulching, a small sediment basin
is also constructed at the site with a total capacity of .137
acre-ft. The relationship between trap efficiency and capacity/
inflow ratio is shown in Figure 1. The basin receives sediment
from only 70% of the construction area.

Storm runoff or inflow to the basin can be estimated from
precipitation data for the area. Assume the worst conditions
occur during the winter-spring. A typical, hourly rainfall
distribution for a 5-year frequency rain is shown in the table
below. The tabulaﬁEEzVEIEEE_EEEFEEE_EEE rates of hourly rain-
fall in terms of percent of 24 hour rainfall. Figure 2 gives
total 24-hour precipitation as a function of storm frequency.

Successive Proportion of
Time Units-hrs Total Precip-%
1 (max) 24
2 14.5
3 10.9
4 8
5 6
6 5
7 4
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In Southeast Michigan the average value of infiltration
capacity is 0.1 in/hr in winter-spring. The retention is
approximately 0.10 in. (In summer the values change to 0.4 ‘
and 0.15 respectively). Assume the effective drainage area
at the construction site is 50 acres. ’

QUESTION #2 - Estimate the total soil loss from the site with
the erosion control system and the percent ef-
fectiveness of the control system (for the dis-
turbed area only). Note: If you are unable to
calculate the runoff from the precipitation data,
use a rule-of-thumb estimate of 0.4 acre ft/acre
of drainage area.

QUESTION ¥ 3

What will be the ratio of annual soil logses gt two congtructiqn
sites in Ann Arbor which have the following site and soil condi-
tions. Assume both have the same areas.

Site No. 1 ' Site No. 2
i i il i fine sand
il: (65% silt + very fine sand soil: (40% silt + very .
5ot { 5% sand (0.1 {o 2.0 mm) 40% sand (0.1 to 2.0 mm)
' 3% organic matter 4% organic matter

600' ave. slope length 1000' ave. slope length

site: (completely disturbed site: {weeds & wild grass cover
{10% ave. slope gradient 8% ave. slope gradignt

Use the Wischmewr nomcqraph to solue P problen .
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Figure 1. Relationship Between Capacity/Inflow Ratio and Sediment
Trap Efficiency of Reservoirs

93



oL

or

%

[ ey er—————

il

I

—L

=T

B =y

e

=i

=

7
T
I
I

-

B o

X
N\

) ey
-
-1

+
+

:_t

T
—
3

By Sy
—

e

=
ey

4+

PRt B

A

-

1=

y |
i Huth , w Hh
_ ﬁJ ! fr\a :mu 11
. -+ i {
* _.mﬁ il N
’e i |
4 v 1 1 ~
L et HHHA ] T
' s i i -H4
w i it f i
ol it lighie: I
Tl h‘ {18 gt mw : i b
Jinn T e B i
i L s il (R it it 4
A BT alftillini R Jqulbn . b
“- 0..“ _ .m — ._ . i ‘. m N
IHH s il it il I
i 1 T R il 44
1 | .... h i ]
. iy H t .P : U -4 -1 -
I [ 1198 _ N 1
it _.,“ 1 Lé ! -
il ] i
g .._ [} ._. i 111 &x
Al _ m il i
1 o H w.. N
i i L
i 1)
4 4 Ml Hhidi
i b L I
i [ oy : A, L
i )T s
_ i ! i
LR I I
S0ES MRS I )
. |

——
s




. ww -

e T L LT e AN RAAUA IS T -

e e e eme s m e mme w e e e e — e e - s

i
]
H .

‘Question #4 t
i
|
Disturbed avea (20 u.ctc&) “ﬂA\S‘L\H\DﬂA ocect ‘20(—““"5)
| il
; Pwe clope l2mgih: ACOX =4.3 AY&S‘OP&QE h: 6°D§¥3 = '
R plieis w4 LAl Nt el St
k=037 | . k=037
C=4.0 - . €=0.A%

R= 100 ' : ‘,1‘“’0_
',Cmmhimois“\ Yoss: S

" Dutwbed asea: AsRe. v-u.s-!ooﬁ YE)'d s)(ao am} 962 Toms
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1255 Lo.aa)a 1091.85 GCu-Xds =3(109 ss) . 4& = |
=29, ATY. 95 ca- &t
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ESTIMATING oo

Colculations

SHEET-RILL FROSION AND
SEDIMENT YIELD ON DISTURBED
WESTERN FOREST AND WOODLANDS

Transect
Highlead Logging Data

Location and Size | Average Buffer Daia .;

~ Acres , 80 Percent Slope to Channel ° 42 f
County Yamhill Slope length to channel 200
Lat. N 45900" Future Slope length/channel 220

Long. W 123930

Average C Factor.Elements

Present Future .
Effective Canopy Cover Percent 60 60

Effective Canopy Height feet 4 4

Root Network Percent 70 91

Average Transect Data

Present . Future
Transect
Elements Log Road |Fire }Un- Log Road | Fire | Un-
paths |Land |Trail [dist. | paths| Land | Trail| dist.
% Bare Ground 5.0 3.0 5.3 - 3.0 | 2.5 3.5 -
% Protected Ground 3.7 (2.0 3.0 {78.0 3.7 | 2.0 3.0 | 81.3
% Slope 34 5 30 - 34 5 30 -
Slope Length {133 | 40 55 - 107 30 | 20| -
% Area , 8.7 |5.0. | 8.3 [78.0 6.7 | 5.5 6.5 | 81.3

2.2-1 Present Conditions

A highlead logging operation was sampled and the data recorded (display 3.3-1)

" Recorded elements are totaled and averaged. Slope and length of water travel
are properly weighted to reflect the area in various disturbances. The buffer
data pertains to the distance and slope between a given disturbance and the

from USDA Scs, West Tech Che Portland.

2N W o P RN IR - . - e



functioning channel. These elements are used to develop a simple sediment
delivery ratio. The cover factors are averaged and recorded.

In the example used for this discussion 22 percent of the transect paces
fell on log paths, roads, or fire trails. Al1 other hits were on forest
duff. Elements are recorded in a simple way. Display 3.3-1.

Percent Slope and Length Feet

1. The percent area based on transect hits for each'disturbaﬁce class is
recorded in display 3.3-1. For log paths this is 5 + 3.7 = 8.7 percent.

2. Bare ground in this example is 5 + 3.0 + 5.3 = 13.3 or 13 pgrcént.

3. Meightsd averages of percent slope and lengths are developed for each
disturbance class. ,

Weighted % Slope = {(38)(8.7)+(5)(5.0)+(30)(8.3) /22 = 26 percent
Weighted Slope Length feet =={(133)(_8.7)+(40)(5.0)+(55)(8.3)}/22 = 82 ft.
LS Factor - The slope length factor is provided in table format, tables 3.2-4,

and 3.2-5, or figures 3.1-6 & 3.1-7.

For the example, display 3.5—1, the present slope and length were calculated

“to be 26 and 82 respectively. Using figure 3.1-5 the area for the sample

is located in the Xeric moisture regime and Mesic and Thermic temperature
zone requiring the use of table 3.2-5 for the estimate of LS. The LS factor
is computed to be 4.1. Enter the LS into the erosion computation (see

pages 8 and 9.

Cover Factor (C)

Type 1 effect - figure 3.1-1 percent protected ground for the whole operation
is 100 less the percent bare ground. Enter bottom of figure with 100-13 = 87
and read 0.08. ' :

Type 11 effect - figure 3.1-2. The Type II effect is the produce of rain-
fall energy intercepted by the canopy (REc) and the decimal percent bare
ground minus 1.

{Type 11 = 1-(REc)(% Br. Gr.)}

1/ Percent canopy cover is 60 percent. Enter figure at bottom with 60
and read from 1 meter line 42 percent on right side of figure. Enter
0.42, the gross reduction in energy by the canopy (REc), in equation.



|

.
i

2/ Percent bare ground is thirteen hundredths and entered into the
equation. .
Type II = {1-(0.42)(0.13)}= 0.95

Type III effect - figure 3.1-3. Since this is a forest floor the forest
duff curve is used. The root network was estimated in 70 percent. Enter
with 70 at bottom of figure and read 0.13. Enter 0.13 into the equation.

The C factor is the ﬁroduct of Types I, II, and III effects. (See graphic
description display 3.3-4.) C = (0.08(0.95)(0.13) = 0.01.

Additional C factors are available for consideration in table 3.2-1. ;

K Factor - The erodibility of the soil is taken from soil survey information,
developed by the soil scientist on the project, or estimated using table
3.2-2. This table requires the use of a wetting bottle and the procedure
outlined on display 3.3-2. For the example, use a K of 0.32.

R Factor - Where no R value charts are available, use the procedures outlined

in Technical Note, Conservation Agronomy No. 32, dated September 1974

(Rev. March 1975), to compute the total R factor (R;). For our example

the R factor was taken from a map provided by the Oregon State Conservationist,
Soil Conservation Service, figure 3.1-4. The R of 47 was entered into the
Erosion Computation, page 14. It should be noted that if snowmelt adds to

the water available for erosive activity, a snowmelt Rg must be added

to the R to form a total Ry, : .

for forested lands there are few areas where Rg is a problem. These are
isolated on those sites where concrete frost dévelops or other factors
prevent the melt waters from percolating into the soil. Where this does
occur it is suggested that the R; be weighted for the site in proportion
to its occurrence, or erosion and sediment calculations be kept separate.

The procedure for developing EI factors for individual storms is presented
in the Appendix. A sample of the procedure is shown in display 3.3-3.

Erosion Estimate

Rate Per Acre

A

"

RTKLSC
(47)(0.32)(4.1)(0.01)

u

= 0.62 tons/acre/year
For the 80-Acre Highlead Operation
A = (0.62)(80) |
= 49.6 tons/yearv




Sediment Yield Estimate . Where:

% ( : Sediment delivery ratio =1 "—{L/@0+(4)(% S:)}} L= S’lopé Tength of
' . buffer strip to
1 L2007 [50+(4)(42]}  channel.

0.08 S = percent slope of
the buffer strip.

Estimated Sediment Yield = (0.62)(0.08)
= 0.05 tons/acre/year
Sediment Yield for Highlead Operation
= (0.05)(80)
=.4;0 tons/year ’
The sediment yield estimated by this procedure takes the material
only as far as a functioning channel. Routing sediment through the
stream system is not considered. It should also be noted that
permanent road, siide, gully, streambank, and channel sediments
must be added where necessary to complete the sediment picture.

2.2-2 Future Conditions

% (( Seven elements within the computation process allow for anticipated change.
' These are in order of their appearance in the USLE: K, L, S, C. The :
three remaining are the total acres of disturbance type, percent bare
ground within the disturbed area, and the changes expected in the buffer
widths. : .
The following elements in the example are adjusted for the new estimate:
~Bareground: veduced from 13 to 9 percent by improved management.
Rootnet: dincreased from 70 to 91 percent by new plant growth. '

Slope Length: all changes are due to improved management.

Logpaths from 133 to 107 feet - a better highlead setting
Road and Landings from 40 to 30 feet - increased drainage
Fire trails from 55 to 20 feet - by-increasing waterbérs

Percent Slope: No change anticipated.

Buffer: a 220-foot wide strip is set to assure there would be little or
no sediment yield.

f’i @ Introducing these changes then will give a new estimate of the erosion and
sediment yield for this example as follows: }

-9-
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 Table 3.2-2

GUIDE FOR ESTIMATING ERODIBILITY (X) VALUES

-

So0ill Surface Permeability
Texture 1/ Very Slow Mod. Slow, Mod. Rapid, Rapi
Slow Moderate .Very Rapid

2/ .

c’ Sic. 8C M 0037 0032 0028 0024

'SCl, Biclg cl 0.43 0.37 . 0.32 0028

sil, 1, visl " 0.49 0.43 0.37 0.32 " ._

£s1, sl 0.37 0.32 0.24 0.20

1ls, s, lecs, cls 0.28 0.24 0.20 0.17 or .1:

/

1/ Gravelly, channery, shaly, siaty, cherty, cobbly, or flaggy 5&ues

of these textures are normally reduced ons or two classes in K

value.

-
.
.

2/ ¢, Clay; si, Silt; S, Sand; 1, loanm; vf, very fine; f, fine

REFERENCE: Soil Conservation Service, 1969, Hydrologic Sroup X and T Factors of
Series Having Type Locations in the South Region: South Reglonal
‘Technlcal Service Center, Fort Worth, Texa-

=19~
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Figure- 3 1-6- Applicable to all Soil Moisture - Soil Temperature
Regimes except A=3, and A-1 in WK, OR, and ID.
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by the formula;

430x*+ W0x +

sl (zzfe )m (

6.57415

0.43 )

~21-

ava:lable The curves were derived

where A=field slope length in feet and
m=0.5 if s~ 5% or greater, 0.4 if s=4%,
and 0.3 if s=3% or less; and x=sins.

6 is the angle of slope in degrees.




2000

wv
-y T I
- T
t &8 HE
; ; i
. H B 34
. i1 : 3
EYnIs E3E 1:2
233 reaed t Tie 1
%3 T B
GEH SRS B s BER R PR ) s v b
s A= w
e R ! l?ﬂ.oul. b
nay b 4 piben _(. s (13
il i) ' ey R T b
’ ’ )
3 Moo - js =0 §o
S aEEle d
. e T
2 : . ofo? i
n

E.i?

==

13

1000

"
m
- —]
"
T 1T
G 33
" 2a H E 3
R 2 r
= 0 ==
L o T B
= 5 et 55 B
L . J'II,.A*

5] g o8

=

i 1
"
e

pry
ed

SR
B

)

teiflst
T
T

l

4t

il

. ; [§3}

'y
12

=1

A

[EXEE EXT) B

0

H
et

Figure 3.1-7

3 l‘bl

kg b

*t

oo e
vy

B I )

Slops Length in Feet

-

i .

Figure 3.1

il Moisture=Soil Tempsrature
in WN, OR, ond ID; ond in A<3

ions of LS Formulae beyond valuas tested

icoble to So

gimes A=}

Note: Dashed lines ars extens

For slopes Tess than 9%

Appl
Reg

-7

in studiss.
04352

6.613

) £=1ength of s]&

0.43 + 0.30 + 0.

LS =(7_§_:6)0.3 (

LS =(

s=percent slope

6

.
.

AL y0.3 (§_)'l.3

72

For slopes greater than 9%

9

-29_



OBTAINING PLANTS AND HANDLING OF
PLANT MATERIALS

Andrew T. Leiser
Department of Environmental Horticulture
University of California, Davis, California

INTRODUCTION

During the planning step for a reVegetation project the choice
of the plant species will have been made on the basis of the infor-
mation obtained in the site analysis and on the various limiting
components of the total project: biological, environmental, physical
and economic.

The procurement and handling of plant materials is of para-
mount importance to a successful revegetation project. Plants are
living things and must be grown and handled properly if success is
to be obtained. Many failures are due to the poor quality of planting
material and to improper handling during shipping, storage or holding
period and on the planting site. .

The procurement of the proper plants, properly grown, of the
proper size, condition (e.g. acclimatized or 'hardened off"), of
good vigor, in sufficient quantity, and at the proper time for the
planting project is one of the most difficult aspects of the re-
vegetation project. There are a number of reasons this is true.
Many of the plant species desired may not be available from
commercial or governmental nurseries. Available plants may not
have been propagated from seeds or vegetative materials collected
from climatic areas similar to that of the project. This is
especially true of those species which grow over wide geographic
areas. Of the total plant spectrum grown in nurseries, relatively
few species are grown in deep tubes which are often most suitable
for plantings under difficult site conditions. Native plants,
especially shrubby species, are often impossible to obtain because
the commercial nurseries grow primarily for ornamental use - the
urban market. Nurserymen have had relatively little experience
growing many of the native plants because of lack of demand. The
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quantities of native and introduced plants needed may be insufficient = _
even if the species are grown. Interstate plant quarantines may .
restrict shipment from nurseries where the plants are available, e.g.

oak. species may not be moved from the midwest to California.

The procurement process, therefore, often must be started at
an early stage in the project. Seed or cuttings may have to be
obtained. Contract growing often must be arranged in advance and
the soil mix, container size, and plant size and quality must be
specified. Such contracts may have to be made as long as 18 to 24
months before planned planting dates.

Some explanations of these problems and suggestions for
solving them will be suggested in this paper.

PROCUREMENT AND PLANT SELECTION
Importance of Ecotypes or Provenances

The existence of ecotypes or provenance (source) variation
for many species is not known. Most studies of plants with a |
wide geographical range (altitudinal, latitudinal, climatic) have .
shown wide differences in response among plants collected through-
out the range to a variety of environmental factors: heat, cold,
drought, soils, and flooding tolerance.

Cornus stolonifera, red-osier or American dogwood is a riparian
species ranging in the West from Alaska to California to Newfoundland
south to Virginia, Kentucky and Nebraska in the East and Mid-west.

Extensive studies on this species indicate large differences in
hardiness. Some of the differences are due to latitudinal distri-
bution. Some are due to climatic differences as in the case of
collections from Western Washington and Minnesota which are about the
same latitude. In the latter case, absolute hardiness in mid-winter
was similar but the Washington collection did not attain this degree
of hardiness until much later in the season.

Acer rubrum, red or swamp maple, another riparian species,
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is found from Newfoundland south to Florida and west to Minnesota
to Texas. Collections from many parts of its range were grown in
tests conducted simultaneously in several states with a wide range
in climate. Large differences were shown in growth rate, fall
color and hardiness. Differences in hardiness were sometimes due
to plants growing too late in the fall or breaking dormancy too
early in the spring.

Acer macrophyllum is a West Coast, sometimes riparian species.

Collections from a wide range of California habitats, when grown

at Davis in the Sacramento Valley, exhibited large differences in
growth rates and tolerances to summer heat and winds. The best
selection for Davis conditions were from a dry, Southern California
location at about a 5,000 foot elevation.

Fraxinus pennsylvanica is considered by older botanists to
consist of two varieties, F. pennsylvanica, red ash, on upland

sites and F. pennsylvanica var. lanceolata, green ash. The total

species ranges from Cape Breton Island and Nova Scotia west to

Alberta and Montana -and south to Central Texas and Northern Florida.
Provenance studies show pronounced ecotypic differences in moisture
and low temperature tolerances. The varietas, F. pennsylvanica var.

lanceolata has glabrous rather than pubescent petioles and seems
to inhabit more riparian habitats. This varietas or type appears
to have a wider tolerance to wet soils. More studies are
warranted of possible ecotypes of this flood-tolerant species.

Studies on Euculptus cumaldulensis, river red-gum in Israel
and elsewhere have shown large differences in tolerance to soils

and available water among ecotypes. This species is flood tolerant
but our studies were not of sufficient scope to permit testing of
ecotypes for flood tolerance.

Similar studies have not been made as far as I know on
Quercus lobata, valley oak. This species has a wide geographic
range from Northern to Southern California and sites range from
dry foothills to riparian where annual flooding occurs in winter
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and spring. It is very probable that ecotypic variations occur -
within this species. Many of our losses of the species when A .
urbanization occurs seem to be due to lack or water rather than

too much water.

The best rule to follow with native plants is, when
information on ecotypes is not known, use seeds of other propa-
gation material from as near site conditions as possible. When
studies have shown ecotypic differences, use seed sources shown
to most closely fit site conditions. This may require the contractor
to produce proof of origin of the propagation materials.

Timing: Timing of plant production and of planting season
is critical. For most sites there will be a time or times when
plantings will be most successful. Drought, cold (including time
of snow melt), season of flooding, annual seasonal variations
and the choice of deciduous and bare-root plants vs. containerized
plants all affect the choice of planting time, sometimes called
the "planting window". This '"planting window" is the time or
times when conditions are best suited for plant establishment. .
This timing affects both the growing schedule and the planting
contract specifications. Timing should be such that plants are
of optimum size and top: root ratio, and condition for planting
during the '"planting window". The decision must be made on a
site-to-site basis.

Advance Planning: A large advanced lead time is required
for species not readily available. Seed of some species are
available from seed dealers but others may have to be collected.
Many species do not set a reliable seed crop every year. This is
an important factor in plant selection as well as in obtaining seed
from the most desirable ecotypes.

Fall Versus Spring Planting: Fall plantings may be preferred
in areas with late growing seasons, winter rains and summer drought.
This allows a longer period of establishment before late spring when
flooding or drought occur. However, bare-root plants may not be .
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available until late fall or even mid winter. Late fall plantings
may not be desirable where late fall droughts occur, or where
frost heaving is severe before new root growth occurs.

Spring planting dates are usually required for bare-root
stock, where sites are subject to late fall and winter frost heaving
problems, or where flooding occurs in late fall to early spring.
Spring planting should be scheduled as early as site conditions
permit. Summer plantings should be avoided unless adequate
rainfall or supplemental irrigation is assured.

Types of Plant Materials

Direct "sticking" of unrooted cuttings of easy-to-root native
or introduced species is often successful and is one of the most
economical methods of plant establishment.

Direct seeding of woody species may be successful if proper
care is used in selection of species, preparing planting "spots',

and planting, Direct seeding is more economical than transplanting.
(Chan, et al).

Bare root transplants are successful for many spécies. The
"planting window'" is more restricted and survival may be lower
than for transplanting container-grown stock.

"Tublings', plants grown in relatively small and deep con-
tainers, have proven very useful on difficult sites. Root-top
ratios are favorable when properly grown. Roots are deep to allow
maximum use of limited water supplies and root disturbance at
planting time is minimal. Tree species used in reforestation
and some Eucaluptus may be readily aVailable but shrub species

are frequently not available unless grown under contract.

Plants in gallon or larger cans are often available for
species in regular commercial production but are limited in
variety of species best suited for revegetation projects. Plants
in largef containers increase the cost for purchase and planting
substantially. Survival is frequently reduced because of limited
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root systemsvin relation to size of the tops of the plants.

Growing Quality Tubling or Other Container Plants .

Roots of container-grown plants should be well developed,
adequately filling the soil mass so that it holds together when
removed from the container but not so oVergrown as to be '"pot-
bound".

A common fault of container-grown stock is the presence
of kinked or girdling roots. These poor root systems result
from poor transplanting of seedlings or rooted cuttings and from
failure to remove circling roots when shifting plants to larger
containers. Such roots ha&e been shown to reduce growth and
sometimes ultimate survival because of girdling of the crown
or loss due to wind throw. (Harris, et al).

Time does not permit a detailed description of the topic.
It is covered quite thoroughly in the references listed for Harris, et al
Baker et al. and Tinus. Many designs and sizes of growing tubes
are available. Many are designed to minimize or eliminate kinked .
and girdling roots. '

Soils or growing media must be well-drained because, in
containers a perched water table exists after irrigation. Plants
should be of good vigor and nutrient status.

Hardening-off and Holding Plants

Plants should be adequately '"hardened-off" and "acclimatized".
This is particularly critical when the environment of the growing
nursery is different from the planting site. This can often be
done by moving the plants near the site as long as possible before
planting time, or, with bare-root materials, holding under
refrigeration until planting time when the planting season starts
late in the spring at the site than in the nursery.

During the holding period and when moved on site, plants
must be carefully watered and refertilized if necessary. Plants
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must be thorbughly watered immediately prior to planting. On hot
sites plants may need to be partially shaded to prevent overheating
of root systems and should be removed from such protection only as
the work progresses and planted immediately. Lethal temperatures
can occur in dark colored containers in a few hours under hot,
sunny conditions.

Planting

Plants should be removed from containers at planting time
unless the containers are biodegradeable. Biodegradeable containers
should be '"shouldered off'" to prevent drying of the root system
through "wicking" action. These should also be removed if roots
have not penetrated the container sufficiently to have intimate
contact with the site soils.

Circling roots on the outside of the root ball must be
removed at planting time.

Plants should be planted promptly as holes are dug to minimize
drying of the hold and backfill soil. The backfill should be
thoroughly tamped to obtain intimate contact with the plant roots.

Handling Live Brush and Cuttings

Live brush and cuttings have been severed from their root
systems. Careful handling to prevent drying is essential. They
may be stored in the adjacent lake or stream or thoroughly shaded
and kept moist if not stored in water. No more materials should
be cut than can be planted within one or two days. They should
be exposed during the planting process as short a time as possible.
Like container plants they should be moved on-site only as work
progresses if hot or dry conditions exist.




SUMMARY

Plants and plant materials are living organisms and must
be treated as such. They may need to be fed (fertilized) and
must never suffer drought or other undue stress. The success
or failure of any revegetation project, no matter how well
Planned, depends on the proper selection, production, care, and
handling of the plant materials at each step of the project.

LITERATURE CITED

Baker, Kenneth F., Ed. 1957. The U. C. system for producing
healthy Container grown plants. Division of Agricultural
Sciences, University of California, Berkeley, Calif. 23:331 pp.

Chan, F. J., Harris, R. W., and Leiser, A. T. 1971. Direct
seeding woody plants in the landscape. AXT-n27, Agricultural
Extension Service, University of California, Berkeley, Calif.,
12 pp. (Reprinted as Leaflet 2577, 1979.)

Harris, R. W., Davis, W. B., Stice, N. W., and Long, D. 1971.
Root pruning improves nursery tree quality. J. Amer. Soc.
Hort. Sci. 96(1):105-118.

Tinus, R. W., and McDonald, S. E. 1979. How to grow tree seed-
lings in containers in greenhouses. Gen. Tech. Rpt. RM-80,
Rocky Mountain Forestry and Range Experiment Station, USDA
Forest Service, Fort Collins, Colo.




Transportation Research Record 919

Landslide Ahalysis Concepts for Management of
Forest Lands on Residual and Colluvial Soils

RODNEY W. PRELLWITZ, TERRY R. HOWARD, AND W. DALE WILSON

A fcrest land management analysis scheme is discussed for dealing with land-
slides that occur in residual and colluvial soils. No one geotechnical or statisti-
cal model can be expected to apply to ail levels of land management where an
assessment of the potential for landslide is vital to a rational decision-making
process. The U.S. Department of Agricuiture Forest Service in cooperation with
the University of ldaho is developing a sch for ting soil le land-
slide potential to provide information at three levels of land management ac-
tivities: {a) resource planning; i.e., relative landslide hazard evaluation for re-
source allocation; (b) project planning; ie., evaluation of management impacts
for paring alt portation s and timber harvest technigq

and {c) road design and landslide stabilization; i.e., evaluation of alternate road
stabilization techiniques at a specific critical site. Both geotechnical and sta-
tistical analysis techniques are ad! d so that the information can be in geo-
technical form (factor of safety against failure or critical height of slope) or in
statistical form (probability of landslide occurrence) with landslide inventories
used as a link between the two. A hypothetical example of the three-level
analysis is given. -

Many forest lands in the West, particularly those on .

residual apd colluvial soils, are classified as un-
stable and have a high potential for mass failure.
Timber-harvesting operations, road construction, and
other resource-management activities in these areas
can accelerate mass erosion and cause significant
degradation of water quality unless carefully
planned and executed. Successful management of
these lands requires development of a specialized
body of knowledge to quantify and integrate those
site factors that influence slope stability. Site
factors that require special attention are slope,
soil depth, soil shear strength, seasonal ground
water lewvels, and the strength derived from vegeta-
tion {effective root strength). Geotechnical char-
acterization of these site factors can then be the
basis for a landslide hazard analysis tailored to a
specific management decision level.

.

MANAGEMENT COMPLEXITY

The management of lands that have a high potential
for landslide is inherently complex, not only be-
cause of the nature of the interacting natural pro-
ce and m gement activities but also because of
the number of persons of varied disciplines who must
possess a degree of understanding of the slope fail-
ure processes and be able to contribute to the total
stabilization effort. Considerable overlap and
interaction between members of key disciplines must
be coordinated.

