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ABSTRACT

The uses of spur dikes made of rockflll and stone riprap and of gabion
groins and gabion welrs for streambank erosion protection and streambed
scour control are examined through |lterature review, laboratory model
studies and field investigations.

The results of the |lterature review are summarized, including general
design features, recommended spur dike and groin orfentatlon angles,
spacing/length ratios and local scour prediction equations.

Model studies are used to evaluate several spur dike and groin design
parameters. The streamflow patterns and bed scour patterns assoclated wlth
various arrangements of spur dikes and groins are used to determine which
ortentations for single structures and arrangements of multiple structures
are best for protecting eroding banks and to manipulate scour patterns. A
model study Is also used to evaluate the flow and scour patterns caused by
low V-shaped gabion welrs and to determine the relation between welr apex
angle and the size and shape of the resulting scour hole. A model study Is
also used to examine a prototype spur dike arrangement, predict scour
patterns, and evaluate several alternative arrangements of dikes for that
same prototype river reach.

The principal conclusions from the model studies include: (1) the degree
of bank protectlion provided by spur dikes and groins Is a function of the
structure length, ortentation angle and spacing; (2) as structure length
Increases, the protected distance downstream Increases, but not
proportionately with the increasing structure length; the model dikes could
protect a bank from two to five times thelr own length; (3) upstream-

orfented structures are more effective than downstream-orliented structures,




with structures perpendicular to the flow Intermediate in effectiveness, in
deflecting the river current away from the bank and thus providing bank
protection farther downstream from the structure tip; (4) upstream-orlented
structures and normal ly-oriented structures cause more extenslive scour holes
than do downstream-oriented structures and may thus provide larger |ow-flow
scour holes; (5) the V-shaped welr with !ts apex pointing upstream causes a
large scour hole at the center of the channel bed and does not threaten the
channel banks, a welr apex angle within the range of 90 to 120 degrees
resulting in the maximum scour depth and scour volume; (6) the stralght weir
produces only a |Imited scour hole; and (7) the V-shaped weir with I+s apex
pointing downstream causes two scour holes, one near each bank, the holes
being smaller than for a welr with the apex pointing upstream but
potentially threatening the channel| banks.

Field studies are made for comparison with the laboratory studies and
with the results of other researchers. In particular, local scour and
streambed and streambank adjusitments to a groin on a small creek and fo a
new spur dike fleld on the Willamette River, Oregon are documented. Flow
patterns, current velocitles and water depths In the dike field are

reported.
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FOREWORD

The Water Resources Research Institute, located on the Oregon State
Untverslty campus, serves the State of Oregon. The Instltute fosters,
encourages and fac!|ltates water resources research and education involving
all aspects of the quallty and quantity of water avallable for beneficlal
use. The Institute administers and coordinates statewide and reglonal
programs of multidiscipiinary research In water and related |and resources.
The Institute provlides a necessary communications and coordination 1|lnk
between the agenclies of local, state and federal government, as well as the
private sector, and the broad research community at universitles In the state
on matters of water-related research. The Institute also coordinates the
Interdiscipl Inary program of graduate education In water resources at Oregon
State Unlversity.

It Is Institute pollcy to make avallable the results of signiflicant
water-related research conducted In Oregon's unlversities and colleges. The
Institute nelther endorses nor rejects the flndings of the authors of such
research. |t does recommend careful consideration of the accumulated facts

by those concerned wlth the solution of water-related problems.
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I. INTRODUCTION

Scour (localized erosion) in rivers and streams Is a contributing factor
to streambank eroslon throughout the country. Streambank erosion causes
annual losses of valuable land along thousands of miles of rivers. A study
conducted at the direction of the 1971 Oregon Legislative Assembly dlsclosed
that 2 minimum of 3,800 miles of streambank In the state were experiencing
erosion, creating more than 14 milllon square yards of visibly eroding banks
(Soll and Water Conservation Commissfon, 1973). These problems occur In all
parts of the United States. In many Instances, only low-cost techniques,
rather than costly rlprap protection, can be afforded by local |andowers.

Scour In channels Is an effective natural means for providing varlable
flow condltlons and hablitat for fish. Particularly In seasons of low
streamflows, scoured zones provide resting and hiding opporfun!f!es for
fish. Many simple scour-causing structures and gravel-trapplng structures
have been placed in streams by tfrial-and-error methods to enhance flishery
habitat. Many more wil| be Installed through ongolng programs by agencles
and sports groups.

In both situations (bank eroston control and fish habltat Improvement),
there |s need for the hydraullc evaluation of a varlety of low-cost, simple
channel devices that can be used to control scour, protect streambanks, and
provide flshery enhancement. |In each situation, the hydraulics of local
flow often are not wel |-understood nor adequately considered when such bank

protection or stream enhancement Is undertaken. Users of such channel




structures need to know in advance the Impact on bank protection and flishery
enhancement. A better hydraul ic basis s needed for activities that

cumulatively cost many thousands of dollars each year.

Purpose, Scope and Objectives

The broad purpose of this research has been to determine the effects of
englneered channel structures on local sediment scour and deposition and the
potential application of these structures for concurrent streambank
protection and flishery habltat enhancement.

The structures Investigated Include spur dikes, grolns, and welrs. Spur
dikes and grolns are structures extending outward from the streambank into
the channel. The terms "rock jetty"™ and "deflector" are commonly used among
blologlsts to refer to such structures. The terms are used Interchangeably,
al though spur dikes are often considered to be larger (higher and longer)
than grolns, rock jettles, and deflectors. Spur dikes may be "spurs"
extending outward from continuous dikes or revetments along the bank.
Sometimes the word spur Is dropped. Welrs are low s!lls that extend from
bank to bank across the channel. Spur dlkes and groins are partially
exposed at most water levels. Welrs, In contrast, are submerged at most
water levels.,

Two structural types of spur dikes and grolns were !nvestlgated:
riprapped rockfll|l and rockfllled gablons. One structural type of welr was
considered: rockfll|l gablons. Thls emphasls on rockfll|l structures reflects
the general ready avallablllty of rock materlal for construction In much of
western North Amerlca, the |ess-complex construction Involved, compared wlth

concrete structures, and the greater |likely durabllity compared with timber

structures.




The speciflc objectives of the research have been:

1. to !nvestigate the sediment scour and deposition characteristics
for single spur dikes and grolns;

2. to Investigate the sediment scour and deposition characteristics
for multiple spur dikes and groins;

3. to determine the desirable orlentation angles and spacing of
multiple spur dikes and grolns to provide streambank protection;

4. to ldentify the opportunities for concurrent flshery habltat
enhancement when spur dikes and grolns are used for bank
protection;

5. to Investlgate the scour and deposition characteristics for
various orientations of single gablon welrs; and

6. to ldentify the opportunities for fishery habitat enhancement
by use of gabion welrs, as well as the concurrent needs for

streambank protection.

Research Approach

The research was organized Into two roughly parallel studles, one
involving riprapped rockfil|l structures and the other Involving gablons.
Each study emphasized |aboratory experimentation, based on preparatory
| iterature reviews and evaluations. Each study also Involved fleld
observations and measurements. Scott Kehe was responsible for the study of
riprapped rockfil| structures and Yaw Owusu was responsible for the study of

rockfllled gablon structures.




This report Integrates the results of the two respective studies. The
studles are also separately reported In greater detall as technical reports
tn partial fulfillment of the requirements for the M.S. Degree In Civili
Engineering (see Kehe, 1984 and Owusu, 1984). Additional fleld Information
has been added to extend some of the fleld observations at a group of new

spur dlkes.




I1. GENERAL CONCEPTS

Eroslion and Scour

Eroston Is the removal of soll particles by flowlng water. |t embraces
the beginning of motlon of soll particles inlttally at rest and their
displacement from the area under consideration (Vanont, 1975),

Eroston may be divided into two maln catagories on the basls of areal
extent and erosional Intensity: (a) general erosion and (b) local scour.
General erosfon Involves the removal of exposed particles from extensive
areas of the land, streambank, or streambed surface. Local scour describes
erosion fnvolving a single unifled flow pattern, as In the case of |ocal
scour at the base of a river structure. Surface erosion can be consldered
to be the combination of effects of many local scours of varylng Intensities
and patterns covering a wide area of land or streambed.

Soll materials may be classified as cohesive or non-cohesive from the
point of view of thelr ability to erode. Non-cohesive sediment consists of
discrete particles. The movement of such particles, for glven erosive
forces caused by moving water, Is affected by partlicle properties such as
shape, slize, density and the relative position of the particle with respect
to other nearby particles. For coheslve sediment, erosion depends on these
discrete particle properties and on the breaklng of cohesive bonds between
groups of bonded particles. Thus, for the same flow, the resistance to

erosion is greater for cohesive particles than for Indlvlidual non-cohesive

particles because of the strong bonds.




The United States has nearly 3.5 miilion miles of streams and rivers.
The U.S. Army Corps of Engineers reports that streambank erosion Is
occurring on approximately 575,000 miles of these streams (USACE, 1981).
Severe erosion Is reported on two percent of the seven milllon bank-mlles;
these are In need of erosion protection. The total damage resulting from
this erosion amounts to about $250 million annually, based on 1981, values
In losses of private and public lands, bridges, etc. The annual cost of
conventional bank protection required to prevent the damage from occurring
is estimated to be $1.1 billion.

The removal of streambank sofl particles by flowing water Is one of the
major mechanisms causing streambank erosion. Bank seepage s a second
Important mechanism for erosion. The mechanics of streambank erosion and
the eroslon rate are related to the geometry and hydraul ic characteristics
of the stream and to the type of soll material present.

The bends of meandering rivers are generally the locations for the
severest form of bank erosion, the erosion taking place mainly at the
concave banks of the bends. Figure 1 shows the flow distribution in a
meander, with Isometric views of the longitudinal and |ateral components of
velocity at varlous positions In the bend. Fligure 2 shows the definition of
terms used with regard to the geometry of meanders.

Figure 3 shows that the largest water velocities and deepest parts of
the channel (l.e., the thalweg) in a bend shift close to the concave bank
(the bank at the outside of the bend). Measured velocity distributions show
that the maximum point veloclity In a bend occurs somewhat below the water

surface. Maximum velocitles along the concave banks of bends In several

6
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Generalized surface
streainlines

Generalized velocity
distribulion

Figure 1. Isometric
(Source

Views of Flow Distribution in a Meander
: Adapted from Leopold, et al., 1964)

Axis of
bend

Location of
point bar

Figure 2.

\ L = Meander length (wave length) .

A= Amplitude
rm*Mean radius of curvature

Point of inflection —
or Ccrossover

Convex bank
Concave bank

Definition Sketch for Meanders
(Source: Leopold, et al., 1964)
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Figure 3. Velocity and Turbulence in a River Bend
(Source: USACE, 1981)
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Figure 4. Paths of Maximum Surface Velocity During Moderate and Flood Flows
(Source: Adapted from USACE, 1981)




Cal Ifornla rivers are reported to be as high as 1.8 tImes the average
channel velocity (USACE, 1981).

The lateral components of veloclty result from the centrifugal force of
flow In a bend. The high~velocity masses of water near the surface read!ly
move toward the outside of the bend, tending to cause a "p!ling up" of water
there. This superelevation effect creates a counterflow near the bed, where
centrlfugal forces are weaker due fo smaller water velocitles. Hence, an
apparent "secondary current" occurs In the plane normal to the longitudinal
flow direction.

The combined effect of longitudinal and secondary flow components In a
river bend Is to give rise to a spiraling flow. This Is a major factor In
streambank erosion. As the flow erodes the outside of a bed, bank particles
fall toward the bed and become entrained In the counterflow across the bed
toward the lnside of the bend, moving downstream durlng the process.
Depending upon the spec!flc features of the bend, the coarse eroded mater!al
may deposi{t on the polnt bar near the convex bank within the same bend (see
Figure 2) or may be carrled farther downstream to deposit. |f the bend
leads to a stralght reach, deposition may occur at a riffle, dlagonal bar,
or alternate bar near the transition zone. |If the bend |eads to another
bend (as shown In Flgures 1 and 2), deposition may occur at a riffle or
shoal area at the crossover between bends or at the upstream edge of the
next polint bar.

During periods of very high water, such as during floods, the bar at the
Inside of the bend Is more deeply covered. Hence, the |argest water

veloc!ties shift closer to the convex bank. This Is shown In Figure 4.




The locations where bank scour may be particularly severe along a bend or
stralght reach depend upon the local detalled flow pattern and the local soll
characteristics. |In general, the place where bank erosion Is most frequent and
where protective revetments most commonly fall Is Just downstream from the axis
of the bend (Parsons, 1960). |If thls erosion |s severe, the vlgorous
cross=currents near the bed can result In large quantities of bed materlal belng
transported to the convex bank. New point=-bar deposition forces the flow more
strongly against the concave bank, thus sustalning the erosive force there.

Meanders In alluvial rivers Increase In size due to progressive erosion of
concave banks of rlver bends. Non-uniform velocity distributions, secondary
currents, sediment scour, and sediment redepositlion also allow meanders fo
migrate downstream. Where general bank eroslon occurs, the velocitles may be
fairly well distributed. However, where the riverbank resfstance to erosion
Increases or Is varlable, the flow tends to concentrate and develop locally

greater veloclties and depths.

Streambank Erosion Conirol

The types of methods and structures used to stabllize streams vary wldely.

Some of the streambank stabillzation technlques developed Include:

1. Stone riprap reveiments; 8. Rall jacks;
2, Stone spur dlkes; 9. Gablons and rock sausages;
3. Concrete pavement; 10. Vegetation;

4, Articulated concrete mattresses; 11. Automobile frames and bodies;
5. Asphalt-mix pavements; 12. Car tlres;
6. Walls and bulkheads; 13. Synthetlc revetments and matting.

7. Timber jettles;
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The cholce of a particular technique depends to a large extent on the
experience and Judgement of the engineer. Hydraullc conditlons and
streambank erosion vary widely from one location fo another. Thls may be
due to differences In the various stream characteristics, Including flow
conditions, bed and bank materlal, and channel geometry. Even under similar
erosive and hydraul fc cond!tions, there Is no slngle unlversally appllcable
method. For Instance, differing economic and loglstic constraints such as
the avallablllty of construction material and equipment can also affect
decisions. Hence, It has been the englneering practice to solve each bank
erosion problem independently.

According to the U.S. Army Corps of Englineers, the state-of-the-art of
streambank protection has not advanced significantly since 1950 (USACE,
1981). What has developed Is the use of a group of favored methods, the
most wldely used being stone rlprap, rockfill spur dikes, and gabions. The
englneer uses baslc hydraul ic princlples to design streambank protection
structures. But because of the Interrelated complex factors involved, many
methods have evolved through a process of "trial and error" experience.
Thus, theoretical and emplrical techniques are avallable to determine the
necessary particle size and welght to resist erosion caused by the shear or
drag forces of flowing water. However, less Is known about how fo position
various structures in the stream to achleve the most effective Interactlion
with the flow to produce deslred results. Here, past experience Is an

Important determinant of des!gn methodology.
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Fish Habitat Modification

Fish tend to congregate in areas of a stream where food, shelter,
temperature range, oxygen content, and other factors combine to create a
favorable habltat (Bell, 1973; Hall and Baker, 1982). A varlied stream, such
as one with a succession of riffles and pools, Is usually more condusive to
an abundance of game fish than Is a monotonous stream, such as one |imited
to only runs or only wide fiat water.

Vartous structural devices can be used for fish habitat enhancement
(see, for example, Bradt and Wieland, 1978; Federal Highway Administration,
1979; Hall and Baker, 1982; Maughan, et al., 1978; Reeves and Roelofs, 1982;
and U.S. Fish and Wildlife Service, 1978). Dlkes, Jettles, deflectors, and
groins placed at strategic positions along a streambank can be used to cause
scour holes and pools or to deepen the local channel. Welrs across the
stream can be used to create pools and plunging flow. The various channel
structures can also be used to aerate the water, reduce the water
temperature, preserve existing pools, cause sediment deposition, and provide
gravel beds suitable for fish spawning. Most Importantly, the structures
can be designed to serve the habitat function while simultaneously providing

bank protection.

Manlpulation of Local Scour

Several general principles have been advanced on the nature of l|ocal
scour in river channels (Laursen, 1952; Vanoni, 1975). These principles can
be stated as follows:

1. the rate of local scour equals the difference between the capacity

for bed material transport out of the scoured area and the rate

of supply of bed material to that area;
12




2., the rate of local scour decreases as the flow sectlon Is enlarged

due to eroslon;

3. for given Inltlal cond!tlons, there Is a |Imiting extent of

scour; and

4. this Iimit Is approached asymptotically with respect to time.

The principles apply for all types of structures or natural obstacles In a
channel, whether attached to a bank or located In mid-channel. The general
princlples are usually applied for the purpose of estimating scour conditlons In
order to protect a structure. They can also be used to evaluate structural
possibilities for manipulating local scour. Such manipulations may be
undertaken for streambank protection and for habltat enhancement.

Scour at Spur Dikes and Grolns

Spur dikes and grolns directly Influence flow veloclitles and patterns In a
river. This has a signiflcant effect upon sediment transport, general and l|ocal
scour, and sediment deposition near the sftructure. |If the structure is bullt at
the concave bank of an erodling river bend or along a stralght bank where flow
velocltles are high, the maln current Is shifted away from the bank toward the
center of the channel. Channel depths adjust to the new velocity and shear
stress condltlons; this happens by means of local sediment scour and deposition.
The effects sometimes carry downstream for some distance because of the new flow
al lgnment caused by the structure.