Members of different disciplines must deal with
problems of slope stability at several levels of
intensity. For example, the resource planner must
recognize high-hazard areas, but only on a general
scale. The road locator needs to recognize poten-
tially unstable areas along proposed routes and to
avoid the problem through adjustment in alignment.
The engineer must be able to use soil mechanics in
the stability analysis of remedial measures before,
during, and after construction to prevent or correct
specific road cut or £ill slope failures.

FAILURE MODE

Consistent with Varnes (1), landslides may be
grouped into two broad categories, depending on the
type of slide mass material--either soil (debris or
earth) or bedrock. This grouping enables orderly

" tional in shape, depending on

selection of stability analysis techniques and the
data required. The concept should apply to soil or

bedrock landslides with the proper selection of'

slope analysis techniques and required data. How-
ever, this discussion is directed at landslides
where the failure is confined to a soil mantle pri-
marily of colluvial or residual origin.

The usual setting for this type of failure is a
relatively loose, cohesionless | soil mantle that
overlies a less permeable bedrock or denser soil
mass. An exception to this is an extremely altered
bedrock or residual soil near thersutface that over-
lies a less altered bedrock at sEu depth. Each of

these conditions can result in similar failures and
can be analyzed in the same manner. The contact
with the underlying, less permeable, material forms

‘* a drainage barrier for the normal downward. migration

of ground water that originates from rainfall, snow-
melt, or both. Ground water is concentrated at the
drainage barrier and, if sufficient quantities are
available, the soil mantle develops within it a
perched water table with seepage moving along the
barrier. The drainage barrier, phreatic surface
(water table), and ground surface are often parallel
or nearly so. Seepage of this form is usually con-
sidered to be of the infinite slope form because of
this parallelism. i

Failure of the entire soil mantle can occur natu-
rally due to higher-than~-normal gzound water concen-

trations that result from unusually high rainfall or
snowmelt. Failure also may result from wildfire,
which destroys vegetation and thus the beneficial
effects of evapotranspiration and root strength.
Failure more often occurs through land management
activities such as timber harvest and road construc-
tion, which in some manner increase ground water
concentration, destroy root strength, or affect the
natural parallelism of the ground surface or phre~
atic surface in relation to the ':;;ainage barrier.
Failures are often confined to the soil mantle
because the underlying material usually has a higher
strength and the critical failure surface is usually
at the maximum depth of the soil and water table
(tangent to the contact with the drainage barrier).
The failure surface may be circular arc or transla-
Flocal conditions.
Translational failures may begin as a small circular
arc and progress into a translational shape or a
series of circular arc failures ks more of the soil
mantle is mobilized. i

IDEALIZED LANDSLIDE EVALUATION SYSTEM

A complete system of landslide hazard evaluation is
needed that begins early in the resource planning
phase, follows through into project development, and
provides information back to th planning phase to
improve future hazard analyses. The system should
be structured on a common scheme but branch early
into either soil-mantle landslide analyses or bed-
rock landslide analyses and use the respective anal-
ysis techniques and data. In either case, the com-
plete system should be structured on a common basic
analysis form that is simplistic in the resource

planning phase and requires pri
source inventory data and becom

rily available re-
s more complex and

s
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Table 1. ldealized analysis system.
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Item

Level 1, Resource Allocation

Level 2, Project Planning

Leve! 3, Critical Site

Base map

Stability analysis :

Landslide hazard map on resource inventory
scale; 1:24,000; 1 in. = 2,000 ft

Infinite slope equation requires values for
geotechnical variables and their inherent
variance

Project map of larger scale; 1 in. = 500 ft

Combination of infinite slope analysis from
level 1 but used to model effects of tree
removal and critical height analysis of
anticipated road cut and fill slopes

Critical site map on even larger scale: 1 in. = 20
ftto 1 in.= 100 f2

Critical failure path aralysis by computer pro-
gram with search routine for circular arc, trans-
lation failures, or both; anticipated drained
phreatic surfaces generated through computer
analysis to predict effects of road with and
without various stabilization techniques on
infinite-slope-recharged phreatic surface {2,3)

Data display Resource inventory map overlay of factor Same as level 1 but for more localized proj-  Cross-sections of critical site conditions with
of safety against failure or probability of ject area that has potentially unstable lo- proposed road and alternate stabilization tech-
landslide occurrence cations of road cut and fill slopes shown niques superimposed

on proposed route

Required data Available forest resource inventory data, Level 1 data, data from timber and route Surface and subsurface critical site data; sub-
values for geotechnical variables and vari- reconnaissance to delineate local areas surface data from geophysical methods and
ance through broad characterization of within project where failures are most drilling if severity warrants; soils and ground
forest land forms, variables and analysis likely water hydrologic data from soil sampling and
model tested and refined through associ- testing and ground water moaitoring
ation with landslide inventory and sub-
sequent evaluation in levels 2 and 3

Prime use To delineate areas susceptible to landslides To assess severity of instability more ac- To select and design road stabilization mea-

on broad scale to alert land manager to
land units where hazard intensity is great-
est; through statistical correlation to land-
slide inventory, to predict number and
magnitude of landslides as a result of re-
source development

curately as local islands of instability are
predicted through reconnaissance; to make
decisions to limit development or to con-
tinue to level 3 analysis based on improved
assessment of probable failure magnitude
and intensity; to beiter evaluate transpor-
portation planning, timber harvest tech-
niques, and route locations for project so
critical sites can be isolated along selected

sures through relative stability-probability of
failure cost analysis of feasible altcrnatives

-

routes where level 3 analysis will have most

benefit

requires more exact data only as the intended use
demands greater accuracy. T

For soil-mantle landslide analysis the ideal sys-
tem should be structured to

1. Provide landslide hazard evaluation to gquide
management decisions on unstable lands at three cru-
cial phases: resource allocation, project planning,
and road-design;

2. Include soil, vegetation, slope, and ground
water hydrologic variables together with their in-
herent natural variance in a geotechnical analysis
(factor of safety against failure or critical height
of slope), a statistical analysis (probability of
landslide occurrence), or both;

3. Begin with a simplified analysis that re-
quires primarily available resource inventory data
and progresses into more complex analyses that re-
quire more exact data (the selection of technique
should be commensurate with the level of management
decision; thus, the user at any level is faced only
with the complexity and need for data required at
that level); and

4, Pacilitate the inventory of new landslides as
they occur and slope failures as they are corrected
and feed back the data gathered into earlier pro-
cesses to improve the planning of subsequent proj-
ects. .

Three levels of analysis complexity and data are

visualized for the idealized system in Table 1.

RESTRICTIONS ON USE

Existing Stability Analyses

Current restrictions on the use of an idealized
evaluation system for soil-mantle landslides are not
due to the lack of slope stability analysis tech-

nology. The program recently developed by Simons,
Li, and Ward (4) for mapping potential landslides is
based on an infinite slope analysis and includes
both factor of safety against failure and probabil-
ity of landslide occurrence options for a level 1
analysis. Stability number charts that have seepage
correction factors are being developed for infinite
slope seepage conditions (5) and converted.to com-
puter programs for the critical height analysis of
typical road cut and fill slopes in a level 2 analy-
sis. Numerous programs are available and in use by
geotechnical specialists in stability analysis for
the correction of existing 1landslides that have
either circular arc and translational failure sur-
faces. The most widely used methods of slices
(primarily the Fellenius, the simplified Bishop, and
the Janbu methods) can be integrated into one pro-
gram to cover a variety of failure surface analyses
for level 3. Statistical counterparts for the prob-
ability of landslide occurrence option used in level
1 are planned for levels 2 and 3 based on methods
currently used in geotechnical engineering (4,6}.

Existing Data Base

One current restriction on using the system is the
small existing data base for most forests. Many
forest managers have (or are in the process of de-
veloping) resource inventory maps for soils, bed-
rock, topography, timber type, and@ other features.
These maps could provide the start of a level 1 data
base through proper characterization of geotechnical
variables for the inventoried conditions. Statisti-
cal analyses used by Simons and Ward (4) and DeGraff
(1) will prove invaluable for 1linking inventoried
physical factors such as bedrock, aspect, and slope
to inventoried 1landslides. The accuracy of the
values assigned for geotechnical variables, analysis
models, and the probability of landslide occurrence
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can be tested through association with corresponding
physical factors. Currently, only a few forests
have landslide inventory data. Geomorphic landtype
maps (8), where available, should be the most useful
tool for geotechnical variable characterization be-
cause the landtype classification includes the major
physical factors on which to assign values for the
variables.

Existing Variable Definition Methodology

The main restriction to implementing the system is
the current state of the art in defining certain
geotechnical variables. Techniques for defining
slope, soil depth, and soil shear strength have
progressed to a state where the values and their
variance can be used with some degree of confi-
dence. This is not true for the two most dynamic
variables-—-ground water concentration and tree root
strength.

The part of the soil. mantle that can be expected
to be below the phreatic surface at any point in
time is perhaps the most dynamic of the variables.
It can fluctuate constantly in response to precipi-
tation. Practical and inexpensive methods are

needed to develop local correlations between rain-

!
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£all and snowmelt and the resulting rise in ground
water. Although general knowledge of the time-
related effects of tree root strength on forest
slope stability has been advanc through research,
currently no cost-effective quantitative methods are
available for determining the effective tree root
strength to use in analysis. To use the system now,
it may be necessary to back-calculate to determine
values for these two important variables until the
state of the art progresses.

ILLUSTRATIVE PROBLEM

The following hypothetical problem illustrates the
concept of the three-level analysis system. Where
available, actual analysis results are used to dem-
onstrate current progress. All studies within the
project should be completed by mid-1985.

Level 1 Analysis for Developed Area

Step 1

Figqures 1-3 show drawings of three inventory map
overlays for part of the Clearwater National Forest
in northern Idaho--the transportation map, landslide
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Figure 3. G phic landtype i y map of area in Figure 1.
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LANDSLIDE HAZARD
PROBABILITY

P> 60%
30% < P < 60%

inventory map, and gecmorphic landtype map, respec—
tively. The assoclation of these inventories is the
most useful for this forest as an initial level 1
data base. The transportation and landslide maps
show the location of all existing roads and land-
slides. The landtype map shows the boundaries of
distinctive geomorphic 1landforms. The coded land-
type classification includes the major geomorphic
physical factors that make this mapping unit dis-
tinctive (8). Physical factors such as parent rock
type, aspect, slope, and timber type are used in the
classification and corresponding values for geotech-
nical variables such as soil shear strength, soil
depth, slope, and ground water concentration, and
are characterized and stored into an initial level 1
data base. This data base will be updated by using
new data from levels 2 and 3.

Step 2

The level 1 (infinite slope) analysis is completed.
The results will be either in ranges of factor of
safety against failure or probability of landslide
occurrence. FPigure 4 shows the printout of the
Simons, Li, and Ward program by using the option of
ranges of probability of landslide occurrence for
the data from step l. This analysis for developed
areas can be repeated as necessary to test and re-
fine the model and variable values until the planner
is satisfied that the results correlate realisti-
cally to the landslide inventory. 1In this pro-
cedure, the planner must remember that the values
are to be used in conjunction with the infinite
slope equation. This model is selected for this
level of analysis because of its simplicity but not
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) necessarily because of its accuracy. Accuracy de-
pends largely on how well the model fits the ground
water concentration mechanism and whether transla-
tional failures develop; even then the model will
probably be applicable only to parts of any landtype
(where the worst conditions exist).

Level 1 Analysis for Undeveloped Area

Step 3

Step 3 is similar to steps 1 and 2 for adjacent un-
developed areas with similar landtypes. Fiqure 5
shows the transportation map of the undeveloped
area. Figure 6 is the level 1 analysis printout of
landslide hazard probability. By beginning the
analysis in this manner, the planner can calibrate
the analysis by using the developed areas for pre-
dictions about the undeveloped areas to aid the land
manager in resource planning decisions on whether or
not to develop, how intensely to develop, and the
landslide risk involved as a result of development.
In addition, the following advantages are available
through a level 1 analysis:
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1. The land manager can be given a comparison of
landslide magnitude and consequences by relating to
experiences in the developed areas. -

2. The accuracy of at least some of the level 1
data base can be improved through the feedback loop
from levels 2 and 3, which follows.

3. The intensity and location of the level 2
analysis can be planned commensurate with the antic-
ipated landslide hazard.

Level 2 Analysis

Step 4

Figqures 5 and 7 show the area selected for level 2
analysis on levels 1 and 2 scales. In this case,
the level 2 analysis is used to evaluate two possi-
ble routes to a proposed log landing site. Recon-
naissance data are gathered at selected cross-sec-
tions along each route for better assessment of the
extent of the anticipated problem areas and estima-
tion of values for geotechnical variables.

Figure 5. Transportation tory map of undeveloped part of Clearwater National Forest, {daho, sh '] g road ]
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Step 5

Typical road template sections are superimposed on
the selected cross-sections and cut slope height,
£i11 slope height, and the relation of cut and f£ill
to the ground water level, root zone, and drainage
barrier contact are determined by computer analy-
sis. Figure 8 shows a self-balance road template
commonly used on forest roads (cut volume balances
£i11l volume with appropriate compaction factor).
The critical heights of the cut and fill slopes are
then determined and compared with the anticipated
slope heights. Figure 9 shows the prototype program
printout from a programmable calculator for a com-
bined levels 1 and 2 analysis of the cross-section
of Figure 8. The compaction factor can also be
evaluated by this analysis. A full-bench road tem-

plate may also be used on steep slopes where a £ill
slope will not catch or would be too high.

Transportation Research Record 919 ’

Step 6

A program similar to that used for Pigure 9 will be
developed as a subroutime for a computer analysis
that represents the resmlts as either S for stable
or U for unstable on a project map. In addition, a
statistical subroutine will be developed similar to
that in level 1 for an optional output in terms of
probability of slope failure. Pigure 1@ is a hypo-
thetical drawing of the anticipated display.

Step 7

To assess the impact of timber harvest (tree re-
moval) on the stability of the natural slopes, the
level 1 analysis will be repeated at level 2 with
changes made in tree-root strength, tree surcharge,
and ground water concentration to reflect the impact
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Figure 9. Printout of level 2 analysis of Figure 8 crosssection data.
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Figuré 10. Hypothetical drawing of the probability of landstide occurrence for level 2 analysis.
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(9). The uses of the level 2 analysis are then as
follows:

1. To facilitate management decisions on devel-
opment through evaluation of alternate transporta-
tion routes and alternate timber harvest techniques
and

2. To locate the critical sites where level 3
analyses are necessary on the selected routes.

Level 3 Analysis
Step 8

Figures 11 and 12 show one critical site selected
for level 3 analysis on levels 2 and 3 scales. A
critical site investigation (both surface and sub~
-surface) is made for each site selected. The extent
of this investigation and the subsequent analysis
are planned by the geotechnical specialist in the

’ same manner as a landslide correction project is
planned.

Step 9

The anticipated road section 1is superimposed on

cross-sections of the critical site and the stabil-
ity of the anticipated cut and £ill slopes are ana-
lyzed for circular arc, translational failure, or
both. . This step differs from step 5 in that the
mode of failure is analyzed to determine the failure
surface that has the least factor of safety and the
anticipated extent of the slide mass. Many stabil-
ity analysis programs are in use that would serve as
a level 3 analysis for either shape of failure sur-
face. Plans are to formulate the most functional of
these as subroutines for one master program. Figure
13 shows possible translational and circular arc
failure surfaces for the cut slope on the cross-
section of the critical site. Fiqure 14 shows a
programmable calculator printout for a program that
combines the Fellenius (ordinary method of slices),
simplified Bishop, and Janbu methods of slices solu-
tion for failure along these surfaces. The master
computer program will combine analyses such as
these, which can be preselected by the designer in
conjunction with failure surface predicting, slice
generating, and optional search for minimum factor
of safety subroutines.
the steady-state drained phreatic surface to be ex-
pected from an infinite slope seepage source will
also be programmed to evaluate the various drainage
conditions in steps 9 and 10.

Subroutines for predicting-
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Step 10

The analysis of the unstabilized case in step 9
serves as a standard of comparison for the relative
stabilizatién technique analysis that begins with
step 10. In step 10 all feasible stabilization al-
ternatives are analyzed to determine the relative
increase in factor of safety over the unstabilized
case.

Step 11

Decision analysis components (6) are determined for
each alternative:

Figure 11. Level 2 base map showing one area selected for level 3 analysis.
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1. Probability of failure,
2. Construction and maintenance costs,
3. Consequences of failure (cost of failure).

Level 3 analysis provides the design engineer a
decision analysis through which to select the opti-

mum stabilization alternative for the current con-

straints.

Feedback to Level 1

Step 12

The data gathered for levels 2 and 3 are fed back
into the level 1 data base to improve future analy—
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Figure 12. Level 3 analysis area showing proposed road.

Q % % wom

\\\f’

W
N\

}\\\\\\\:\\\\\\\‘\\ X
.

§§\\
\\
.

\

\

\

W

N

\

-

-~

.




Transportation Research Record 919

35

Figure 13. Cut slope portion of eross-section A-A’ from Figure 12 showing possible circular arc and translational failures analyzed in Figure 14.

Figure 14. Printout of the level 3 analysis of Figure 13 cross-section data.
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ses. Techniques for data storage and analysis that
upgrade the values for geotechnical variables for
each landtype as the sample size is expanded (10)

will be used.

SUMMARY AND CONCLUSIONS

The concept for a three-level 1landslide analysis

system has been outlined.

ing the system are as follows:

Important points regard-

- 1. Each level of analysis is designed to require
its own data base and to provide guidance for 1land

management decisions at that level only. The level
of analysis complexity, data required, and accuracy
must be commensurate with the type of management
decision they are intended to support.

2. A loop that channels levels 2 and 3 data back
into the level 1 data base will upgrade the accuracy
for future analyses.

3.  Although the system described is for soil-
mantle failures common in residual and colluvial
soils, the concept is a series of building blocks
that may be made applicable to rock slope failures
by the proper substitutions.

4., Current restrictions on use of this system
are not in the analysis techniques that are either
in existence or at least feasible for development.
The current restrictions are (a) the general lack of
a dynamic and easily upgraded storage system and (b)
the present state of the art for determining the
values for certain geotechnical variables such as
ground water concentration and effective tree root
strength. .
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STREAMBANK PROTECTION MEASURES

Soil Biocengineering methods and design criteria for
protecting streambanks and controlling erosion

Definitions:

Soil Bioengineering is a method which uses specific
live native plant materials as its main structural
components. Live plant materials which are unrooted
cuttings, are placed on or in the ground, i.e., on
streambank slopes in such a manner that they serve
as erosion and sedimentation controlling devices.
These plants are able to grow and assist in
streambank stabilization.

Branches or Live Cut Branches refer to material that
has been cut from native growing material. This
live cut plant material is intended to root and
grow. Live rootable plant material is used in all
soil bioengineering structures, i.e., live
cribwalls, 1live stakes, Jjoint planting, 1live soft
gabions, brushlayering, brushmattress and 1live
fascines. These are used either singularly or in
conjunction with dead conventional parts.

Growing Tips refer to the top ends of the live cut
branches which are expected to produce leaf
development.

Basal Cut Ends refer to the base or butt end of
the 1live branches which are expected to produce
root development.

Biotechnically Suitable Plants refers to the
suitability of a plant and its root formation for
soil bioengineering purposes, (live constructions),
eg. its ability to root through cuttings, its
ability to withstand dry or wet conditions etc.

Pioneer Plants are plants that normaily colonize or
invade a disturbed land site or raw mineral soils
and modify or prepare them for succeeding plants.

Vegetative Propagation is propagation without
pollination by way of seperating vegetative parts
(branches, stolons, buds) from the mother plant and
planting them so that they may take root and grow.




Bank Slope is an artificially established site
having a certain angle with flattened or steepened
sections on the top and bottom.

Cut Slope is a bank or area excavated or eroded to a
certain angle.

Fill Slope is an embankment that is created by the
placement of earth at a certain angle.
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LIVE SYSTEMS

Live Stakes: (Figure located on sheet No.l)

Live Stakes are sticks that have been cut and pruned
from 1living plant material. All of the side
branches are trimmed. They shall root and grow, to
consolidate soil particles, remove moisture from a
bank and create siltation deposition. These live
pieces of plant material are used singularly or in
combination to join parts within other systems,
i.e., brushmattess or fascine construction.

Joint Planting: (Figure located on sheet No.l)

Joint Planting is similar to 1live staking work
except that the live stakes are tamped into the
ground between riprap stones. These live stakes are
intended to root and form a "live root mat" in the
base wupon which the riprap stone has been placed.
This shall allow for the natural release of waters
from the bank. The top growth shall cause siltation
to occur on the bank.

Brushlayering: (cut slopes) (Figure 1located on
sheet No.2)

Brushlayer construction on cut slopes, is a
proceedure used that consists of cutting terraces
in a slope. Live cut plant materials, in the form
of live branches, are placed on the terraces to form
a brushlayer. The portions of the brush that
protrudes from the terrace on the slope will assist
in retarding surficial runoff erosion.

Brushlayering: (fill slopes) (Figure located on
sheet No.2)

Brushlayer construction on fill slopes, is a
proceedure used that consists of placing live plant
mateial, in the form of 1living branches, on
terraces. These terraces are created as the fill is
conventionally placed. When the fill operations are
completed, the protruding sections of the
brushlayers shall assist in retarding surficial
runoff erosion. The branch parts in the fill shall
serve immediately as soil reinforcing units.




Live growing brushlayer systems are intended,
through the live root system to consolidate the soil
particles, and through transpiration, "pump" water
out of the bank. The pioneer species used in the
brushlayers shall improve and stabilize the soils.
This shall encourage the invasion of the surrounding
plant species, thus increasing the strength of the
live system with age.

Live Fascine: (Figure located on sheet No.3)

A Live Fascine is a collection of live cut branches
grouped together into a sausage or cigar-like
structure, with the growing tips all placed in the
same direction. The unit is placed in a dug trench
and serves immediately as a pole drain, and as a
securing device. The live structural parts shall
root and "pull" water out of the bank, through
transpiration.

Live Soft Gabions: (Figure located on sheet No.3)

Live Soft Gabions are gabion-like structures that
are made of geogrids, a polymer material. They are
used for rapid repairs, in conjunction with granular
fills, where immediate reinforcement is required.
These are often useful in areas where heavy loads
are to be applied to an upper surface. This geogrid
is used in conjunction with live branch layers. The
live plant stock serves to give immediate mechanical
reinforcement, and long term soil consolidation,
that is, "soil binding" and water pumping
capabilities. Additionally the final growing
product is beautiful.

Live Cribwall: (Figure located on sheet No. 4)

A Live Cribwall consists of a hollow, boxlike,
interlocking arrangement of logs, timbers etc.,
filled with soil/granular fill, and cut, 1living,
unrooted plant material. The plants are intended to
root.. This will consolidate soil particles and
through transpiration remove water out of the slope,
and cause siltation to occur. It is capable of
binding the toe structure to the natural bank. This
creates a complete, natural and flexible unit.



Branchpacking: (Figure located on sheet No.4)

Branchpacking is a proceedure used to repair
gullies, washouts and scours. This is especially
useful to repair damage adjacent to bridge wing wall
units. It is similar to brushlayering except that
the live branches or live brush is "packed" closer
together. It functions immediately, to become the
new edge of the bank. During the flood stage it
shall capture debris and sediments.

Live Siltation: (Figure located on sheet No.5)

Live Siltation construction is a proceedure used to
capture silts and sediments during flood conditions.
It is therefore necessary that it be constructed 1in
an area that the waters during flood stages will
pass over. The system is used to rebuild a lost
bank or land section along a stream bank. It
consists of several live brush layer barriers, over
which the flood waters will flow. The intent is
that the velocity shall be slowed in this immediate
zone, and the sediments will be dropped, thus
naturally rebuilding the site.

Brushmattress: (Figure located on sheet No.5)

Brushmattress refers to a live construction that
places 1living unrooted branches close together to

form a "mattress" or cover over the ground. This
brushmattress immediately serves to cover and
protect the bank. The live branches shall root and

produce leaves along their entire 1length. The
brushmattress shall grow and afford greater
protection as it ages. Under normal conditions it
will function immediately and cause sediments to be
dropped during flood conditions. This will then
rebuild the bank naturally. During flood conditions
the soft flexible live material 1lies down, against
the bank. This creates a natural flexible layer
that further protects the bank. Velocities are
lowered in this immediate zone, thus bank protection
is rendered.
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SOIL BIOENGINEERING CORPORATION
627 Cherokee Street N.E., Suite 20
Marietta, Georgia 30060

~ (404) 424-0719

A BRIEF HISTORY OF SOIL BIOENGINEERING

Soil bioengineering is an applied science that combines engineering,
biological, and ecological concepts to construct living structures for erosion,
sediment and flood control. It is a tested and proven system. Written
proclamations and directives to use live plants to control flooding, river
meandering, erosion and sedimentation problems, on river and stream banks,
dikes, etc., date back to the 1500's. The techniques have steadily developed
and improved since these times. Today soil bioengineering is a widely accepted
biotechnical discipline, one which is rapidly gaining respect in the United
States. Soil bioengineering is used in over thirty countries in the worid at
this time.

These early natural materials construction methods of erosion control,
practiced for centuries in Europe, Asia and America, became unpopular as the
mechanization that marked the progress of the Industrial Revolution continued
into the 20th Century. The age of machines and the development of concrete
and steel technology encouraged the use of rigid, dead construction materials
in engineered projects. These materials allowed for exact geometric measure-
ments and designs and suited precise hydraulic and stress calculations.

The hard systems also initially promised to be longer lasting, cheaper and
safer.

In the United States the abandonment of vegetation and living structures
for erosion and sediment control was rapid and complete. The low cost of

energy, the high cost of labor, and the wide distribution and abundance of

Biotechnical Design & Project Management:
'Land Stabilization, Erosion & Sedimentation Control, Site and Recreation Planning



2 of 3

raw materials needed in the fabrication of steel and concrete, encouraged .
this trend in America and other countries.

Europe, on the other hand, continued to use and improve live con-
struction methods. By the 1930's, professionals in various disciplines, such
as Alwin Seiffert and Alexander Von Kruedner, held that natural construction,
the use of biological strengths, and the careful consideration of natural
existing relationships, was the most reasonable method of erosion and sedi-
mentation control. In 1937, Eduard Keller of Austria undertook the first
recorded scientific experiment with willows used as a live construction element
and originated the term "Living Construction." In 1936 similar work was being
done by Krabel in the United States. In Europe in 1943, the term "Natural
Construction" was used in print by another group of scientists to describe
methods of water retention, water distribution and protectionof inflexible
structures with planted materials. From these early experiments and projects .
evolved the concepté of what is now referred to as "Soil Bioengineering." V

One of the first major advances in the area of Soil Bioengineering occurred
during the Great Depression while Wilhelm Hassenteufel was construction
supervisor for mountain stream and avalanche protection at Reiutte in the
Tyrol/Austria. At the same time that other areas were using lean-mix concrete,
Hassenteufel systematically investigated the potential of natural materials
located near the construction sites. They were free and required minimum
transportation costs. According to Hugo Schiecthl, a world renowned Soil
Bioengineer, these emergency measures met with almost complete success and
resulted in new construction methods such as the planting of dry stone wall
joints with woody cuttings, cribwall construction with branchlayering and

vegetation wall construction.
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After World War 1|lI, a number of investigators including Schiechtl,‘
Henson, Pruckner, Kirwald, Kruedener and Bittman studied, developed and
evaluated "Living Construction" and published their experiences. During
this period a comprehensive construction technology using live materials was
developed, and numerous experiments and projects utilizing current biological
research were carried out, to determine the permanence and maintenance
requirements of each technique.