The obstructlon caused by a spur dlke or groin generates an Intense and
compl Icated system of vortices. The primary vortex Iimpinges on the bed
Immediately In front of the spur dike, erodes bed material, entralns the eroded
material In the flow, and allows It fo be carried away downstream by the main
flow (Ahmad, 1953). Intermittent vortices of lesser strength occur along both

the upstream and downstream faces of the dike, as shown In Figures 5 and 6.
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Figure 5. Plan View of Flow Patterns at a Spur Dike or Exposed Groin
(Source: Copeland, 1983)
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Figure 6. Front Profile of Scour Hole Along a Spur Dike or Exposed Groin
(Source: Copeland, 1983)
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The deepest point of the maln scour hole Is |located close to the tip of
the structure, where the local flow acceleration is most pronounced. I|f the
structure Is orlented downstream, the primary vortex Is deflected downstream
and the main scour hole may be positioned some distance downstream of the
tip (Samide and Beckstead, 1975). An upstream-oriented structure may cause
greater scour than a downstream-oriented structure (Ahmad, 1951; Garde, et
al., 19613 Mukhamedov, et al., 1971; Tison, 1962).

The anticipated scour depth adjacent to the structure Is of concern for
design, so that the structure's base elevation is set below that of the
scour hole. The slze, depth, and extent of the scour hole generated by the
structure and the angle of repose for material forming the sides of the
scour hole are also of concern with respect to possible nearby bank erosion.

Much research has been done on scour depth at a dike. Thls Is also
appl fcable to exposed (unsubmerged) groins. Several parameters have been
fdentifled that must be considered in order to determine the depth of scour
(e.g., Samide and Beckstead, 1975). These include water parameters, channel
flow parameters, structure parameters, and sediment parameters. These can

be given in the following equation:

d =Flp 51 6 ha Vo T Bs Ls 8 5 B2 0. 536 ,Cipls ¢« v 5 waw £1)
S W 58 B S

In which ds I Imi+ting depth of scour below orliginal bed level; By = density
of water; u = absolute viscosity of water; g = acceleration due to gravity;
h = average depth of flow in approach channel; V = average flow velocity In
approach channel; T = time of scour after initiation of flow; B = average
width of approach channel; L = length of the structure; 6 = orientation

angle of structure with the downstream bank; 8 = side-slope angle of the

structure with the vertical plane; DSO = medlan graln size of bed sediment;
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Op = term describing the slze gradation of bed sediment; C = sediment
concentration by welght; and Pg = density of bed sediment. (All symbols
used are |lsted In the Appendix).

Since river flows are highly turbulent when scour occurs, the effects of
fluld viscoslty can be neglected compared to Inertial forces. |f the flow
s sustalned for a long time, the depth of scour wlll approach a maximum,
allowing time to be dropped from further consideration. Assuming h, V and Py
as the repeating vartables, a dimensional analysis of the remalning
variables ylelds, after some rearragement:

d
s
- = f

,}l;—,e,e,T,cD,c,Bi,)..............(2)

The flrst term In parenthesis is the Froude Number. The second and
third terms can be combined to form a flow contraction ratio.

The general concepts and principles have been applied by several
researchers to develop mathematlical relationships for the prediction of
scour. Several of the resulting equations proposed for predicting scour
depths at spur dikes or groins are presented in Table 1. Some of the
originally-given symbols have been changed here to facllitate comparison.

Investigators disagree as to which parameters are most Important in
determining scour depths at spur dikes. Early Investigators considered the
stream veloclty and waterway contraction ratio to be the most signiflicant
factors. Laursen (1960) maintained that the scour depth Is primarily a
function of the dike length and the upstream depth and is independent of the
contraction ratio If sediment movement occurs upstream of the dike. Liu, et
al. (1961) and Cunha (1973) also determined that the contraction ratlo was
not Important once sediment motion was establ ished. Garde, et al. (1961)

and Gill (1972) determined that the contraction ratio was an Important
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Table 1. Summary of Published Scour Depth Prediction Equations Appllicable
to Spur Dikes and Groins

T ¥, = k($30-33 Inglis (Copeland, 1983)
k varles between 0.8 and 1.8
2
7. v, = k()03 Blench (1969; Samide
bo

and Beckstead, 1975)
k varles between 2.0 and 2.75

o)
5, Ys = 1.616 - 0.908(%}15 Ahmad (1951)
2/3
q
4, ¥, = yK( ) (F)" Garde, et al. (1961)
B
5 Y, = 0.3y + 2.15y (B1 2y0.4 (y0.33 Liuet al. (1961)
6. v, = 8375y (22 50 0.25 ( )0 -83 GIII (1972)
d d
7 Le = 2.75 (-2) (1 () + 17770 _ 1y Laursen (1960)
6 5 % ynchm %
. Vs = 10:4 (51n0)% (Coss)* Vchm) Mukhamedov, et al. (1971)
(I-M)(sss%)uﬁ(H0.0QC) q%(1+135F) /2
d ns/ ns
=5 =
9, p- = 0.30 +1.60 Log, ( T ns*) Awazu (1967)
iligia Ins®. 82.61¢

Ny (3.69M + 0. 84)é

See Appendix for Definitions of Symbols

Note: % = h +ds tn all cases




parameter. Llu, et al. conslidered velocity to be an Important factor with
or without sediment movement. Garde, et al. also stated that it was. Gt
reported that velocity was not an Iimportant factor. There Is also
controversy regarding the Importance of bed material slize. Garde, et al.
and G111 found graln size to be Important while Laursen, Liu, et al. and
Ahmad dld not believe It to be a major determinant of scour depth.

The equatlions developed are primarily based on |aboratory testing of a
single structure In a stralght flume, with |Imited prototype veriflcation.
More prototype data are needed to resolve disagreements as to the main
predlction parameters and regarding the confllcting predictions glven by the
equations. Furthermore, more Information Is needed to determine the
potential appllicabillty of these equations for predicting scour at multiple
structures.

Scour at Weirs

Weirs influence the local flow patterns and veloclitles In a stream. The
primary effect upstream of the structure Is to cause a backwater zone where
water depth Is greater and veloclity Is smaller than In the absence of the
welr. As the flow passes over the welr, It accelerates and plunges toward
the streambed just downstream. Hence, the primary effect downstream of the
structure Is to cause local scour and the development of a scour hole near
the base of the welr.

The process Involved in scour downstream of a welr Is roughly analogous
to the scour below an outfall plpe due to a free Jet or to the scour at the
base of a free overfall. The overfall can be considered to be a
two-dimenslonal version of the clrcular jet from the outfall pipe. Some

welr confligurations flt the two-dimensional flow concept whereas other weirs
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are |lower near the center and cause the flow to be |lke a flattened oval
Jet. An added complication Is that often the tallwater level Is high enough
to partly submerge the jet or overfall.

Numerous studies have been done on the subject of jet scour. These
Include the work of Rouse (1939), Schokl itsch (1935), Doddiah (1950), Thomas
(1953), and more recently, Rajaratnam and Beltaos (1977). The several
factors affecting the streambed scour from a circular Jet Include water
parameters, Jet parameters, and sediment parameters. These can be expressed

In the following relationship (Doddlah, et al., 1953):

d =f( V’A’T’ » ') » )I..I..I.O...IIC‘I(S)
T Yin 3 pw pswcm

where dT = depth of scour below the original bed level at a particular time,
T; Yy = tal lwater depth at pool over scour hole, measured from original bed
level ; Vj = the veloclty of efflux of the jet; Aj = cross-sectional area of
the jet; T = time; ﬂq= density of wafer;;g = density of sediment; w=
settling veloclity of the sediment belng scoured; ando = standard deviation
of the sediment settlling velocity.

A dimensional analysls of the variables can be made and the resulting
expression can be simplifled by assuming that the density ratio and the

standard deviatlon of the sediment settling velocity are constant. This

glves:

i R L O

vAj

=g

To evaluate the jet scour In a systematic fashlon, the following
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equations were developed by Doddliah, et al. (1953), using a simple process
of curve fitting for thelr experimental data:

a) for a solld jet

d R Yy i
T o 0023/ 4o T (k- 1) go02 2L w04 ... .. ..... (5)
iy, /ay

b) for a hollow Jet

v,
d T : :
T . 00237 4 oT (= -1) s W ;
7, y, - loaly 1 0.032‘/% 0.5...... N ()

These equations show conslderable similarity for scour from a solld Jet and
scour from a hollow Jet. Of particular signiflicance, the scour Is directly
proportional to a geometric progression of time; that Is, a state of
equiflibrium In the scour process Is not reached, even for constant
discharge. Moreover, the magnitude of scour decreases with a decrease In
the ratlo of jet veloclity to settling veloclty, approaching zero as thils
ratlo approaches unity. Thus, for exampie, jet flow over a low welr on a
coarse streambed Is not |lkely to cause much scour.

For the analysis of scour at the base of a free overfall, Doddiah, et

al. (1953) assumed the existence of a relationship of the following type:
ds=f(H’y1"qw’T’{ﬂ’Uw}v-u--.-.--vauoc;ac---(?)

where H = helght of drop of bed level from upstream to downsteam; and Qy =

discharge per unlt of crest of the welr on drop structure.
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Dimensional analysis of the variables glves the following expression:

d
s _ o H 9w GwT
y'] f(y1s T "'H‘Z ’ GUJ) ----------------- .« o u .(8)

Two emplrical equatlons were developed by Doddiah, et al. to represent

this expression:

a) for sediment with a narrow slze-range

d I, 1/3
s _ qu H 3 (72) (9)

il = + L e T T S ST R TR

7, [0.29 + 0.070 log ( ] (HN) (5’1) H

b) for sediment with a wider size-range

dg Iwy1/3

7> = 10.49 + 0.040 Tog (q“‘T)l (o )2/3(ﬁ2(n S, . (10)
1 1

These equations show the continulng scour over time and the reduced scour If
the sediment Is large.
Schok| I+sch (1935) developed a more simplified equation for predicting

the scour at a drop structure. This can be glven as:

3.15  .,,0.2 _ 0.57
0B B8 e s LD
(0gg)

where y; = depth of scour In feet from the water surface over the scour hole

to the bottom of the scour hole (yg = yj + dg); D90 = the dlameter of the

bed matertal In millimeters such that 90 percent Is smaller; and H' = helght

of drop in feet of water surface from upstream to downstream.
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Schok| Itsch's equation does not consider the time variable. The Influence of
structure height and bed material slze are evl!dent.

In research conducted by Doddiah, et al. (1953), the work of Schokl ltsch
was compared wlth that of Doddiah (1950) and Thomas (1953), and the time
variable was demonstrated to be significant. For small scour depths,

Schok| Itsch's equation compared favorably with data for which time was
considered as a varlable. However, for big scour depths and more active
scouring conditlions, the equation of Schok|ltsch predicted a scour depth only
half as great as that which actually occurred.

The time dependency of scour remalns well supported in the |lterature
(e.g., Blalsdell, et al., 1981; Raudkiv! and Ettema, 1983). A more complex
aspect Is the time-varlablility of river discharge. Whereas the design flood
can be used to predict maximum scour depth for structural protection, this
approach Is not as useful regarding habltat. Bed load transport during the
rising and falling |Imbs of hydrographs causes scour holes to enlarge and
then to be partlally refilled. This results In variable amounts of habltat

space avallable during different low=flow perlods.

Some |llustrations

Spur dikes, groins, rock Jetties, and deflectors may be class!fled
according to thelr structural appearance as seen In plan view. The most
common types are illustrated In Figure 7. These types Include stralght,
hammer-head or T-head, bayonet or hockey stick, J-head, and L~head
structures.

The use of varltous spur dlkes and grolns for bank protection and channel

real fnement Is Illustrated In Figure 8. The dash |lnes show the definition
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C)

D)
E)

Straight Type 1. At Right Angles to Stream
2. Slanted Upstream
3. Slanted Downstream

Hammer-Head or T-Head Type
Bayonet or Hockey Stick Type
1. Slanted Upstream
2. Slanted Downstream
J-Head

L-Head

Figure 7. Conventional Types of Spur Dikes and Groins
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Figure 8. Uses of Various Types of Spur Dikes and Groins for Bank Protection and
Channel Realinement. Dash Lines Define Intended Future Channel Banks
(Source: Maccaferri Gabions of America; undated-b)
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new channel banks that w!l| develop over time as scour occurs in the new
main channels and sediment deposition occurs In slackwater areas, followed
by vegetation growth.

Flgure 9 shows further appllications of spur dikes and grolns, In this
case with emphasls on habltat enhancement. Two arrangements are shown for V
deflectors for narrowing and accelerating the current to create a scour
hole. Gravel deposits may occur on the downstream side of deflectors and be
sultable for spawning. Also shown Is a Y deflector arrangement which
enhances current acceleration and extends the length of the scoured area.

Figure 10 shows some applications of welrs for habitat enhancement.

Flow over the welr causes downstream scour. The backwater effect upstream
of the welr Increases the stream surface area and water depth there, thus
Increasing the avallable flsh habitat. Placing a sill| structure downstream
of the welr glives a means of deepening and controlling the |Imits of the
scour hole below the welr. Gravel trapping usually occurs upstream of a

welr and may Improve spawning opportunities.

25




|.|J|||I|r|rr|],||, o]l r'['““;'i'l'hl'l
—_—

—

. L/[Hfif‘/
a) SRR G = Scou,r'\\\
m— ,.___‘_‘_‘- e — - ‘l'l‘
TUTT T e

b)
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Deposition. 9a and 9b show V-Deflectors and 9¢c shows Y-Deflectors
(Source: Adapted from Maccaferri Gabions of Canada, undated)
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111, USE OF RIPRAPPED ROCKFILL SPUR DIKES AND GROINS

This part of the report descrlbes the use of semi-Iimpermeable rlprapped
rockflill structures as a bank protection technique. These structures are
called spur dikes or groins. They extend outward from the bank Into the
river In order to prevent bank erosion and to manipulate river currents.
The purpose of thls part of the research Is to characterize the sediment
scour and deposition characferisfics based on a comparison of avallable
| Iterature on spur dike design, a model study, and a prototype
Investigation.

First, the general features and effects of spur dikes are descrlbed.
Second, the principles of spur dike use and design are presented, Includling
the effectiveness of spur dikes, based upon a review of avallable
| tterature. Third, the procedures and results are discussed for model
studles conducted to evaluate several parameters relating to spur dike
design and layout, Including length and orlentation angle. Fourth, the
methods and results are discussed for a fleld Investigation of prototype
spur dikes. Thls was carrlied out durlng and after completion of the dlke
fleld construction to determine the hydraulic effects of the spur dikes on
river flow patterns and bed topography and for comparison wi{th model

studies. Flnally, some general concluslons are made.
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General Features of Riprapped Rockflll Spur Dikes and Groins

All forms of streambank structures extending out from the bank and used
for bank protection or channel current manipulation purposes, Including
dikes, grolns and jettles, are commonly called spur dikes and are referred
to as spur dikes In thls part of the report. The term "spur dike fleld"
refers to the use of more than one dike, Intermittently-spaced, at a slte.

Spur dlkes Influence flow veloclitles and current patterns In a river.
Spur dikes are an Indirect method of bank protection, by means of which
potentially eroding currents are deflected away from the bank or are reduced
In velocity. In contrast, direct protection methods physlcally Isolate the
bank from the eroding currents, such as by the use of a riprap reveitment fo
blanket the bank with rock.

Spur dikes extend outward from the bank Into the channel at an angle
which need not be normal to the flow (see Figure 7). Some dlkes are
stralght (as seen In a plan view), whereas others are bent, such as "L"
heads for which the outer tip turns downstream parallel to the streamfliow or
"J" heads for which the outer tip turns upstream or "T" heads for which
outer tips turn both upstream and downstream.

Spur dikes may be constructed of varlous materlals, such as masonry,
concrete, timber, earth or stone. As a result, spur dikes may be elther
permeable or Impermeable. Impermeable dikes block and deflect the current
away from a bank. Permeable dlkes also deflect the flow; but In additlion
they slow the current passing through the dike, thereby Inducling deposition
of sediment In the lee of the dlke near the bank. The accumulation of

sediment behind a dike or between successive dikes and the retardation of
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flow both cause the main channel to carry a larger proportion of the total
discharge, with increased current strength and sediment fransport capacity.
As a result, a greater depth !s maintalned In the maln channel. The
permeable dike Is most effective In a swift-flowing river carrying a
substantial load of coarse sediment that can settle upon reaching a zone of
reduced velocity. Timber plles are the basic component of most permeable
dlkes. Such dikes may also be rock-fllled below some predetermined water
level (e.g., low-flow level).

Because riprapped rockfil| spur dikes have a cenfral zone of
heterogeneous rock sizes and a coarse outer covering, they tend to be
seml~permeable. Thus, there may be flow through the dike but I+ Is

relatively Insignificant with respect to influencing sediment deposition.

Design of Riprapped Rockfill Spur Dikes and Grolns

Genera| Considerations

Al though spur dikes are used extenslvely, there are no definltive
hydraul ic design criteria to follow. Deslgn !s based primarily on
experience and judgement, due to the wide range of varlables affecting the
performance of the spur dikes. Parameters affecting spur dike design
Include channel width, water depth, water veloclty, channel sinuosity, bed
materlal slize, sediment transport rate, bank cohesiveness, spur dike length,
dike width, dike profile, dlke orientation angle, and dike spacing If more
than one dike is present (Lindner, 1969).

Spur dikes must redirect the flow away from an erosion-prone bank. This

affects flow patterns and sediment movement. Permeable dikes Induce
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sediment deposition which helps redirect the flow. Impermeable dikes do not
depend on sediment deposition to redirect the flows; they rely upon the
reduced width of the river to alter flow condltlons.

Where the river ls contracted by a new dlke, the water slope and energy
gradient Inltially become steeper and the velocity becomes greater,
Increasing the scour potential of the flow. The river may attempt to regain
Its orlginal cross-sectional area through bank and bed eroslon. But, If the
dike and the opposite bank are stable, the main flow may only be able to
scour out the river bed In order to Increase the cross-sectlonal area and
reduce the velocity and scour potential. The slze and stablility of the bed
materfal will determine the extent to which thlis can occur. For flow
contractlon to continue along the entire length of a dike fleld, elther the
dikes must be closely spaced or sediment deposition must occur between the
dikes. The possible depth of maln-channel scour caused by dikes and dike
fields must be considered In spur dike design.

Spur dikes affect sediment deposltion patterns (Lindner, 1969). While
most depos!tion occurs In the lee of permeable dikes, deposition In the
vicinity of Impermeable dlkes and dike flelds can also occur upstream of the
dike because of greater flow retardation and decreased veloclity. When
Impermeable dlkes In a spur dike fleld are bullt to an elevation above the
high water level, deposition between dlkes can only occur if sediment is
brought in by eddy action of currents from the maln channel. When
Impermeable dikes are overtopped by water carryling coarse sediment,
depositlion can occur on and between the spur dikes, especially with L~head
dikes. Unless the stream carries a large amount of coarse material In

suspension when the water overtops Impermeable dikes, the rate of such
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deposition wlll be slow. To Increase this rate, !t may be necessary to
divert the bed load into the dike fleld. One way to accomplish this is by
stepping-down the top elevation of successive dikes In a dike fleld, from
upstream to downstream dike (Lindner, 1969).

As an alternative to Inducing deposition, It may be desired to prevent
the area between dikes from accumulating sediment. For example, thls might
be desired so as to malintaln a fish habitat there. In such cases, the spur
dike elevatlions and tip features may be designed to prevent overtopping and
to allow eddy currents to keep the area scoured out.

Angle of Spur Dike to Bank

The orlentation of a spur dike describes the direction the dike points
Into the flow from the bank where |t Is rooted. The orlentation angle Is
defined as the angle between the downstream bank and the axls of the dlke.
Table 2 summarizes some of the spur dike orlientations that have been used in
different geographlc areas or have been recommended In different references.

There s consliderable controversy as to whether spur dikes should be
oriented upstream, perpendicular to the bank, or downstream (Ahmad, 1953;
Copeland, 1983; Das, 1972; Garde, et al., 1961; Haas and Weller, 1953;
Lindner, 1969; Mukhamedov, et al., 1971; Tlson, 1962; United Nations, 1953).
Proponents of upstream orientation claim that flow Is repelled from dikes
oriented upsteam while flow Is attracted to the bank by dlkes orlented
downstream. They also claim that sedimentation Is more |ikely to occur
behind spur dikes orlented upstream, so that less protection Is required on
the banks and on the upstream face of the dike. Proponents of
downstream-orlented spur dikes clalm that turbulence and scour depths are

less at the end of a spur dike orlented downstream and that the smaller the
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Table 2. Recommended Orlentation Angles for Spur Dlkes and Grolns

Recommended or General ly
Used Angle of Dike to Bank,¥*
In degrees

Reference

100-120
100-120

100-110

100-110 (convex bank)

100 or less (concave bank)
Upstream

90

90

90

90 or downstream

90 or downstream

75-90

70-90 (30 for sharp curves)

75

Downstream

Downstream

Untted Nattons, 1953

Central Board of Irrigation and
Power, 1971

Mamak, 1964

Samide and Beckstead, 1975
Samide and Beckstead, 1975
Nefll, 1973 (in Copeland, 1983)

U.S. Army Corps of Englneers, 1983
(In Copeland, 1983)

Richardson and Simons, 1973
(In Copeland, 1983)

U.S. Army Corps of Englneers,
Memphls and Vicksburg Districts
(In Copeland, 1983)

U.S. Corps of Englneers, 1970
(tn Copeland, 1983)

Missourt River (Lindner, 1969)

Red Rlver, Arkansas Rlver
(Lindner, 1969)

Alvarez, Mexlico
(In Copeland, 1983)

U.S. Army Corps of Engineers,
Los Angeles District, 1980
(in Copeland, 1983)

Franco, 1967

Lindner, 1969

*Measured from downstream bank |ine to major ax!s of spur dike.
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ortentation angle, the more the scour hole Is angled away from the dike.
They also claim that an upstream al ignment promotes flow towards the base of
the dike which endangers the Integrity of the dike root and may cause a
channel to form along the bank In the dike fleld. They state that debrlis
and ice are less |ikely to accumulate on downstream-orliented dikes.

Franco (1967) tested dikes angled normal to the flow, 30 degrees
upstream of normal, and 30 degrees downstream of normal. He rated the
30-degree downstream al ignment best in performance (based on scour,
deposftion, channel depth and alignment). The upstream-angled dikes
produced the [east amount of scour but the scour area was greater, extending
along the upstream face of the dike. Upsteam dikes produced more
disturbance to flow.

Copeland (1983) recently determined that larger eddies are present on
the upstream side of upstream-oriented spur dikes than for
downstream-oriented spur dikes. This may afford some protection by
displacing the currents away from the spur dike root. However, since scour
depths are also greater for upstream-orliented spur dikes, the potential
benefits of the upstream eddy may be cancelled out by the Increased size of
the scour hole. Copeland clalms that the effective length of a dike (its
projected length perpendicular to the bank) Is a more significant factor
than the spur dike angle, and dikes should therefore be oriented
perpendicular to the bank. Spur dikes placed at an orientation angle other
than 90 degrees would cost more than dikes placed normal to the flow because
of the greater required length, but they would also produce less
disturbance.

It Is often recommended to aline spur dikes perpendicular to the flow

direction rather than at any other angle because test results have been
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Inconclusive to settle the dispute between upstream and downstream
orientations.

The Unfted Nations (1953) several years ago recommended an orientation
angle of between 100 and 120 degrees. More recently, the U.S. Army Corps of
Engineers has generally oriented Its spur dikes perpendicular to the bank or
sl ightly downstream (Lindner, 1969). Another practice has been to angle the
first dike downstream and the remalning dikes normal to the flow. The trend
among designers In selecting dike orientation appears to be shifting from
upstream-orliented to downstream-oriented spur dlkes.

Length and Spacing of Spur Dikes

The length of a spur dike is selected so that I+ Is sufficient to shift
the eroding current away from the bank. However, the dike length must not
unduly restrict the channel and must not cause unacceptably large
velocities.

The spacing of spur dikes in a spur dike field has general ly been based
on the length of the spur dike. As the spacing/length ratio Increases, the
effectiveness of the dike field to prevent bank erosion decreases. If the
dikes are spaced too far apart, the current may refurn to the bank before
reaching the zone of Influence of the next dlke; as a result, bank erosion
may occur between the dikes and, [f unchecked, may cause the loss of the
downstream dike. Conversely, [f the dikes are too close, the dike fleld
will be less efficient and more expensive than a correctly designed system
in preventing bank erosion (Samide and Beckstead, 1975).

The spacling/length ratios recommended by several different sources are
presented in Table 3. The type of bank mentioned s Indicative of the

severity of flow, which would be greatest for concave banks. The
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Table 3.

Recommended Spacing/Length Ratlos for Spur Dikes and Grolns

Spacing/Length Type of

Ratio* Bank Reference Comment

1 Concave Unlted Natlons, 1953 General practice

2 to 2.5 Convex Unlted Natlons, 1953 General practice

1 Concave Bendegom (Samide and Beckstead, 1975)

2 o 2.5 Convex Bendegom (Samide and Beckstead, 1975)

1:9 Mathes, 1956

1.5 Concave Los Angeles, District, 1980%% |Levee protection

2.0 Straight Los Angeles, District, 1980% with riprap

2.5 Convex Los Angeles, District, 1980%*

Z U.S. Army (Samide and Typlical for

Beckstead, 1975) Mississippl River

2 to 2.5 Central Bd. of Irrlg. & Power, 1971

2z Netil, 1973%x

4 Nefll, 1973%% If two or more dikes

2.5 to 4 Curves Alvarez¥¥*

5.1 to 6 Stralght Alvarez¥*#

3 Concave Grant, 1948%%

3 %04 Acheson, 1968 Variatlion depends on
curvature and river
gradlent

3105 Strom, 1962

4.29 Stralght Ahmad, 1951

5 Curved Ahmad, 1951

4 to 6 Concave Richardson and Simons, 1973%%¥  Bank may need riprap

¥Ratlo of spacing distance between ad]acent dikes to groin length component
perpendicular to bank.
**|n Copeland, 1983




spacing/length ratio of a spur dlke fleld Is also a function of the river's
discharge and approach velocity.

In the following dlscusslon, the dike length Is taken to mean the
effective length (component of true dike length perpendicular to the bank).

Spacing/length ratios have been developed largely from experience. The
United Natlons (1953) states that It |s general practice for spur dikes at
convex banks to be spaced at 2 to 2.5 times the length and for spur dlkes at
concave banks to be spaced at a distance equal to the length of the dike.
The United Nations also states that a larger ratlo Is used for a wide river
than for a narrow one if both have similar discharges. According to
Tiefenbrum (1963), dlkes on the middle Mississlppl River were originally
spaced at two times the dike length and are now designed to be about 1.5
times the length. Ahmad (1951), based on model studies, gives
spacing/length ratios of 4.29 for stralght reaches and 5 for curved
channels. A deslign manual used by the Central Board of Irrigation and Power
in India (1971) recommends a spacing of 2 to 2.5 times the dike length.
Mathes (1956) states that a spacing ratio of 1.5 should be used and that
values of 0.75 to 2 are general ly used on European rivers. For rivers In
New Zealand and Australla, Strom (1962) glves spacing ratiocs ranging from 3
to 5. Acheson (1968) glves ratios ranging from 3 to 4, depending on the
degree of curvature. Some authors recommend that the spacing should not
exceed the width of the open channel remalining between the dike tip and the
opposite bank. Van Ornum (1914) states the older European practice of
fixing the spacing between half the width of the contracted channel and the
full width; within this range, typlcal spacing ls about half the channel
width at concave sections, seven-tenths of the width In stralght sections,

and approximately equal to the width at convex sections.
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Copeland (1983) describes six current and eddy patterns that develop
between spur dikes as the spacing/length ratio between them Increases.

These are presented In Figure |l, where for graphical convenlence the dike
length Is varled and the dike root spacing s kept constant. The type 1 and
type 2 dikes have a small ratio (l.e., close spacing), types 3 and 4 have an
Intermediate ratio, and types 5 and 6 have the largest ratio (the greatest
spacing).

In the type 1 fleld, the main current Is deflected outside the spur dike
field and maintalns a continuous deep channel there. In the type 2 fleld a
second eddy appears but the maln current Is still deflected outside the spur
dike fleld. In the type 3 field the maln current is directed at the spur
dike Itself, creating a stronger eddy behind the dike and greater turbulence
along the upstream face and lower tip. |In the type 4 field, a single strong
reverse current develops and the stablllty afforded to the upstream dike !s
washed out. In the type 5 fleld the flow diverted by the upstream spur dike
Is directed to the bank between the dikes and eddies form on both sides of
the flow, providing some protection to the bank. In the type 6 fleld, the
current attacks the bank directly, as the downstream eddy no longer provl!des
protection to the bank.

Spur Dike Configuration

Spur dlkes often Include segments bullt at different al Inements than Is
the main portion of the dike. Such confligurations include L-head dlkes,
J-head dlkes, hammer-head and T-head dlikes, and bayonet dikes, as

{llustrated In Figure 7.
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TYPE 1
MAIN CURRENT DEFLECTED OUTSIDE SPUR DIKE FIELD

MAIN CURRENT DIRECTED AT DIKE

MAIN CURRENT DIRECTED AT BANK

Figure 11. Effect of Spur Dike Spacing/Length
Ratio on Current and Eddy Patterns
(Source: Copeland, 1983)
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The L-head structure Is particularly popular. |t was developed on the
Missouri Rlver to Improve protection of the concave banks of curves over
that provided by stralght spur dikes (Lindner, 1969). The L~head has a
downstream—-angled segment added to the end of a stralght spur dike. Thls
segment Is usually parallel to the channel.

Franco (1967) performed tests with the length of the L-head equal to
half the dlstance between the ends of adjacent dlkes. He found that the
L-head tended to prevent sediment-carrying bottom currents from moving into
the areas between the dlkes. It was also found that fiow over the top of an
L-head segment bullt lower than the main spur dike tended to produce scour
along the |andward face of that section of the dike. Maximum scour at the
ends of the dikes was reduced apprecliably, as was the elevation of
deposition between the spur dikes. L-heads were reported to reduce scour at
the end of the dike, reduce eddy disturbances and cause the flow contraction
to persist continuously along the dike system, thus producing a more uniform
bed configuration and conslstent depths.

In a series of tests by Lindner (1969) It was determined that the L-head
should close 45 to 65 percent of the gap between dlikes In a spur dike fleld.
He also showed that |Ittle benefit was galned from bullding the L-head above
the water surface. His results indicate that the L-heads provlided
protection to the bank, Increased deposition between the dlkes, and
decreased the scour around the ends of the spur dike. Varlatlons In the
river curvature and spaclng of the spur dikes would call for corresponding
variations of the percentage of closure of the gaps for optimum results.

Any degree of closure was found to glve added protection to the concave

bank, when compared with no closure at all.
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The L-head dike thus appears to possess advantages over stralght dikes
when Installed to protect a bank that Is caving as a result of the
ImpIngement of the current. At such locations, It has been recommended that
spur dikes should elther be angled downstream or be bullt with L-heads.

Dikes having the head segment pointing upstream are called J-head dikes.
T-head dikes have segments pointing both upstream and downstream. J-head
dikes and the upstream leg of T-head dlkes are reported to have the same
disadvantages as a dike angled upstream (Lindner, 1969). Shapes such as
bayonet and hockey-stick shapes are simply varlations of the L-head or
J-head. There has not been sufflicient investigation of these varlous shapes
to ascertaln whether they offer any advantages over the L-head. The J-head
and T-head apparently possess dlsadvantages over the L-head such that thelr
use Is not recommended; but If used, the upstream leg should not be as hlgh
as the stralght section of the spur dikes.

Elevation of Spur Dike Crest

The general practice iIn design of spur dikes In a dlke field has been to
place all dike crests at about the same helght with respect to low water
level. The helght of the spur dike crest wlth respect to the water surface
depends upon what effect of dike upon flow Is sought. The crest or crown of
a dike need not be horlzontal. There are often sltuations where a
varlable~helght crown Is advantageous. Furthermore, the angle of the dlkes
s related to the elevation of the dlkes.

The sloping-crown or stepped-down crown, In which the dike crown slopes
downward or Is stepped downward from the bank toward ml!d-channel, appears to
have an advantage where mld-channel shoal erosion ls needed over a wlde

range of stages but where a gradually diminishing channel contraction with
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Increasing stage wlll sufflce. Such a crown design may be required where a
spur dike with a level crown would produce objJectionable velocitles as the
stage rises. Even [f high velocitles are not a concern, If the sloping or
stepped down spur dlke can produce the shoal erosion desired, 1t often wilil
be less costly to bulld than a level crown dike (Lindner, 1969). The flow
pattern assoclated with stepped-down dikes Is shown In Figure 12,

Spur dikes wlth stepped-down crowns are used on the middle Mississippl
River and on portions of the lower Misslissippl to control meander patterns
and to provide the varyling degrees of contraction required. The dikes are
designed to control and contract stages at mid-bank dlscharge. They are
stepped down for an additlonal length to confine the low-water channel.

Where deposlition of sediment in a dike field s requlred, stepping-down
the crowns progressively from one dike to the next may be advantageous to
cause a continuous and comparatively unlform contractional effect along the
entire dike fleld (Lindner, 1969). By the stepped-down arrangement, bed |oad
materfal moving In the channel beyond the spur dlkes Is diverted Into the
spur dike fleld during stages which progressively overtop each of the dikes
from the downstream to upstream spur dlke. Flow from the channel moves
around the end of the hlgh dlke Into the area behind i+ and towards the next
lower dike. The faster-moving surface currents continue In a relatively
stralght |ine while the slower sediment-carryling bottom currents move Into
the dlke fleld. For thls arrangement to be the most effective, the
downstream dike of any two successive dlkes should be overtopped for a
sufflclent length of time before the next upstream dike Is overtopped so that

there wil| be enough time for bed load to be diverted to the area between the

two dlikes.




LEGEND ‘ // —
—— JURFACE CUARENTS / - T—

—— g BOTTOM CURARENTS

Figure 12. Currents Through Dike Field Having Variable Crest Heights
(Source: Franco, 1967)




In a stepped-up spur dike field, where each successive downstream dike !s
higher, at |east some of the flow over the top of the lower dike must move
towards the channel, producing disturbances because of Its direction. The
flow also tends to prevent sediment-carrying bottom currents from moving Intfo
the area between the dikes.