In order to develop a uniform nomenclature for what was variously
called "Living Construction," "Biological Construction," and "Landscape
Construction," and to enable this concept to be easily adopted by public
agencies, a committee of experienced persons was formed in 1950. This
committee which represented several of the German, Austrian and Swiss
states, worked to place all methods of shoreline protection, with both dead
and hlive. materials, into the German system of standards and measurements

(DIN).






P U.S. Army Corps of Engineers, Mobile District
June 1984 Volume IV, Number 6

Soil bioengineering tested by District

By Winnie L. Smith

Designated reaches of riverbank and
canal slopes on the Tennessee-Tombigbee
Waterway at Aliceville, Aberdeen, and Pool

A have undergone intensive erosion control

measures this year in a prograin to test the
effectiveness of soil bioengineeying to control
erosion and sedimentation. *

Soil bicengineering is relatively new in
this country although it has been used exten-
sively in Europe. Nothing of the magnitude
of what the Mobile District is doing on the
Tenn-Tom has been undertaken in the United
States. However, some work on a smaller
scale has been going on out west.

Soil bicengineering is a construction
method which initially req#ires reshaping
eroded slopes to a practical workable degree,
controlling top of slope drainage, and using
live plant material in conjunction with tradi-
tional structural materials. The District’s test
project has aroused interest in the South
Atlantic Division (SAD). Representatives of
the Savannah and Jacksonville Districts and
from Memphis visited the area to see the
work in progress in the spring.

More than 15 acres of slopes are involv-.

ed in this test project. They include the left
bank of the river below#Aliceville in the
Gainesville Pool; the left bank of the canal
in Pool A, and the left bank of the river in
the Columbus Pool below the Aberdeen Lock.
The three areas were selected to determine
effectiveness in several types of soil and for
accessibility to contractors and Corps
representatives making inspections.

The slopes were in bad condition and were
selected to show what this system can do for
a severely eroding river hank, with the idea
that if it worked on the worst, it should work
on others. Aliceville and Aberdeen sites are
highly subject to flooding in the spring, while
Pool A is not. Aberdeen had a massive
amount of earthwork to be done to fill deep
gullies, provide drainage swales and lay the
slopes back before work to install the system
could begin.

District personnel working on the project
include: Ray Gustin and Beverly Winn, of
Engineering Division’s soil design section;
Don Graham, project manager, of Engineer-
ing Division’s civil works project manage-
ment section; Edward J. Horder, Lynn Brad-
ford and Carol Cromer, of Planning Division’s
recreation resources section; Joe Clark, Paul
Perkins and Albert Lee of Construction Divi-
sion’s Aberdeen Resident Office. In addition,
John Lambert, Engineering Divison, SAD,
has been extremely supportive of the project

-
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View from Highway 45 bridge below Aberdeen Lock and Dam. Six tractor trailer loads of willow cut-
tings were used at this one site. Between riprap and vegetation is one of the areas that will be done
in the fall. . L
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and is a member of the erosion control task
force for the Tenn-Tom. .

In this particular test project hundreds of
flatbed truckloads of black willow tree cut-
tings, branches, and poles were used. These
ranged from 6 to 15 feet in length and were
one to four inches in diameter. Some cotton-
wood, sycamore, river birch and red maples,
among others, were also used, Horder said,
but there were not nearly enough of these
available to be significant.

In addition to the massive planting of tree
cuttings, “We're using as many soil
bicengineering systems as possible,” Horder
said. The result will be a varied amount of

~erosion control measures and a controlled

situation for running cost evaluations on the
different kinds of systems.

He outlined the various systems as
follows:

e Live stakes-pieces of one-and-a-half to
three-inch caliper willow trunks, about two
feet long which are driven into the soil for
about three-fourths of their lengths to root in
place.

e Live cribwalls-wooden structures
fastened together in a cage-like fashion and
containing soil and live plant material, in
lavers throughout the structuve.

o Lijve soft gabions-a system composed of
filter fabric. gridded “Tensar” and willow
bundles held together using the reinforced
earth principle. : :

¢ Joint plantings-live stakes driven into
riprap. .
¢ Brush layers-long rows of branchy
willow cuttings covered with soil except for
the ends, which protrude into sunlight.

* Brush mattresses-live willow cuttings
and branches laid on the ground in criss cross
fashion, covered lightly with soil and held
down with wire netting and live stakes.

o Facines-bundles of willow cuttings
bound together and laid in trenches in
various configurations on a slope.

¢ Wattles-same as facines except using
longer trunks without leaving-brushy tops
intact.

o Lorenz drains-drainage swale covered
with rocks one layer deep, choked with cob-
bles, and then provided with facines along the
edges and live stakes at random.

The work is being done under a $964.000
cost reimbursable performance contract with
Jack Larmour’'s Nursery of Caledonia. Miss..
near Columbus, in partnership with Ron
Ragland of Ragland Construction. Co.. of
Tupelo, Miss. The contract began the first
week in March and continued to May 4.






Live gabion after a flood.

Consultant on the project is Robbin Sotir,
president of Soil Bicengineering Corporation,
Marietta, Ga.

Graham said the cooperation of Edward
M. Slana of Procurement and Supply Divi-
sion’s procurement branch in working out the
cost reimbursable contract has been beneficial
in a number of ways. “This type of contract
allows us to actually pin down the exact costs
on every aspect of the project so that in future
work we will have accurate financial data to
use in our planning,” he said.

The District expects some of the soil
bioengineering systems to be less expensive
than previous erosion control measures and
cost effective through the expected value in
reducing sedimentation, thus cutting down on
the amount of dredging needed in the

waterway. .

“Most of the riverbanks can be expected
to stabilize naturally,” Gustin said, “however,
some will need help, and bioengineering can
be expected to play a significant role in pro-
viding bank stabilization.

“Several side benefits of bioengineering
may result. Heavy streambank vegetation
provides good cover and food sources for fish
and wild life. Heavy root mats add stability
to the bank slopes by tying the soil together
and reducing the saturation level in the
banks: Reduced water velocities adjacent to
the bank reduce erosion during high water.
Some types of grasses and other plants at the
shoreline are effective in dissipating wave
wash energy from river traffic. Additionally,
one of the reasons bioengineering is so attrac-

Lorenz drain.

tive is that it is labor intensive (little or no
heavy equipment required), can be done in
small increments, can be easily repaired,
cleans up waterways by catching debris, and
can be done by private individuals with very
little cash outlay and with only minimal
guidance. This type of program gets land
owners to thinking about soil conservation
measures not only as they may apply to a
river bank but as they may apply on other
portions of their land.

“It should be recognized that we in the
District do not want to indicate that
bioengineering is a panacea but rather is
another tool that can possibly be used to con-
trol erosion,” Gustin said.

Other work is planned in the fall.

Mr. John Lambert

Engineering Division SAD

404 221 - 6720
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BIOTECHNICAL SLOPE PROTECTION AND EROSION CONTROL

Outline of presentation on GRADE STABILIZATION FOR EROSION CONTROL

William Weaver, geclogist September, 1984
1882 Archer Road
McKinleyville, CA 95521

GRADE_STABILIZATION FOR EROSION CONTROL

I. Factors affecting erosion in stream channels.

II. Gully networks.
A. Continuous and discontinuous gully systems.
B. Gully development and growth.
III. Grade stabilization: controlling erosion in channels, small
streams and adjacent hillslopes.
A. Treatment of gully networks: prioritizing treatment sites.
B. Single channel treatments.
1. Primary stabilization practices
a. definition and advantages of primary practices
b. utilizing natural baselevels

¢. use of heavy earth moving equipment for achieving
stable grade

d. role of vegetation in grade stabilization

2. Secondary techniques for stabilizing natural or artifical
channel grades

a. purpose and function of secondary grade control
measures

b. choice and design of stabilization systems and
structures

c. techniques (checkdams, armor, other structures),
applicaticns, design criteria, costs, operation
and maintenance

IV. Summary and conclusion.
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Abstract

Heede, Burchard H.
1976. Gully development and control: The status of our knowl-
edge. USDA For. Serv. Res. Pap. RM-169, 42 p. Rocky Mt. For.
and Range Exp. Sta., Fort Collins, Colo. 80521

Gully formation is discussed in terms of mechanics, processes,
morphology, and growth models. Design of gully controls should
draw on our understanding of these aspects. Establishment of an
effective vegetation cover is the long-term objective. Structures
are often required. The least expensive, simply built structures are
loose-rock check dams, usually constructed with single- or double-
wire fences. Prefabricated concrete dams are also effective. Func-
tional relationships between dams, sediment catch, and costs, as
well as a critical review of construction procedures, should aid the
land manager in design and installation of gully treatments.

Keywords: Gullies, erosion, geomorphology, erosion control, dams.
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GULLY DEVELOPMENT AND CONTROL.:
The Status of Qur Knowledge

Burchard H. Heede

HISTORICAL BACKGROUND

Early man was less mobile and more depen-
dent on the surrounding land than his modern
descendant. In many desert and semidesert re-
gions, he not only learned to live with gullies, but
utilized them for the collection of water and the
production of food. Such desert agriculture was
practiced in North Africa, Syria, Transjordan,
southern Arabia, and North and South America.
Thus, many areas in the world once supported
more people than today. The Sierra Madre Occi-
dental, Mexico, had a much higher population
density 1,000 years ago than at present (Dennis
and Griffin 1971), as did the Negev Desert in
Israel (Evenari 1974).

Gully control on these ancient farms was not

.an end in itself, but a means for food production.
Evenari et al. (1961) found well-defined ‘‘runoff
farms” in the Negev Desert of Israel dating back
to the Iron Age, 3,000 years ago. The climate,
undoubtedly not different today, is characterized
by an average yearly precipitation of 95 mm
(3.7 inches), most of which falls in relatively small
showers. Precipitation exceeds 10 mm (0.39 inch)
on an average of only 2 days per year. Still, runoff
farms, using check dams and water spreaders in
wadis, gullies, and on hillsides, were able to sup-
port dense populations until the Negev was occu-
pied by nomadic Bedouins after the Arab conquest
in the 7th century A.D.

At least 900 years ago, the aborigines of the
northern Sierra Madre Mountains of Chihuahua
and Sonora, Mexico, developed an intensive field
system by altering the natural environment with
the help of trincheras (Herold 1965). Trincheras
of the Sierran type—check dams built from loose
rock—created field and garden plots within gullies
and valleys by sediment accumulation, increased
water storage within the deposits, and spread the
flows on the deposits during storms. Similar but
less developed systems were built sporadically
in Arizona, New Mexico, and southwestern Colo-
rado. About 1450 A.D. this flourishing agricul-

ture disappeared.

With the age of industrialization, man lost
his close dependence on the land. Population
densities increased, land was fenced, and roads
and communication systems mushroomed. This
rapid change caused a different philosophy in the
approach to gullies. Gullies were visualized as
destroyers of lives and property, and as barriers
to speedy communication. It is not surprising,
therefore, that the first textbook on gullies or
torrents, published in the 1860’s in France, dealt
with control only. Others followed quickly in
Austria, Italy, Germany, and later in Japan.

It is not surprising that our knowledge on
the mechanics of gullying is meager if we consider
that, during the last 100 years, torrent and gully
control were emphasized. Gully control research
focused on engineering aspects—structural di-
mensions, types of structures, and adaptation of
advances in civil engineering elsewhere. When in
the middle 1950’s interest was awakened in gully
processes, efforts concentrated on mathematical -
and statistical, rather than physical, relationships.

The time has come to concentrate our efforts
on understanding gully mechanics, and to re-
assess our philosophy on gully control. The objec-
tives must be broadened beyond those of defense,
and incorporate those of agricultural production,
water yield, and environmental values. This task
will not be easy, and in many cases tradeoffs will
be required.

In areas of food shortage, the most pressing
objective in gully control may be agricultural
production. Food-short areas are often arid or
semiarid, where gullies are the only streambeds
supporting flow at times, and gully bottoms are
closest to the low-lying water table. Gully flows
as well as moisture storage both were utilized for
plant growth by ancient man. Modern man may
have to relearn the forgotten art of gully manage-
ment in desert farming. This possibility is better
for many developing countries; in highly indus-

ialized countries, the present cost-price structure
will seldom permit successful gully management
for food production in deserts and mountain lands.



In the United States, however, gully manage-
ment has been successfully practiced on agricul-
tural lowlands at least since the 1930’s, when
conservation farming was introduced on a large
scale. Farmers converted gullies into
waterways to serve the dual purpose of safe con-
veyance of surplus irrigation water and forage
production. Often the Federal Government sub-

 sidized this work by extending technical and
monetary help.

In contrast to agricultural lowlands, we know
very little about gully management on mountain
lands, where we have been mainly concerned with
control. In the United States, a first approach to
gully management on mountain slopes was
Heede's (1968a) installation of vegetation-lined
waterways in the Colorado Rocky Mountains.
Converted areas lost 91 percent less soil than
untreated gullies, and the unpalatable plant cover,
consisting mainly of sagebrush, was changed to
a palatable one, adding to the grazing resource.

In Italy, intensive hand labor, plowing, and
manmade torrent streams reshaped gullied moun-
tain slopes of the Apennines into gentle hillsides
that could support pastures, vineyards, and
orchards. The reshaping, called hydraulic recla-
mation (Heede 1965a), was justified by efforts to
place Italian agriculture on a competitive basis
when it would join the Common Market Com-
munity in the late 1960°s.?

Modern check dam systems can also benefit
water yield. Brown (1963) reported on the con-
version of ephemeral flows to perennial streams
below check dams. Heede’ obtained perennial
flow 7 years after installation of a check dam
system where only ephemeral flow had occurred
during the previous 50 years. It is postulated
that this change is due to water storage in the
sediment accumulations above the dams. Con-
siderable vegetation develops within the gullies
as well as on the watershed. Although this addi-
tional vegetation undoubtedly uses water, the
evapotranspiration loss is more than offset by
increased soil infiltration rates, resulting from
vegetation cover improvement, which benefit soil
water storage at times of high flows. The dura-
tion of significant flows increased, but total water
yield did not.

2eede, Burchard H., 1962. A report on a visit of re-
search stations, torrent controi, and land reciamation
projects in France, Italy and Austria. 73 p. (On tile, Rocky
Mt. For. and Range Exp. Stn., Fort Collins, Colo.)

31eede, Burchard H. Evaluation of an early soil and
water rehabilitation project—Alkall Creek watershed, Colo-
rado. (Research Paper in preparation at Rocky Mt. For. and
Range Exp. Sta., Fort Collins, Colo.)

The environmental value of gullies is assessed
differently by different people. To some, gullies
may represent a typical landform of the Old West,
a dear sentiment, adding to environmental quality.
To them, gully control should be attempted only -
if needed to meet pressing land management ob-
jectives. To others, gullies may offer only an
unsightly scene, and the conversion of raw guily
walls into green stable slopes is a desirable goal.
Our approaches to gully management must there-
fore remain flexible.

It is the objective of this paper to show prog:
ress and limits in our knowledge of gullies and
their control, and thus to help the land manager
achieve his goals.

SCOPE

This paper attempts to summarize the avail-
able body of knowledge and hypotheses on gully
formation and control. As illustrated by the his-
torical development of gully management, guily
control currently comprises the larger body of
knowledge. Of necessity, the discussion of gully
control will be based mainly on works in the Colo-
rado Rocky Mountains, where considerable effort
has been invested since the work of the Civilian
Conservation Corps in the 1930’s.

Gully formation will be divided into three
aspects: mechanics, processes and resulting
morphology, and growth models. The individual
aspects of gully formation must be considered
not only by the control engineer, but also by the
landmanagerwhomaydecidenottointerfere. If
noninterference is the decision—and it will be in
most cases—the consequences should be con-
sidered in the management plan to avoid future
“surprises.” Should gully management be planned
for food or forage production, however, know-
ledge of these aspects of gullying will improve
the design. Thus this report should be a helpful
tool, whatever the land management decision
may be.

GULLY FORMATION

Gullies develop in different vegetation types.
In the West, gullies often develop in open pon-
derosa pine forests (fig. 1) or grasslands (fig. 2),
the latter often heavily mixed with sagebrush
(Heede 1970). :

Gully development and processes have been
studied by many investigators. A basic question
raised was, why did gully cutting accelerate in




the 1880’s in the West, as documented for many
locations? Schumm and Hadley (1957) argued
that the sudden rapid development of gullies
followed the sharp increase in cattle grazing
around 1870. Leopold (1951) cited an additional
influential factor—exceptionally frequent high-
intensity storms at this time. Thus overgrazing
may only have been the trigger. Yet Peterson
(1950) stated that gully formation started in some
locations before they were overgrazed, while

other areas never experienced gully erosion after
grazing. Other investigators stressed climatic
change as the chief cause (Gregory 1917, Bryan
1925, Richardson 1945). .

Neither the short-time climatological records,
nor other approaches such as tree ring studies
and pollen analysis, permit us to realistically
assess the possible relationship between climatic
change and gully cutting. I agree with Hastings
(1959) that, recognizing the fragile condition of
much western plant cover, any trigger effect
could damage the cover to an extent where bare
soil and runoff could increase drastically. Over-
grazing and other land abuses such as poor road
construction and location certainly were triggers.
Once gully scarps formed, the development of
gully networks was inevitable, because during
the last half of the 19th century, the agricultural
industry of the West was one of exploitation,
not conservation.

Figure 1.—This discontinuous gully advances through a ponderosa
pine forest with an understory of grasses and other herbaceous
vegetation. Location is the Manitou Experimental Forest on
the eastern slope of the Rocky Mountains in the Colorado
Front Range.

Figure 2.— This gully developed
on a valley bottom covered
by a fine stand of bunch-
grasses on the Manitou Ex-
perimental Forest, Colorado
Front Range. The view is
across the reach close to the
gully mouth.




Mechanics

Piest et al. (1973, 1975) deserve the credit for
beginning gully mechanics investigations on agri-
cultnral croplands. Their studies showed that

T=y R,Sl (1)

whgreyisthespedﬁcweightoftheﬂuid. R, is
the hydraulic radius, and S, represents the slope
of the energy gradient. The investigators deter-
min:dthestnampowerperunitlengthofgully
(w) by

w=1PV (2)

where P is the wetted perimeter and V is the
mean stream velocity. Since flow width (w) and
wetted perimeter were approximately equal, w,
the factor usually included in the equation, was
substituted with P.

Calculations of unit stream power gave esti-
mated values only, since the roughness coefficient
(n) had to be estimated in the Manning’s equation.
Stage-discharge records as well as current meter
measurements were used as checks, however.
These calculations explain much of the ‘“abnor-
mal” behavior of flow and sediment relations
observed by Heede (1964, 1975a) and Piest et al.
(1973, 1975): flow and sediment concentration in
gullies are not necessarily related.

Concentration is related to the time since
beginning of the particular flow event, however
(table 1). During early flow, sediment concentra-
tions and loads are high and then decrease with
time until the easily available sediment derived
from mass wasting processes within the gully
has been removed. The last recession flows may
be nearly clear water. This time-dependent char-
acteristic of sediment concentration makes it
possible that a high stream discharge may carry
a much smaller load thian a small one if the former
occurs at a later date. Thus, if concentration is
plotted over discharge, a hysteresis effect be-
comes visible.

Piest et al. (1975) stress that a sediment con-

centration parameter is usually a better erosion

4Heede, Burchard H. 1964. A study to investigate
gully-control measures on the Alkali Creek watershed,
White River National Forest. Progress Report No. 3. 29 p.
(On file at Rocky Mt. For. and Range Exp. Stn., Fort CoF
lins, Colo.)

" indicator than sediment discharge for testing

erosion-causing variables. Two main reasons were
given: (1) Sediment discharge is the product of
flow and sediment concentration, which intro-
duces a statistical bias into any relationship that
may be runoff correlated; (2) runoff is not a basic
variable, and would mask other, more basic vari-
ables since it usually is well correlated with the
erosion condition of the watershed.

In the Iowa study, mass wasting of gully
banks and headcuts were the prime erosion
processes, not tractive force or stream power.
Piest et al. (1973) found that height of water
table, soil cohesive strength, and rate of water
infiltration were the main factors controlling
stability of gully banks. At Alkali Creek in west-
ern Colorado, where soils have up to 60 percent
clay, mass wasting of gully banks takes place
mainly during rainfalls that are sufficient to wet

and thus change the cohesiveness of the banks,

but insufficient to cause gully flows (fig. 3).

Processes and Morphology

Discontinuous Gullies

Leopold and Miller (1956) classified gullies
as discontinuous or continuous. Discontinuous
gullies may be found at any location on a hill-
slope. Their start is signified by an abrupt head-
cut. Normally, gully depth decreases rapidly
downstream. A fan forms where the gully inter-
sects the valley. Discontinuous gullies may occur
singly or in a system of chains (Heede 1967) in
which one gully follows the next downslope. These

jes may be incorporated into a continuous
system either by fusion with a tributary, or may
become a tributary to the continuous stream net
themselves by a process similar to stream ‘‘cap-
ture.” In the latter case, shifts on the alluvial fan
cause the flow from a discontinuous gully to be
diverted into a gully, falling over the gully bank.
At this point, a headcut will develop that pro-
ceeds upstream into the discontinuous
where it will form a nickpoint. Headward advance
of the nickpoint will lead to gully deepening.

A chain of discontinuous gullies can be ex-
pected to fuse into a single continuous channel.
Heede (1967) described the case history of such a
fusion. Within three storm events of less than
exceptional magnitude, the headcut of the down-
hill gully advanced 13 m to the next uphill chan-
nel, removing 70 m® of soil and forming one gully.

Vegetation types on the eastern and western
flanks of the Colorado Rocky Mountains have
not controlled the advance of headcuts of discon-

;
7



Table 1.--Suspended sediment samples from gully flows on Alkali Creek watershed, Colorado Rocky
Mountains, 1964} and 19752

Flow Sediment

Sampling Watershed Date
station area Average Concen-
velocity Discharge tration Discharge Sand Silt Clay

fam2 m/s m3/s p.p.m. kg/s Percent
1964
Gully 3 0.5 April 16 0.7 0.20 35,706 7.17 12.9 53.4 33.7
April 29 .5 .02 12,402 .23 7.5 54.6 37.9
Main Gully A 2.8 April 14 .3 .23 20,766 4.81 1.5 57.9 40.6
April 16 b .55 13,432 7.39 2.5 62.3 35.2
April 28 .5 .19 b,499 .86 5.9 63.5 30.6
May 26 .3 .02 19 .0003 -- -- -
Main Gully B 26.9 April 15 1.5 2.25 63,855  143.52 34.1 451  20.8
April 16 2.0 3.04 35,134 106.59 51.4 24.9 23.7
April 29 1.0 .99 4,628 4.58 17.3 73.8 8.9
May 26 4 .03 12 .0004 -- -- --
1975
Gully 3 0.5 April 25 " .06 2,775 .18 - ee e
April 26 .6 .0 1,255 .05 -- -- --
Main Gully A 2.8 April 24 .7 .19 2,377 b -- -- --
April 26 .7 .25 932 .23 -- - --
April 28 .6 .0k 178 .01 - - .-

1The flow of 1964, caused by snowmelt, was preceded by a dry channel period of 1 year.
2Since 1971, the flows are perennial but decrease to magnitudes of less than 0.028 m3/s by midsummer,
except after intense rains. The 1975 flow was mainly snowmelt runoff.

Figure 3.—Bank sloughing in
gully on Alkali Creek water-
shed, western Colorado, dur-
g\g a period with no channel

ow.




tinuous gullies (fig. 4). Ponderosa pine ‘and
Douglas-fir types, both with understory of gras-
ses and other herbaceous vegetation, grew on the
eastern flank; grass and sagebrush dominated
thawesmﬂank.Sincedenserooematsofall
thmspedesoecnratadepthbelowgroundm
face of only 0.3 to 0.6 m, undercutting by the
waterfall over the headcut lip renders the mats
ineffective. ’

I.nmﬁgatic_m qf-valley ﬁll profiles and dis-

reaches of steeper

(Schumm and Hadley 1957). The authors postu-
heedthatoverlysteepgmdientswithinalluviated
vaﬂeysemﬂdboexphinedbydeﬁciencyofwacer
in relation to sediment. In arid and semiarid areas,
water losses along stream courses are well known
(Murphey et al. 1972). The maintenance of stable

alluvialsmambedsisrelacedtothequant.ityof :

watayandthequanﬁtyandtypeofsedment
moving through the system (Schumm 1969).
On the Alkali Creek watershed, evidence
that discontinuous gullies began to
form at locations on the mountain slopes that
wu:echmcwizedbyabmkinslopegradient.
This observation coincides with Schumm and
I-Iadlpy’s (1957) survey on valley floor and dis-
continuous gully profiles in Wyoming and New
Mexico, and with Patton and Schumm’s (1975)

ing was

criminant-function analysis showed that, for
areas larger than 10 km’ a highly significant
relationship existed between slope gradient, drain-
age area, ying. Discontinuous gullies

" occurred only above a critical slope value for a

given area. The authors suggested that the re-
sults may be applicable only for the study region,
since climate, vegetation and geology were con-
sidered constants. Yet for this particular region,
the land manager obtained a valuable tool that
tells him where discontinuous gullies may form.

The initiation of a discontinuous gully may
also be explained by piping collapse (Hamilton
1970). Leopold et al. (1964) reported soil pipes to
be an important element in the headward exten-
sion of this gully type. Since soil piping may be
related to soil sodium, soil chemistry must also
be regarded as a factor in gully formation, -as
demonstrated on the Alkali Creek watershed
(Heede 1971). Piping soils (fig. 5), which caused
gully widening and the formation of tributary
gullies (fig. 6), had a significantly higher exchange-
able sodium percentage (ESP) than nonpiping
soils.'l‘hesodiumdeaeasedthelayorpermeabﬂity
ofthesoﬂsbyssto%pement.Otharprerequisites
for the occurrence of pipes were low gypsum con-
tent, fine-textured soils with montmorillonite
clay, and hydraulic head.

Older soil piping areas showed that extensive
presence of pipes leads to a karstlike topography
(fig. 7). The mechanical breakdown of the soils
under such conditions facilitates leaching of the
sodium from the soils, which in turn benefits
plants. The new topography, characterized by
more gentle gully side slopes compared wi
former vertical walls of sodium soils, permits
increased water infiltration, and natural ili
tation of the gully by vegetation.
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Figure 4.—Upstream view of head-
cut in gully 4, Alkali Creek
watershed, before treatment.
Length of rod is 1.7 m.




Figure 5.— Soil pipes on the Alkali Creek
watershed drain runoff into the gully.
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Figure 6.—This tributary to the
’ main gully of Alkali Creek
developed after the roof of
the soil pipe collapsed.

Figure 7.— After the collapse of
the soil pipes, lining several
reaches of gullies on the
Alkali Creek watershed, the
vertical gully walls have be-
gun to break down. The re-
sultant topography begins to
resemble that of a karst sur-
face of mature to old-age
stage.



Continuous Gullies

The continuous gully begins with many
fingerlike extensions into the headwater area.
It gains depth rapidly in the downstream direc-
tion, and maintains approximately this depth to
the gully mouth. Continuous gullies nearly always
form systems (stream nets). They are found in
different vegetation types, but are prominent in
the semiarid and arid regions. It appears that
localized or regional depletion of any vegetation
cover can lead to gully formation and gully stream
nets, if other factors such as topography and soils
are conducive to gully initiation. Several studies
have demonstrated, however, that vegetation
and soil type predominantly influence the mor-
phology of gullies.

Schumm (1960) found that, in western chan-
nels, the type of material in banks and bottoms
controls the cross-sectional channel shape. When
the mechanical analysis of the soils was related
to the width-depth ratio (upper width versus
mean depth), linear regression indicated that
increases in the ratio conformed with the increases
of the average percent sand in the measured load.
This relationship was also established by the Soil
Conservation Service at Chickasha, Oklahoma
(unpublished report). On Alkali Creek, where
extensive sampling showed no significant dif-
ferences in the texture of the soils, meaningful
correlations between the width-depth ratio and
t!;all;:eg length could not be established (Heede
1970).

Tuan (1966) reported, in a critical review of
literature on gullies in New Mexico, that channels
developed in a semiarid upland environment were
of moderate depth, and cut into sandy alluvium.
Deep trenches were rare. The. influence of sand
in y bank material on sediment production
was shown when upland gullies were studied in
the loess hills of Mississippi (Miller et al. 1962).
They found that the annual volume of sediment
produced ranged from 0.091 to 0.425 m® per
hectare of exposed gully surface. The lower rate
was associated with an average 6-m vertical gully
wall having a low percentage of uncemented
sand, while the higher rate was found in gullies
with 12 m vertical walls and a high percentage
of uncemented sand. As illustrated by gully ero-
sion on the Alkali Creek watershed., sediment
production may also be related to the chemical
composition of the soils (Heede 1971).

That vegetation surrounding a gully may
exert stronger influences on the channel mor-
phology than the soils was shown for small
streams in northern Vermont (Zimmerman et al.
1967), and also for a large gully in California
(Orme and Bailey 1971). The California gully

occupied a 354-ha watershed in the San Gabriel
Mountains. In an experiment to increase water
yield, the riparian woodland was removed and
replaced by grasses. Two years later, a wildfire
destroyed all vegetation on the watershed, and
57 ha of side slopes (16 percent of total area) were
seeded to grass. The vegetative conversion was
maintained by aerial sprays with selective herbi-
cides. When high-intensity storms hit the water-
shed 6 and 9 years after conversion, stream dis-
charge rates and sediment loads increased to
previously unknown magnitudes. Changes in
longitudinal profile and channel cross sections
were spectacular. The gully ““survived” asa relict
feature partially clogged with storm debris, but
had not regained its hydraulic efficiency by
mid-1971.

In the Vermont streams, encroachment and
disturbance by vegetation eliminated the geo-
morphic effect of channel width increase in the
downstream direction, a normal stream behavior.
In contrast, on the Alkali Creek watershed where
gullies did not experience severe encroachment
or disturbance by the sagebrush-grass cover, this
geomorphic effect was eliminated by local rock
outcrops and soils with low permeability due to
high sodium (Heede 1970). :

To establish gully morphology and possible
stages of gully development, Heede (1974) ana-
lyzed the hydraulic geometry of 17 Alkali Creek

jes. Stream order analysis showed that 67 per-
cent of the area of a fourth-order basin was drained
by first-order streams. This is contrasted to 1 per-
cent, the average for similar river basins in the
United States (Leopold et al. 1964). Since the
Alkali Creek gully system is still in the process
of enlargement toward headwaters, the drainage
area of the first-order streams will decrease with
time. The longitudinal profiles of the gullies
exhibited weak concavities, and it was argued
that concavity would increase with future gully
development.

The shape factor of the gullies, relating maxi-
mum to mean depth and expressing
shape, had relatively high values (average 2.0).
These values represent cross sections with large
wetted perimeters that in turn indicate hydraulic
inefficiency of the gullies.

The tested hydraulic parameters—drainage
net, profile, and shape factor—were interpreted
as indicating juvenile stages of gully develop-
ment (termed youthful and early mature). Thus
it can be argued that gully development should
be recognized in terms of landform evolution,
proceeding from young to old age stages. If stages
of development could be expressed in terms of
erosion rates and sediment yields, a useful tool
would be provided for the watershed manager.

/



When the hydraulic geometry of the gullies
was compared with that of rivers, it was sug-
gested that the mature gully stage should be
characterized by dynamic equilibrium. The condi-
tion of dynamic equilibrium does not represent a
true balance between the opposing forces, but
includes the capability to adjust to changes in
short timespans, and thus regain equilibirum
(Heede 1975b). Although some gullies of the
Alkali Creek watershed approached this condi-
tion, it must be realized that in ephemeral gullies,
a mature stage may not be defined by stream
equilibrium alone, but may include other aspects
of stability such as channel vegetation. Invasion
of vegetation into the gully is stimulated during
dry channel periods.

During the youthful stage, gully processes
proceed toward the attainment of dynamic equi-
librium, while in the old age stage, a gully loses
the characteristics for which it is named, and
resembles a river or “normal” stream. Gully
development may not end with old age, however.
Environmental changes such as induced by new
land use (Nir and Klein 1974) and climatic fluc-
tuation or uplift, may lead to rejuvenation, throw-
ing the gully back into the youthful stage.

The condition of steady state, representing
true equilibrium, is a theoretical one and can

hardly be conceived to apply to gully systems,

with the possible exception of very short time-
spans. Schumm and Lichty (1965) expressed a
similar view when they stated that only certain
components of a drainage basin may be in steady
state.

We must also recognize that gully develop-
ment is not necessarily an ‘‘orderly’’ process,
proceeding from one condition to the next ‘“ad-
vanced” one. Erosion processes accelerate at
certain times, and at others apparently stand
still. For example, Harris (1959) established four
epicycles of erosion during the last 8,000 years
for Boxelder Creek in northern Colorado. During
the interims, the stream was in dynamic equi-
librium most of the time. In a case study on
ephemeral gullies, it was demonstrated that flows
alter the channel, at times leaving a more stable,
at others a very unstable, condition (Heede 1967).
The latter internal condition leads to the well-
known explosive behavior of geomorphic systems
(Thornes 1974). External events, however, such
as flooding in natural streams, may also lead to
rapid, drastic changes (Schumm and Lichty 1963).

Growth Models

At present, no physical formula or model is
available that describes the advancement of gul-

lies, although several statistical models have
been devised. In the badlands of southern Israel,
which are severely dissected by gullies, field data
were statistically analyzed and a simple model
for gully advance established (Seginer 1966).
Seginer tested three geometric parameters of the
watershed that can easily be measured: water-
shed area, length of watershed along the main
depression, and maximum elevation difference in
the watershed. Of course, these parameters are
interrelated. Regression analyses for several
combinations indicated that watershed area was
the most important single factor explaining the
deviations about the mean; additional factors did
not supply more information. '
The prediction equation derived was as fol-

lows:
E =C,A%® (3)

where E is the advancement rate of the gully
headcut, A is the watershed area draining into
the headcut, and C, is a constant that varies from
watershed to watershed.

It is obvious that a simplified approach to
the quantification of gully processes, such as
described above, at best presents empirical rela-
tionships valid for a given watershed at a given
point in time. Assumptions of uniform distribu-
tion of rainfall (expressed by watershed area),
uniform geology, soils, and vegetation, unchanged
land uses, to name just a few, do not permit for-
mulation of meaningful predictions.

The limitation of prediction equations based
on statistical relations of a few selected parameters
and factors was also illustrated by other studies.
Thompson (1964) investigated the quantitative
effect of independent watershed variables on rate
of gully-head advancement. Variables were: drain-
age area above the gully head, slope of approach
channel above the gully head, summation of rain-
fall from 24-hour rains equal to or greater than
13 mm, and a soil factor—the approximate clay
content (0.005 mm or smaller) of the soil profile
through which the head cut is advancing. Regres-
sion analysis showed that 77 percent of the var-
iance was explained by the four variables. The
t-test indicated that only drainage area, precipita-
tion, and soils were highly significant in the
regression equation at the 5 percent level to
express the rate of headcut advancement. An
R? value of 0.77 appears to signify an efficient
relationship, yet about one-fourth of the variance
is due to other, not measured variables. This
unexplained fourth will prohibit the use of the
prediction equation for most projects.

While Thompson (1964) chose the linear ad-
vancement of gully headcuts, Beer and Johnson
(1963) selected the changes in gully surface area



as the dependent variable. In addition to the
i t variables used in the 1964 study,
.Beer and Johnson included an estimate of an

the past growth of the gullies. No controlled
studies of the individual components responsible
for the gullying process have been made.

The above-mentioned statistical investiga-
tions threw light on the important variables in
;nllygrowth.andthuaaddedtoourunderstand-

rates. Stages
ment of gullies, and erosion and sediment produc-
tion change between the stages (Heede 1974).
Gully growth predictions without recognition of
stage development may not be meaningful.

A deterministic growth model for gullies was
proposed based on investigations in the badlands
of S.E. Alberta, Canada, where climate, lithology,
and total available relief are uniform (Faulkner
1974). Vegetation is practically absent. The con-
straints on the model are quite drastic in view of
the variability of environments supporting gully

The model is an extension of Wolden-
berg’s (1966) gradient derived from the allometric
growth law (Huxley 1954), defined as

x=cy* 4)
where x is the size of an organ, y represents the
size of the organism to which the organ belongs,
and ¢, and d! are constants.

Usually, nonuniformity of environmental fac-
tors such as soils and vegetation is the rule. The
intermittent flow of ephemeral gullies adds an-
other formidable task in making the present law
sufficiently flexible to take care of the numerous
field combinations. For most situations, the
present model will therefore not yield results
useful to the land manager.

The above compendium illustrates that our
knowledge on gully mechanics and processes is
limited. As we will recognize in the following
.chapters, art and judgment are still required in
many phases of gully control. :

OBJECTIVES IN GULLY CONTROL

Main Processes of Gully Erosion
As Related To Control

The mechanics of gully erosion can be reduced
to two main processes: downcutting and head-

cutting. Downcutting of the gully bottom leads
to gully deepening and widening. Headcutting
extends the channel into ungullied headwater
areas, and increases the stream net and its den-
sity by developing tributaries. Thus, effective
gully control must stabilize both the channel
gradient and channel headcuts.

Long-Term Objective of Controls—
Vegetation

In gully control, it is of benefit to recognize
long- and short-term objectives because often it
is very difficult or impossible to reach the long-
term goal—vegetation—directly; gully conditions
must be altered first. Required alterations are the
immediate objectives.

Where an effective vegetation cover will
grow, gradients may be controlled by the estab-
lishment of plants without supplemental mechan-
ical measures. Only rarely can vegetation alone
stabilize headcuts, however, because of the con-
centrated forces of flow at these locations. The
most effective cover in gullies is characterized
by great plant density, deep and dense root sys-
tems, and low plant height. Long, flexible plants,
on the other hand, such as certain tall grasses,
lie down on the gully bottom under impact of
flow. They provide a smooth interface between
flow and original bed, and may substantially
increase flow velocities. These higher velocities
may endanger meandering gully banks and, in
spite of bottom protection, widen the gully. Trees,
especially if grown beyond sapling stage, may
restrict the flow and cause diversion against the
bank. Where such restrictions are concentrated,
the flows may leave the guily. This is very un-
desirable because, in many cases, new gullies
develop and new headcuts form where the flow
reenters the original channel.

eers’ Measures—An Aid
to Vegetation Recovery

If growing conditions do not permit the direct
establishment of vegetation (due to climatic or
site restrictions, or to severity of gully erosion)
engineering measures will be required. These
measures are nearly always required at the critical

" locations where channel changes invariably take
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place. Examples are nickpoints on the gully bed,
headcuts, and gully reaches close to the gully
mouth where deepening, widening, and deposi-
tion alternate frequently with different flows
(see fig. 2). Nickpoints signify longitudinal gradi-
ent changes; a gentler gradient is being extended

.



toward headwaters by headcutting on the bed
_(fig. 8). Normally, critical locations are easily
definable since the active stage of erosion at these
sites leaves bed and banks in a raw, disturbed
condition.

The designer must keep in mind that well-
established vegetation perpetuates itself and
thus represents a permanent type of control. In
contrast, engineering measures always require
some degree of maintenance. Because mainte-
nance costs time and money, projects should be
planned so that maintenance is not required
indefinitely.

An effective engineering design must help
establish and rehabilitate vegetation. Revegeta-
tion of a site can be aided in different ways. If the
gully gradient is stabilized, vegetation

ke

.
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Figure 8.—The nickpoint, located
on the gully bottom and indi-
cated by a survey rod, has a
depth of about 0.5 m. Al-
though this gully appears to
be stabilized by the invasion
of vegetation, rejuvenation
must be expected by the up-
stream advance of the nick-
point. The root systems will
be undercut and gully depth
and width will increase.
Length of therod is 1.7 m.
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Figure 9.—The bank of Main guily,
Alkali Creek watershed, 12
years after installation of
check dams. Stabilization of
the gully bottom made pos-
sible the invasion of dense
vegetation that now is creep-
ing up the bank. The man
stands at the toe of the bank.

can be-

come established on the bed. Stabilized gully
bottoms will make possible the stabilization of
banks, since the toe of the gully side slopes is at
rest (fig. 9). This process can be speeded up
mechanically by sloughing gully banks where
steep banks would prevent vegetation establish-
ment. Banks should be sloughed only after the
bottom is stable, however. :
Vegetation rehabilitation is also speeded if
large and deep deposits of sediment accumulate
in the gully above engineering works. Such allu-
vial deposits make excellent aquifers, increase
channel storage capacity, decrease channel gradi-
ents, and thus, decrease peak flows. Channel
deposits may also raise the water table on the
land outside the gully. They may reactivate
dried-up springs, or may convert ephemeral



springs to perennial flow. All these results create
conditions much more favorable to plant growth
than those existing before control.

Watershed Restoration Aids
Gully Control Measures

Measures taken outside the channel can also
aid revegetation processes in the gully. Improve-
ments on the watershed that (1) increase infiltra-
tion and decrease overland flow, and (2) spread
instead of concentrate this flow, will benefit gully
healing processes. A study on sediment control
measures showed that sediment yields were
reduced 25 to 60 percent by land treatment and
land use adjustments, as surveyed at 15- to 20-
year-old flood-water-retarding structures in the
southern Great Plains (Renfro 1972). But when
combined land treatment and structural measures
were applied, sediment yields were reduced 60 to
™ Nom:ll hi gull

y, however, y improvements can
be attained quicker within the gully than outside,
because of concentration of treatment and avail-
ability of higher soil moisture in the defined

Many types of watershed restoration mea-
sures have been devised, and the literature on
the subject is abundant: Poncet (1965) described
an integrated approach to erosion control on the
wa and in gullies; Copeland (1960) pre-
sented a photo-record of watershed slope stabili-
zation in the Wasatch Mountains of Utah; and
Bailey and Copeland (1961) analyzed the behavior
of slope stabilization structures.

Since watershed restoration measures are
oq.ly supplemental ta gully control, some examples
wgl suffice here: seeding and planting with and
without land preparation and fertilization; vege-
tation cover conversions; and engineering works
such as reservoirs, water diversions, benches,
terraces, trenches, and furrows. '

Immediate Objectives of Control

Different types of measures benefit plants
in different ways. It is therefore important to
clarify the type of help vegetation establishment
requires most. Questions should be answered
such as: Is the present moisture regime of the
gully bottom sufficient to support plants, or
should the bottom be raised to increase moisture
availability? One must recognize that a contin-
uous, even raising of the bottom is not possible.
Due to the processes of sedimentation above
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check dams, deposits have a wedge-shaped cross
section if plotted along the thalweg.

The immediate objectives of a gully treat-
ment must consider other aspects in addition to
plant cover. Usually, these considerations involve
hydraulics, sedimentation, soils, and sometimes
the logistics required for the management of the
watershed. For instance, management may call
for deposits of maximum possible depth at stra-
tegic locations to provide shallow gully crossings.
Thus, if sediment catch is a desirable objective,
large dams should be built. But if esthetic con-
siderations make check dams undesirable (and
watershed logistics and revegetation offer no
problems), the gully bottom may be stabilized
with dams submerged into the bed, and thus
invisible to the casual observer.

These examples illustrate how important it
is to clarify the immediate and overall objectives
of a planned treatment before deciding on ap-
proaches and measures. The objectives determine
the measures; the measures, the type of resuit.

GULLY CONTROL STRUCTURES
AND SYSTEMS

Types of Porous Check Dams

The most commonly applied engineering
measure is the check dam. Forces acting on a
check dam depend on design and type of con-
struction material. Nonporous dams with no
weep holes, such as those built from concrete
(Poncet 1963, Heede 1965b, Kronfellner-Kraus
1971), sheet steel, wet masonry, and fiberglass,
receive a strong impact from the dynamic and
hydrostatic forces of the flow (fig. 10). These
forces require strong anchoring of the dam into
the gully banks, to which most of the pressure
is transmitted. In contrast, porous dams release
part of the flow through the structure, and thereby
decrease the head of flow over the spililway and
the dynamic and hydrostatic forces against the
dam (fig. 11). Much less pressure is received at
the banks than with nonporous dams. Since gullies
generally are eroded from relatively soft soils, it
is easier to design effective porous check dams
than nonporous ones. Once the catch basin of
either porous or nonporous dams is filled by sedi-
ment deposits, however, structural stability is
less.critical because the dam crest has become a
new level of the upstream gully floor.

Loose rock can be used in different types of
check dams. Dams may be built of loose rock
only, or the rock may be reinforced by wire mesh,
steel posts, or other materials. The reinforce-
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Figure 10.—This prefabricated,
prestressed concrete check
dam accumulated sediment
readily because the structure
is not porous. At the same
time, dynamic and hydro-
static forces of the flow on
the dam are much stronger
than those at a porous rock
check dam. The discharge
over the spillway of this struc-
ture, installed on the Alkali
Creek watershed, is about
0.4 m¥/s.

Figure 11.—As contrasted to im-
pervious dams, rock check
dams such as this double-
fence structure release much
of the flow, and hence hydro-
static pressure, through the
structure.

ments may influence rock size requirements. If

wire mesh with small openings is used, rocks may

ge smaller than otherwise required by the design
ow.

Some different types of check dams will be
described, but the field of check dam design is
wide open. Many variations are possible. The
torrent-control engineers of Europe have been
especially successful with filter or open dams.
Most of their designs are for large torrents where
stresses on the structures are much greater than
those in gullies, generally. Clauzel and Poncet
(1963) developed a concrete dam whose spillway
is a concrete chute with a steel grid as the chute
bottom. This grid acts as a filter for the bedload.
Periodic cleaning of the dam is required, however.

13

gt <

Other types of filter dams have vertical grids,
or grids installed at an angle to the vertical. Such
dams are described by Puglisi (1967), Kronfellner-
Kraus (1970), and Fattorelli (1971).

All the torrent control dams are quite sophis-
ticated, and thus costly. Such high costs are
often justified in Europe, however, since popula-
tion densities require the most effective and last-
ing control measures. These qualities are especially
important if the basic geologic instability of the
alpine torrents is considered. In contrast, most
gullies in the western United States are caused
by soil failure, and life and high-cost property
are not usually endangered. Simpler, low-cost
structures will therefore be preferable. Some of
the most effective and inexpensive dams are built



mainly from loose rock. They will, therefore, be
emphasized in the descriptions that follow.

Loose Rock

The basic design of a loose-rock check dam
is illustrated in figure 12. If facilities are not
available to use the computer program developed
by Heede and Mufich (1974), volumes of excava-
tion and of rocks required in the construction
can be calculated from the drawings. Rock vol-
umes can also be obtained from an equation dis-
cussed in the section on Equations for Volume
Calculations. In a Colorado project, the drawings

also served well in the field as construction plans-

(Heede 1966).

the slopes of the dam sides. This angle depends
on of rock, the weight, size, and shape
of the individual rocks, and their size distribution.
dam sides are constructed at an angle
steeper than that of rest, the structure will be
may lose its shape during the first

For the design of check dams, the

owing rule of thumb can be used: the angle of
rest for rock corresponds to a slope ratio
of 1.25 to 1.00; for round rock, 1.50 to 1.00. Fig-

ure 13 illustrates a dam built from angular loose
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Wire-Bound Loose Rock

A wire-bound check dam is identical in shape
to that of a loose-rock dam, but the loose rock is
enclosed in wire mesh to reinforce the structure.
The flexibility within the wire mesh is sufficient

to permit adjustments in the structural shape, if
the dam sides are not initially sloped to the angle
of rest. Therefore, the same rock design criteria
are required for a wire-bound dam as for a loose-
rock structure.

The wire mesh should: (1) be resistant ta cor-
rosion, (2) be of sufficient strength to withstand
the pressure exerted by flow and rocks, and
(3) have openings not larger than the average
rock size in the dam. Wire mesh may not be effec-
tive in boulder-strewn gullies supporting flows
with heavy, coarse loads. .

Single Fence

Single-fence rock check dams (figs. 14, 15)
differ greatly in shape and requirements of con-
struction materials from the loose-rock and wire-
bound dams. These structures consist of (1) a
wire-mesh fence, fastened to steel fenceposts and
strung at right angles across the gully, and (2) a
loose-rock fill, piled from upstream against the
fence. The rock fill can be constructed at an angle
steeper than that of rest for two reasons:

1. The impact of flows will tend to push the
individual rock into the fill and against the dam.

2. Sediment deposits will add stability to the
fill and will eventually cover it.

The design of this type of check dam should
emphasize specifications for the wire mesh, and
the setting, spacing, and securing of the steel
fenceposts. The wire mesh specifications will be
the same as those for the wire-bound dams.

The steel fenceposts should be sufficiently
strong to resist the pressure of the rock fill and
the flows, and must be driven into the gully bot-
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T Figure 12.—Construction .
A L flow plans for a loose-rock
check dam.
9 /_\ a A, Section of the dam
-~ _ parallel to the cen-
[b——_/e[ L’J terline of the gully.
B f B, Section of the dam
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at the cross section
of the gully. a = orig-
inal gully bottom; b
= original guily cross
section; ¢ = spill-
way; d = crest of
freeboard; e = exca.
vation for apron; g
= end sill.
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Figure 13.—Upstream view of a
loose-rock check dam. The
catchment basin filled with
sediment during the first
spring runoff after construc-
tion. Rod is 1.7 m high.
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Figure 14.—Construction plans
A N.\ - for a single-fence rock
g check dam.
r/

, ﬂ//ir A, Section of the dam
/’_ﬂ/ﬁ /h parallel to the center-
f ok line of the gully.

B, Section of the dam at
. the cross section of the
gully. a = original gully
B bottom; b = original
gully cross section; ¢
= spillway; d = crest
of freeboard; e = exca-
vation for key; f = ex-
b cavation for apron; g =
~ end sill; h = steel
fencepost; k = guys;
j = rebar, 13 mm in
diameter.
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Figure 15.—View across a single-
fence dam. Apron and gully
bank protection are to the
left of the dam crest.
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tom and side slopes to a depth that insures their
stability in saturated soil. If it is impractical to
drive posts to sufficient depths, the stability of
the posts should be enhanced by guys. These

guys should be anchored to other posts that will -

be covered and thus held in place by the rock fill.

In general, spacing between the fenceposts
should not be more than 1.2 m to prevent exces-
sive pouching (stretching) of the wire mesh. Where
conditions do not allow this ing, a maximum
of 1.5 m can be used but the fence must be rein-
forced by steel posts fastened horizontally be-
tween the vertical posts. Excessive pouching of
the wire mesh reduces the structural height and
impairs the stability of the dam.
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Double Fence

The double-fence rock check dam has two
wire mesh fences, strung at a distance from each
other across the channel (fig. 16). In this type of
dam, a well-graded supply of rocks is essential,
otherwise the relative thinness of the structure
would permit rapid throughflow, resulting in’
water jets. Double-fence dams should only be
built if an effective rock gradation can be obtained.

In Colorado, parallel fences were spaced
0.6 m (Heede 1966). Peak flows did not exceed
0.7 m¥s, and loads consisted mainly of finer
material. Dams were no taller than 1.8 m (fig. 17).
At many dam sites, maintenance and repairs

Figure 16.—Construction
plans for a double-
fence rock check
dam.

A, Section of the dam
parallel to the

a centerline of the

flow

gully.

B, Section of the dam
b at the cross sec-

tion of the gully.

d a = original gully
bottom; b = orig-
inal gully cross
section; ¢ = spill-
way; d = crest of

freeboard; e = ex-
cavation for key;
f = excavation
for apron; g = end
sill; h = steel
fencepost;i = re-
bar, 13 mm in
diameter.
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Figure 17.—Upstream view of a
doubie-fence dam. Note the
bank protection work. The
apron is covered by water.
Lengthof rod is 1.7 m.




were required because excessive water jetting
through the structures caused bank damage. The
percentage of small rock sizes was too low.

When flows of large magnitude, say 2 m?/s, or
gullies on steep hillsides are encountered, the
base of the double-fence dam should be wider
than the crest. This will add structural stability
and increase the length of the flow through the
lower part of the dam.

Gabion

A gabion check dam consists of prefabricated
wire cages that are filled with loose rock. Indi-
vidual cages are placed beside and onto each
other to obtain the dam shape. Normally, this
dam is more esthetically pleasing, but it is more
ﬁostly than loose-rock or wire-bound rock check

ams.

Headcut Control

Headcuts can be stabilized by different types
of structures, but all have two important require-
ments: (1) porosity in order to avoid excessive
pressures and thus eliminate the need for large,
heavy structural foundations; and (2) some type
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of inverted filter that leads the seepage gradually
from smaller to the larger openings in the struc-
ture. Otherwise, the soils will be carried through
the control, resulting in erosion. An inverted
filter can be obtained if the headcut wall is
sloughed to such an angle that material can be
placed in layers of increasing particle size, from
fine to coarse sand and on to fine and coarse
gravel. Good results may also be obtained by use
of erosion cloth, a plastic sheet available in two
degrees of porosity.

If rock walls reinforced by wire mesh and
steel posts are used, site preparation can be mini-
mized. Loose rock can be an effective headcut
control (Heede 1966) if the flow through the struc-
ture is controlled also. As in loose-rock check
dams, the size, shape, and size distribution of
the rock are of special importance to the success
of the structure. The wall of the headcut must be
sloped back so the rock can be placed against it.

If the toe of the rock fill should be eroded
away, the fill would be lost. Therefore, stabiliza-
tion of this toe must be emphasized in the design.
A loose-rock dam can be designed to dissipate
energy from the chuting flows, and to catch sedi-
ment (fig. 18). Sediment depositions will further
stabilize the toe of the rock fill by encouraging
vegetation during periods with no or low channel
flow.

Figun:e 18.—Construction plan for a gully headcut control with a loose-rock check dam. The section of the structure
is parallel to the centerline of the gully. a = original gully bottom; b = excavated area of headcut wall;
= spillway; d = crest of freeboard; e = excavation for key; f = excavation for apron; g = end sill; h =

rock fill.
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General Design Criteria
Loose Rock

Loose rock has proved to be a very suitable
construction material if used correctly. Often it
is found on the land and thus eliminates expen-
ditures for long hauls. Machine and/or hand labor
may be used. The quality, shape, size, and size
distribution of the rock used in construction of a
check dam affect the success and lifespan of the
structure.

Obviously, rock that disintegrates rapidly
when exposed to water and atmosphere will have
a short structural life. Further, if only small rocks
are used in a dam, they may be moved by the
impact of the first large water flow, and the dam
quickly destroyed. In contrast, a check dam con-
structed of only large rocks that leave large voids
in the structure will offer resistance to the flow,
but may create water jets through the voids
(fig. 19). These jets can be highly destructive if
directed toward openings in the bank protection
work or other unprotected parts of the channel.
Large voids in check dams also prevent the ac-
cumulation of sediment above the structures.
In general, this accumulation is desirable because
it increases the stability of structures and enm-
hances stabilization of the gully.