Franco (1967) concluded that stepped-down spur dlke flelds are more
effective than fields with all dikes level and that level dlike flelds are more
effective than stepped-up flelds (see Flgure 12). He also noted that
level-crested dikes should be placed normal to the flow or orlented downstream
and sloping crested dikes should be normal to the flow or orlented upstream.
The reduction In shoaling Is almost directly proportional to the elevation of
the dikes. The area downstream of the dikes covered by deposition generally
Increases In size with a decrease In dike elevation. Franco found that dikes
placed normal to the flow were the most effective In reducing the amount of
shoal Ing.

Spur Dike Side Slopes and Root

The stde slope of the spur dike at Its head end affects the nearby scour
pattern. With a flatter head, the base of the dike tip extends farther away
from the exposed crown. Hence, the scour hole will be more distant from the
head and will be longer and shal lower (Samide and Beckstead, 1975). Tison
(1962) tested frapezoidal-shaped dikes and found that a sloped head reduced
the diving motlon of the water near the upstream face and reduced the scour
depth. Mamak (1964) suggests using a head slope of 3:1 or flatter, perhaps up
to 5:1. Mukhamedov, et al., (1971), In calculating scour, use a factor KB =
(CosB)lé to take Into account the effects of varylng dike head slope, where 8

Is the angle between the sloping slde of the dike and the vertical plane.
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For the maln body of the dike, It has been recommended that the upstream
face be inclined at a slope of 1.5:1 to 3:1, and that the downstream face have
a slope of 2:1 to 4:1 (Samlde and Beckstead, 1975).

The root of a spur dike must be protected agalnst the rlsk of flood waters
cutting Into the bank around the main body of the dlke. Mamak (1964)
recommends that the root be embedded Into the bank 4 to 10 meters. He also
recommends that short bank revetments be constructed on each side of the root.
Spur Dike Location in River Reach

The locatlions within a river reach at which spur dikes should be placed Is
ultimately determined by the locatlion of the erosion area and by appropriate
dike spacling ratios. Water veloclty and shear stress distributions within the
stream should also be considered when placing dikes (Samlde and Beckstead,
1975). For the positioning of dikes along the outside of a meander |oop,
Varshney (1972) recommends that single dikes be placed at 0.55 of the loop
length, that if two dlkes are used they be placed at 0.5 and 0.6 of the |oop
length, and that the 0.4, 0.5 and 0.65 positions be used for a fleld of three
dikes.

When a dike fleld lIs to be placed upstream of a bridge crossing, Blench
(1969) recommends that the flrst dike upstream of the bridge be placed at 0.4

of the loop length.

Purpose

Model studies were conducted to glve qualltative Information on scour

patterns and the degree of bank protection resulting from various spur dlke

conflgurations and arrangements. Several deslgn parameters were tested and
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evaluated, such as spur dike length, shape, orientation angle and spaclng
between dikes. The model tests lncluded study of a prototype spur dike fleld.
Experimental Apparatfus

The model tests were conducted In a sand-fllled tank with a test section 7
feet long and 4 feet wide. A Willamette River reach having a new spur dike
fleld was molded In the sand. The Froude number formed the basls for open
channel model Ing and for scalling various parameters between the prototype and
model. A horizontal scallng ratlo of 600:1 was selected, based upon the space
avallable. A vertical scallng ratlo of 200:1 was used. Thls vertlcal
distortion allowed prototype turbulence to be approximately simulated In the
model. The molded sand was covered with a layer of cement approximately 1/4"
thick and sprinkled with a fine layer of plaster of Parls. A varlety of spur
dlke models were formed from model ing clay, using the same scaling ratlos as
for the river model. Water was supplied from a reclirculating pump and was
passed through an entrance box and a baffle to distrlbute the flow uniformly
over the width of the model river bed.
Experimental Procedures

To conduct each experimental test, spur dlkes were flrst placed In the
model In the deslred arrangement and at the desired locations. Dry sand flner
than 0.59 mm was then sprinkled over the model bed and banks untl!| a unliform
depth of approximately 1/8" was obtalned. Thls sand was used to detect scour
patterns due to the flow. Water was then allowed to flow In the channel for
about flve minutes. This was sufficient time for bank erosion and scour to
occur and scour patterns around the spur dikes to become relatlvely stable. A
discharge of about 0.03 cfs was used for each test, equivalent to a prototype
discharge of 50,000 cfs. At the end of each experimental run, the scour and

bank eroslion patterns were recorded. During several runs, red dye was
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introduced at the extrance box so that eddy currents around the spur dikes
could be recorded. Scour patterns and bank protectlon patterns were
obtained and recorded for each of the runs.

Table 4 summarizes the test conditions used for each experimental run.
The effective dike length Is used. This Is the component of total dlke
length measured perpendicular fto the bank from the base to the tip of the
dike and Is equal to the true dike length along Its axis times the sine of
the dike ortentation angle between the downstream bank |ine and the axis of
the dike. For L-head, J-head, and T-head dikes, the length of the main body
of the dike, from base to point of dike axis al ighment change, Is used In
this calculation. Scour patterns and bank protection patterns were obtalned
and recorded for each of the runs.

Experimental runs 1 through 12 were conducted In the stralght section of
the river reach upstream from the prototype spur dike fleld. The tests were
made to determine the relative ablility of single dikes of varying length and
orientation angle to deflect the main river current away from the bank and
to protect it from erosfon. After each run, the distances downstream from
the spur dike to the polnts where the maln current returned to the bank and
where bank eroslion began were measured and recorded.

Experimental runs 13 through 33 were conducted In the concave section of
the river reach. Varlous combinations of spur dike shapes, lengths,
orlentation angles and configuations were tested. The resulting scour and
bank erosion patterns were recorded.

Experimental runs 34 through 37 were conducted using the entire river
reach. The prototype spur dlke field arrangement was tested In run 34 |n

order to obtaln scour patterns for comparison with those obtalned from the
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Table 4.

Summary of Spur Dike Model Test Conditions

A. Experiments Using Stralght Section of River Reach:
Run Le/W 0 Run Le/W 8 Run Le/W 8
1 1/6 90 5 1/6 45 9 1/6 135
2 1/4 90 6 1/4 45 10 1/4 135
3 1/3 90 7 1/3 45 11 1/3 135
4 1/2 90 8 1/2 45 12 1/2 135
B. Experiments Using Concave Section of River Reach:
Number of Dike Dike
Run Le/W G Dikes Spacing Shape
13 1/2 90 1 Stralght
14 1/2 120 1 Stralght
15 1/2 60 1 Stralght
16 1/4 30 1 Stralght
17 1/4 60 1 Stralght
18 1/4 90 1 Stralght
19 1/4 120 1 Stralght
20 1/4 150 1 Straight
21 1/6 90 1 Straight
22 1/4 90 2 Le Straight
23 1/4 90 2 2Le Straight
24 1/4 90 3 2le Stralght
25 1/4 90 1 L-head
26 1/4 90 1 J=head
27 1/4 90 1 T-head
28 1/2 90 1 L-head
29 1/2 90 1 J=head
30 1/4 90 2 2le L-head
31 1/4 90 1 Straight (submerged)
32 1/4 90 1 Straight (sloping)
33 1/3 81 =45 2 2Le Straight
82 = 90
C. Experiments Using Entire River Reach:

Run

Description

34
35

36
37

Prototype arrangement (8 dikes)
Prototype arrangement with dikes 2, 3, & 6 removed
(5 dikes remalnlng)
Prototype arrangement with dikes 2, 3, 4, 6, 7 removed
(3 dikes remalning)
Control test - no dikes
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field study. Several modlfications of the prototype arrangement were also
tested. Run 37 was a control run conducted with no dikes.
Experimental Results

Fitgure 13 presents model fest results from runs 1-12 showing the dlstance
downstream that the main current is deflected by a dike before agaln Impinging
agalnst the bank, based on various dike lengths and orientation angles. Thls
distance s X2 when measured from the dike base and Is X4 when measured from
the dike tip. For dikes wlth 90-degree ortientation angles, Xz = X4. Figure
13 also shows the distance downstream that the bank Is protected from erosion,
belng x1 as measured from the dike base and X3 as measured from the dike tlp.
(For 90-degree dlkes, X] = X3.) The effective dike length Le (perpendicular
distance from bank to dike tlp) Is shown as a fractlon of the uncontracted
channel wldth W. Table 5 summarizes the observed dlstances.

Both In model studles and In fleld work !t was observed that the deflected
flow, upon approaching the bank, would dlvide Into a main flow continulng
downstream and an eddy flow moving upstream. Hence, erosion would occur for
some distance upstream from the polnt of flow trajectory Impingement on the
bank.

Figure 14 presents model test results from runs 13-21, showing the scour
patterns assoclated with single dlkes at various Le/W ratios and orlentatlion
angles. The dimensions of the scour area are shown lengthwise and crosswise
at prototype scale and the scour area Is glven In unlts of square Inches as
measured In the model. To convert scour area to prototype square feet, the
model measurements should be multiplled by 2500. The dlstance X, shown as a
multiple of Le, repesents the X4 distance deflned above. Table 6 summarlzes

the observed scour areas and dlstances.

50




Definition Sketch for Runs 1-12

Current X
— 4
tip Current Deflection
1 ) Distance
Le
] X Bank Erosion
P 3 j
e ¥ { 0 200
X5 L A ]
Prototype Scale (ft)
Run 1 L=W/6 ©=90°
9.0L
Run 2 L=W/4 0=90°
7.5L =
3.50
Run 3 L=W/3 @=90°
6.4L -
. 3.0
Hun 4 L= §=900
6.0L "
2.8L
Run 5 Le=W/6 a=45°
8.7Le
- d.5le
1@ 4.5Le
L 9.7Le
Run 6 Le=W/4  g=45"
7.0le
3.0Le
4.0Le
B8.0Le

Figure 13. Model Test Results Showing Current Deflection and Bank Protection
Distances for Single Spur Dikes (Runs 1-12)
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Run 7 Le=W/3  e=45°

6.1Le
2.8Le -
3.8Le =
7.1Le
a
Run & L/ 9=45 4.5Le
1.9e !
2.9Le
- 5.5
Run 9 Le=W/6 8=135°
, J 10.0Le
5.5Le
4.5Le
3.0Le
-
Run 10 Le=W/4  9=135°
9.0Le
4,508
c2222>)5_3.5Le
| 8.0Le
f
= = 0
Run 11 Le=W/3  8=135 7.8Le
4. 0le
3.0Le
q S Alle
Run 12 Le=W/2 [ 8=135 6.0Le
1.5le {
2.5Le
B 5. 0Le

Figure 13. Continued
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Table 5. Effect of Spur Dike Length and Orientation Angle on Bank
Protection and Current Deflection Distances (From Runs 1-12)

Le/W x1/Le X2/Le XB/Le X4/Le
45 90 135 45 90 135 45 90 135 45 90 135
1/6 4.5 4.5 4.5 9.7 9.0 9.0 3.5 4.5 5.5 8.7 9.0 10.0
1/4 4,0 3.5 3.5 8.0 7.5 8.0 3.0 3.5 4.5 7.0 7.5 9.0
1/3 3.8 3.0 3.0 7.1 6.4 6.8 2.8 3.0 4.0 6.1 6.4 7.8
1/2 2.9 2.8 2.5 5.5 6.0 5.0 1.9 2.8 3.5 4,5 6.0 6.0
Le/W XI/W XZ/H X3/H X4/H
45 90 135 45 90 135 45 90 135 45 90 135
1/6 0.75 0.75 0,75 1.62 1.50 1.50 0.58 0.75 0.92 1.45 1.50 1.67
1/4 1,00 0.88 0.88 2.00 1.88 2.00 0.75 0.88 1.13 1.75 1.88 2.25
1/3 1.27 1.00 1,00 237 2.13 2.27 0,95 1.00 1.33 2,083 2.13 2.60
1/2 1.451.40 1.25 2,75 3,00 2.50 0.95 1.40 1,75 2.25 3.00 3.00

Table 6. Effect of Spur Dike Length and Orfentation Angle on
Scour Area and Current Deflection Distance (Runs 13-21)
Le/W Scour Area¥* Xg/Le
30° 60° 90° 120° 150°  30° 60° 90° 120° 150°
1/4 2.41 2,70 2.80 2.95 3.62 2.3 3.4 5.5 6.6 7.7
1/2 =-- 16.0 17.21 18.4 - e 3.7 4.5 5.3 ——
1/6 == == 0.43 -- - -- - 8.25 =-- -

¥Scour area measured fn square Inches In the model.
in square feet, multiply by 2500.

For prototype scour area
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Figure 15 presents model test results showlng scour patterns assoctated
with two or three dikes In a dike fleld, based on runs 22-24 and 33. Dlke
spaclng and orlentation angle are varied.

Figure 16 presents test results from runs 25-30 showlng the scour patterns
assoclated with various dike shapes, Includlng L-head, J~head and T-head.
Results for a palr of L=head dlkes are also shown.

Figure 17 shows the scour pattern results of model tests with a fully
submerged dike (run 31) and a sloping, partly submerged dike (run 32).

Figure 18 shows the bank and bed scour that occurred in the model of the
prototype reach with no structures present to give bank protection. In Figure
18b the dike fleld Is superlmposed on the scour results to give a reference
for the locations at which dikes were installed. It should be polnted out
that the model scour closely ldentiflied the actual prototype scour zone
observed In the fleld prlor to construction of the dike fileld.

Figure 19 presents model test resuits from runs 34-36 showlng the scour
patterns at the prototype dikes. In run 34, all elght dikes were used. For
run 35 the three dikes thought to be least essential were removed. For run
36, two additlonal dikes were removed.

Effect of Spur Dike Length on Bank Protection and Flow Deflection

Figure 13 and Table 5 show the effect of spur dike length on |length of

bank protectton and on current deflection dlstances. The length of bank

protection (X.) Increases as the effectlve length of the spur dlke Increases.

1
However, It does not Increase a |lInear manner. For example, a dike with a
90-degree orientation angle and an effectlve length of 1/6 the uncontracted
channel wldth will protect a bank 4.5 times I+s own length (see X]/Le),

whereas a dike three times larger (1/2 the channel width) will protect a bank

2.8 times Its own length. The ratio decreases but the absolute length
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\ 1/2 Water Depth
\ [ 1=

Side View of Submerged Dike

* 1Q0
Run 31 L=W/4 =90° Submerged Dike ﬂ____ﬁ?_j_ﬂ
Scour Area ﬁ .76 : Prototype Scale, Feet

=

Side View of Sloping Dike

."‘r--.'
T 'do..‘-.n
Run 32 L=t 0=90° Sloping Dike 0 R
Prototype Scale, Feet
Scour Area = .63 x=4.5L :

Figure 17. Model Test Results Showing Scour for Partly and
Totally Submerged Dikes (Runs 31-32)
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Run 37 Control Run |
a) Model Test Results

b) Dikes Superimposed on Test Results
for Location Reference

0 400
Prototype Scale, Feet

Figure 18. Model Test Results for Prototype River Reach with No Dikes Installed
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protected Increases. Thus, using a prototype channel width W of 400 feet and
an effective dlke length of W/6, the distance downstream from the dlke which
will be protected would be 4.5 x (400/6) = 300 ft. A dike three times |longer
will protect the bank for 2.8 x (400/2) = 560 ft.

The distance that the main current is deflected (XzJ behaves In a similar
non-|inear manner. Thus, for a dike with an effective length of W/6 in a 400
foot wide channel, the deflection distance s 9.0 x (400/6) = 600 ft.; for a
dike three times larger (L = W/2), the deflection distance s 6.0 x (400/2) =
1,200 f+.

Figure 20 summarfzes the relationships of spur dike length with length of
bank protection and with distance of flow deflection. Although there is some
scatter of data points, the relationships of relative change are nearly |lnear
and parallel to each other. The trend of diminishing Increase of protection

distance with Increasing dike length occurs for all constant orientation

angles.

Figure 13 and Table 5 also show the effect of orientation angie on length
of bank protection and on flow deflection distances. |f the distance X1 from
the spur dike base to the point of bank erosion is used, the effect of
orientation angle on this distance Is not entirely clear. However, If the
distance X3 from the spur dlke tip to the point of bank erosion fs used, It Is
apparent that Increasing the orientation angle Increases the degree of bank
protection. Fligure 20 summarlizes these relations.

The upstream-oriented dike Is more effective In deflecting the current
away from the bank than the downstream~oriented dike. The river current is
deflected at nearly a 90-degree angle to the major axis of the spur dike and

is directed toward the opposite bank. Therefore, a longer distance downstream
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Is required before the current deflected from a bank returns to that bank.

For downstream-oriented dikes, the deflected current may be somewhat attracted
towards the bank, resulting In bank erosion at a shorter distance than for the
upstream-oriented dike. From Table 5 and Figure 20, the X3/Le data show that
a dike with Le/W of 1/6 and an orlentation of 45 degrees will protect a bank
3.5 times Its length but If the dike is orfented at 135 degrees it will
protect a bank 5.5 times its length; for Le/W of 1/2, the X3/Le ratios are 1.9
and 3.5, respectively.

For upstream-oriented dikes, bank erosion may occur upsiream of the dike
(see Figure 14, runs 14 and 20). Part of the Impinging flow moves along the
upstream side of the dike towards the bank. For long dikes (runs 13-15), an
upstream orientation may cause more erosion at the opposite bank than would a
downstream orfentation.

Effect of Spur Dike Length and Orlentation Angle on Scour

The length and orientation of the spur dike apparently have two effects on
the scour pattern and size, as can be seen in Figure 14. First, as the dike
length Increases, the flow sectlon contracts. Because of this, general bed
erosion can occur fn the contracted section and at the opposite bank. Second,
varying vortices develop, depending on the angle and length of the spur dike.
These cause local scour around the spur dike.