Large voids will be avoided if the rock is well
graded. Well-graded rock will permit some flow
through the structure. The majority of the rock
should be large enough to resist the flow.

Since i size and gradation of rock

depend on size of dam and magnitude of flow,
strict rules for effective rock gradation cannot
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be given. The recommendations given below are
empirical values derived from gully treatments in
the Colorado Rocky Mountains, and should be
evaluated accordingly. The designer should use
these values only as a guide for his decision.

As a general rule, rock diameters should not
be less than 10 cm, and 25 percent of all rocks
should fall into the 10- to 14-cm size class. The
upper size limit will be determined by the size of
the dam; large dams can include larger rock than
small ones. Flat and round rock, such as river
material, should be avoided. Both types slip out
of a structure more easily than broken rocks,
which anchor well with each other.

In general, large design peak flows will re-
quire larger rock sizes than small flows. As an
example, assume that the designed total dam
heightrangesbecweenlandzm.wheretotal
heightismeasuredfromthebottomofthedam
to the crest of the freeboard. Type of dam is loose
rock without reinforcement. Design peak flow is
estimated not to exceed 1 m®/s. An effective rock
gradation would call for a distribution of size

- classes as follows:
Size Percent
10-14cm 25
15-19cm 20
20-30 cm 25
31-45cm 30

If, on the other hand, dam height would be in-
creased to 3 m, rock up to 1 m diameter, con-
stituting 15 percent of the volume, could be
placedintothabaseofthedamandthesecond
size class decreased by this portion. If peak flow

Figure 19.—Because this double-
fence rock check dam was
built with an insufficient por-
tion of small rocks, many
large voids allow water jets
through the structure. Note
that water is not running
over the spillway. The jets
endanger the stability of the
structural keys and bank pro-
tection work.




was estimated not to exceed 0.75 m¥/s, the 31- to
45-cm size class could be eliminated and 55 per-
cent of the volume could be in the 20- to 30-cm
class.

In ephemeral gullies, only in exceptional
cases will meaningful flow information be avail-
able that permits a realistic estimate of average
velocities at the dam sites. If flow information
is available, an equation developed by Isbach and
quoted by Leliavsky (1957) may be used to check
the suitability of the larger sizes. The equation
relates the weight of rock to the mean velocity
of the flow as follows:

W = 2.44(10"9V*® (5)
where W is the weight of rock related to D, of the
rocks, and V is stream velocity. D, is the sieve
size that allows 65 percent of the material to pass
through. This equation states that 65 percent of
the rocks can be smaller and 35 percent larger
than the calculated weight. As stated above, the
smallest size should have a diameter of 10 cm.

Spacing

The location of a check dam will be deter-
mined primarily by the required spacing of the
structures. Requirements for spacing depend on
the gradients of the sediment deposits expected
to accumulate above the dams, the effective
heights of the dams, the available funds, and the
objective of the gully treatment. If, for instance,
the objective is to achieve the greatest possible
deposition of sediment, high, widely spaced dams
would be constructed. On the other hand, if the
objective is mainly to stabilize the gully gradient,
the spacing would be relatively close and the
dams low. ,

In general, the most efficient and most eco-
nomical spacing is obtained if a check dam is
placed at the upstream toe of the final sediment
deposits of the next dam downstream. This ideal
spacing can only be estimated, of course, to obtain
guidelines for construction plans.

Normally, objectives of gully control require
spacings of check dams great enough to allow
the full utilization of the sediment-holding capacity
of the structures. Determination of this spacing
requires definite knowledge of the relationship
between the original gradient of the gully channel
and that of sediment deposits above check dams
placed in the gully. This relationship has been
hypothesized by several authors.
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Kaetz and Rich® were the first known inves-
tigators to propose a relationship between the
slope of sediment deposits above structures and
that of the original thalweg. They concluded that
the ratio varied between 0.3 and 0.6. The steeper
deposition slopes were found in channels carrying
coarse gravel, in contrast to the flatter slopes
associated with fine loads. When some of the
same structures were resurveyed 22 years later
(Myrick Survey, as quoted by Leopold et al. 1964),
the sediment wedge had lengthened only slightly
since the time of the first survey. The increase
in length was accompanied by a slight steepening
of the deposition slope.

The Los Angeles County Flood Control Dis-
trict, engaged in gully control since the 1930’s,
used an empirically established ratio of 0.7 be-
tween deposition and original bed slope (Ferrell
1959, Ferrell and Barr 1963). In a sediment trend
study, conducted 9 years after installation of a
check dam treatment, the validity of this ratio
could not be confirmed (Ruby 1973). It appears
that a 9-year period is not sufficiently long to
prove or disprove the rule of thumb.

Deposition of sediment above dams is a
dynamic process dependent on regimen and
magnitudes of flows during the treatment period.
In a laboratory study on low-drop structures for
alluvial flood channels, it was demonstrated that
the regimen of flow exerts an overriding influence
on channel grade (Vanoni and Pollak 1959). Also,
Ruby (1973) stated that the system is constantly
changing. But it is important to note that in the
Los Angeles treatment, all sediment deposits
have consistently aggraded, and not one has yet
degraded. This suggests that sediment is still
accumulating above the check dams.
~ Heede (1960) evaluated 20- to 26-year-old -
check dams in the Colorado Front Range (eastern
flank) of the Rocky Mountains, and found the
ratio of deposition to original bed slope fluctuat-
ing between 0.5 and 0.65. The soils had a large
amount of coarse particles, and clay content was
low. A check of 15-year-old earth check dams and
stock pond structures on the western flank of
the Colorado Rocky Mountains showed an aver-
age ratio of 0.7 (Heede 1966). This ratio was
applied to an extensive watershed restoration

SKasetz, A. G., and L. R. Rich, 1939. Report of survey
made to determine grade of deposition above silt and

gravel barriers. (Unpublished memo, dated Dec. 5, 1939,

on file, U.S. Soil Conserv. Serv. library, Albuquerque, N.M.)



project on the western slope of the Rocky Moun-
tains in 1963. That project is now being eval-
uated.’

Channel structures were investigated in Ari-
zona washes by Hadley (1963). He concluded that
a rise in base level, as represented by a dam.
reduced the channel slope and caused aggradation
upstream to a higher elevation than that of the
channel control (dam). From the field observa-
tions, he inferred that the extent of deposition
is determined by valley width, channel slope,
particle size of the material, and vegetation. A
ratio was not established.

The deposition slopes behind the impermeable
structures of the Arizona washes were compared
with those of permeable structures in the upper
Rio Puerco Basin of New Mexico (Lusby and
Hadley 1967). The latter developed steeper slopes
than the impermeable dams. Impermeable struc-
tures, placed on gentle hill slopes, consisted of
wooden fenceposts and woven-wire fencing mate-
rial, and were set into the ground so that 0.3 m
was above the original land surface.

A general flattening of the deposition slope,
as compared with the original thalweg, was also
found in field investigations on 25-year-old gully
control structures in Wisconsin (Woolhiser and
Miller 1963). The ratio ranged between 0.29 and
1.22. Interestingly, the authors recognized the
classic aggradation-degradation pattern between
structures: it showed degradation and the asso-
ciated flattening of the channel slope caused by a
reduction in the sediment load.

Woolhiser and Lenz (1965) also demonstrated
that not only the original channel gradient influ-
ences the deposition slope, but also the width of
the channel at the structure, and the crest height
of the spillway above the original channel bottom.
These authors found an average slope ratio of
0.52. Where original slopes were less than 14 per-
cent, the average ratio was raised to 0.66; the
ratios tended to be smaller as the original slope
increased.

As the above discussion demonstrated, rela-
tionships developed so far have been entirely
empirical, and further research is necessary to
establish the theoretical basis.

In Colorado, earth dams were examined for
guidance in determining the spacing of dams
(Heede 1966). Data indicated that, in gullies of
less than 20 percent gradient, the dams would
not interfere with sediment catch if their spacing
was based on the expected slope of the deposits

‘Hoodo. Burchard H. Evaluation of an early soil and
water rehabilitation project—Alkali Creek watershed, Colo-
rado. (Research Paper in preparation at Rocky Mt. For. and
Range Exp. Stn., Fort Collins, Colo.)
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being 0.7 of the original gully gradient. For gully
gradients exceeding 20 percent, expected sedi-
ment deposits would have a gradient of 0.5 that
of the gully. Heede and Mufich (1973) developed
an equation to simplify the calculation of spacing
as follows: '
Hg

KGcosa

S= (6)

where S is the spacing, HE is effective dam height
as measured from gully bottom to spillway crest,
G represents the gully gradient as a ratio, « is
the angle corresponding to the gully gradient
(G =tan a), and K is a constant. The equation is
based on the assumption that the gradient of
the sediment deposits is (1-K)G. In the Colorado
example, values for K were:

K=0.3forG s 0.20
K=0.5forG > 0.20

(7N
(8)

The generalized equation (6) can be used by
the designer, after the applicable K value has
been determined for the treatment area. Works
older than 10 years should be inspected for this
determination. Figure 20 illustrates the relation-
ship between dam spacing, height, and gully
gradient. For a given gully, the required number
of dams decreases with increasing spacing or
increasing effective dam height, and increases
with increasing gully gradient. An example for a
600 m gully segment is given in figure 21.

Keys

Keying a check dam into the side slopes and
bottom of the gully greatly enhances the stability
of the structure. Such keying is important in

jes where expected peak flow is large, and
where soils are highly erosive (such as soils with
high sand content). Loose-rock check dams with-
out keys were successfully installed in soils de-
rived from Pikes Peak granite, but estimated

flows did not exceed 0.2 m¥/s (Heede 1960).

The objective of extending the key into the
gully side slopes is to prevent destructive flows
of water around the dam and consequent scouring
of the banks. Scouring could lead to gaps between
dam and bank that would render the structure
ineffective. The keys minimize the danger of
scouring and tunneling around check dams be-
cause the route of seepage is considerably length-
ened. As voids in the keys become plugged, the
length of the seepage route increases. This in-
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Figure 20.—Spacing of check dams, installed in
gullies with different gradients, as a function of
effective dam height.
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crease causes a decrease in the flow velocity of
the seepage water and, in turn, a decrease of the
erosion energy.

The part of the key placed into the gully
bottom is designed to safeguard the check dam
against undercutting at the downstream side.
Therefore, the base of the key, which constitutes
the footing of the dam, must be designed to be
below the surface of the apron. This is of par-
ticular importance for fence-type and impervious
structures because of the greater danger of scour-
ing at the foot of these dams. The water flowing
over the spillway forms a chute that creates a
main critical area of impact where the hydraulic
jump strikes the gully bottom. This location is
away from the structure. The sides of loose-rock
and wire-bound check dams slope onto the apron,
on the other hand, and no freefall of water occurs.
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Figure 21.—Number of dams required in gullies,
600 m long and with different gradients, as a
function of effective dam height.

The design of the keys calls for a trench,
usually 0.6 m deep and wide, dug across the
channel. Where excessive instability is demon-
strated by large amounts of loose materials on
the lower part of the channel side slopes or by
large cracks and fissures in the bank walls, the
depth of the trench should be increased to 1.2
or1.8m.

Dam construction starts with the filling of
the key with loose rock. Then the dam is erected
on the rock fill. Rock size distribution in the key
should be watched carefully. If voids in the key
are large, velocities of flow within the key may
lead to washouts of the bank materials. Since
the rock of the keys is embedded in the trench
and therefore cannot be easily moved, it is advan-
tageous to use smaller materials, such as a mix-
ture with 80 percent smaller than 14 cm.

Height

The effective height of a check dam (HE) is
the elevation of the crest of the spillway above
the original gully bottom. The height not only
influences structural spacing but also volume
of sediment deposits. '



Heede and Mufich (1973) developed an equa-
tion that relates the volume of sediment deposits
to spacing and effective height of dam:

9

where Vg is the sediment volume, S represents
the spacing, and LHE is the average length of
dam, considered for effective dam height and
calculated by the equation:

Ly-Lp
2D

Vg=% HE ScosaLyg

Lyg=Lg+ Hg (10)

where LB is the bottom width and Lyj the bank
width of the gully, measured from brink to brink,
and D is the depth of the gully. If S in equation
(9) is substituted, then

I‘IEz
Vg= IKG LHE (11)

where the constant K has the values found to
be applicable to the treatment area. Equation (11)
indicates that sediment deposits increase as the
square of effective dam height (fig. 22).
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Figure 22.—Expected sediment deposits retained by
check dam treatment as a function of effective
dam height. The sediment deposit ratio relates
the volume of sediment deposits to the volume
of sediment deposits at effective dam height
of 0.3 m. Thus, deposits in a treatment with
1.2 m dams are more than seven times larger
than those caught by 0.3 m dams.
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For practical purposes, based on the sedi-
ment deposit model, the sediment curve in fig-
ure 22 is valid for treatments in gullies with iden-
tical cross sections and gradients ranging from
1 to 30 percent. At this range, the difference is
4.5 percent with smaller deposits on the steeper
gradients, a negligible fraction in such estimates.
The volume of deposits, compared with that on
a 1 percent gradient, decreases by 10 percent on
a gradient of 45 percent, if the cross sections are
constant. Magnitudes of cross sections, of course,
exert strong influences on sediment deposition.

In most cases, dam height will be restricted
by one or all of the following criteria: (1) costs;
(2) stability, and (3) channel geometry in relation
to spillway requirements. Cost relations between
differenttypesofrockcheckdamswillbedis-
cussed later. Stability of impervious check dams
should be calculated where life and/or property
would be endangered by failure. Heede (1965b)
presented an example for these calculations which
can be easily followed. Pervious dams such as
rock check dams cannot be easily analyzed for
stability, however, because of unknowns such
as the porosity of a structure.

Severely tested check dams in Colorado
(Heede 1966) had maximum heights as follows:
loose-rock and wire-bound dams, 2.2 m; and fence-
type dams (thickness of 0.6 m), 1.8 m.

In gullies with small widths and depths but
large magnitudes of flow, the effective height of
dams may be greatly restricted by the spillway
requirements. This restriction may result from
the spillway depth necessary to accommodate
expected debris-laden flows.

Spillway

Since spillways of rock check dams may be
considered broad-crested weirs (fig. 23), the dis-
charge equation for that type of weir is applicable:

Q =CLH*"* (12)

where Q = discharge in m¥s, C = coefficient of
the weir, L = effective length of the weir in m,
and H = head of flow above the weir crest inm.
The value of C varies. The exact value depends
on the roughness as well as the breadth and shape
of the weir and the depth of flow. Since in rock
check dams, breadth of weir changes within a
structure from one spillway side to the other, and
shape and roughness of the rocks lining the spill-
way also change, C would have to be determined
experimentally for each dam. This, of course, is
not practical and it is recommended, therefore, to




Figure 23.—Upstream view of a

~ loose-rock check dam sup-

porting a discharge of about

0.3 m?¥/s. Effective dam height
is1.7m.

use a mean value of 1.65. This value appears
reasonable in the light of other inaccuracies that
are introduced in calculating the design storm
and its expected peak flow. For this reason also,
the discharge calculations would not be signifi-
cantly improved if they were corrected for the
velocity of approach above a dam. Such a correc-
tion would amount to an increase of 5 percent of

the calculated discharge at a head of flow 0of 0.6 m

over a dam 0.75 m high, or 8 percent if the flow
had a 0.9 m head. :

Most gullies have either trapezoidal, rec-
tangular, or V-shaped cross sections. Heede and
Mufich (1973) developed equations for the calcu-
lation of spillway dimensions for check dams
placed in these gully shapes. In trapezoidal gullies,
the equation for length of spillway can be adjusted
to prevent the water overfall from hitting the
gully side slopes, thus eliminating the need for
extensive bank protection. In V-shaped gullies
this is not possible, generally. In rectangular
ones, adjustment of the equation is not required
because the freeboard requirement prevents the
water from falling directly on the banks. One
equation was established, therefore, for V-shaped
and rectangular gullies as follows:
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Q

Hgy =
S (CLAS)

where HgV is spillway depth, the constant C is
taken as 1.65, and LAS, the effective length of
spillway, was derived from the equation

(13)
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H-—
p HE~!

(14)

Las=

in which f is a constant, referring to the length
of the freeboard. In gullies with a depth of 1.5 m
or less, the f value should not be less than 0.3 m;
in gullies deeper than 1.5 m, the minimum value
should be at least 0.6 m.

For structural gully control, design storms
should be of 25 years magnitude, and, as a mini-
mum, spillways should accommodate the ex-
pected peak flow from such a storm. In moun-
tainous watersheds, however, where forests and
brushlands often contribute large amounts of
debris to the flow, the size and the shape of spill-
ways should be determined by this expected
organic material. As a result, required spillway
sizes will be much larger than if the flow could
be considered alone. Spillways designed with
great lengths relative to their depths are very
important here. Yet, spillway length can be ex-
tended only within limits because a sufficient
contraction of the flow over the spillway is needed
to form larger depths of flows to float larger
loads over the crest. The obstruction of a spill-
way by debris is undesirable since it may cause
the flow to overtop the freeboard of the check
dam and lead to its destruction. .

The characteristics of the sides of a spillway
are also important for the release of debris over
the structure. Spillways with perpendicular sides
will retain debris much easier than those with
sloping sides; in other words, trapezoidal cross
sections are preferable to rectangular ones. A
trapezoidal shape introduces another benefit by



increasing the effective length of the spillway
with increasing magnitudes of flow.

The length of the spillway relative to the
width of the gully bottom is important for the
protection of the channel and the structure. Nor-
mally, it is desirable to design spillways with a
length not greater than the available gully bottom
width so that the waterfall from the dam will
strike the gully bottom. There, due to the stilling-
basin effects of the dam apron, the turbulence of
the flow is better controlled than if the water
first strikes against the banks. Splashing of water
against the channel side slopes should be kept at
a minimum to prevent new erosion. Generally,
spillway length will exceed gully bottom width
in gullies with V-shaped cross sections, or where
large flows of water and debris are expected rela-
tive to the available bottom width. In such cases,
intensive protection of the gully side slopes below
the structures is required.

Equation (13) includes a safety margin, be-
cause the effective length of the spillway is cal-
culated with reference to the width of the gully
at the elevation of the spillway bottom, instead
of that at half the depth of the spillway. At spill-
way bottom elevation, gullies are generally nar-
rower than at the location of the effective spill-
way This results in somewhat smaller
spillway lengths, which will benefit the fit of the
spillway into the dam and the gully.

If the spillway sides are sloped 1:1, it follows
that in V-shaped and rectangular gullies, the
bottom length of the spillway (LBSV) is derived
from the equation

Lpsv =Las - Hgv (1s)

and the length between the brinks of the spillway
(LysyV) is given by the equation

Lysv =Las + Hgy (16)

In trapezoidal gullies, the effective length of
the spillway equals the bottom width of the gully.
From the discharge tion for broad-crested
weirs, it follows that the depth of spillway (HS)
in these gullies is given by the equation

43

=(-Q
Hg (CLB an

in which the coefficient of the weir (C) is taken
as 1.65.

Lengths at the bottom (LBS) and between the
brinks of the spillway (LyUs) are calculated by
the equations .
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Lps=Lp — Hg
and

Lys=Lp + Hg (19)
'”"ﬁ%“&‘éﬁm were also designed with builtin

spillways (Parkin 1963). At minimum depth of
flow, the flow passes on a plane through the crest
of the spillway and inclines at 45° to the vertical
at the downstream side. The design does not ap-
pear to be suitable for most gully control situa-
tions due to the high sediment loads, which rapidly
clog the structural voids. The detailed discussions
and design equations could be helpful, however,
in testing rock stability as related to specific
gravity and diameter of rock as well as in estimat-
ing the void ratio. The interested reader should,
however, be aware that the design criteria are for
large dams, supporting discharges between 28
and 85 m¥s. and that flow information must be
available. In most situations, conservation pro-
gramshavetobestartedtomeetpublicdemand
even though adequate hydrologic data are not
available. Not much has changed since this obser-
vation was made by Peterson and Hadley (1960).

Apron

Aprons must be installed on the gully bottom
and protective works on the gully side slopes
below the check dams, otherwise flows may easily
undercut the structures from downstream and
destroy them.

Apron length below a loose-rock check dam
cannot be calculated without field and laboratory
investigations on prototypes. Different structures
may have different roughness coefficients of the
damsideslopethatformsachutetotheﬂowif
tailwater depth is low. Differences in rock grada-
tion may be mainly responsible for the different
roughness values.

The design procedures for the loose-rock
aprons were therefore simplified and a rule of
thumb adopted: the length of the apron was taken
as 1.5 times the height of the structure in channels
where the gradient did not exceed 15 percent, and
1.75 times where the gradient was steeper than
15 percent. The resulting apron lengths included
a sufficient margin of safety to prevent the water-
fall from hitting the unprotected gully bottom.

_ The design provided for embedding the apron

into the channel floor so that its surface would

be roughly level and about 0.15 m below the orig-

inal bottom elevation.

~.

(18) . .

1




In contrast, for straight-drop structures such
as dams built from steel sheets or fence-type
dams, apron length can be calculated if gully
flows are known. In such a case, the trajectory
of the nappe can be computed as follows:

VVO'_-x '/i )
2(—2z)

in which x and z are the horizontal and vertical
coordinates of a point on the trajectory referred
to the midpoint of the spillway as the origin, and
g is the acceleration due to gravity, taken as
9.81 m/s? (Howe 1950). Thus, if V4 is substituted
for V¢, the critical velocity at dam crest, and z is
the effective dam height, x will yield the distance
from the structure at which the waterfall will hit
the apron. Depending on magnitude of flow, one
or several meters should be added to this distance.

The procedure for calculating critical depth
and critical velocity over a check dam is as fol-
lows: The critical depth equation is

(20)

Ve Y.
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where V¢ is the critical velocity, and Y, is the
critical depth. The continuity equation for open
channel flow is .
q=AV (22)
where q is the flow rate of unit width of flow, A is
the cross section of flow, and V represents the
average velocity in the cross section. q is derived
from the estimated rate of flow Q by dividing Q
by LAS., the effective length of spillway. Since
q refers to unit width of flow, A can be replaced
by Y and equation (22) becomes

=49

Ve,=31
c Y. (23)
If V, in equation (21) is replaced by (23),
2
L=y (24)
g

By placing the value of Y, the depth of flow over
the spillway, into equation (23), the critical
- velocity (V) can be obtained.

At the downstrealm end of the apron, a loose-
rock sill should be built 0.15 m high, measured
from channel bottom elevation to the crest of the
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sill. This end still creates a pool in which the water
will cushion the impact of the waterfall.

The installation of an end sill provides an-
other benefit for the structure. Generally, aprons
are endangered by the so-called ground roller that
develops where the hydraulic jump of the water
hits the gully bottom. These vertical ground
rollers of the flow rotate upstream, and where
they strike the gully floor, scouring takes place.
Thus, if the hydraulic jump is close to the apron,
the ground roller may undermine the apron and
destroy it (Vanoni and Pollak 1959). The end sill
will shift the hydraulic jump farther downstream,
and with it the dangerous ground roller. The
higher the end sill, the farther downstream the
jump will occur. Since data on sediment and flow
are not usually available, a uniform height of sill
may be used for all structures.

Ephemeral gullies carry frequent flows of
small magnitudes. Therefore, it is advisable not
to raise the crest of the end sills more than 0.15 to
0.25 m above the gully bottom. End sills, if not
submerged by the water, are dams and create
waterfalls that may scour the ground below the
sill. At higher flows, some tailwater usually exists
below a sill and cushions to some extent the im-
pact from the waterfall over the sill.

- Where the downstream nature of the gully
is such that appreciable depth of tailwater is
expected, the installation of end sills is not criti-
cally important. The hydraulic jump will strike
the water surface and ground rollers will be weak.

Bank Protection

Investigations have shown (Heede 1960) that
check dams may be destroyed if flows scour the
gully side slopes below the structures and pro-
duce a gap between the dam and the bank. Since
water below a check dam is turbulent, eddies
develop that flow upstream along each gully
side slope. These eddies are the cutting forces.

Several types of material are suitable for
bank protection. Loose rock is effective, but
should be reinforced with wire-mesh fence, se-
cured to steel posts, on all slopes steeper than
1.25 to 1.00 (see fig. 17). The design should pro-
vide for excavation of the side slopes to a depth
of about 0.3 m so that the rock can be placed flush
with the surrounding side slope surface to increase
stability of the protection. Excavation of surface
materials also assures that the rock would not be
set on vegetation. Banks should be protected for
the full length of the apron.

The height of the bank protection depends
on the characteristics of channel, flow, and struc-
ture. Where gullies have wide bottoms and spill-



ways are designed to shed the water only on the
channel floor, the height should equal total dam
height at the structure, but can rapidly decrease
with distance from the structure. In contrast,
where the waterfall from a check dam will strike
against the gully banks, the height of the bank
protection should not decrease with distance
from dam to prevent the water from splashing
against unprotected banks.

In gullies with V-shaped cross sections, the
height of the bank protection should be equal to
the elevation of the upper edges of the freeboards
of the dam. In general, the height of the bank
protection can decrease with increasing distance
from thedam.

Equations for Volume Calculations

After the dam locations have been deter-
mined in the field, based on spacing requirements
and suitability of the site for a dam, gully cross
sections at these locations should be surveyed
and plotted. If possible, use the computer pro-
gram developed by Heede and Mufich (1974) to
design the dams. Otherwise the dams must be
designed from the plotted gully cross sections.
Structural and gully dimensions can be used in
equations developed by the above authors.

Loose-Rock and Wire-Bound Dams

The volume equation for the dam proper of
loose-rock and wire-bound dams considers either
angular or round rock, because the angle of re-
pose varies with rock shape and influences the
side slopes of the dam. The generalized equation is

D
Vip = ——— + 0. -
LR 0.6 HLA=Vgp (25)

where VLR is the volume of the dam proper,
Hp represents dam height, 0.6 is a constant that
refers to the breadth of dam, LA is the average
length of the dam, tan AR is the tangent of the
angle of repose of the rock type, and VSP is the
volume of the spillway. It is assumed that the
angle of repose for angular rock is represented by
a slope of 1.25:1.00, corresponding to a tangent of
0.8002; for round rock, the slope is 1.50:1.00 with
a tangent of 0.6590. L A is given by the equation

Ly-Llp

Loa=Lg+
A B 2D

Hp (26)
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where LB is the length of dam at the bottom.
Ly represents the length of dam measured at
freeboard elevation, and D is the depth of the
gully. Vsp is calculated by the equation

Vsp = HsLasBa (27)
where Hg is the depth and LAS is the effective
length of the spillway; BA is the breadth of the
dam, measured at half the depth of the spillway

and derived from the equation

Hg

— S 403
BA = 070711 tan AR

(28)

where 0.70711 is the sine of 45°, and 0.3 is a con-
stant derived from a breadth of dam of 0.6 m.

Angular rock is preferable to round rock be-
cause less is required, and it enhances dam
stability.

The equation for volumes of loose-rock and
wire-bound loose-rock dams (eq. 25) was simpli-
fied by assuming a zero gully gradient. This
assumption results in an underestimate of volumes
in gullies with steep gradients. To offset this
underestimate on gradients larger than 15 per-
cent, 10 percent should be added to the calculated
volume.

If the design peak flow is larger than 0.3 m¥s,
all types
gully banks and bottom. Under varied conditions
in Colorado, it was found that a bottom key of
0.6 m depth and width was sufficient for check
dams up to 2 m high. A width of 0.6 m was also
adequate for the bank keys. The depth of the
keys, however, must be adjusted according to
characteristics of the soils. Thus, the equation
for the volume of the key is generalized as follows:

Vg=(La+2R) (0.6Hp+0.36)~0.6HpL

where R represents the depth of key and 0.6 and
0.36 are constants in meter units, referring to

depth and width of bottom key and width of bank-

key, respectively.

In the construction plan, the volume VK
should be kept separate from that of the dam
proper because, generally, a finer rock grada-
tion is required for the keys.

Apron and bank protection below the struc-
ture are always required at check dams. The equa-
tion developed for the volume calculations is:

Va =cHplp + dH’ (30)

in which V A is the rock volume of the apron and
bank protection, and ¢ and d are constants whose

of check dams must be keyed into the

29) -




values depend on gully gradiént. For gradients
< 15 percent, ¢ = 1.5 and d = 3.0; for gradients
> 15 percent,c = 1.75and d = 3.5.

The total rock volume required for a loose-
rock dam with keys is the sum of equations (25),
(29), and (30).

Besides rock, wire mesh and steel fenceposts
are used in most of the dams. If dam height is
equal to or larger than 1.2 m, reinforcement of
the bank protection work by wire mesh and fence-
posts will generally be required. The equation
for amount of wire mesh and number of posts
includes a margin of safety to offset unforeseen
additional needs. To assist in construction, dimen-
sions of the mesh are given in length and width.
The length measured along the thalweg is

Mj g =3.50 Hp (31)
where MLB is the length of the wire mesh for
the bank protection, and 3.50 is a constant. The
width of the wire mesh, measured from the apron
to the top of the bank protection at the dam,
equals the total dam height.

The number of fenceposts is calculated by the
equation i

Np=3Hp +2 (32)
where NB is the number of fenceposts for the
bank protection, rounded up to a whole even
number, and 2 and 3 are constants, the latter
derived from a 1.2 m spacing. Of the total number
of posts, half should be 0.75 m taller than the
dam; the other half are of dam height.

For wire-bound dams, the length of the wire
mesh is taken as that of the dam crest, which
includes a safety margin and is calculated by the

ti
equation +
Ly—L
My =>B,_U_D_13 .

where M], is the length of the wire mesh. The
width of the mesh, measured parallel to the thal-
weg, depends not only on dam height but also
on rock shape. The equation for the width of the
wire mesh is

(33)

2Hp 2Hp

My, = + +3
W tanAR sinAR

(34)

where My is the width and AR the angle of re-
pose of the rock. For angular rock, this angle is
assumed to be 38° 40, corresponding to a dam
side slope of 1.25:1.00, and for round rocks
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33° 25, representing a slope of 1.50:1.00. The
term 3 is a constant, in meter units. Equation
(34) provides for an overlapping of the mesh by
1.8 m.

Single-Fence Dams

A zero gully gradient was assumed for cal-
culating rock volume for the dam proper of single-
fence dams. This results in overestimates that
compensate for simplification of the equation
for volume calculation. If the construction plan
calls for a dam with a 0.6 m breadth, for ease of
calculation, the cross section of the dam parallel
to the thalweg is taken as a right triangle with a
dam side slope of 1.25:1.00 in the equation:

2

Hp
Vap= —D2 _ Lo-V 35
SF = 5080020 AT VSSF  (%9)

where VSF is the rock volume of the dam proper,
2 is constant, and 0.80020 represents the tangent
of a slope of 1.25:1.00. VSSF is the volume of the
spillway, calculated by the equation

VssF = HsLASBsF (36)
where BSF is the breadth of the dam, measured
at half the depth of the spillway and given by
the equation

Hs 37

SF ™ 2(0.80020) 87
The length of wire mesh for a single-fence
dam is given by equation (33), while the width
equals dam height. The number of fenceposts is

calculated by the equation
Lp Ly-Lp
Ngp= — + Hp +1
SF= 12" T24D D 8

" where NSF is the number of posts of the dam

proper of a single-fence dam, rounded up to a
whole number: 1.2 signifies a distance of 1.2 m
between the posts; 2.4 and 1 are constants. Of the
total number of posts, half are 0.75 m taller than
the dam; the other half are dam height. This
equation contrasts with the original (Heede and
Mufich 1974), because the high safety margin
for number of posts was reduced.



Double-Fence Dams

The equation for rock volume of a double-
fence dam with vertical fences, 0.6 m apart, is:

VpFr = 0.6HpLA — VSDF *(39)

where VDF is the volume, 0.6 is a constant, and
VSDF is the volume of the spillway, computed
by the equation ‘ .

VspF =0.6HgLAs (40)

where 0.6 represents the standard breadth of the
dam, in meters.
The length of wire mesh is given by

Ly-Lp
D

where ML D is the length of the mesh. The width
of the wire mesh equals dam height. The number
of fenceposts is computed by the equation

Mpp=2Lg+ 2Hp (41)

Hp +2 (42)

1.2D

where NDF is the number of posts of the dam
proper of a double-fence dam, rounded up to a
whole even number, and 0.6, 1.2, and 2 are con-
stants. The equation is based on a post spacing
of 1.2 m. Half of the posts are dam height, while
the other half are 0.75 m taller than the dam.
Reduction of the high safety margin contained in
the original equation (Heede and Mufich 1974)
resulted in a new equation.

Headcut Control

The volume requirements for a headcut con-
trol structure are given by the equation

D? Ly +3Lp
v — | (=B
HC™ (2(0.33333)) ( n )“3’

where VHC is the rock volume, D is the depth
of the gully at the headcut, and 0.33333 is the
tangent of the angle that refers to a structure
with a slope gradient of 3:1. If a slope gradient
different from 3:1 is selected, the value of the
tangent in the equation should be changed to
correspond to that gradient.

Rock Volume Relations Among Dam Types

In the Colorado project (Heede and Mufich
1973), rock volumes required for the various
types of check dams were expressed graphically
(fig. 24). If this graph is used for decisionmaking,
it must be recognized that double-fence dams
had parallel faces 0.6 m apart. Where double-
fence structures with bases wider than the breadth
of dam are required, rock volume requirements
will be larger. The graph shows that a loose-rock
or wire-bound dam with effective height of 2 m
requires 5.5 times more rock than a double-fence
dam.

9

Rock volume ratio
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Figure 24.—Required volumes of angular rock for

" four different dam types as a function of effective
dam height. The rock volume ratio relates the
rock volume to that of a loose-rock dam 0.3 m
high.

Construction Procedures

Before construction starts, the following
design features should be staked and flagged

conspicuously:

1. Mark the centerline of the dam and the
key trenches, respectively, on each bank. Set the
stakes away from the gully edge to protect them
during construction.
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2. Designate the crest of the spillway by a
temporary bench-mark in the gully side slope
sufficiently close to be of value for the installa-
tion of the dam.

3. Mark the downstream end of the apron.

4. For loose-rock and wire-bound dams, flag
the upstream and downstream toes of the dam

proper.

Caution is required during excavation to avoid
destroying the stakes before the main work of
installation begins.

The construction of all dams should start
with the excavation for the structural key (fig. 25),
the apron, and the bank protection. This very
important work can be performed by a backhoe
or hand labor. Vegetation and loose material
should be cleaned from the site at the same time.

The trenches for the structural keys will
usually have a width of 0.6 m, therefore a 0.5-m-
wide bucket can be used on the backhoe. If the
construction plan calls for motorized equipment,
two types of backhoes can be used. One, mounted
on a rubber-wheeled vehicle and operating from
a turntable, permits the backhoe to rotate 360°.
This machine travels rapidly between locations
where the ground surfaces are not rough, and
works very efficiently in gullies whose side slopes
and bottoms can be excavated from one or both
channel banks. The other type can be attached
to a crawler tractor. This type proves to be advan-
tageous at gullies that are difficult to reach, and
with widths and depths so large that the back-
hoe has to descend into the channel to excavate.
In deep gullies with V-shaped cross sections,
temporary benches on the side slopes may be
necessary. Often, the bench can be constructed
by a tractor with blade before the backhoe arrives.

v

Figure 25.—The key for a rock
check dam is efficiently ex-
cavated with a backhoe.

The excavated material should be placed up-
stream from the dam site in the gully. The exca-
vated trench and apron should then be filled with
rock. Since a special graded rock is required for
the keys, rock piles for keys must be separate
from those used in the apron and dam proper.
Excavations can be filled by dumping from a
dump truck or by hand labor. During dumping
operations, the fill must be checked for voids,
which should be eliminated. v

If dump trucks are loaded by a bucket loader,
some soil may be scooped up along with the rock.
Soil is undesirable in a rock structure because of
the danger of washouts. To avoid soil additions,
use a bucket with a grilled bottom that can be
shaken before the truck is loaded. Other devices
such as a grilled loading chute would also be
appropriate.

Dumping rock into the dam proper has two
advantages: The structure will attain greater
density, and rocks will be closer to their angle of
repose than if placed by hand. Hand labor can
never be completely avoided, however, since
plugging larger voids and the final dam shape
require hand placement. Where gullies are deep
and dumping is impractical, rock chutes may
be used. .

Often, gully control projects are planned to
provide employment for numbers of people. This
objective can easily be accomplished if sufficient
supervision is available for the individual steps
in the construction. Special attention is needed
at the spillway and freeboard. In loose-rock and
wire-bound structures, where the shape of the
dam is not outlined by a fence as in the other
types, experience shows there is a tendency to
construct the spillways smaller than designed.




In wire-bound dams, a commercial, galvanized
stock fence, usually about 1.2 m wide, can be used.
The stay and line wires should not be less than
12%4-gage low-carbon steel, the top and bottom
wires 10-gage low-carbon steel, and the openings
in the mesh 0.15 m. To connect ends of the fence
or to attach the fence to steel posts, a galvanized
12%2-gage coil wire is sufficiently strong.

The wire mesh of required length and width
should be placed over the gully bottom and side
slopes after the trench and apron have been filled
with rock (fig. 26). Generally, several widths of
mesh will be needed to cover the surface from
bank to bank. If several widths are required, they
should be wired together with coil wire where
they will be covered with rocks. The parts not to
be covered should be left unattached to facilitate
the fence-stringing operations around the struc-
ture.

Before the rock is placed on the wire mesh
for the installation of the dam proper, the mesh
should be temporarily attached to the gully banks.
Otherwise, the wire mesh lying on the gully side
slopes will be pushed into the gully bottom by
the falling rock and buried. Usually, stakes are
used to hold the wire mesh on the banks.

After the dam proper is placed and shaped.
the fence can be bound around the structure.
Fence stretchers should be applied to pull the
upstream ends of the fence material down tightly
over the downstream ends, where they will be
fastened together with coil wire. Then the bank
protection below the dam should be installed.

The installation of single- and double-fence
dams begins with the construction of the fences
after excavation is completed (fig. 27). Construc-

Figure 27.—Parallel fences for double-fence dam .
(see fig. 11) are being installed. Note the excava- S
tions for key, apron, and bank protection (the
latter two to right of the structure).

Figure 26.—Upstream view of a
construction site for a wire-
bound dam. Note that key
and apron excavations were
filled with rock before wire
mesh was placed on the bed
banks. The site is prepared
for the construction of the
dam proper.




tion drawings should be followed closely here,
because the final shape of the dams will be deter-
mined by the fences. Conventional steel fence-
posts can be used. In some locations, the great
height of posts may offer difficulties for the oper-
ator of the driving equipment, and scaffolds
should be improvised.. A pneumatically driven
pavement breaker with an attachment designed
by Heede (1964) can be used to ease the job of
driving. Since relatively great lengths of hose
may be attached, this tool may be used in deep
gullies and on sites with difficult access.

At single-fence dams, dumping of rock is
practical if the gully is not excessively deep or
wide. At double-fence structures, hand labor, or
a backhoe or clamshell (fig. 28) will be required.
The rock should be placed in layers and each
layer inspected for large voids, which should be
closed manually by rearranging rocks.

Much time and effort can be saved during
construction if a realistic equipment plan is estab-
lished beforehand. Such a plan requires an inti-
mate knowledge of the cross-sectional dimensions
of the gullies and their accessibility to motorized
equipment. Pioneer roads that might be needed
- because of lack of accessl/are not only important
for equipment considerations, but will also enter
into the cost of the construction. :

If equipment is to be used, as a general rule,
it appears to be advantageous to use heavier and
larger machines if their mobility is adequate.
Although hourly costs for heavier machines are
usually greater, the total cost for a job is reduced.

With few exceptions, conventional construc-
tion equipment is not sufficiently mobile to oper-
ate in rough topography without pioneer roads.

Figure 28.—Using clamshell to
place rock into a double-
fence dam. The man steadies
the clamshell with a long
rope.

In watershed rehabilitation projects such as gully
control, road construction is undesirable because
it disturbs the ground surface and may lead to
new erosion. It is therefore desirable to consider
crawler-type equipment only.

Cost Relations

Relationships between the installation costs
of the four different types of rock check dams
described here are based on research in Colorado
(Heede 1966). The relationships are expressed by
ratios (fig. 29) to avoid specific dollar compari-

~ sons. When considering the cost ratio, one must

keep in mind that differential inflation may have
offset some finer differences in cost. It is advis-
able, therefore, to test the cost of individual
structures by using material and volume require-
ments as given by the equations. The cost ratios
in figure 29 can then be adjusted, if necessary.

In a given gully, for example, a double-fence
dam with an effective height of 1.8 m costs only
about four times as much as a 0.3 m loose-rock
dam, while a wire-bound dam 1.8 m high costs
8.5 times as much. Costs will change with dif-
ferent sizes and gradients of gullies, but the
general relationships will not change.

It is obvious that the cost of installing a
complete gully treatment increases with gully
gradient because the required number of dams
increases. Figure 30 indicates there is one effec-
tive dam height at which the cost is lowest. In

. the sample gully, this optimum height for loose-

rock dams is about 0.6 m, for single-fence dams
0.7 m, and for double-fence dams 1.1 m. A con-
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Figure 29.—Installation cost of four difterent types
of check dams as a function of effective dam
height. The cost ratio is the cost of a dam related
to the cost of a loose-rock dam, 0.3-m-high, buiit
with angular rock.

stant gully cross section was assumed. In reality,
of course, gully cross sections usually change
between dam sites. The optimum height for
lowest treatment costs is not a constant, but
changes between gullies, depending on shape and
magnitude of the gully cross sections at the dam
sites.

Since the cost of the dam is directly propor-
tional to the rock volume, figure 30 also expresses
the relationship between rock requirement and
effective dam height. This means that, in a given
gully, there is one dam height at which rock re-
quirements for a treatment are smallest.

A treatment cannot be evaluated on the
basis of cost of installation alone, because recog-
nition of benefits is part of the decisionmaking
process. Sediment deposits retained by check
dams can be incorporated into a cost ratio that
brings one tangible benefit into perspective.
Sediment has been cited as the nation’s most
serious pollutant (Allen and Welch 1971). The
sediment-cost ratio increases (treatment is in-
creasingly beneficial) with dam height and de-
creases with increasing gradient (fig. 31). The
example in figure 31 shows that a treatment
consisting of loose-rock dams on a 2 percent
gradient has a sediment-cost ratio larger than
1.0 for effective dam heights of 0.75 m and above.
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Figure 30.—Relative cost of installation of check-

* dam treatments and relative angular rock volume
requirements in gullies with different gradients
as a function of effective dam height. The cost
and rock volume ratios relate the cost and rock
volume of a treatment to those of a treatment
with loose-rock dams 0.3 m high installed on a
2 percent gradient.

The large ratio is explained by the fact that a
gully with a 2 percent gradient requires only a
small number of dams (see fig. 21), while volumes
of sediment deposits do not decrease significantly
with number of dams or with gradient.

Since single-fence and double-fence dams cost
less than loose-rock and wire-bound loose-rock
dams for an effective height greater than 0.3 m,
the sediment-cost ratio is more favorable for the

\



Figure 31.—The sediment-cost
ratio relates the value of the
expected sediment deposits
to the cost of treatment. The
graphs show this ratio as a
function of effective dam
height on guily gradients
ranging from 2 to 22 percent.
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fence-type structures. The ratios remain smaller
than 1.0 on all gradients larger than 5 percent for
treatments with loose-rock and wire-bound loose-
rock dams, and on gradients larger than 7 and 9
percent for treatments with single-fence and
double-fence dams, respectively.

The importance of sediment-cost ratios in
relation to gully gradient and effective dam height
becomes apparent in situations where not all
gullies of a watershed can be treated. Gullies
with the smallest gradient and largest depth,
and highest possible fence-type dams should be
chosen if other aspects such as access or esthetic
value are not dominant.

Other Gully Control Structures and Systems
Nonporous Check Dams

Rock can be used for the construction of wet
masonry dams. Limitations in available masonry
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skills, however, may not permit this approach.
A prefabricated concrete dam was designed
(Heede 1965b) and a prototype installed in Colo-
rado (see fig. 10). It required very little time and
no special skills for installation (fig. 32). The
capital investment for this dam is larger than
for a rock structure, however. A prestressed con-
crete manufacturer must be available reasonably
close to the project area, and the construction
sites must be accessible to motorized equipment.
Where esthetic considerations and land values
are high—recreational sites and parks, for example
—a prestressed, prefabricated concrete check dam
may be the answer.

Many different designs of concrete dams for
torrent control were published in recent years.
Some references are: Fattorelli (1970, 1971),
Puglisi (1970), Benini et al. (1972), IUFRO-Work-
ing Group on Torrents, Snew and Avalanches
(1973). Nearly all torrent dams would be over-
designed if installed in western gullies, however.



Check dams may also be built from corru-
gated sheet steel. For successful application, a
pile driver is required to assure proper fit of the
sheets. Excavating trenches for the sheets jeopar-
dizes dam stability if the refill is not compacted
sufficiently. Quite often, insufficient depth of soil
above the bedrock does not permit this dam type.

Earth Check Dams

Earth check dams should be used for gully
control only in-exceptional cases. Basically, it
was the failure of the construction material, soil,
that—in combination with concentrated surface
runoff—caused the gully. Gullies with very little
flow may be an exception if the emergency spill-
way safely releases the flow onto the land out-
side the gully. The released flow should not con-
centrate, but should spread out on an area stabil-
ized by an effective vegetation cover or by some
other type of protection such as a gravel field.
Most gullied watersheds do not support areas
for safe water discharge.

Standpipes or culverts in earth check dams
generally create problems, because of the danger
of clogging the pipe or culvert inlet, and the diffi-
culty in estimating peak flows. Therefore, addi-
tional spillways are required.

If soil is the only dam material available,
additional watershed restoration measures (such
as vegetation cover improvement work and con-
tour trenches) should be installed to improve soil
infiltration rates, to enhance water retention and
storage, and thus decrease magnitude and peak
of gully flows.
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Figure 32.—Placement of a pre-
stressed concrete slab against
the buttresses of a prefabri-
cated dam on Alkali Creek
watershed. Backhoe proved
to be sufficient for excava-
tion of key and for structural
installation. View is.down-
stream.

Vegetation-Lined Waterways

With the exception of earth check dams,
gully control measures described previously
treat the flow where it is—in the gully. In con-
trast, treatments by waterways take the water
out of the gully by changing the topography
(figs. 33, 34). Check dams and waterways both
modify the regimen of the flow by decreasing the
erosive forces of the flow to a level that permits
vegetation to grow. In waterways, however, flow
is modified compared with the original gully, in
two ways (Heede 1968a): (1) Lengthening the
watercourse results in a gentler bed gradient;
and (2) widening the cross section of flow provides
very gentle channel side slopes. This latter mea-
sure leads to shallow flows with a large wetted
perimeter (increase in roughness parameter). Both
measures substantially decrease flow velocities,
which in turn decrease the erosive forces.

Contrasted with check dam control, water-
way projects strive to establish a vegetation
cover when land reshaping is finished. Indeed, a
quick establishment of an effective vegetation
lining is the key to successful waterways. It fol-
lows that the prime requisites for a successful
application are precipitation, temperature, and
fertility of soils, all favorable to plant growth.
Other requisites are:

1. Size of gully should not be larger than the
available fill volumes;

2. Width of valley bottom must be sufficient
for the placement of a waterway with greater
length than that of the gully;




Figure 33.—Looking upstream on
gully No. 6 of Alkali Creek
watershed before treatment,
November 14, 1961. Mean
gully depth was 0.9 m and
mean width from bank to
bank 4.0 m.

Figure 34.—Repeat photograph
of figure 33 taken on Sep-
tember 2, 1964, three grow-
ing seasons after conversion
of gully to vegetation-lined
waterway. The annual pioneer
cover, consisting mainly of
ryegrass (Lolium sp., annual
variety) has been replaced
by perennial herbaceous
plants — smooth brome
(Bromus inermis) and inter-
mediate wheatgrass (Agro-
pyron intermedium) are the
main species.
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3. Depth of soil mantle adequate to permit
shaping of the topography; and

4. Depth of topsoil sufficient to permit later
spreading on all disturbed areas (fig. 35).

Design criteria or prerequisites in terms of
hydraulic geometry are not yet available, but the
literature discussed below is relevant.

Few studies are available on flow in vegeta-
tion-lined channels or waterways. The investiga-
tion by Ree and Palmer (1949) may be a classic.
They planted grasses that are widespread in the
southeastern and southcentral States. Outdoor
test channels and flumes were located in the Pied-
mont plateau, South Carolina. Permissible ve-
locities (threshold values before beginning of
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erosion) were established. The study gained
valuable insight into the change of the roughness
parameter (n) with the growth of the grasses. The
species they used do not normally grow in the
West, however.

Parsons (1963), basing his work on that of
Ree and Palmer (1949), established equivalent
stone sizes for Bermudagrass streambank linings
by relating the allowable shear stress on the grass
lining to equivalent stone diameter. Useful guid--
ing principles for successful application of vegeta-
tion for stream bank erosion control were given.

Kouwen et al. (1962) avoided the Ree and
Palmer (1949) method of empirically representing
the functional relationships between Manning’s
(n) and the relevant flow parameters. Instead,
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they derived a quasi-theoretical equation for flow
and vegetation condition in a channel as follows:

v A
n‘- C+ Czln(Av)

(44)

where V is the mean velocity of flow, and u, is
the shear velocity defined as (gR,S,)"? (g repre-
sents acceleration due to gravity, R, is the hy-
draulic radius, and S, is the energy gradient).
C, is a parameter that depends on the density of
the vegetation, while C, is a parameter that de-
pends on the stiffness of the vegetation. A is the

KA S
Y .'..‘3
Wea.
.

36

B

TTaNL > AL 5 2N

Figure 35.—Topsoil is removed
from the construction area
and saved, to be spread later
on the finished waterway.

area of the channel cross section: Ay represents
the area of the vegetated part of the cross section.

The investigators could not establish design
curves or tables, thus practical application is not
yet feasible.

Vegetation-lined waterways require exact
construction and therefore close construction
supervision (fig. 36), and frequent inspections
during the first treatment years. The risk, inherent
to nearly all types of erosion control work, is
greater for waterways at the beginning of treat-
ment than for check dam systems. To offset this
risk, in Colorado 19 percent of the original cost

Figure 36.—A sheep-foot roller
pulled by a small tractor
compacts the fill in the gully.
Fill was placed in layers 0.1
to0 0.30 m thick.




of installation was expended for maintenance,
while for the same period of time, only 4 percent
was required at check dams (Heede 1968b).

Eight percent less funds were expended per
linear meter of gully for construction and mainte-
nance of grassed waterways than for check dams.
This cost difference is not significant, especially
if the greater involvement in waterway mainte-
nance is recognized. In deciding on the type of
gully control, one should consider not only con-

struction costs but also risk of and prerequisites
for vegetation-lined waterways.

Summary of Design Criteria
and Recommendations

Spacing decreases with increasing gully gra-
dient and increases with effective dam height
(see fig. 20). Number of check dams increases
with gully gradient and decreases with increasing
effective dam height (see fig. 21). Expected vol-
umes of sediment deposits increases with effec-
tive height (see fig. 22).

For practical purposes, gully gradients rang-
ing from 1 to 30 percent do not influence volumes
of sediment deposits in a treatment. On gradients
larger than 30’ percent, sediment catch decreases
more distinctly with increasing gradient.

Rock volume requirements are much larger
for loose-rock and wire-bound loose-rock dams
than for fence-type dams. At effective dam heights
larger than 0.6 m, treatments with double-fence
dams require smallest amounts of rock (see fig. 24).

At effective dam heights larger than about
0.5 m, loose-rock and wire-bound loose-rock dams
are more expensive than fence-type dams. The
difference in cost increases with height (see fig. 29).
Single-fence dams are less expensive than double-
fence dams at effective heights up to 1.0 m.

Regardless of gradient, in a given gully,
there is one effective dam height for each type
. of structure at which the cost of treatment is
lowest (see fig. 30). For each type of treatment,
rock requirements are smallest at the optimum
effective dam heights for least costs (see fig. 30).
The sediment-cost ratio (the value of expected
sediment deposits divided by the cost of treat-
ment) increases with effective dam height and
decreases with increasing gully gradient (see
fig. 31). At effective dam heights of about 0.6 m
and larger, single-fence dams have a more pro-
nounced beneficial sediment-cost ratio than loose-
rock or wire-bound loose-rock dams. At effective
dam heights of 1.1 m and larger, treatments with
double-fence dams have the largest sediment-cost
ratios (see fig. 31).
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a =

A =
AR =
Av =
BA =
Bsr =
C =
C! =
C, =
C, =
c =
c, =
D =
Dgs =
d =
d! =
E =
£ =
G =
g =
Y =
H =
Hp =
Hg =
Hs =
Hsvy =
K =
L =
LA =
LAs =
LB =
LBs =
LBsv =

SYMBOLS

angle corresponding to the gully gra-
dient.

area of the channel cross section.

angle of repose of rock.

area of the vegetated part of the cross
section.

breadth of loose rock or wire-bound
loose-rock dams, measured at one-half
of the depth of the spillway.

= breadth of single-fence dams, measured

at one-half of the depth of the spillway.
discharge coefficient, taken at 1.65.
constant whose value depends on the
watershed configuration.

parameter depending on density of
vegetation. .

parameter depending on stiffness of
vegetation.

constant whose value changes with
groups of gully gradients.

constant in Huxley’s growth law.
depth of gully.

sieve size which allows 65 percent of
rocks to pass through.

constant whose value changes with
groups of gully gradients.

constant in Huxley’s growth law.
advancement rate of the gully.
constant whose value changes with
groups of gully gradients.

gully gradient in percent.

acceleration due to gravity, taken as
9.81 m/s? :

specific weight of the fluid.

head of flow above weir crest.

total height of dam. :
effective height of dam, the elevation
of the crest of the spillway above the
original gully bottom.

depth of spillway of a dam installed in
arectangular or trapezoidal gully.
depth of spillway for a dam installed
in a V-shaped gully.

constant, referring to the expected
sediment gradient.

effective length of the weir.

average length of dam.

effective length of spillway.

bottom width of the gully.

bottom length of the spillway of a dam
installed in a rectangular or trapezoidal

gully.
bottom length of the spillway of a dam
installed in a V-shaped gully.