Table 6 shows the effect of dike length and orientation angle on scour
area and flow deflection distance. As the effective spur dike length
Increases, the scour area also Increases. This Is shown In Flgure 21.

With 8 = 90 degrees and Le/W of 1/6, the scour area is 0.43 in2; for Le/W of

1/4, the scour area Is 2.80 In2; and for a ratio of 1/2, the area Is 17.21 in2.

As the orientation angle increases, the slze of the scour hole also

Increases. Figure 21 shows that for Le/W of 1/2, the scour area Increases
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| tnearly as the angle increases from 60 to 120 degrees. For Le/W of 1/4, the
scour area increases |lnearly from 30 to 120 degrees but more rapldly from 120
to 150 degrees. The scour dimension perpendicular to the bank Is greatest for
a dike oriented at 90 degrees (see Figure 14). The scour dimension parallel
to the bank fs greatest for a dike oriented at 30 degrees or 150 degrees (runs
16-20 in Figure 14).

The amount of scour upstream of the spur dike tip Increases as the spur
dike becomes more upstream-orlented. This trend Is evident In Figure 14.
Effect of Spur Dike Shape on Scour Area and Bank Protection

Figure 16 shows the scour patterns that are caused by spur dikes of
various shapes. Two degrees of channel contraction were tested: Le/W of 1/4
and 1/2. Table 7 summarizes the effect of spur dike shape on scour area.

Data on current deflection are also given. Flgure 16 and Table 7 show that
the T-head dike causes a slightly larger scour area and deflectlon distance
than the other shapes for a glven Le/W ratlo. The L-head dike produced the
smal lest scour area but was also the |east effective in deflecting the
current. The J-head and T-head dikes caused bank erosion to occur upstream of
the dike. The T-head caused a double scour area to develop (see Figure 16,
run 17).

Effect of Spur Dike Submergence

Figure 17 shows that a totally submerged spur dike experiences bank
erosion near Its root. Some of this eroded bank material was deposited just
downsiream of the dike.

For a sloping dike, the scour area and current deflection distance were
similar to those to be expected from an unsubmerged dike having a length equal

to the exposed portion of the sloping dike.
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Table 7. Effect of Spur Dike Shape on Scour Area and
Current Deflection Distance (Runs 25-29)

Shape Scour Area¥* X4/Le

L/W = 1/4

L-Head 2.94 6.5
J=Head 3.05 7.0
T-Head 3.14 T3
LM =1/2

L-Head 15.24 4.0
J=Head 14.92 4,25

*Scour area measured In square Inches In
the model. For prototype scour area In
square feet, multiply by 2500.

Table 8. Scour Areas for Model Tests of Prototype Dike Arrangement
and Effect of Removing Various Dikes (Runs 34-36)

Dike and Scour Area, square [nches*

1 2 3 4 5 6 7 8 Total

I3 .05 .01 .18 .32 .55 .87 1.29 3.98
.66 o — 24 37 - .90 1.35 3.52

098 — =" — ¢48 e — 1 .45 2.91

%For prototype scour area In square feet, multiply by 2500.
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Effect of Multiple Dikes on Scour Area and Bank Protection

Figures 15, 16, and 19 show the scour patterns that result from multiple
dikes In a dike fleld. The individual scour patterns tend to merge when the
dikes are closely spaced. Bank protection between adJacent dikes Is very
good. Multiple spur dikes appear to afford some mutual protection from
scour-produclng currents.

A comparison run 18 In Figure 14 (single dike at 90 degree orientation)
and runs 23 and 24 In Figure 15 shows that as the number of dikes Increases
(from one to three dikes), the total scour area Increases less raplidly. The

current deflection distance beyond the downstream dike also Increases (from

5.5L to 7.5L).

Figure 19 and Table 8 show the scour areas that were determined In model
tests of the prototype dike arrangement. The effects on |local scour at each
remaining dike and on total scour at the dike fleld due to removing some
dikes from the dike fleld are also shown.

The scour patterns that developed from the model! test of the Willlamette
River Reach without dikes (Figure 18, run 37) and with the prototype
arrangement of dikes (Figure 19, run 34) compare reasonably with the actual
patterns observed before dike construction and after dike construction,
respectively. The amount of scour measured near dikes 2, 3 and 4 In run 34
was very small (see Figure 19 and Table 8). During run 36, in which dikes 2,
3, 4, 6, and 7 were removed, bank erosion occurred between dikes 5 and 8 but
| ittle bank erosion was observed between dlkes 1 and 5. Dikes 2, 3, and 4
apparently contributed |ittle protection to the bank in that part of the
reach. Durlng the field Investigation it was observed that dike 1 deflected

the river current sufficlently that dlkes 2, 3, and 4 provided |lttle
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additional benefit. Based on the model study, at least one of those dikes
could have been omitted from the dike field with |ittle effect on bank
protection. The mode| test also showed that bank erosion occurred
downstream of dike 8. The field Investigation also revealed that bank
erosion was occurring downstream of dike 8 and that perhaps an additional
dike was required there.

Data summarfized In Table 8 show that the total scour area for the dike
fleld diminished when some dikes were removed from the dike fleld but scour
at the Individual remaining dikes Increased (see also Figure 19). However,
more than three dikes appear to be required to adequately protect the

riverbank in that reach.

Background
During the summer of 1983, a spur dike field (called a groin field by the

designers) was constructed along 1800 feet of bankline of the Wi|lamette
River near River Mile 136 approximately two miles southeast of Corvallls,
Oregon. Streambank protection was mandated because erosion at the location,
estimated at 10 to 30 feet per year, was affecting cultivated farmland and
because of the potential formation of a new channel away from the city's
principal water Intake. A spur dike system was chosen over conventional
riprap bank revetment for environmental reasons, to diversify fish habltat
through the creation of deepwater zones at scour holes and slackwater areas
between the dikes. Figure 22 shows an aerlal view of the dikes, from an
Infrared color photograph taken on October 1, 1983. The river discharge Is

approximately 7,700 cfs.
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Figure 22.

Scale, Feet

Willamette River Spur Dike Field Upstream of Corvallis
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A model study was conducted for design purposes by the U.S. Army Corps of
Engineers at the U.S. Army Engineer Waterways Experiment Station in
Vicksburg, Mississippi. The design solution consists of elght spur dikes
spaced 250 to 350 feet apart, extending 50 to 115 feet into the river (at
crest elevation) and consisting of rockfill and riprap. Dike 1, the extreme
upstream dike, Is oriented 40 degrees from the bank In a downstream
direction. Dikes 2-4 are oriented normal to the bank. The four downstream
dikes (dikes 5-8) are L-shaped with extenslons approximately 60 feet long and
parallel to the bank. A 3-foot layer of class V riprap was placed on the
upstream side of each dike and a 2-foot layer of class Il| riprap was placed
on the downstream side to protect the dikes from scour and debris.

Research Procedures. Equipment and Data

One purpose of our fleld Investigation was to gather the necessary data
to determine the hydraul ic effects of spur dikes on river flow and bed
topography. Another purpose was to compare observations with our |aboratory
findings.

In mid=September 1983, soon after dike construction was completed, a
detalled site survey was conducted. This Included current velocity
measurements, surface current patterns, rlver cross-sectlions, and streambed
bathmetry. Current velocities were measured with a Price current meter at
depths equal to 20 and 80 percent of the total depth. From these, the
depth-averaged velocity was calculated. The depth-averaged velocitles are
shown In Figure 23. Surface current patterns around the spur dikes were
sketched at the time of veloclty measurements. These are shown in Flgure 24.
A fathometer with strip-chart output was used to record water depths.
Cross-sections were taken at statlons upstream of the spur dike field, at and

between each dike, and downstream of the dike fleld. Cross-sectlons were
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Figure 24. Surface Current Patterns at New Spur Dike Field, 14 September 1983
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also taken parallel to the current flow along the river center |lne, 20 feet
from the dike tips, 10 feet from the dike tips, and 20 feet from the bank |Ine
in between the dikes. For dikes 1, 3 and 7, cross-sectlions were also taken
radial ly around the dikes approximately 10 feet and 20 feet from the dike
edge. A contour map of the river bed was constructed using the data obtained
from the fathometer recordings. This Is shown In Figure 25.

To determine the evolution of scour patterns around the spur dikes,
subsequent site surveys were conducted In mid-winter 1983-84, after a few
months of high water allowed scour to rearrange the river bed and flow
patterns. Surveys were repeated In summer 1984 to observe the effects of a
full season of high-water conditions. Figure 26 shows the effects on scour
and deposition after a year of dike performance.
Discussion of Fleld Investigation

The Inttial fleld Investigation was conducted during |ate-summer |ow-flow
conditions. The river discharge was approximately 7,000 cfs. High-flow
winter conditions are much greater, with a two-year flood hydrograph discharge
of about 50,000 cfs. At the time of the initial fleld Investigation, local
scour around the spur dikes and general streambed erosion had not yet had an
opportunity to adjust fo Initial high water discharge. The scour was
therefore expected to increase during the following winter season.

Table 9 contalns the prototype spur dike lengths in terms of the rlver
width, spacing ratios In terms of both the spur dike length and river wldth,
and inlttal scour hole depths. The spacing ratios are greater than the
typical ly recommended values of 2L to 4L gliven In Table 3. However, there was
no observed bank erosion between the dikes.

The current veloclities were greatly accelerated as they passed the spur

dikes, due to the converging flow. The tralliing eddy currents from one dike
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Table 9. Spur Dike Lengths, Spacing Ratios and Inftial Scour Hole
Depths In Prototype Spur Dike Field

Spur Length/Width Spacing/Length Spacling/Width Inttial
Dike L/W X/L X/W Scour Hole
Number Depth (ft)
1 1/9.1 4
6.0 0.65
2 1/9.1 5
4.4 0.52
3 1/1.7 4
5.6 0.72
4 1/7.7 8
8.0 0.81
5 1/12.0 6
6.3 0.64
6 1/7.7 5
3.7 0.60
7 1/4.7 10
4.0 0.88
8 1/4.3 13
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tended to Impringe near the tip of the next downstream dike, causing divided
flow, with strong currents going around the dike and moderate currents flowling
toward the base of the dike long Its upstream side. In the compartments
between the dikes, the velocities were greatly reduced. An upstream current
formed due to eddy effects from the downstream dike and from spreading of the
strong current leaving the upstream dlke.

Large discharges during winter and spring Increased the ability of the
flow to scour the bed near the dikes along flow trajectories past the dike
tips. The dikes thus became more effective In altering flow patterns. The
flow trajectory past dike 8 extended toward mid-channel, where a shallow bar
had previousiy been, and then spread out so that a weaker current impinged on
the eroding bank downstream of the dike than had been the case before the dike
was bullt. Some deposition occurred just downstream at dike 8 along the edge
of the wake zone. All banks between dikes were well protected and much debris
(trees, logs and branches) was carried into the zones between dlkes, where |t
became stranded. Flgure 26 shows the streambed contours near the dikes after

one year of interaction with the river.

Summary and Conclusions

Local scour around spur dikes and similar structures and the degree of
bank protectlon provided are affected by many factors, Including structure
characteristics and streamflow characteristics. While the general qualitative
effects of these factors have been researched and documented, few quantitative
relatlonships are avallable for use as design alds. Recommended spur dike

orfentation angles and spacing ratios vary greatly, depending on the

81




researcher and source. Equations for predicting scour hole depths around spur
dikes are questlonable, as the results deviate greatly. Model testing may be
the most Important and effective means to predict results and ald In the
design process.

In this part of the research, varlous spur dlke shapes, orlentation angles
and arrangements were lnvestigated, both experimentally and with a prototype
field study. Under the |Imitatlons Imposed by the model, the fol lowing maln
conclusions can be made:

(1) The degree of bank protectlon provided by spur dikes Is a function

of the spur dike length, orientation angle and spacing.

(2) As the length of the spur dike Increases, the protected distance
downstream of the dlke to where bank erosion beglns to occur
Increases, but not proportionately with the Increasing spur dike
length. |In the model tests, a spur dlke could protect a bank from
2.5 to 4.5 times its own length, depending upon the spur dike
length.

(3) Upstream-or!ented spur dikes are more efficlent than other
ortentations In deflecting the river current away from the bank.
Therefore, upstream-oriented spur dlkes provide bank protection
farther downstream from the dike tip.

(4) Upstream-orlented spur dikes cause more extensive scour holes
than do downstream=—oriented spur dlkes. This is because of the
Increased flow disruption resulting from the upstream ortlentation.
From our small-scale tests It Is not known whether the scour hole
depth also lncreases as the area Increases, due to upstream-or!ented
dlkes.

These concluslions are consistent with the past studies and |lterature

clted earlier.
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IV. USE OF GABIONS

Gabions are wire baskets fllled with rocks. The baskets are usually
rectangular In shape. They are made of steel wire that is machine-woven In
a uniform hexagonal triple-twist pattern. The steel wire may be galvanized
with a zinc coating as a rust confrol measure (Maccaferri Gablons of
America, undated=-b; Bekaert, 1977).

Gabions are avallable In different sizes to sult conditfons of terrain
and appl icatfon. Typical gablon lengths are 2, 3 and 4 meters. Typlcal
widths are 1 meter. Typical helghts are 1 foot, one-half meter, and one
meter. Gablons are suppllied flat, packed In bundles. Assemblylng the
gablion involves folding It up to form a rectangular box and wiring It at the
edges and at all connections except for the Il1d. The gablon Is then fllled.
The filling material usually consists of hard, durable stones larger than
the wire mesh opening of 3 In. x 4 in. Once fllled, the gablon |id Is wired
closed.

Gabions may be filled by hand or mechanically. A wide variety of
earth-handl ing equipment may be used, such as payloader, grade-all, crane,
conveyor, or modifed concrete bucket. Some manual adjustments of the stones
are required during the mechanical filllng operation In order to eliminate

undue volds.

History of Gabion Use

The history of gabions dates back to antiquity. The Egyptians used

gabion-|ike structures to build dikes along the Nile about 5000 B.C.
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(Bekaert, 1977). The Chlinese are sald to have used similar structures along
the Yellow River about 1000 B.C. In his ten books of Architecture written In
about 20 B.C., the Roman Architectus Vitruvlius described the use of gabions
as cofferdams. The early gabions were woven from plant fiber; as such they
were not very durable.

In their modern form, gabions have been used In Europe quite extensively
since the late 1800's. In Amertcan construction, gabions are relatively new.
However, today they are used more and more frequently to control erosion and
to |ine channels.

Gabions have been used in many sltuations. These Include: river training
and flood control; channel linings; retalning walls; bridge abuitments and
wingwal ls; marinas and boat ramps; culvert headwalls and outlet aprons; and

shore or beach protection.

Advantages and Disadvantages of Gabions

Gabion structures are considered to be useful structures due to their low
cost, ease of Installation, flexibtllty, durability, permeabllity, and
natural appearance. One of the maln advantages often clited for gabions over
other types of engineering structures relates to thelr use for Installations
on unstable foundations (Maccaferri Gabions of Canada, undated). Burroughs
(1979) discusses the Increasing use of gablions In the U.S. and thelr
economical and environmental advantages. The following s a summary of the
reported advantages of using gabions.

Flexibiltty. The gablon structure is flexible. Its triple-twist
hexagonal mesh allows It to tolerate differential settlement without belng

damaged. This feature Is essential when the installation Is on unstable
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ground or In areas where scour from waves or stream currents can undermine
the structure.

Strength. The strength and flexibility of the steel wire hexagonal mesh
enables the gablon to withstand forces generated by water and earth masses.
The pervious nature of the gablon allows It to absorb and dissipate much of
the energy developed. This s partlicularly so on coastal protection
Installations where gablons are known to have remained effective long after
massive rigld structures have falled.

Durablltty. Plant growth over the gablons, after the volds between the
Individual stones are fllled with soll, becomes a |iving coating for the
wire mesh and stones. The soll, stIt, and plant roots become bonding agents
for the stones. Moreover, the triple-twisted hexagonal mesh will not
unravel If cut. All this enhances the durability of the gablon structure.

Permeabl|ity. The gablon wall allows water to drain and stabillzes a
slope by the combined action of dralning and retaining. Dralnage Is
achleved by gravity and evaporation, as the porous structure allows alr
clrculatton through t+. Furthermore, as vegetatlon grows over the
structure, transpiration further asslsts in removing moisture from the
backflll. Thus, hydrostatic heads are uniikely to develop behlnd a gabfon
wall. This system Is more efficlent than weep holes In standard masonry
wal ls.

Landscaping. By permlitting the growth of natural vegetation and
malntaining the natural environment of an area, gablons provide attractive
and natural bullding blocks for decorative landscaping. They can be used
effectively and economically in parks, along highways, to beautify the banks

of |lakes, ponds, and streams.
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Economy. Compared to rigld or semi-rigld structures, gablons are more
economical. The reasons are as fol lows: construction Is simple and does not
require skllled labor; stone flll Is usually ava!labie.on site or from
nearby quarrles; preliminary foundation preparation Is not needed beyond
having the surface reasonably level and smooth; no costly dralnage provision
Is required, as gablons are porous; and |Ittle malntenance ls needed.

There are also reported disadvantages In the use of gablons. A major
criticism Is that If underdesigned, they will ravel up due to scour and be
carried away or become a potential hazard. Thelr use !s sometimes
discouraged for aesthetlc reasons; the appearance of wlre baskets filled
with rocks may be conslidered undesirable. The use of gablons may be
discouraged for fear that the wire basket may endanger flsh through
abraslton. |If coarse bed load Is transported In a stream, abrasion may cause

the wires to break and the gablon to fall.
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V. USE OF GABION GROINS

This part of the report describes the use of gablions for grolns. The
general concepts Involved In thelr use are simllar to those already
discussed for rlprapped rockflil| spur dikes and groins. The gabion groln
structures tend to be smaller than riprapped rockfill grolns and to differ
In thelr applficat!ions.

With regard to gablon grolns, the objective of work discussed here ls to
determine what arrangement (in terms of groin length, spacing between
groins, and groin orlentation to the flow) will provide optimum streambank

protection while Improving fish habltat at the same time.

General Features of Gablon Grolns

A groln may be defined as an elongated structure protruding Into a
flowlng stream or river from the bank. The root of this structure is
embedded Into the bank while the head projects Into the stream. Several
types of grolns are |llustrated In Figure 7, presented earlier.

A primary function of groins Is to manipulate the stream current or flow
direction. By diverting erosive flow away from sensitive areas along a
streambank, grolns provide bank protectlon. Other functions Include
tralning the stream along a desired course by changing the flow direction In
the channel and Inducing scour along deflned |lnes to create a deeper
channel, such as for navigatlion purposes. Scour holes Induced at the head

of a groln can provide a habltat for fish rearing.
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There are two major types of grolns, permeable and impermeable.
Permeable groins siow down the local current and, in doling so, Induce
sediment deposition. They are often made from timber piles and are most
effective in alluvlal channels having appreciable bed l|oad and coarse
suspended load. Impermeable groins deflect the current without necessarily
slowing it down. Grolns made from rock boulders or gabions tend to be
semi-permeable, primarfly deflecting the current rather than retarding it.

The main interest, In this part of the report, Is In the use of gablons
as groins. Gabion groins have the capacity for deformation without damage.
Once stit has accumulated around and within the stonework, vegetation growth
can consol ldate the structure into a new permanent bank. These
clrcumstances are beneflcial for erosion control and also may be useful for
habitat development or modification.

Groins may be placed pointing upstream, normal to the flow, or
downstream. Each orientation has a different impact on the stream current,
with a consequential effect on the scour and deposition patterns around the
groin. Figure 27 illustrates some Impacts of groin orfentation on sediment
deposition. Samlde and Beckstead (1975) observed that a groin pointing
upstream repels the approaching flow away from itself while one polnting
downstream attracts the approaching flow towards itself and does not repel
It towards the opposite bank. The groln at right angles to the flow only
changes the direction of the flow without repelling ft. In each case,
however, the flow leaving the groin has been observed to follow a trajectory
fnittally directed toward the opposite bank. A more detailed discussion has
already been presented on the Inteaction of the flow with bank structures

such as spur dikes. The discussion is equally applicable to gablon groins.
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Figure 27. Effect of Groin Orientation on Sediment Deposition
(Source: Mamak, 1964)
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The major factors that must be taken Into consideration for the design
of groins include flood depths and discharges, amount of suspended |oad and
bed load, channel slope and width, high and |low water depths, and flow
velocities. The type and size of bed materlial (l.e., clay, sllt, sand,
gravel, cobbles) must also be known. Other factors to be considered include
the debris load of the stream during floods, possible damage due to ice,
avalilable construction materials, and avallable funds.

With the above factors In mind, decisions must be made on the following
design parameters: (a) groin foundations; (b) height and width of the groin;
(c) depth of groin root embedment Into bank; (d) structural confliguration;
(e) number of groins and spacing between them; (f) length of groiln
projection tnto the stream; (g) ortentation of groln to the flow; and (h)
extent and depth of scour to be expected.

Groln Foundation

Gabton groins do not require excavated foundations (Maccaferri Gabions
of America, undated-b). It Is enough fo level off the stream bed at a depth
approaching that of the lowest point of the nearby bed. If much local scour
Is anticipated, some foundation excavation may be helpful to minimize the
amount of differential settliement.

The gablon groin itself may be sited either directly on the stream bed
or on a gabion mattress. Figure 28 shows a gablon groin placed on a gabion
mattress foundation with an apron. Except where the stream bed consists of
bedrock and boulders and as such is not erodible, a mattress apron Is needed
to protect large groin superstructures from being undermined by scour.

Figure 29 shows the behavior of a gabion apron if It Is undermined. The
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Figure 28. Gabion Groin with Gabion Mattress Foundation and Apron
(Source: Maccaferri Gaboins of America, undated-b)
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Figure 29. Behavior or Undermined Gabion Apron
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mattress apron may be eliminated where the groin is small (f.e., 1 fo 2
meters high and up to 5 meters long) (Maccaferr! Gabions of America,
undated-b). The mattress apron is flexible and consists of gablons laid
flat on the streambed and wired together. The flexlibillty of the apron
ensures that the apron settles following scour at the head of the groin.
The mattress must be thin (e.g., one-half meter or less), but with
sufficient weight to keep it on the bed, resistant to drag by the current
and any tendency to |ift or curl. The projection of the apron depends on
the extent of scour expected. Experience has shown that this should be
between 6 and 20 feet (Maccaferri Gablons of America, undated-b).
Groin Helght

The helght of the groln Is generally designed In such a way as to
prevent flood water from cutting behind the inshore root of the groin.
Therefore, the helght Is generally set by a design criterion based on
providing protection for a speclific return frequency of discharge. The
maximum height should be equal to the level of the flood plain.
Groin Width

The |iterature gives some general guldelines for determining groin
width. [t has been found In practice that a one-meter width |s adequate for
small streams and where the water velocity Is small enough to cause no
scouring action (Maccaferri Gablons of America, undated~b). The largest
gablon groln structures need not be wider than 3 meters. As a general rule,
the width should not be less than the helght of the submerged part of the
groln.
Groin Root Bank Embedment

Mamak (1964) recommends that the groln root penetrate 4 to 10 meters

fnto the bank. This distance Is too long for the small streams where
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gabions are often used. The root distance must be adequate to give good
structural anchorage and to prevent end scour. Where anticipated flow
condittons appear to threaten the groln near the bank, short revetments be
used along the bank on each side of the root.

Tyvpe of Structure (Configuration In Plan View)

The simple stralght type of gabion groin Is sultable on gradual bends
and straight reaches If the grolns are short (Maccaferri Gablons of America,
undated-b). |If grolns are long, the bayonet type polnting dlagonally
against the current Is sald to be preferable because It favors deposition
(see Figure 7). Hammer-head groins have been foundrfo be quite effective on
narrow bends. Alternating the bayonet and stralght types of groins, the
latter being shorter and smaller In section, has been found to work equally
as effectively as using the bayonet type throughout the channel reach to be
protected and to be |ess expensive.

Generally, a properly designed system using the straight type of grolns
should provide adequate bank protection and Induce sedimentation between the
groins (Samide and Beckstead, 1975).

Number of Groins and Grofn Spacing

The number of groins used to alter the flow will primarily depend upon
the length of the project zone, the stream width, and the structure length.
The number of grolns Is also dependent upon the spacing used.

It Is Important that the grolns are not spaced too far apart.

Otherwise, the stream current may return to the bank belng protected before
the next groin In the system begins to Influence the flow direction. Where

the grolins are spaced too closely, they work less effliciently and cost more

than a system of groins that is properly designed.




Table 3, presented earller, shows a summary of |iterature on recommended
groln spacing. The tabulated ratios represent the distance between two
consecutive grolns divided by the effective groin length normal to the bank.

For gablon groins, Maccaferri Gabions of America (undated-b) recommends
a groin-spacing-to-groin-length ratio ranging from 4 to 6, depending on the
curvature of the stream. The minitmum ratio s used for concave banks and
the maximum ratlo s used for convex banks.

Distance of Groin Extension Into Stream

The projection of groins Into a stream should be such that the heads of
the grolns are allned to define a smooth curve or a straight |ine
representing a new channel bank, as was illustrated In Figure 8 (Samide and
Beckstead, 1975). The length must enable the groins to shift the eroding
current away from the bank. However, the grolns must not create any
Instabil ity by over-constricting the flow. Therefore, the grolns must be
positloned so as to provide adequate channel cross-sectional area for flow.
Groin Orientation to Flow

It has already been indicated that groins may be oriented upstream,
downstream or normal to the flow. In choosing a particular orientation, the
primary Interest, as far as bank protection Is concerned, Is to shift the
scouring flow away from the bank and encourage deposition between the
groins. Researchers vary In thelr recommendations for groin orientation.
This has already been shown In Table 2.

Samide and Beckstead (1975) observed that grolins facing upstream caused
more deposition adjacent to the downstream bank than groins Inclined at 90
degrees to the flow. The groins placed normal to the flow protected a

smal ler area, while the grolns facling upstream sustained the bulk of the

erosive power of the flow and were able to protect bank areas upstream and
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downstream of the groins. Groins facing downstream attracted flow towards
themselves and to the root of the next downstream groin. This threatened
the downstream groin and the surrounding area. For this reason, Samide and
Beckstead do not recommend downstream-oriented groins for bank protection
purposes.

In contrast, Franco (1967) rated the groin facing downstream as best in
performance on the basls of scour, deposition, channel depth and al ignment.
The groin facing upstream produced more disturbance to the flow.

As further contrast, Copeland (1983) Indicated that the effective length
of the groln Is a more significant factor than the angle of orientation.
Therefore, he recommended grolins perpendicuiar fo the flow.

Extent and Depth of Expected Scour

The scour depth at+ a gablion groln can be predicted from various
formulas, such as those presented In Table 1. The flex!iblility of gablons
allows them to maintain structural Integrity [f actual scour Is somewhat
more severe than predicted scour. Riprapped rockfill structures do not have
this margin of safety. |t Is probably because of the flexibility of gablion
structures that no major foundation excavation is recommended by the
manufacturer (see earlier discussfon). However, [f bank anchorage is
Inadequate, the deformed structure may pull away from the bank Into the

scour hole.

Scope of Studies

The laboratory Investigations undertaken with gablon grolns involved

single and paired gablion groins at various orfentations to the flow, at
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varfous grotn spacings, and for differing lengths. The objective in this
part of the work was to observe and compare the performance of the groins,
fncluding the resulting flow patterns and scour patterns. The groin
arrangement that best served the co-purposes of bank protection and habitat
modification was also to be determined.

Laboratory Apparatus

The laboratory studies were conducted In a flume with a test section 16
feet long and 3.5 feet wide. A sand bed 6 Inches deep and initially flat
for each test was used to study scour and deposition. The medlan diameter
of the sand was 1.5 mm. Bed elevations and scour depths were measured with
a polnt gage.

The flume hydraul ic system conslsted of a storage sump, supply pump,
head tank, stilling basin, flume, tallgate, and volumetric weighing tank.
The water discharge was controlled by varylng the pump discharge valve
and/or the pump speed. The discharge was selected such that the streambed
was stable at sl|ightly below the critical conditions for Inciplent motion.

Gabion baskets were modelled with copper window screen having a mesh
opening of 0,04 in x 0.04 in (1 mm x 1 mm) and filled with gravel with a
mean size of 0.5 inches (1.7 cm). Stralght-type gablon groins were modelled
tn two different lengths: 21.0 in (53.3 cm) and 10.5 In (26.7 cm). These
lengths corresponded to one~half (21.0 in) and one-quarter (10.5 in) of the
channel width. The dimension of the groin cross-~section was 3.9 in x 3.9 In
(10.0 cm x 10.0 cm). This was chosen to repfésenf a realistic size In
relation to the channel width. This dimension of the model groln represents

a scallng ratio of 1:10 when compared with a commercial gabion basket with a

cross-secttion of 1.0 m x 1.0 m.




Laboratory Procedures

The gabion groln experiments were conducted by means of thirty test

runs.

Table 10 summarizes the test conditions for each test run. The terms

and symbols used In this table are explained by the definition sketch shown

In Figure 30.

For each test run, the sequential procedures were as follows:

1.

8.

9.

10.

The channel bed was leveled and the Initlal bed elevation was
measured.

One or two gabion grolns with the predetermined length, spacing,
and orientation angle were placed In the flume.

The root of each groln was nalled to the channel wall fo represent
prototype bank anchorage conditions.

The elevation of each groin was measured.

The pump was turned on wlth the dlscharge, Q, set at 0.51 cfs.
Flow patterns around each groln were traced by means of small drops
of red dye poured Into the upstream end of the channel. The
observed patterns were sketched.

The average upstream water depth, y, was measured after the flow
had reached steady-state conditions. The average channel velocity
V, was calculated from the measured water depth and discharge

and the channel width.

Progressive channel changes due to scour and deposition, and the
corresponding gabion behavior, were noted.

The flow was malntalned for 20 hours to allow a definite scour
pattern to form.

The pump was stopped at the end of the 20 hours and the water was

al lowed to drain.
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Table 10. Summary of Gablon Groln Laboratory Test Condit!ons

A. Tests With Single Gablion Grolns
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Figure 30. Definition Sketch for Terms Used
in Gabion Groin Experiments
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11. The new groln elevation was measured to determine the amount of

groin settlement caused by scour.

12. The maximum scour depth near each groln was measured and lts

position with respect to the groin was noted.

13. The scour pattern around each gablion was photographed.
Laboratory Results and Observations

The general flow patterns associated with single and double groins are
shown In Figures 31 and 32, respectively. In each case, the grolns are
oriented upstream, normal to flow, and downstream .

The leading upstream-oriented groin repelled the flow from Itself with a
still-water pocket (or reverse eddy) forming upstream of the groin. The
normal ly-oriented groin slmply changed the direction of the flow away from
the bank being protected. The groin polnting downstream directed the flow
downstream without repelling it. All the groln orlentations resulted In
flow being deflected away from part of that bank being protected by groins.

Figures 33 and 34 show the scour patterns for these single and double
groins after 20 hours of flow. The test conditions involved a discharge of
0.51 cfs, an upstream approach velocity of 0.48 fps, a boundary shear stress
of 0.03 psf and a Froude number of 0.15.

Bed scour caused by groins polnting upstream and downstream tended to
extend from the tip of the groin to the opposite bank. For grolns pointing
normal to the flow, scour at the tip of the groin was more localfzed and
extended more downstream than toward the opposite bank.

The scouring eddies were most pronounced at the upstream sides of the
grotns. This caused the gablons to twist In most cases, rotating upstream
and downward. The upstream groins showed more twisting than the downstream

grolns. Also, the longer groins (L/W = 1/2) showed more twisting than the
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at Three Orientations
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b) Oriented Normal to Flow

c) Downstream Orientation

Figure 34. Scour Patterns Around Double Gabion Groins at Three Orientations
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shorter groins (L/W = 1/4). During the runs, the flexible gablon groins
settled Into the developing scour zones. Because the groin root was
anchored to the channel bank, the groin sloped; Its tip and about one-third
of Its length were submerged in the flowling water. More scour occurred
beneath and around the upstream grolns than near the downstream grolns, as
the upstream grolns sustalned the bulk of the eroslive power of the flow.
Maximum scour depth generally occurred at the outer tip of the groln, where
local acceleration of the flow was most pronounced.

Groins oriented upstream caused more bed scour than groins oriented
downstream. Compared to the other two orlientations, the downstream-oriented
groins caused the |east bed scour.

Tables 11 and 12 show the measured groin settlements and the maximum
scour depths for double grolns having L/W ratfos of 1/2 and 1/4,
respectively. The data are plotted in Figures 35 and 36. Except for a few
Inconsistencles, possibly due to experimental errors, the tabulated data
confirm the above general observations regarding the effect of orientation
angle and local scour. Filgures 35 and 36 show that, for a given orlentation
angle, the upstream groin experienced essentfally the same amount of scour
and settlement, regardless of groln spacing. (The variation might be a
measure of experimental error.) The downstream groln experienced |less scour
and settlement than the upstream groin, but the amount experienced depended
upon the groin spacing. When the spacing exceeded twice the structure
length, the amount of scour and settlement increased. The amount of scour
at the downstream groin approached that at the upstream groin for X/L
spacings of three or more f the flow constriction was severe (l.e., L/W =
1/2). The amount of settlement was much less when the flow constriction was

small (at L/W = 1/4) than at larger flow constrictions (at L/W = 1/2).
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The zone between the double groins experienced |ittle or no current and
was characterized by an undisturbed and generally smooth bed. The average
width of this protected zone, Lp, varied as the groln spacing, X, was
changed. The width, Lp, was measured and used as an Index for determining
bank protection; the larger Lp was, the more protection the bank recelfved.
To standardize this index of bank protection, Lp was divided by the
effective groin length, Le, which is the projected length of the groin
measured from the groln tip perpendicular to the bank along which the groin
Is placed. Tables 13 and 14 show the variation of the effective bank
protection per unit effective groin length, Lp/Le, with the relative groin
spacing, X/L. Figure 37 shows the plot of Lp/Le versus X/L for various

ortentation angles and channel contractions.

Field Study

A Iimited fleld study was conducted to observe the performance of a
gabfon groin. The abillty of such a structure to cause scour and deposition
In a gravel-cobble stream was of particular interest, to allow comparison
with the more easlily eroded sand bed In the |aboratory.