LHE
Ly

Lus

Lysv =

ML
MLB

MLD

VSF
Vsp

average length of dam.

width of the gully between the gully
brinks.

length between the brinks of the spill-
way of a dam installed in a rectangular
or trapezoidal gully.

length between the brinks of the spill-
way of a dam installed in a V-shaped

y.

length of the wire mesh of a wire-bound
dam.

length of the wire mesh of the bank
protection, measured parallel to the
thalweg.

length of the wire mesh for a double-
fence dam.

width of the wire mesh of a wire-bound
dam, measured parallel to the thalweg.
number of fenceposts of the bank pro-
tection work.

number of fenceposts of the dam proper
of a double-fence dam.

number of fenceposts of the dam proper
of a single-fence dam.

Manning’s roughness coefficient.
wetted perimeter.

rate of the peak flow in m¥s, based on
the design storm.

rate of the peak flow in m%s per unit
width of spillway.

shear velocity [(g R,S,)*?.

constant, representing the depth of key.

hydraulic radius.

stream power per unit length of gully.
spacing of check dams.

energy gradient.

tractive force.

mean stream velocity.

volume of rock for the apron and bank
protection.

critical velocity at dam crest.

volume of a headcut control structure.
volume of the dam proper of a double-
fence dam.

volume of the key.

volume of the dam proper of a loose-
rock dam.

approach velocity of flow.

volume of sediment deposits above
check dams.

volume of the dam proper of a single-
fence dam.

volume of the spillway of loose rock

~ and wire-bound lqose-rock dams.



VSDF = volume of the spillway of a double- between the downstream side of the ‘

fence dam. spillway and the point where the water-
VSSF = volume of the spillway of a single-fence fall hits the apron.
‘ dam. y = size of an organism.
w = weight of rock related to Dy;. Ye = critical depth of flow at dam crest.
w = flow width. z = vertical coordinate of a point on the
X = gize of a biological organ. trajectory, here the effective dam
x = horizontal coordinate of a point on the height.

trajectory, here the horizontal distance
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RESEARCH

Designing Gully Control Systems for Eroding Watersheds

" BURCHARD H. HEEDE

Rocky Mountain Forest and Range Experiment Station
Forestry Sciences Laboratory

Arizona State University

Tempe, Arizona 85281

ABSTRACT / Effective design of gully control systems must
consider the gully network as a whole and be based on

geomorphologic indicators such as type of network, stream
order, and stage of development. Consideration of
geomorphologic characteristics allows a ranking of gully
treatment priorities that, in tum, promises the highest return for
expenditures. Relationships between sediment catch, channel
gradient, treatment cost, and height of check dams in a
treatment system are presented. Retum is considered within a
physical rather than economic framework. Future soil savings
are the main focus.

The Problem

Past research on engineered gully control emphasized
the design and construction of individual structures. Yet,
the individual hydraulic installation represents only one
component of a treatment system; the quality of the
treatment as a whole determines success or failure. One
gully on a watershed cannot be singled out for treatment
and the rest of the gully network neglected. Recent
research has demonstrated strong relationships among
the gullies in a network (Heede 1977). Furthermore, this
research showed that by a combination of vegetation and
engineering measures, a deteriorated watershed was
restored within 12 years (Fig. 1). Perennial streamflow
resumed after 7 years treatment.

Another important finding was that some tributary
gullies can be controlled by vegetation management alone
if their base levels are controlled by gullies that are struc-
turally treated (Fig. 2). This finding can save considerable
money, since generally only one-third of the total gully
network length will require structures.

This report, therefore, treats gully control from a
systems approach that combines vegetation management
and structures.

Analysis of Gully Network

Before designing a restoration system, the stream net-
work must be analyzed to determine gully types. Each
type has its own characteristics that indicate the critical
locations within the system and relationships among the
gullies. This information is essential to a sound design.

Gully systems Three types of gully networks can be
differentiated. One consists of continuous gullies only;
another consists of discontinuous gullies onlv; and the
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third consists of a mixture where the discontinuous gul-
lies may be in various stages of tusion with the network
(Fig. 3).

In a network of continuous gullies. each gully is con-
nected with the adjacent, downstream one. The gullies
always start high up on the mountainside beginning with
many small rills. Gully depth is quickly reached and
maintained until the lowest segment above the gully
mouth is approached. There, depth decreases rapidly
along a concave profile. In the lowest segment, shallower
depth leads to channel widening, to frequent deposition
of sediment (Fig. 4), and to less frequent retransport of
the depositions (extreme high flows). Pronounced chan-
nel changes must be expected, therefore, in this section

" close to the gully mouth. Since the local base level of a

tributary gully is the bed level of the higher-order stream
at the point of junction, changes of this bed level invaria-
bly influence events in the tributary.

If a gully system consists of discontinuous gullies only,
the term network may not be entrely appropriate,
although these gullies also occur in series along the length
of the drainageway, forming a system (Heede 1960). In
contrast to the continuous gully, the discontinuous coun-
terpart begins its downstream course with an abrupt
headcut at any location on the mountainside or valley
floor (Fig. 5). The depth decreases rapidly downstream
(Fig. 6), and thus develops a gully bottom gradient much
genter than that of the original valley floor. Where both
gradients intersect, a sediment fan develops. This fan
represents the local base level of the gully. If the fan
becomes overly steep, the threshold value for safe con-
veyvance of the flow is surpassed, and a headcut and new
discontinuous gully will form (Patton and Schumm 1975).
Headcuts advance upstream, fusing the discontinuous
gullies (Fig. 7). With time. a continuous gully may evolve
from fusion of several discontinuous gullies (Heede
1967). Thus a discontinuous gully has two main critical

0364-152X78/0002-0509$02.30
© 1978 Springer-Verlag New York inc.

Purchased by the Forest Service, U.S. Department of Agriculture, for official use.

509



Burchard H. Heede

510

Figure 1. Twelve vears after treatment at Alkali Creek
watershed in the Colorado Rocky ‘Mountains, a dense
herbaceous cover protects the gullt hottoms and most steep
gully banks. Treatment consisted of constructing loose rock
check dams, regulating grazing. and reseeding areas disturbed
by construction.

locations—one at the headcut, the other at the gully
mouth.

In less developed continuous gullv networks. discon-
tinuous gullies may occur in the fringe areas. Alluvial
fans form below the mouths of these gullies. Where the
valley bottom is narrow, limiting the shifting of flows on
the fan (delta formation). rapid oversteepening of the
deposits leads to the formation of a new discontinuous
channel. The process recurs down the vallev until the
lowest channel reaches a gully of the continuous network.
At the junction. the overflow into the network channel
creates a headcut that in turn advances upstream and

e g
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Figure 2. A 25 m bank-wide tributary gully of Alkali Creek
where no structures were installed but the main stem was ~
treated by check dams 12 vears ago. The well vegetated gully
hottom and banks indicate that erosion has almost stopped.

tuses the individual discontinuous guilies into one contin-
uous channel joining the network (Fig. 3).

If discontinuous gullies are located on relatively broad
valley bottoms. these processes either take a relatively
long time, or the process will be modified bv excessive
delta formation below the gully mouth. During excep-
tional flows. large concentrations of flow mayv develop a
headcut where this flow joins the next gully of the net-
work. setting the stage for fusion with the network
(Heede 1976).

As a result of the intricate processes of gullv fusion. a
continuous gully network mav include discontinuous gul-
lies in different stages of development. Some discontin-
uous channels mav still be fully independent. while others
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Figure 3. A gully network containing both continuous and discontinuous gullies where the discontinuous gullies are in

various stages of fusion. At A a discontinuous gully has joined the network. At B a discontinuous gully is still independent
of the network.
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Figure 4. Upstream view of a tributary gully where heavy sediment deposits in the lowest reach have produced channel
widening. A sediment fan has formed where the tributary joins the main stem because past flows were too small to remove
the deposits. '
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Figure 8. Downstream view of a discontinuous gully. Gully depth decreases rapidly toward gully mouth. Rod in middle
ground is 1.7 m high.
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Figure 7. A headcut advancing upstream has fused two discontinuous gullies producing one channel and a bed scarp.

Future advancing bed scarps will cut the upstream channel enough that the gradient of the upper channel adjusts to that

of the lower. Stake in foreground is 1 m high.

show beginning base level changes introduced by an adja-
cent, downstream gully. Still others may have joined the
network, but the headcut signifies its former stage. Thus,
the critical locations in discontinuous gullies in different
stages of development may be at different sites. These
critical locations need special attention in the treatment
plan.

Ranking of Gullies

Stream Ordering

Stream ordering is a system of ranking the relation-
ships among gullies. A first-order gully does not control
another tributary, but a second-order gully influences the
local base level of one or more first-order gullies. The
highest-order gully of a system influences all other gul-
lies. The higher the order, the larger the number of
gullies controlled by one gully. Horton’s method (1945),
although subjective in the selection of the headward
extension of the higher-order stream, is superior for
control purposes to Strahler’s (1957, p. 914), which con-
fines orders to stream segments only.

Each gully should be designated by a letter and a
number representing the number of tributaries depen-
dent on the gully (such as F; or K,,). Tabulation of the
gullies by stream orders and dependent tributaries gives a
measure of the impact of one gully on others. Figure 8
presents a sample gully network and Table 1 is based on
this network.

Stage of Development

Stages of gully development must be recognized in the
design of control measures, because these stages indicate
future changes in channel morphology and expected
rates of erosion (Heede 1974). The second step in rank-
ing network gullies should, therefore, be based on stages
of development, determined not only from aerial photo-
graphs but also verified at the site. This step brings a new
aspect into the rank evaluation, because it considers
future erosion and the benefit to be derived from treat-
ment. The best way to rank gullies is to compare the
channel morphology of the network gullies. Three or
more stages may be differentiated (for example, voung,
mature, and old, each signifying relatively large,



51 4 Burchard H. Heede

Table 1. Stream orders of gullies shown in Fig. 8.

Stream orders

2 3 4 0=
F3 Bs K I
Ny Q

Py

ogr"momony |-

Subscripes indicate number of tributaries.
*Gullies not fused with network.

medium, and small volumes of expected erosion. respec-
tively). If applicable and desirable. each stage could be
divided further (early mature, late mature. and so forth).

Gully classes (continuous, discontinuous. formerly dis-
continuous but in process of fusion) provide an objective
measure to determine the critical locations where evalua-
tion must focus. For example, pronounced headcut of a

Figure 8. A schematic gully network consisting of continuous
gullies, independent discontinuous gullies (1. Q). and discontin-
uous gullies in fusion with the network (C. G. L). Fused discon-
tinuous gullies are indicated by the headcut svmbol.

Table 2. Stages of development
of gullies shown in Fig. 1.

Young Macure Old
Ba Ku

I C A

Q Fs D

G E

]

H L

Ni M

P, O

tributary indicates that a discontinuous gully joined the
network. Frequent bed scarps demonstrate that gradient
is still adjusting to the local base level (Fig. 9). The head-
cut is located only half-way upstream on the vailey floor.

We may conclude that a formeriy discontinuous guily has
reached an early mature stage. and substantial headward
advance must be expected. Its voung stage would have
been characterized by lack of fusion within the system.
while its old age stage would exhibit few bed scarps and a
headcut relatively close to the drainage divide.

In continuous gullies. stage indicators may be found
on gully bottoms and banks. Frequent and pronounced
bed scarps, and beginning meandering in relatively -
straight reaches shown by new. steep. and undercut con-
cave gully walls may signify vouthful stage (Fig. 10). A
gully with bedrock or vegetated bottom and sloped, vege-
tated banks could be safely classed as old age (Fig. 11):
relatively small future erosion rates would be expected.
Table 2 summarizes the stages of development for the
network illustrated in Fig. 8.

Treatment Potential

Step three develops the final treatment priority of the
individual guilies within the network hierarchv. The
bases for this final ranking are stream order. number of
tributaries. and stage of development (future erosion
rates).

Treatment of gullies with expected large erosion rates
will vield larger returns than those with insignificant
rates: This relationship demonstrates that highest returns
can be expected from the control of discontinuous gullies
that have not vet joined the network. and whose headcuts
are located in a sizable vallev (Fig. 5). Gullies with sloped
and vegetated banks. and bottoms on bedrock. must be
classed as low priority, unless secondary considerations
such as influence on tributaries call for higher prioritv.
Such a case may exist. for instance. if local base level raises
in the tributaries are desirable. .

e
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Figure 9. Severe lowering of the local channel base level has produced a bed scarp at the waterfall, which will advance
upstream and cause deep cutting in the upper channel. This deep cutting causes channel widening, as indicated in the
lower section of the channel.

Figure 10. In young stages of gully development. meanders may undercut banks and cause bank cleavage and fall. Large
amounts of sediment must be removed and bank slope gradients reduced before some kind of equilibrium can exist
between flow and channel.
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Figure 11. This gully bed is protected by a vigorous stand of
grass and most banks are stabilized at the angle of repose.
Stable banks and channel bed indicate an advanced state of
gullv development. e
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Assigning Priorities

Although all available morphologic indicators should
be examined. individual judgment is needed to set treat-
ment priorities. Priority lists allow intelligent selection of
gullies for treatment with limited funds.

Table 3. based on information gained from Fig. 8 and
Tables 1 and 2. illustrates both objective as well as subjec-
tive approaches to gully treatment ranking. Only the
highest two priorities were recorded. because indicators
suggested that effective vegetation management will lead
to stabilization of the remaining gullies. once their local
base levels are maintained by structurally treated gullies.

Table 3. Ranking of gullies by treatment
priorities. :

Priority
l 2 Headcut treatment only
I Fs C
Q P, G
K L

[n this case. four gullies were selected for first priority
weatment. Although gully Ky has reached the old-age
stage of development. it represents the main stem ot the
network. [ts treatment will benefit all other gullies. Gully
Be. of next lower stream order. also has several tributaries
and is still in the mature stage. Gullies [ and Q are
discontinuous, with headcuts located haltwayv up the val-
ley bottoms. For second prioritv. gully F, was chosen
hecause of severity ot expected erosion and a greater
number of tributaries compared with gully N,. The latter
could have been classed as late mature. Within the prior-
ity classes. rank decreases trom top to bottom.

Table 3 also lists formerly discontinuous gullies that
fused with the network but are siill in the process of
headcutting toward the watershed divide. Only the head-‘
cuts require treatment. ) )

Cost Analysis

Funds available for the restoration of a depleted
watershed are usually limited. To determine how many
gullies can be treated with the available resources. a short-
cut procedure, proposed bv Heede and Mufich (1974).
can be used to quickly establish an estimate of the costs of
treatment with check dams. From the prioritv list (Table
3). representative gullies may be selected. and the few
data required for Phase [ of the computer program mav
be obtained. Considering Table 3 as an example. gully I
would be selected tor the discontinuous group and gully
K4 for the gullies of the network proposed for treatment.
Since costs for a headcut control structure will be part of
the computer output tor gully I, an estimate for headcut
controls in gullies C, G. and L can be obtained. In the
final selection of the gullies to be treated. at least all
headcuts, all discontinuous gullies, and the mainstem
gully should be included. These are given in order of
treatment priority. With the exception of the mainstem.
discontinuous gullies should take treatment priority over
continuous gullies. because large gains can be expected
from the treatment. Not all treatments need be done at
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Figure 12. A discontinuous gully is converted to a vegetation-lined waterway by (a) removing brush and scaritving the
gully walls and bottom, (b) filling and smoothing the bottom, and (c) planting and establishing a perennial grass cover, as
indicated by this 2-vear-old stand.



Burchard H. Heede

518

L
ot WL

e R

Figure 12. (Continued)

once, but it is of ultimate importance that treatment
proceeds from the highest to ‘the lower-order gullies
because of local base level controls.

Discontinuous gullies. located independenty of the
network on broad valley bottoms and of small or medium
size (not more than 3 m deep and 8 m wide), often are
suitable for conversion to vegetation-lined waterways
(Figs. 12a. b. c). Field tests showed that the installation of
such waterways cost 8 percent less per meter of channel
length than check dam treatments (Heede 1968).

Analysis of watershed Vegetative Cover
Conditions and Potential for Rehabilitation

Aerial photographs. supplemented by field inspec-
tions. generally present an overall view of the different
vegetation complexes of a watershed, that is sufficient for
management purposes (Fig. 3). Within these complexes.
areas of different vegetation densities are easily deline-
ated on the photographs and mapped for treatment.

If feasible. planting should be considered for severelv
depleted sites. Reduction of grazing or temporary exclu-
sion of the animals should be considered. Other uses.
such as animal drivewavs. recreation. and major thor-
oughfares. must be adjusted to conform with the goals of
vegetation management for rehabilitation.

Planting methods and fertilization requireme
largely depend on the nawral potentials tor vegetation
restoration. At harsh sites. container planting may be
selected. others may require disking and rilling of seed.,
while broadcasting of seed may suffice on roads and areas
disturbed by the treatment operations. Nutrient soil tests
will vield information on fertilizer requirements.

Where infiltration data are available. rates of infiltra-
tion can be used as indices of relative potentials for
overland flow and erosion. Generally, well established.
dense. vigorous vegerative covers have high infiltration
rates. while bare areas may shed practicallv all water
(Dortignac and Love 1961. Meiman 1973). If possible. the
most hvdrologically beneficial vegetation complexes
should not be disturbed during treatment in order to
mainain the full potential of these sites. One may argue
that these sites can recover more quicky than those with
lesser potentials and, therefore. should receive prefer-
ence for location of pioneer roads. etc. Yet. their role as
nuclei for later vegetation increases on the watershed
may outweigh this argument manyfold.

Disturbed ground surfaces must be planted after con-
struction is finished. Generallv. herbaceous species are
preferable in the West. because such cover controls soil
erosion faster and more efficiently than trees or brush.

| J



Figure 13. Loose rock check dams, reinforced by wire mesh
and steel posts, were instailed in the headwaters of a gully
control system. Before treatment at the mouth of this gully,
the maximum depth of the reach was 12 m and maximum
bank width 15 m.

Design of Treatments

Check Dam Systems

Rarely will a single check dam suffice for gully control.
In fact, one dam installed alone may do more harm than
good, because the future sediment deposits above the
dam may cause a break in gradient (nick point) where the
deposits intersect the original bed. Deposit gradients are
gentler than the original gully gradient. A scarp may
develop that, like a headcut, advances upstream, thereby
increasing gully depth and with. Only in exceptional cases
will it be possible to design for a smooth transition
between deposit and gully gradients. It follows that, gen-
erally, check dams must be installed in systems (Fig. 13),
proceeding upstream from the mouth until a natural
control, such as given by bedrock outcrop, has been
reached. Obviously. the required number of dams

Systems Approach to Gully Control

Original gully gradient (percent)

Figure 14. The relationship between original gully and
sediment deposit gradients at Alkali Creek watershed,
Colorado.
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Figure 15. Expected sediment deposits retained by check
dam treatment as a function of effective dam height. The
sediment deposit ratio relates the volume of sediment
deposits to the volume of sediment deposits at effective dam
height of 0.3 m. Thus, deposits in a treatment with 1.2 m
dams are more than seven times larger than those caught by
0.3 m dams.

18
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increases with increasing gully gradient. but decreases
with increasing dam height (Heede and Mufich 1973).

The determination of dam spacing usually requires
individual judgment, unless Heede's (1977) equation is
applicable (Fig. 14). This equation can be used to calcu-
late the gradient of the expected sediment deposits above
check dams from the original gully gradient for projects
located in the Colorado Plateau Province of western Colo-
rado. but not necessarilv elsewhere. In other regions.
field survevs of older alluvial deposits above natural or
artificial barriers, such as earth dams tor water diversion
and stock ponds, will be required to establish a ratio
between original and deposit gradients. If this ratio can
not be obtained confidendy. Alkali Creek experience
(Heede 1977) suggests it is better to use larger rather
than smaller spacings. Too small spacings may prevent
full udilization of the dam catchment potentials. Too large
spacings, on the other hand. may cause serious bed scarps
above the upstream toe of the sediment deposits. As a
secondary treatment. these can easilv he controlled by
small structures.

Where it is advantageous to control the gradient ot a
given reach only, avoiding the accumulation of sediment
deposits at dams, the designer may apply a submerged
structure. Its spillwav should be shaped like the channel.
crest and side slopes level with the bed and banks. respec-
tivelv. Such a structure, submerged to a certain depth,
will prevent a bed scarp from advancing upstream, but
will not accumulate sediment. An example of effective
use of the structure is a situation in which depth cutting is
expected in a tributary, caused by erosion of the higher-
~ order streamed. The structure. installed close to the trib-
utary’s mouth, will maintain. the local base level and pre-
vent headward cutting.

Generallv. conventional check dams should be
designed. If sediment accumulation is one of the objec-
tives. it must be realized that a svstem of high dams
accumulates more deposits than one of low dams (Fig.
13). Yet, stability and cost considerations limit the heights
of simply built dams. As Fig. 16 shows. loose rock dams
require more rock than fence-tvpe structures of the same
height and are, therefore. more costy. Although loose
rock dams could safely be built higher than the other
tpes, the higher costs could outweigh the savings in
number of dams. This is illustrated by the sediment-cost
ratio, which includes expected deposits above the dams as
benefit. Loose rock and wire-bound structures have less
beneficial ratios than fence-tvpe dams (Fig. 17. Yet.
despite lower ratios, phvsical trearment requirements
should take precedence over initial cost. because immedi-
ate savings may lead to high maintenance costs later.
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Figure 16. Relative cost of installing check dam treatments
and relative angular rock volume requirements in guilies
with differenc gradients as a function ot etfective dam
height. The cost and rockivolume ratios relate the cost ot a
treatment to those of a treatment with loose rock dams 0.3 m
high installed on a 2% gradient.

The Alkali Creek experiment demonstrated that loose
rock and wire-bound dams are superior to fence-tvpe
structures. it an etfective gradation ot rock sizes is not
available (Heede 1977). Under such conditions. the less -
expensive fence dams should not be designed. and mor.

rock and more monev will be needed. :
~
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Figure 17. The sediment-cost ratio
relates the value of the expected
sediment deposits to the cost of
treatment. The graphs show this
ratio as a function of effective dam
height on gully gradients ranging
from 2-22%. The base cost was
taken as $20/m; of angular rock
dam: the value of storing 1 m; of
sediment was assumed to be $2.00
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Installation cost is also a function of gully gradient
(Fig. 16), since steeper gradients demand more dams.
Yet, more steeply sloped gullies often erode faster than
gentler ones, and are in a younger stage of development.
They, therefore, have high priority for treatment. Again,
the physical aspects should be overriding. Where funds
are seriously limited, a stepwise approach over time is
preferable to a one-shot but less effective one.

For details of individual check dam design, see Heede

1965 and 1966.
Vegetation-Lined Waterways

Design of vegetation-lined waterways will be consid-
ered within a network of gullies, either consisting of

15 18

continuous channels with discontinuous ones in the net-
work fringe areas, or a system of discontinuous gullies
only. Detail design criteria were published earlier (Heede
1968).

In general, discontinuous gullies are better suited for
treatment by waterways than continuous gullies. The lat-
ter start high up on mounuin slopes where it is more
difficult to design for smooth transition into the waterway
than on the valley or depression floor. Also, discontin-
uous gullies are often still small. If a continuous gully or
former discontinuous gully of a network is treated by
topographic reshaping, the design must include a check
dam at the mouth of the waterway to safely discharge the
flow into the network. This design may lead to undesira-
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ble flow concentrations on the waterway above the dam.
because waterway cross sections should be broad and
shallow to spread the How. ‘

Treatment of individual discontinuous guilies of the
network fringe areas otfers no difficulties if hasic design
criteria are observed and enough fill material and topsoil
are available. Where these gullies appear in series. how-
ever. the sediment fans below the mouth of the gullies
need special attention. These fans may show either small
individual gullies or just small headcuts. marking the
beginning stage of a channel. The design for reshaping
the topography should, therefore. include the alluvial
fans.

Vegetation-lined waterways must be designed for inef-
ficient sediment transport. because. until an effective
plant cover has been established. the reshaped ground is
extremely susceptible to renewed erosion. Incompetence
may best be achieved by relatively low gradients and wide
cross sections that lead to small depth of flow and thus to
high roughness parameters. It follows that sediment may
collect in undesirable amounts on the waterway, if source
areas exist nearby. The deposits may lead to Aow concen-
trations. and maintenance must, therefore. be
anticipated.

Conclusion

Effective gully control design recognizes geomorphol-
ogic indicators such as type of gully network. stream
order. stage of development. and expected erosion rate.
But, because knowledge of gullv mechanics is limited.
some degree of judgment is required to rank the gullies
within the hierarchy of tributaries and, to establish treat-
ment priorities. Earlier research has shown that not all
gullies of a network require treatment. if the vegetation
cover is effectively managed for rehabilitation. Structural

and vegetative treatments should, supplement each
. .

other.

Since gully networks can be treated stepwise over time
if treatment starts at the network mouth, within limits.
the phvsical requirements for control should override
installation costs. :

Discontinuous gullies should generally be ranked first
priority for control. because they have greater potential
for rapid growth than do continuous gullies.
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Sediment yields from drainage basins provide a useful index of erosion conditions
and trends. Often, however, the land manager needs more detailed information about where
the sediment comes from within a catchment, what the major processes are that mobilize the
sediment, and what the relation is between the intensity of erosion and various possible
controlling factors. The techniques used for measuring erosion within catchments vary
with the erosion processes themselves. The processes to be discussed here include:
sheetwash erosion; rilling and €ullying; river channel changes; mass movements and wind
erosion, .

3.2 Sheetwash erosion

3.2.1 Plots

Current sheetwash erosion can be monitored by measuring the amount of sediment
washed from hillside plots, or by measuring the rate of lowering of the ground surface at
stakes. An erosion plot can be established simply by installing a collecting trough along
the contour and connecting it to a tank in which the eroded sediment and runoff can be
measured. Also note example given in the paper by Djorovik in this publication. The
length of the trough may vary according to the wishes of the investigator. Longer troughs
sample a larger section of hillslope, which minimizes errors due to the spatial variability
of erosion caused by minor rills. Small plots are often defined by inserting metal or
plastic walls a few centimetres into the soil. Such small plots, varying in width from
about 0.5 m to 2 m are often used for studying infiltration and soil erosion under con-
trolled artificial rainfall (35). Larger plots are usually left unbounded and are defined
approximately by a topographic survey.

The construction of the collector trough is usually simple, but the trough must be
carefully installed if it is to funection properly. Figure 7 shows some suggested designs.
The crucial factor is to provide good contact between the lip of the trough and the soil
surface, so that runoff enters the trough satisfactorily and does not erode the lip and
by-pass the trough. Gerlack used a small (50 em long), sheet-metal trough placed in a
shallow trench (Figure 7a). The trough has a hinged lid to prevent the ingress of rain-
fall, and a 3.5 cm wide lip which is pushed under the soil surface. A drain from one
corner of the trough conducts sediment laden runoff to a storage tank. Such a short trough
is satisfactory if there is no significant spatial variability across the slope. The
ease of construction and installation allows several troughs to be installed en echelon
down a hillside to study the effects of hillslope length upon eroeion.

If small rills are present, the investigator may wish to use a longer trough. A
collector can be constructed, as shown in Figure Tb, by driving stakes into the soil along
the slope, and nailing to them 20 om wide boards. The boards can then be used to support
a collector. If the plot is only several feet long and if the cross—sectional profile of
the hillslope is smooth, sections of sheet metal can be laid side-by-side and soldered
together. Their uphill edge can be inserted into the topsoil as shown. If the hillside
is not emooth, however, and if the collector needs to be a long one, thick industrial
polyethylene sheet can be used. One edge of the sheet can be fastened to the supporting
backboard and the sheet spread down the board and uphill along the ground. A short elit .
is made about 2 cm into the soil surface, and the edge of the polyethylene sheet is tucked
into this slit with a piece of wood. The base of the polyethylene channel can then be
covered with a bituminous roofing compound to keep it smooth. It is also advisable to
provide for a considerable gradient on such a channel 80 that it drains the runoff water
and sediment efficiently toward the storage tank. A plastic collector of this type is
less durable than other materials, but is cheaper and easier to install if long troughs
are needed. Inserting a lip under the topsoil works well if the soil has a moderately
good vegetative cover, but where the root mat is not strong, the soil tends to disintegrate
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immediately above the trohgh. In such cases, it is better to install a concrete trough, as
shown in Figure 7c¢. The width and depth of the concrete channel must vary with the magni-
tude of flows to be expected from the plot.