Fleld Site and Procedures

The fleld work involved a 2 m x 1 m x 0.5 m prototype gablion groin
installed In Oak Creek along a bank experiencing higher currents and some
erosion. Oak Creek dralns the western slope of the Oregon Coast Range near
Corvallis. |Its bed matertal near the study site Is predominantly gravel and
cobbles. The average size of armor layer materlal Is about 60 mm; that of
the sub-armor material Is about 20 mm.. The test site chosen was in a

straight reach with an average channel width of 14.0 ft+ (4.3 m) and a
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gradient of about 1 percent. The gabion extended out from the right bank to
mid channel. A staff gage was installed and a nearby stream gaging station
provided a continuous record of the stream hydrograph during the 4.5-month
test period.

Cross sections were establ ished and marked at 5-foot intervals for 10
feet upstream and 40 feet downstream of the gabion. The bed slope and
cross-sectional shapes were determined on several occasions from the date of
Installation until winter storms ceased four and one-half months |ater. The
position and settlement of the groln, caused by scour, were checked
perlodically.

Field Results and Observations

The flow pattern around the gablon was essentially identical to the flow
pattern around the model gabion Installed normal to the flow In the
laboratory. The performance of the prototype gabion and the resulting bed
scour and deposition were also comparable to those for the model gabfon.

Figure 38 shows the stream cross sections immediately after gabion
Installation and four and one-half months later. Four major storms occurred
during this period, with peaks ranging from 170 cfs to 220 cfs. The
smal lest dlscharge during the perlod was 3 cfs.

Local scour occurred around the tip of the groin. A maximum scour depth
of 3.0 feet occurred at the gabion tip. This caused to the gablon to
settle. About two-thirds of the gablon length was submerged during the
larger discharges, yet the gablon still performed well. The prototype groin
did not twist, as was the case for the |aboratory model. Relinforcing steel
bars Installed through the gabion into the stream bed as anchors prevented

the twisting from taking place.

112




Station
0-05

Station
0+00

Station
0+05

Station
0+10

Station
0+15

Key
—— boundary at time of installation
---=- boundary 4.5 months later

Scale, feet

Figure 38. 0ak Creek Cross Sections Immediately After Gabion Groin
Installation and“Four and One-Half Months Later
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Sediment deposition downstream of the gablon resulted in a bar 29 feet
long and 3 feet wide along the bank belng protected. This bar caused the
stronger currents to shift from the bank being protected and to scour the

bed near the opposite bank.

The flow pattern that developed for each groin orientation was
distinctive and showed a definite relationship with the corresponding scour
pattern. The Influence of the grolns on the flow velocitles thus
significantly affected sediment transport and general and local scour.

The nature of the flow and scour patterns around the groins indicates
that the obstruction to flow caused by groins created an Intense system of
vortices. The primary vortex Impinged on the stream bed at the groin tip,
eroded the bed material there, entrained the eroded materlal in the flow,
and allowed It to be transported downstream by the malin flow. Intermittent
vortices of lesser strength occurred along the upstream and downstream faces
of the groln and added to the scouring action. Because of the location of
the primary vortex at the groin tip, the maximum scour occurred there.

The observation that groins oriented upstream caused more scour than
those orfented downstream Is In agreement with work done by Samide and
Beckstead (1978) and Tison (1962). The general trends observed In this
experiment were shown quantitatively by Ahmad (1953) and Garde, et al.
(1961).

It Is seen from Tables 13 and 14 and from Figure 37 that for groin
length to channel ratio of L/W = 1/2, the effective bank protection, Lp/Le,

decreased as the groiln spacing, X, was Increased. A different trend Is
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shown for L/W = 1/4. In this case, Lp/Le Increased with X up to X = 4L.

The shorter groins (L/W = 1/4) showed more Interaction between the eddlies
around the upstream and downstream groins at small spacings. The
Interaction of the eddies resulted In a narrower width, Lp, for the
undisturbed zone between the groins. Scour developling around the upstream
grofn easlly extended to join scour developing around the downstream groin
when the groln spacing was small. As X increased, the interactlon of the
eddies around the upstream and downstream groins diminished, leading to
higher Lp values. For L/W = 1/2, the upsteam groln was able to deflect the
flow beyond the downstream groin and thus minimized or prevented the kind of
eddy interaction experlienced by the shorter grolns. Beyond X/L = 4, the
grofns with L/W = 1/4 began to show the same trend as groins with L/W = 1/2;
the effective bank protection, Lp/Le, began to decrease with Increasing X.
It can be Inferred from the above discussion that shorter grolns should not
be spaced too close together, to prevent eddies around the upsteam and
downstream grolns from Interacting.

The higher Lp/Le ratios were shown for groins oriented upstream,
followed by groins pointing normal to the flow. Thus, groins pointing
upstream gave the most bank protection, followed by grolns polnting normal
to the flow. Groins pointing downstream gave the least bank protection,
based on their Lp/Le ratios. However, the amount of protection offered by
the downstream-oriented groins was adequate, for all the groln spacings
tested.

The observation that downstream-oriented groins provided adequate bank

protection (for groin spacings up to 4L at L/W = 1/2 and 5L at L/W = 1/4) is
supported by much of the reviewed |lterature and f{s in contrast to other

findings. For example, Samide and Beckstead (1975) observed that for
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downstream-oriented grolns, the current flows toward the root of the next
downstream groin. However, [t Is the finding of this project that this
problem can be el iminated by proper spacing of the groins; If the current is
flowing to the root of the next downsteam groin, It Is generally because the
groln spacing Is too large.

Figure 37 also shows that for a relative groin spacing of about 2, the
groins with length-to-channel-width ratio of 1/2 and 1/4 provided
approximately the same effective bank protection per unit effective groin
length. Beyond X/L =3, groins with L/W = 1/4 offered better bank

protection per unit effective groin length than did groins with L/W = 1/2.

Summary and Concluslions

Based on the results and discussion presented for the gablon groln
experiments, the following conclusions and recommendations can be made with
regard to gablon grolns:

|. Upstream gabion grolns sustain the bulk of the erosive power

of the stream flow, compared to downsteam grolns. This resulted
In deeper local scour and greater settlement of the gabfon tip
Intfo the scour hole. Therefore, careful design attentlon must
be given to upstream groins in a groln field to assure thelr
stabil fty.

2. Greater scour occurs for upstream-oriented and normal ly-oriented

groins than for downstream-oriented grolns. Therefore, special
design attention should be given to gabion groln stabil ity

for upstream-oriented and perpendicular structures.
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3. In using gabion groins oriented upstream or downstream In small
streams, ratios of groln length to stream wldth, L/W, greater than
or equal to 1/2 should not be used because of the threat of eroding
the opposite bank. Even the 1/2 ratio may pose a serious threat for
weak banks.

4, |If fish habitat modification Is of Interest In addition to bank
protection, gabion groins oriented upstream or normal to the
flow may be preferred over grolns orlented downstream because
of greater opportunities for bigger scour holes to be created.

5. Groins oriented upstream give the greatest bank protection,
fol lowed by grolns oriented normal to the flow. Grolins oriented
downstream offer adequate bank protection for groin spacings up
to 4L and 5L, at the tested ratios of L/W = 1/2 and L/W = 1/4,
respectively. However, downstream-orliented groins give the l|east
protection, compared to upstream and normal ly-oriented groins.

6. At a relative groin spacing of about 2, groins with length-to-
channel=-width ratios of 1/2 and 1/4 offer about the same effective

bank protection per unit effective grofn length.
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Vi. USE OF GABION WEIRS

This part of the report describes the use of gabions for welrs. One
emerging use for such structures has been to modify fish habitat by altering
water depths and velocities and by Inducing local bed scour and sediment
deposition.

The objective of work discussed here Is to determine the effect of
V-shaped gabions on the stream flow and bed scour patterns and the influence
of welr apex angle on channel scour and deposition characterlstics.

A desirable scour hole for flsh habitat modification Is considered to be
one that Is deep and large, provides enough room for fish rearing and
maintains favorable temperatures during perfods of low flow. Also, Its

location must not pose a threat to the structure and the streambanks.

Welrs are bullt across channels for diverse purposes. These include use
for soll erosion control, to reduce flood damage, to trap sediment and to
prevent It from going downstream, as flow measuring devices, to recharge
ground water from the stream, and as a means of raising the upstream water
level. Raising the upstream water level may be Important to form small
reservolrs, for canal off-takes, for pumping statlion Intakes, and to make a
glven channel reach suitable for navigation. Weirs flatten the local

channel gradlent, which can reduce channel scour and cause bed deposition.
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This can help protect upstream structures such as bridges agalnst scour and
protect the base of eroded banks. Welrs have also been used to trap gravel
for fish spawning and to create scour holes downstream for fish rearing
purposes.

Gablon weirs can be used in all of the above situations. They are used
particularly where loose or fline-grained solls having high permeabl|ity are
found (Agostini, et al., 1981). They have two distinct advantages over
other types of welrs: flexibility and permeabli|ity. Thelr flexibillty
allows gabion weirs to follow shifts of ground level beneath the structure
with |ittle damage. Thus, If material under the weir Is scoured away, the
welr simply settles. Ralising the welr to Its original height can be done by
adding a new layer of gablons on top of the exlisting structure. The
permeabl| ity of a gabion welr allows a portion of the flow to pass through
the gablons, if the upstream face of the welr is not sealed. This reduces
the volume of water falling over the crest. Therefore, somewhat less
downstream toe protectlon is required agalnst scour.

Gabion welrs are classified Into three types, according to the shape of
thelr downstream face at the center of flow (Agostini, et al., 1981). These
types are shown in Figure 39 and Include: vertical welrs, sloped welrs and
stepped welrs. The vertical gablon welr produces a nappe which Is separated
from the downstream face of the welr. Only the crest mesh s exposed to
abrasfon and must be protected. A larger scour hole can develop than for
the other types of welrs. The sloped gablon welr has been recommended for
large welrs, when the height of the structure ranges up to 10 or 15 meters
and the welr requires greater stability and improved hydraul ic behavior.

Stepped gablon welrs offer better stabil|ity and the dissipation of some

energy on each step, which may be of advantage if a scour hole ls not
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a) Vertical

Figure 39. Types of Gabion Weirs
(Source: Agostini, et al., 1981)
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sought. The stepped type is not recommended if a heavy bed load Is carried,

because of potential damage to the mesh on the steps.

Design Considerations for Gabion Weirs

The design considerations for weirs involve hydraul fc and structural
stabil ity criterta. In this section, the design criteria are discussed in a
general manner, based on a summary of the procedures given by Agostini, et
al. (1981).

Hydraul Ic design must Include: (1) design of the crest to maintalin the
maximum discharge at the center of the river; (2) design of the stilling
pool for energy dissipation and scour control downstream of the welr
structure; and (3) control of seepage under and around the weir to prevent
fine soll materlal from washing away.

Structural design must Include consliderations of: (1) the stablllty of
the welr against overturning and slliding; (2) the stability of the bed of
the stilling pool against uplift; and (3) the bearing pressures on the welr
structure and on the foundation soil.

Crest Design

The crest of the gablon welr may have the shape of a rectangle, a
trapezold, or an arc. |t Is usually designed to maintain the design
discharge at the center of the river and to prevent overtopping of the wings
and scouring of the adjacent banks. On smaller streams the welr crest may
extend almost from bank to bank or be a long arc that s sllghtly higher at
the anchor points on the banks than In mid-stream.

The gabion mesh on the crest must be protected from abrasfon and the

impact of heavy bed |oad mater!al transported by the river during severe
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runoff conditions. This may be done by use of timber, angle iron or
concrete. Each wlll cause a greater amount of structural rigidity. The
concrete can be damaged If welr settlement takes place.
Stilling Pool Design

The stilling pool may be allowed to form naturally or It may be designed
using a counter welr placed at a sultable distance downstream of the main
welr to form a stilling basin. In one case, the river bed may be left
unprotected upstream and downstream of the secondary welr, allowing a deep
scour hole to form for energy dissipation. A second way Is to have the bed
of the stilling pool protected against scour by use of gablons and to
control the hydraulic Jump and form a pool using a broad-crested counter
weir. The third way Is to have the gablion apron protect the stilling pool
below the original bed level. The hydraullc Jump Is controlled by the
abrupt rise at the counter welr,

In most situations where gablon groins are used, the energy head of
water to be disslipated Is only a few meters and the river bed is made up of
coarse or very compacted materlial that does not scour deeply. When the
river bed Is made up of loose material, the maximum depth of scour than can
be caused by clear-water fall must be evaluated. The foundation of the welr
should be deeper than the maximum possible scour depth, In order to avold
undermining of the structure.

Additional recommendations glven with regard to the stilling basin
Include: (1) using a double layer of thin gabions to protect the bed of the
stilling pool If severe floods carry heavy bed |load that could cause damage;
(2) filling the gablons In the apron with large stones (20 fo 30 cm),
preferably rounded; and (3) protecting the side slopes adjacent to the weir

from scour with either sloping revetments or side walls, possibly extending
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upstream and downstream of the welr and not connected with the downstream
apron, as the apron must be left free to deflect downward.
Seepage Control And the Prevention of Undermining

Seepage through the foundation sofl must be minimized to prevent the
welr structure from being undermined or outflanked. The seepage veloclty
should be such that the smallest particles of the foundation soll are not
washed away. Undermining of the welr structure can be prevented by
constructing an impermeable cut-off under and at the sides of the structure.
When technical or economic reasons make the construction of the cut-off
Impossible or inconvenlent, other methods for controllling seepage may be
needed, such as placing gravel or synthetic filter cloth underneath the
structure. Laylng the synthetic filter cloth Is usually easler and faster
than placing the stone filter.
Structural Stabllity

The factors affecting structural stability are gliven in detall by
Stephenson (1978). They include consideration of the unit welghts of water
and of the filling material for the gablon baskets and the soll. The
density of water can double when suspended sediment loads are large; thls
must be considered in stabllity analysis. For the gablon basket filled with
quarry stones, the mass of the wire mesh is negligible when compared with
the mass of the fllling matertal. The horizontal thrust on the structure
involves the hydrostatic and soll pressures, so these too must be
considered. Hydraulic uplift forces are exerted on the welr, the steps of

the welr, and the stilling pool apron and must be Included In analysis.
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Scope of Studles

The laboratory Investigations undertake with gabion weirs Involved
individual V-shaped welrs at several apex angles, ranging from 30 degrees
(f.e., the V pointing upstream) to 300 degrees (l.e., the V pointing
downstream). The objective of this part of the work was to determine the
effect of welr apex angle on flow patterns and streambed scour and
deposition patterns just downstream of the welr. The welr apex angle that
provided the largest scour hole was also to be determined. One purpose of
the model tests was to learn which welr shapes might be useful for fish
habitat modification.

Laboratory Apparatus

The |aboratory studies were conducted In the same flume as used for
gabion groin experiments. The model welr cross sections had dimensions of
5.3 In x 3.9 In (13.5 cm x 10.0 cm). This corresponded to a 1:10 scaling
ratio compared to a prototype gabion, assuming the weir to be bullt with a
partially burfed 1.0 m x 1.0 m gabfon stacked with a 0.3 m x 1.0 m gablon.
Laboratory Procedures

The gabion welr experiments were conducted by means of fifteen test
runs. The test conditions for each run are summarized in Table 15. The
terms and symbols used In this section of the report are explained by the
definition sketch shown In Figure 40.

For each test run, the sequentlial procedures were as fol lows:

1. A V=-shaped model gabion welr basket was constructed with

the desired apex angle.
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Table 15. Summary of Gabion Welr Laboratory Test Conditions

Apex Apex Apex
Discharge Angile, Discharge Angle, Discharge Angle,
Run Q, o, Run Q, o, Run Q, s
cfs degrees cfs degrees cfs degrees

1 0.51 30 6 0.87 60 1 0.51 150

2 0.87 30 7 0.51 90 12 0.87 150

3 0.51 45 8 0.87 90 13 0.51 180

4 0.87 45 9 0.51 120 14 0.87 180

5 0.51 60 10 0.87 120 15 0.87 300

Plan View Profile View
Q = discharge L1 = distance from downstream side of
W = channel width weir apex to V-weir base
- a = weir apex angle ¥y * water depth upstream of weir
a = scour width = ;
b = scour length y, = water depth downstream of weir
m = location of point of maximum Vl = water velocity upstream of weir
scour depth from downstream - ; 2
side of weir apex -vzme-watep velocity downstream-of weir-
ds = maximum scour depth hw = height of weir

Figure 40. Definition Sketch for Terms Used in Gabion Weir Experiments
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4,

5.

10,

1.

12.
13.

The empty V-shaped welr basket was Installed over a stable
foundation made of gabion blocks. The Joints of adjacent
foundation blocks were covered with thin plastic sheets

to prevent concentrated flows there that might undermine

the bed scour pattern.

The weir basket was fllled with gravel and wired closed.

The channel bed was levelled and the Initlal average bed
elevation was measured.

The height of the welr, hw, above the channel bed was measured.

The distance, L., from the downstream apex of the weir to the base

1
of the V-welr was measured.

The pump was turned on wlth the discharge, Q, set at elther
0.51 cfs or 0.87 cfs.

The flow was timed, beginning at the time water reached the
downstream end of the channel.

Flow patterns near the welr were traced by means of red dye.
The observed patterns were sketched.

The water depths upstream, y] » and downstream, y2, of the
welr were measured when flow reached steady-state conditions.
and V,, and Froude

1 2
and F2, were calculated from the measured water

The corresponding channel velocities V
numbers, F]
depths and discharge and the known channel width.
Progressive channel changes due to scour and deposition, and
the corresponding gabion welr behavior, were noted.

The pump was stopped after a flow time of twelve minutes.

The scour pattern around the welr was photographed.
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14. The maximum scour depth, ds' and [ts distance downstream from
instde the welr apex, m, were measured. The length, b, and
width, a, of the scour hole was measured.