Where erosion rates are extremely high and where eroded debris may be very coarse,
a larger collecting trough is required. Anderson et al (2) used half-round steel troughs
to oatch debris from steep hillslopes in Southern California (see Figure 7d). The upelope
edge of the trough was oonnocted to the soil surface by a concrete apron, and one-metre

high reinforced wooden boards were positioned behind the trough to catch bouncing rocks.

If the plot must be large, the design of the storage tank must take into account
the potentially large volumes of sediment and runoff to be collected. One inch of runoff
from a hillside plot 200 feet long and 50 feet wide would total 850 cubic feet of water
(one foot = 0.30 metre). Rather than construct such a large storage tank, some investi-
gators install devices that divert only a small portion of the runoff and sediment into the
measuring tank (37). :

3.2.2 Stakes and Pins

An alternative method of measuring sheetwash erosion involves repeated measurement
of the height of the ground surface at stakes or erosion pine. The instrumentation shown
in Figure 8a consists of a 25 om long nail and a large washer. At the time of installation,
the nail and washer are driven into the soil. The distance from the head of the nail to
the top of the washer is then measured with a millimetre scale. Erosion removes material
from around and beneath the washer which is lowered to the position shown in Figure 8b.
Remeasurement of the distance between the top of the nail and the top of the washer provides
8 measure of the erosion rate during the intervening period. If the washer has protected
the soil from raindrop impact, so that it now stands on a small pedestal, the pedestal
mst be removed before measurement, so that the washer lies at the general level of the
ground surface. The advantage of using the washer is that it gives a firm surface from
which to measure. Such monitoring devices are cheap and easy to install in large numbers.
A wide range of conditions can therefore be sampled at emall cost. The most waluable
illustration of the use of such data in understanding erosion processes and their relation-
ship to the sediment budget of a drainage basin is the work of Leopold et al (33).

Marking the pins with bright red paint and placing them in a grid pattern or along
a line facilitates relocation. Near each group of pins, ehould be an easily located bench
mark, clearly identified by a numbered tag or engraved plate. The records of installation
should include detailed ‘instructions on how to .locate the bench mark, and how to locate
the groupe of pins from the benchmark. The value of these simple measurements lies in
their repetition,” and the work is wasted if records of the Pin locations is lost when
the original investigator changes his job. At the time of each erosion-pin survey, the
elevation of the top of each pin should be checked by running a line of levels from the

bench mark. This will indicate whether the pins have been displaced by frost heaving or
trampling. ° '

3.2.3 Other Erosion Indicators

In addition to measuring current rates of soil loss, it is also sometimes possible
to reconstruct the recent erosional history of an area from truncations of soil profiles,
from the height of residual soil pedestals, or from the exposure of tree roots. A lot of
care must be exercised when using these methods, and local undisturbed soils and tree roots
must be examined in detail, Normal spatial variations of soil-profile depth with hillslope
gradient and other factors, for example, should be considered when using measurements of
truncated soil profiles. Haggett (18) measured the combined thickness of the A and B
horigons of a s0il on the mid-sections of slopes that had been planted to coffee in Bragil.
By comparison with similar measurements under nearby undisturbed forest, he was able to show
that 20 om (1 5 em) of soil had been removed from the cultivated slopes since 1850. A
oomparison of the textures of the two sets of s0il profiles confirmed this canolusion,
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Particularly if soil erosion is rapid following the destruction of a vegetative
cover, remnants of the former surface may be left, as shown in Figure 9a. A ruler, frame,
or tape laid across the former surface can be used as a reference from which to measure
the average depth of erosion. Various other indices, such as the average distance between
remnants or the average width of remnants along a transect can also provide sensitive
information that will indicate changes between repeated surveys of the same area. The
exposure of tree roots can be measured, as shown in Figure 9b. Before such measurements
are made, the investigator should examine roots of trees from the same species in neigh-
bouring areas. Some trees, even on undisturbed sites, grow with part of their roots above
the ground surface. The average depth of the basal flare of the trunk below ground should
also be examined at undisturbed sites; in Figure 9b, only a minimum depth of erosion is
indicated for a tree species whose roots lie wholly within the soil at undisturbed sites.
The methodology and limitations of using tree-root exposures for measuring erosion has
been discussed in detail by Lamarche ( 29). Measurements of root exposures at various
sites produces data of the kind shown in Figure 10 and allows the investigator to relate
erosion rates to their ocontrolling variables.

A minimum date for the duration of the accelerated erosion can sometimes also be
obtained from the age of the tree, which in some climates can be measured by counting the
number of annual growth rings on newly-cut stumps, or in cores taken from the living tree
with a Swedish increment borer (obtainable from major engineering supply houses). In many
tropical regions, however, annual growth rings do not form, and the trees must be aged by
some other method such as measurement of their diameter. The relationship between diameter
and age can be obtained by measuring annual increments of diameter on a sample to trees.
Pedestals can also be dated from the ages of long-lived shrubs which grow on them, but
the techniques for aging shrube are not as well developed as those for trees. If the
tree has been cut down, the age of the surface can sometimes be obtained from aerial-
photographic evidence of the data of destruction of the woodland, from local records, or
from local oral tradition. Rough estimates can be made from the extent of weathering of
the wood, or from the nature of the charcoal if the stump has been burnt. All such
estimates would be affected by such variables as the climate and the nature of the wood

(i.e. the tree species). In making the estimates, therefore, there is no substitute for
local field experience.

3.2.4 Classification Approach

In some studies there is not sufficient time or manpower to make detailed measure-
ments of erosion depths, The intensity of erosion is estimated by inspection of large
areas, and is mapped onto aerial photographs. This technique usually involves the
establishment of three or four catagories of erosion intensity. Areas of perhaps 10-200
acres, or individual hillslopes are then classified into one of these categories (note
1 acre = 0.4 ha). The erosion olasses should be well-defined and carefully desoribed.
Photographic documentation of type localities will give other investigators, land managers
and p}anners a clear idea of the erosion conditions represented by each category. The
glasalfication may vary with the form that erosion takes in a particular region, but it
is useful to seek agreement between all the workers surveying erosion in a region. As an

example, the classification adopted by the U.S. Soil Conservation Service (48) for classi-
fying water erosion is listed below.

Class 1: Up to 25 percent of the original A horizon, or original ploughed
layer in soils with thin A horizons, removed from most of the area.

Class 2: Approximately 25 to 75 percent of the original A horizon or surface
80il lost from most of the area.

Class 3; More than 75 percent of the original A horizon or surface soil, and

commonly part or all of the B horizon or other underlying layers, lost
from most of the area.
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Class 4: The land has been deeply eroded until it has an intricate pattemn .
of moderately deep or deep gullies. Soil profiles have been
destroyed except in small areas between the gullies.

Because of the association between the density of the vegetative cover and erosion rate,
the vegetation can sometimes be used as an indicator of erosion if all other important
controls are fairly constant. Thus, the percentage of bare soil, the canopy density, or
density of ground cover have all been used as indices. They do not, of course, take into
account that for a fixed cover density, erosion will be faster on steeper slopes and more
erodible soils. They are, however, easy to measure repeatedly and are generally incorpo-
rated into any inventory of range condition. Although the use of erosion indicators is

a relatively crude technique it can be used to define quantitatively the conditions of
geology, soils, topography climate and land use which retard or accelerate erosion. Measu-
rement of these controlling factors for each site at which erosion conditions are classified
allows the investigator to study the association between various degrees of erosion and
values of the controlling variables using statistical techniques that are appropriate for
ordinal and nominal scale variables (20 26). (Note also paper by Stevens in this
publication).

3.3 Rilling and Gullying

If large gullies have grown or are growing rapidly in a region, their development
can be measured on sequences of aerial photographs (3,44). The date of initiation of
gullying can also often be established from aerial photographs. Many gully systems,
however, can generate large amounts of sediment by only small enlargements of their
headcuts or by minor retreat of their sidewalls. The measurement of these processes is
not possible from aerial photographs. Even plane-table maps or pace-and-compass maps are
not generally accurate enough for this purpose. Changes in gullies, and in smaller features
such as rills, should be measured by repeated level-surveys at benchmarked cross-section
and along the profile of the gully. Iron stakes driven 20 cm intoc the ground provide
adequate benchmarks for this purpose. Widening, deepening, and the migration of headcuts
can be quantified in this way. An example of the results of repeated surveys is shown.in
figure 11a. Several such cross-sections should be installed along the gully. The
average net change at two adjacent cross-sections should be multiplied by the distance
between the cross-sections to obtain the net volume of erosion or deposition.

‘

For detailed monitoring of the behaviour of vertical headouts, an' arrangement of
stakes, such as that shown in Figure 11b will allow repeated tape measurements to be made.
In this way, retreat averaging a few inches per year can be measured with ease. The amount
of sediment mobilized by rills can be measured either at lines of erosion pins, or by
repeatedly running lines of levels along the contour between benchmarks (see Figure 12).

3.4 River channel changga

Some changes in river channels can be observed from sequences of aerial photographs.
Disappearance of riparian vegetation, bank caving, or direct measurements of width and
sinuousity may all provide quantitative evidence of net erosion if it is large. On the
ground, repeated mapping of river channels onto aerial-photographic mosaics, or by plane-
table, chaining, or pace-and-compass mapping can indicate large increases of channel width,
sinuousity, or shifts of position. Lateral movement, however, and the presence of raw,
undercut banks do not necessarily indicate a net lose of sediment from the valley floor.
By repeated levelling of benchmarked crose-sections of a small stream, Leopold et al (33)
were able to show that the sediment eroded from the underout bank was approximately in
balance with the amount of sediment deposited on the opposite streambank as the channel
shified laterally (see Figure 13). The deposited material came from the drainage basin
or from the valley floor upstream, the net amount -of erosion or sediment production within
the surveyed reach was approximately zero. If the bank being undercut is higher than the
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one being deposited, however, there is a net loss of sediment from the reach. This erosion

can best be quantified by establishing several bench-marked cross sections on a stream and '
multiplying the average net lose of sediment from adjacent cross-sections by the distance

between the sections. If bank recession is very rapid, or is highly variable, it can be

monitored by repeatedly measuring the distance from the bank to lines of stakes well back

from the stream. Grey (14) has provided a detailed description of methods for measuring
bank erosion during snowmelt floods.
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BIOTECHNICAL SLOPE PROTECTION AND EROSION CONTROL

Qutline of presentation on Case Histories and Applications of Biotechnical
Slope Protection: WATERSHED REHABILITATION IN REDWOOD NATIONAL PARK

William Weaver, geologist September, 1984
1882 Archer Road
McKinleyville, CA 95521

WATERSHED REHABILITATION IN REDWOOD NATIONAL PARK

I. Natural and cultural influences on erosion rates in north coastal
California.

I1. Sources of sediment from logged lands in the Redwood Creek basin.

III. Purpose and scope of the watershed rehabilitation program.
A. Objectives
B. Site selection
C. Prescription development
D. Primary erosion control practices
1. heavy equipment
2. labor intensive
E. Secondary techniques
1. control of surface erosion
a. terracing structures
b. mulches and blankets
2. contral of channel erosion
a. checkdams and submerged spillways
b. channel armor
, c. other ﬁ
F. Vegetation treatments

1. cuttings, wattling, seeding, transplanting, container
stock ‘

2. formula for success (in the Redwood Region)

G. Overview of erosion control treatment costs and effectiveness
H. Before/after comparisons

I. Time lapse movies of primary treatments (time allowing)
IV. Summary and conclusion.
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RELATIVE COST-EFFECTIVENESS OF EROSION CONTROL
FOR FOREST LAND REHABILITATION,
REDWOOD NATIONAL PARK, NORTHERN CALIFORNIA

William Weaver1 and Rona]d A. Sonnevﬂ1

I. ABSTRACT

In 1978 the U.S. Congress expanded Redwood National Park. About 35,000 acres
of this area, which had previously been modified by road building and timber
harvest, is now the focus of a large-scale rehabilitation program aimed at
reducing accelerated erosion rates and speeding the vegetative recovery of

cutover lands.

For each rehabilitation site, detailed geomorphic maps delineated natural and
disturbed drainages, slope instabilities, and other erosional problems. -Ngxt,
heavy equipment disaggregateq and outsloped logging roads, excavated road fill
from stream channelé, removed unstable road fill from road prisﬁs, and
restored altered drainages to their natural patterns. After heavy equipment
work was completed, labor-intensive work crews constructed erosion control
structures to stabilize gullies and stream channels, minimize rainsplash
erosion and rilling, and promote revegetation of disturbed areas. Checkdams,
water ladders and flumes, wattling, contour trenches, wooded terraces, ravel

catchers, mulches and vegetative techniques were used.

Redwood National Park, 791 Eighth Street, Arcata, CA 95521



Unfortunately, traditional cost-benefit analyses cannot be routinely applied
to such forest land rehabilitation practices because soil and many other
watershed amentities have little conventional net economic value. Thus, at
Redwood National Park a quantitative measure of erosion control
cost-effectiveness has been developed which evaluates individual techniques on
the basis of treatment costs and the amount of sediment prevented from
entering and being transported by stream systems.

Erosion control work at the park is divided into primary and secondary
treatments. Most primary practices (those aimed at controlling erosion caused
by past logging or road building activities) are accomplished at a
cost-effectiveness of from $1 to $10/yd3 of sediment "saved". Secondary
erosion control practices (those designed to minimize erosion on areas
disturbed during primary treatment) are from one to three orders of magnitude
less cost-effective than primary treatments. Primary practices, typically
performed by heavy earth-moving machinery, are intended to minimize stream
channel erosion and 1ands]jding while secondary treatments, consisting of
heavy equipment or ;1abor intensive work, are intended to control stream
channel scour or surface erosion and promote revegetation on areas disturbed

during primary treatment.

On logged land in Redwood National Park, secondary treatments used to control
stream channel erosion are generally much more cost-effective than treatments
designed to control surface erosion. This is primarily a reflection of the
relative contribution of the two erosion processes to total sediment yield.
Even treatments designed to control similar erosional problems display
cost-effectiveness differences of over one order of magnitude. Whether in

conjunction with the original land use or as part of subsequent rehabilitation




activities, prevention' is clearly the most cost-effective technique for

minimizing sediment production and yield.
II. INTRODUCTION

Redwood National Park was established by P.L. 90-245 in 1968 to preserve
significant examples of primeval coastal redwood forests and the streams and
seashores with which they are associated. The Park's redwood forests include
the world's tallest measured tree along with several others nearly as tall on
alluvial flats adjacent to Redwood Creek. From the moment of Park creation,
timber harvesting and road construction disturbances in the Redwood Creek
watershed outside the park combined with natural processes to pose imminent
threats to Park resources. Interactions between inherently unstable, highly
erodible hillslopes, exceptionally severe storms and intensive land use
practices caused Redwood Creek and many of its major tributaries to transport

far more sediment than natural.

Roughly 90% of the fbrests in the Redwood Creek basin have been logged since
1945. Logging practices resulting in vegetation removal, pervasive alteration
of hillside drainages, development of an extensive logging road network, and
construction of thousands of miles of tractor log-skidding trails, greatly
accelerated erosional processes (Janda and others, 1975). Changes included
increased runoff, modification of the natural hydrologic regime and increased
sediment yield. Other problems such as increased landsliding, filling and
widening of stream beds, erosion of stream banks, damage to streamside
vegetation, and overall degradation of natural aquatic ecosystems have been

documented (Nolan and others, 1976; Harden and others, 1978).



Congress, in establishing Park boundaries in the 1968 Act, had not anticipated
the magnitude of adverse impacts resulting from continued logging in the
watershed upstream from parklands. In 1978, Congress amended the Redwood
National Park Act through P.L. 95-250 to enlarge the Park by 19,500 ha (48,000
ac). It also mandated preparation and implementation of a watershed
rehabilitation program aimed at accelerating erosional recovery of lands
within the Redwood Creek basin, thereby eventually diminishing threats to Park

resources (fig. 1).

This paper will review the methodology and specific techniques Redwood
National Park has employed in dits rehabilitation program to control
accelerated erosion on lands which have been impacted by timber harvest and
road building. In the second part of the paper, results from cost analyses,
post-rehabilitation erosional inventories and plot studies have been combined
to yield a quantitative measure of short term erosion control

cost-effectiveness for forest land restoration practices.
III. GENERAL DESCRIPTION OF AREA

Redwood Creek drains a 725 km2 (280 mi2) watershed in the mountainous, coastal
region of Northern California. The headwaters begin near elevations of 1,525
m (5,000 ft.) and the creek flows north-northwest to the Pacific Ocean near
Orick, California. Through most of the parklands, Redwood Creek follows the
trace of a major geologic structure, the Grogan Fault, which divides the land
into two different terrain types. The basin's westside 1is underlain by

well-foliated, mica-quartz-feldspar schist, and generally has steeper




hillslopes and a highef drainage density than the east slope. In contrast,
the east side is primarily underlain by pervasively sheared sandstones and
siltstones and it supports more gentle slopes, loamy soil, locally large

earthflow prairie areas, and a lower drainage density.

Annual precipitation in the lower one-third of the Redwood Creek basin between
1938 and 1980 has averaged approximately 2000 mm (79 in.). Four major storms
(1964, 1972 (2), 1975) have occurred since logging began on most of the area.
Harvesting and road construction on many sites occurred after 1964, but prior
to or immediately after the storms of 1972. While the magnitudes of the 1972
storms were probably less than either the 1964 or 1975 rainfall events (Harden
and others, 1978), their erosive impact appears to have been greatest, perhaps
because clearcutting and tractor yarding on many of the areas had been just

comp]efed.
IV. LANDUSE AND EROSION

A significant prob]eh associated with timber harvesting and road building in
mountainous terrain is an increase in soil erosion rates and resultant
sediment yield (Anderson, 1979; Kelsey, 1980; Swanson, 1981). Few places in
North America display this more graphically than the Redwood Creek basin where
physiographic, geologic and climatic factors, together with complex land use
patterns, have contributed to exceptionally high rates of erosion (Janda and
others, 1975). For example, during six years of record beginning in 1971,
Redwood Creek at Orick, California, transported a mean annual suspended
sediment load of 2,619 t/km2 (7,500 ton/mi2), 32 percent higher than the Eel

River at Scotia, California (Janda, 1978), which has previously been



characterized as the most rapidly eroding, non-glaciated basin‘of comparable
size in North America (Brown and Ritter, 1969). While Redwood Creek's
suspended sediment discharge has been estimated to be 8.6 times greater than
the expected normal rate of delivery (Anderson, 1979), synoptic storm sampling
indicates that some tributary basins displaying severe ground disruption from
recent timber harvesting have yielded as much as 17 times the suspended

sediment, per unit area, as nearby unharvested basins (Janda, 1978).

Logging Methods

When in private ownership, cutover lands now a part of Redwood National Park
were logged by one of three methods. Early logging (c. 1930's) utilized
"steam donkey" winches to yard (drag) trees over great distances to ridge top
areas. Logs were then loaded and hauled to nearby mills over railroad
systems. Although this early clear cut logging left behind great quantities
of logging slash and removed most of the vegetation of cutover areas, soil

disturbance and drainage pattern disruption were not severe.

More modern cable yarding practices required extensive road construction, yet
such logging became common in Redwood Creek only after the last major storm in
1975. Field-observations and data from erosional inventories suggests that
although sediment production from these recently clear cut, cable yarded
hillslopes has also been negligible so far, landslides and gully erosion could

become important within the next several decades.

In total, steam donkey and recent cable yarded clear cut lands comprise 23

percent of the 13,000 ha (32,000 ac.) of cutover area in the Redwood Creek




portion of Redwood National Park (Best, 1984). However, most of the increased
erosion from land usé disturbances has been derived from 800 ha (2,000 ac.) of
roaded prairie grasslands and 10,000 ha (25,000 ac.) of tractor yarded forest
lands (Weaver and others, 1984).

When logging was done by tractors, felled trees were yarded downhill to the
nearest logging road and loaded on trucks. In the process, yarding tractors
constructed a network of dinterconnecting skid trails which crossed nearly
every hillslope stream channel at frequent intervals. In every case, this
method of 1logging was marked by extreme ground disturbance (fig. 2).
Typically, upon completion of clear-cut operations, from 80 to 85 percent of
the ground surface had been bared and roughly 40 percent of the site was
covered by areas of severe ground disturbance including roads, landings and
skid trails (Janda and others, 1975). The effect was a near total disruption
of the microtopographic features of a site and obliteration of all but the
major channels of the original drainage network (fig. 3). Compacted areas
(roads, trails and 1andings) generated rapid surface runoff during winter

storms and diverted :streams find new paths over the disrupted landscape.

Erosion Problems on Logged Land in Redwood National Park

The primary erosional impacts of timber harvesting and related activities
were: (1) massive soil disturbance on steep slopes logged by crawler
tractors, (2) vroad cuts and fills which are prone to mass failure, (3)
widespread alteration of natural drainage networks, (4) cutbank interception
of groundwater, and an increase in impermeable bare soil areas associated with

logging roads, causing increased runoff during storms, (5) surface runoff
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Figure 2. Oblique aerial photograph of tractor logged clear cut area
now within Redwood National Park. Note logging road traversing
Tower slope and the intricate web of recently constructed skid trails.




Figure 3. Close-up oblique aerial view of tractor logged hillslope
which was clear cut in 1975-1976. By 1978 (date of photo), areas
between skid trails had already begun to revegetate. Photograph
shows two road crossings and at least seven skid trail crossings
of the intermittent stream which flows from top-center to bottom-

center of the hillslope. Note uncut, old growth forest below the
lower road. .



disruption leading to déve]opment of extensive gully systems, particularly on
areas with deep, fine grained soils, and (6) direct deposition of sediment and
organic debris in stream channels. In addition, stream channels adjusting to

the above impacts have shown an increase in streamside landsliding.

Because of the tremendous size of the trees in old growth redwood and
Douglas-fir forests, tractors created deep cuts while making skid roads to
drag out the logs. These deep tractor cuts on the hillslopes created major
erosion problems and hampered revegetation. Skid roads frequently became
gully courses when they intercepted and concentrated ground water and
increased surface runoff during rain storms. The spider-web network of
bulldozer skid roads severely disrupted the natural drainage network. Gullies
formed from diverted streams flowing over bare hillslopes. Concentrated water
also caused saturation of soil fills and led to destructive debris avalanches

and debris torrents moving down steep stream channels.

Logging roads and. their effgct on diverting surface runoff constitute one of
the greatest erosioﬁ problems on the logged watersheds in Redwood National
Park (Weaver and others, 1984). Roads have increased erosion principally
through the mass failure of cut and fill slopes and by diverting streams and
concentrating surface erosion to produce hillslope gully systems (fig. 4).
Stream side 1landslides, as well as slope failures triggered by road
construction and logging-related disturbances, have accounted for substantial
quantities of sediment directly delivered to perennial streams (LaHusen, 1984;

Kelsey and others, 1984).

Redwood National Park also has 800 ha (2,000 acres) of grass prairie, and
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practically all these prairies are traversed by ranch or logging roads. Many
of the roads have altered natural drainage patterns established on these
erosionally sensitive slopes by intercepting and diverting upslope runoff.
Gullies several tens of feet deep and thousands of feet long, as well as newly
activated slumps and earthflows, formed as slopes adjusted to altered

hydrologic conditions.
V. EROSION CONTROL TECHNIQUES USED IN REDWOOD NATIONAL PARK

The rehabilitation program, begun in 1978, is a multifaceted effort designed
to meet the following objectives: (1) to minimize the amount of sediment
delivered to stream channels from areas disturbed by logging, (2) to remove
over 400 km (250 mi) of logging roads, (3) to protect or restore aquatic and
riparian resources, (4) to accelerate the conversion of logged timberlands to
a reasonable mimic of old growth coastal redwood forests, and (5) to encourage
the prevention and control of accelerated erosion on private lands where

timber is still being harvested upstream from the park (U.S.D.I., 198la).

The rehabilitation program, expected to span approximately 15 years, is
addressing each of the above objectives. During the first five years, erosion
control efforts were concentrated on vrecently cutover terrain where
severe erosional problems were found adjacent to streams or threatened to
deliver sediment directly to streams. Rehabilitation on such sites progressed
in three stages: (1) geomorphic mapping and erosion inventory, (2) major
earth moving using mechanized heavy equipment, and (3) installation of erosion

control structures and revegetation by manual labor.




The first phase, detailed geomorphic mapping, delineated surface drainage
patterns and gully Systems, areas of emerging groundwater, active and inactive
landslides, culvert locations along roads, tractor-constructed fill crossings
of stream channels, and excessive organic or inorganic debris in streams.
Erosion mapping was done during the wet winter months, at a rate of roughly 6
ha (15 ac.) per person-day. This information was then used to prioritize
potential work sites, prescribe site specific erosion control treatments and

prepare cost estimates for the work to follow.

Heavy Equipment Rehabilitation Work

The second major stage of each rehabilitation project occurred in the dry
summer months. In this phase, heavy equipment was used for major earth moving
tasks. Bulldozers, dragline cranes, hydraulic excavators and backhoes removed
road fill crossings from stream channels and reestablished the approximate
pre-road channel configuration and gradient (fig. 5). Bulldozers and
hydraulic excavators or bacKhoes worked: in tandem or alone to excavate debris
and skid trail fi]ﬂ from incised stream channels. Where streams had been
artificially diverted by logging activity, or where groundwater emerged from
cutbanks, this same equipment redirected water to natural channels. Backhoes
and excavators also placed large rock 1in the bottom of newly excavated

channels to protect the streambed from downcutting during winter flows (fig.

6).

Heavy earth moving equipment was used extensively to remove logging roads and
stabilize log landings. Typically, the rock-surfaced road bench was first

decompacted using chisel teeth rippers mounted on a bulldozer (fig. 7).



Figure 5. Hydraulic excavator and bulldozer completing stream
crossing excavation on a former logging road. The excavator
removed soil and organic debris from the stream channel while
the bulldozer distributed spoil material to stable locations
farther down the road.




Figure 6. Before and after photographs of skid trail crossing excavation
on tractor logged hillslope. Top picture shows wedge shaped mass of
soil and logging slash which was bulldozed into the channel during
logging operations in 1975. In lower photo, taken after rehabilitation
work was completed in 1980, debris has been removed from the watercourse.
Straw mulch was applied to the bare sideslopes and the channel was
armored with coarse rock fragments to control post-rehabilitation
erosion.



Figure 7. Photographs showing mechan-
ical ripping of former logging roads
in Redwood National Park. Compacted
road surfaces are disaggregated to a
depth of 30 inches (75 cm) by several
passes of large, specially equipped
bulldozers. Ripping results in in-
creased infiltration, decreased
surface runoff and quicker revegeta-
tion.




Several passes of the tractor successfully disaggregated the upper 0.5 m (1.5
ft.) of material and increased the infiltration rate of the previously
impermeable surface. Then, oversteepened fill material and organic debris
from the outside edge of the road or landing was placed by a dragline crane or
excavator, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>