15. The experiment was repeated from step 4 and the new measured

values were averaged with those obtalned the first time to
improve the accuracy of the measurements.

The experiments were conducted with welr apex angles of 30, 45, 60, 90,
120, and 150 degrees, as well as for the special case of 180 degrees (a
stralght weir across the channel). A less detalled exper!ment was performed
for the case of the weir apex pointing downstream, using an apex angle of
300 degrees and the larger test discharge. The primary interest here was to
contrast the difference In flow and bed scour patterns for weirs pointing
upstream and downstream.

Laboratory Results and Observations

The general flow and scour/depositlion patterns assoctated with V-shaped
welrs are schematically illustrated in Figure 41. Fligure 42 shows actual
test results. The patterns shown are typical of those observed for varlous
apex angles with the V-weir pointing upstream and downstream.

With the welr apex pointed upstream (apex angle of iess than 180
degrees), the flow past the welr was focused toward mid-channel. The
resulting converging flow formed eddles and vortices that scoured the
channel bed to create an oval-shaped scour hole at the center of the
channel. Sediment eroded from the scoured area was deposited In weakenlng
currents at the edges of the scour hole or was transported downstream.

Different flow and scour patterns occurred when the welr apex polnted

downstream (apex angle greater than 180 degrees). In this case, the flow

past the welr was spread away from mid-channel. The deflected flow tended
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a) Upstream-Pointing Weir

Figure 41. Flow Patterns and Corresponding Scour Patterns for
V-Shaped Gabion Weirs Pointing Upstream and Downstream
(Dots represent deposition)
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to concentrate at the sides of the channel downstream of the welr. The
resulting eddies and vortices scoured the channel bed to create two scour
holes, one near each bank. (These could be thought of as symmetrical halves
of the single scour hole created when the welr apex pointed upstream.)
Sediment eroded from the scoured holes deposited just downstream and at the
middle of the channel bed. Some sediment was also transported farther
downstream.

With the welr stralght across the channel (welr apex angle equal to 180
degrees), the furbulence and eddies downstream of the welr were quite
unfformly spread across the channel, as shown In Figure 43. This flow
pattern differed strongly from the flow patterns assoclated with the
V-shaped welr, where flow either concentrated at the center or at the sides
of the channel. The bed scour pattern assocliated with the stralght weir Is
also shown In Figure 43. The whole cross-section of the channel was
scoured, without any one point on the bed subject to a distinctly greater
scour depth. Eroded sediment was transported downstream, forming bed
ripples along the way.

The measurements for the several parameters are shown In Table 16. The
computed hydraul fc values associated with the test runs are shown In Table
17. The critical velocity was found to be 1.0 fps, using the flume bed
grain size of 1.5 mm (0.06 in) and HJulstrom's curve for inciplent motion
(Vanoni, 1975).

The graphical relationships between the weir apex angle and the maximum
scour depth, the location of the maximum scour depth from the welr apex, the
scour hole length, the scour hole width, and the scour volume index, SVI,
are shown in Figures 44 to 48, respectively. SVI Is a contrived term to

Indicate the relative scour volume assoclated with the varfous welr apex
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Looking Upstream

Figure 43. Flow Pattern and Corresponding Scour Pattern
for Straigh Gabion Weir
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Table 16. Gabion Welr Scour for Various Apex Angles and Discharges.
Filow Time of 12 Minutes and Welr Height of 0.365 Feet.

a L1 ds b a SVI =axbxds m
(degrees) (1) (ft) (1) (f1) (f13) (1)
Q = 0.51 cfs

30 6.50  0.000 —— ——
45 4.00 0.050  4.50 0.54 0.122 1.69
60 3.25 0.240  1.83 0.71 0.312 0.85
90 1.92  0.266  1.67 0.92 0.408 0.88
120 1.17  0.256  1.96 1.04 0.522 2.00
150 0.58  0.208  2.67 0.88 0.489 1.44
180 0 0.053  1.02 3.50 0.203 —
Q = 0.87 cfs
30 6.50 0.118  7.50 0.83 0.735 2.04
45 4.00 0.176  5.42 1.08 1.030 1.88
60 3.25  0.420  3.71 1.33 2.072 1.17
90 1.92  0.465  4.04 1.54 2.893 1.21
120 1.17  0.407  4.25 1.71 2.958 213
150 0.58  0.359  4.42 1.42 2.253 1.71
180 0 0.089  1.74 3.50 0.542 —-
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Table 17. Computed Hydraul ic Values for Gabion Weir Laboratory

Test Runs
Q y V- v T F F
(cfs) (f1) (f%) (f}s) (f%s) (pst) 2

0.51 0.410 0.325 0.355 0.448 0.199 0.10 0.14

0.87 0.476 0.389 0.533 0.639 0.204 0.14 0.18

Note: Subscripts 1 and 2 represents the values upstream and
downstream of the gablon structure, respectively.
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angles tested. It Is defined as the product of the width and length of the

scour hole and the maximum scour depth (l.e., SVI = a x b x d.). T should

be remembered that all test runs were for short times only. These gave good
Indications of the relative effects due to different apex angles but did not
glve ultimate magnitudes for each parameter.

Discussion

Figure 44 shows that for the various welr apex angle values tested, a
90-degree welr apex resulted In the greatest depth of scour at the tested
discharges. More generally, apex angles from 60 degrees to 120 degrees gave
relatively deep scour. The polnt of maximum scour was closer to the
structure for 60~ and 90-degree apex angles than for the 120-degree angle,
as shown In Figure 45.

The location of the point of maximum scour was also the location where
the width of the scour hole, a, was measured, since the two parameters
generally colncided at this location. Thus, the location of maximum scour
provides Information about the critical width of scour and the dlstance
downstream from the weir at which streambank protection may be needed.

The width of the scour hole created by the weir Is of Interest because
of the possibility that It may extend to erode the streambanks. Figure 47
shows that there was not much variation In scour width for differing weir
apex angles untlil the stralght welr condition was approached. Figures 43
and 47 show that the whole width of the bed was scoured when a straight welr
was used. Bank protectlon measures may be necessary In the vicinity of the
stralght welr, such as revetments on both sides of the channel.

The length of the scour hole provides information on how far downstream
the scour hole could extend. Flgure 46 provides a comparison for the

expected scour lengths assocliated with the various welr apex angles. The
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stralght weir (apex angle of 180 degrees) gave the minimum scour |ength.
The maximum scour |ength was obtalned at the smallest apex angle tested (30
degrees).

From Figure 48, It iIs seen that a 120-degree welr apex angle gave the
largest scour volume Index, although the Index for a 90-degree apex was not
much smaller. |If pools are desired for fish rearing habitat, one might want
a scour hole with a large scour volume and scour depth. A welr apex angle
within the range of 90 to 120 degrees would appear to provide these needs

better than would other angles.

Supporting Field Observations

Field visits were made to several sltes where gablon weirs have been
Installed for flshery enhancement purposes and have been In place for
lengths of time ranging from a few months to a few years. Fleld
observations at these sites generally confirmed the scour patterns
assoclated with the weir shapes tested In the |aboratory. Fleld scour was
|Imited In depth and extent because of the coarse cobble streambeds at most
sltes.

Trapping gravel for fish spawning has been done In the field by
combining two or more V-welrs with their apex polnting downstream. The
deposftion of sediment in the middle of the channel, whlch was observed In
the |aboratory when the apex of the welr was pointed downstream, also was
observed In the fleld. |t appeared that when two or more such welrs are
comb!ned; gravel was easlily trapped between the welrs. Dliagonal welrs also
appear to be effectlve in trapping gravel, causing scour, and Inducing bar

deposits downstream of the welr.
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More complex gablon structure configurations are also belng used In
Oregon's streams for fish habitat enhancement purposes, such as herringbone
layouts and arrow layouts In mid-channel, W-shaped welrs, and F-shaped
groins. More research needs to be done to determine the performance of

these complex structures.

Summary and Conclusions

The results and discusslon already presented for the gabion welr
experiments lead to the following conclusions and recommendations with
regard to gablon weirs:

1. The V-shaped gabion weir with Its apex polnting upstream

(welr apex angle less than 180 degrees) creates a scour hole
at the center of the channel bed downstream of the welr.

2. When the apex of the welr Is pointed downstream (welr apex
angle greater than 180 degrees), two scour holes are created,
one at each side of the channel. In this case, bank protection
measures at the sides of the channel are necessary fo prevent
erosion. Sediment deposition tends to occur in mid-channel
downstream of the welr apex.

3. The spread-out nature of the flow and bed scour patterns created
by the stralght weir suggests that bank protection measures may
be necessary near the welr at both sides of the channel.

4, The biggest scour hole development (e.g., for fish rearing habltat)
Is expected to occur for a welr apex angle within the range of

90 to 120 degrees, as these angles result In the maximum

scour depth and scour volume,
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The V-shaped welr with Its apex pointing upstream provides a
bigger scour hole than does the straight weir. The V-welr
creates a deep scour hole at the center of the channel bed,
while the straight welr creates a shallow scour hole that

Is spread across the width of the channel.
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VIl. SUMMARY AND CONCLUSIONS

Scope and Limitations

The research reported here emphasizes the hydraulic evaluation of spur
dikes, groins and low weirs used in streams to protect banks agalnst erosion
and to manipulate the location and depth of bed scour. Of particular
interest Is the potential joint application of these structures for
streambank protection and flshery habitat modification.

Two structural types of dikes and grolns were Investigated: riprapped
rockfil! and rockfilled gabions. One structural type of weir was
considered: rockf!illed gabtons. Rockfill structures were Investigated
because of thelr widespread use, the general ready avalilabllity of rock
material In most locations, the relatively non-complex design and
construction Involved, and the expected long |ife of well-designed
structures.,

The research focused on the geometric characteristics of structure
design. These included dike/groin orientation with respect to the bank,
dike/groin extension into the flow, dike/groin spacing when more than one
structure Is used, and welr apex angle for V-shaped weirs. The sediment
scour and depositlon characteristics were also evaluated In the geometfric
sense of location, depth and extent.

The research was based on a combination of |lterature review, |aboratory
experimentation with physical models, and field Investigations. The
| aboratory work was more extensive than the field work, although the time
span for field work was up to one year in the case of a model-protofype

comparlison of spur dikes on the Willamette River.
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The laboratory work involved physical models in artificial channels.
The structures varled In size, ranging from 1:600 for study of Willamette
River spur dikes to 1:10 for study of gabion performance in small streams.
The |aboratory flow condltions In the approach channels upstream of the
structures were such that near-critical condltions for incipient motion of
bed material prevalled. Many researchers consider this case to produce the
most severe scour at a structure, as larger flows cause general bed |oad
transport to bring replacement material Into the scour hole. However, for
smal| bed material, general transport can produce deeper scour, particularly
If the structures greatly constrict the flow. The model tests were
conducted for time intervals ranging from several minutes to 20 hours.
These did not give maximum scour, which Is approached asymptotically with
time. The short tests were used to determine relative scour characteristics
for various structure placements in the channel. The longer tests were used
to verlfy that the shorter-term observations were consistent with
longer-term trends and thus properly indicative of scour differences due fo
structure placement differences. The longer tests were also used to
estimate Impacts on structure stabillity. The movable bed material used for
mode|l studies was flne-to-coarse sand, which gave qual itative information on
scour. This slze was chosen arbitrarily, rather than model ing any

particular prototype sediment.

Hydraulic Behavior of Spur Dikes and Groins

General Features
Spur dikes and groins directly affect flow velocities and patterns. The

flow impinging on the structure produces strong vortices. Eddy currents
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trall downstream from the structure. The vortices and eddlies concentrate
the flow strength and erosive capablillity. This has a direct effect on the
location and amount of sediment scour and deposition. The structure also
deflects the flow, which may then impinge against the opposite bank or curve
back to the original bank. In either case, the structure has a direct
effect on the location of bank erosion and bank protection.

The deepest scour occurs near the tip of the structure. The actual
magn!tude of this local scour depends upon how the structure Interacts with
the flow. Important factors investigated in this study that affect the
depth and size of scour Include the orientation of the structure, the amount
of flow constriction caused due to the length of the structure, and the
structure confliguration. Other Important factors that must be considered
for design but that were not speciflcally Investigated In thls study Include
the sediment size characteristics and cohesiveness and the effect of
variations of discharge that produce short periods of general bed |oad
tansport. Regarding these uninvestlgated factors, a few words of comment
must be added. |If the bed Is relatively coarse (e.g., coarse gravel and
cobbles), the depth and extent of scour are expected to be smaller than for
a relatively fine bed (e.g., sand and fine gravel). A cohesive bed Is also
expected to be less deeply scoured than a non-cohesive bed. A typical river
experiences variable |arge discharges rather than sustalned large
dlscharges. Consequently, the ultimate maximum depth of scour over time Is
never attained. Furthermore, when the river discharges are most capable of
producing deep scour they are also capable of transporting bed load into the
scour hole from upstream. |t [s not yet clearly agreed in recent |iterature
whether the upstream clearwater~flow case or the general-bed-load-transport

case produces the deepest scour. But the recession flows for a runoff
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hydrograph are |ikely to transport bed materfal Into the scour hole to
deposit while the streambed armor layer in redeveloping upstream and
clearwater flow conditions are being reestabl ished. Hence, the residual
scour hole s |tkely to be smaller than the maximum high-water scour hole.
This aspect Is of great Importance when the structure is belng used to
create scour holes and [s different from the structural design aspect
Involving determinating the base elevation from the predicted maximum scour
depth.

The length of bank downstream of a dike that Is protected by that dike
against erosion is somewhat less than the distance to the point on the bank
where the dike~deflected current Impinges against the bank. This Is because
an eddy current moves along the bank upstream of the point of Impingement
and can cause some eroslon.

Table 18 summar!izes the hydraul lc behavior observations made for spur
dikes and grolns during this investigation. The effects are noted of
structure orientation and relative length, as well as any differing effects
due to use of single or multiple structures. Two categories of appllcations
of the structures are considered: bank erosion control and channel scour
control. The several conditions mentioned In this table are summarized in
the followlng paragraphs.

Dike/Groin Orientation to Bank

The | lterature Indicates considerable controversy as to whether
structures placed perpendicular to the flow, oriented upstream, or oriented
downstream give the greatest amount of bank protection agalinst erosion.

Our model tests showed that dike orfientation did make a difference in
the flow deflection and length of bank protection provided downstream of the

dike (see Figure 20). The upstream-oriented (135-degree) spur dike
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Table 18. Summary of Hydraulic Behavior Observations for
Spur Dikes and Groins

Relative Single Structure Orientation to Flow, Measured from Downstream Bank
Application Channel or
of Constriction Multiple Upstream Oriented Normal to Flow Downstream Oriented
Structure Le/W Structures (135 degrees) {90 degrees) (45 degrees)
For bank
protection
1/6 - 1/2 Single Most Effective Very Effective Effective
Strong flow deflection Limited flow Good flow deflection
deflection
Longest flow deflection (intermediate) Shortest flow
and bank protection «—— & deflection and
bank protection
Some bank erosion No bank erosion upstream of dike
upstream of dike
1/6 Downstream erosion protection extends for a distance of 3.5 - 5.5 Le
5.5 Le - &= 3.5 Le
Downstream flow deflection extends for a distance of 8.7 - 10.0 Le
10.0 Le & - 8.7 Le
1/2 Downstream erosion protection extends for a distance of 1.9 - 3.5 Le
3.5 Le 4@ - 1.9 Le
Downstream flow deflection extends for a distance of 1.9 - 3.5 Le
6.0 Le =@ - 4.5 Le
<1/4 Multiple 90 degrees
Prototype Excellent bank protection for X/L range of 3.7 - 8.0 where bend
curvature was moderate
1/4 - 1/2 Multiple (2) Part of the streambed between structures is also protected.
Width of protection depends on structure spacing and flow constriction.
".{ increasing) {decreasi ng)’
protection __protection
To cause or
avoid scour
in channel
1/6 - 142 Single Largest depth and Large depth and Large depth and
surface area of scour surface area of surace area of
scour scour
‘(increasing} (decreasing]-’_
depth and depth and
area area
Scour area includes Scour area local- Scour tends to occur
zone upstream of tip ized near tip in deflection path

downstream of tip

Scour pronounced at upstream side and tip of groin, causing gabions
to twist, rotating upstream and downward into the scour hole, with
greater scour and structure twist for longer groins.

1/4 - 1/2 Scour extends across Scour tends to Scour extends across
channel to opposite extend downstream channel to opposite
bank rather than across  bank

channel to opposite
bank
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Table 18. Continued
Relative Single Structure Orientation to Flow, Measured from Downstream Bank
Application Channel or
of Constriction Multiple Upstream Oriented Normal to Flow Downstream Oriented
Structure Le/W Structures (135 degrees) (90 degrees) (45 degrees)
1/6 Decreasing
Scour
Area
1/2 Increasing
1/4 Multiple 90 degrees

1/4 - 1/2  Multiple (2)

1/4 1 to 2 to 3
X/L=2

1/4 - 1/2 Single

Individual scour patterns tend to overlap and merge

Upstream structure protects downstream structure, experiences greater
maximum scour and greater structure settlement

ﬁincreasing} Tdecreasing).#

90 degrees

As number of structures increases, so does total scour area,
but at a lesser rate

As number of structures increases, so does the deflection distance
past the last structure

90 degrees
T-head, L-Head, J-Head and straight structures cause similar
scour areas
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protected almost 50 percent more streambank agalnst erosion than did the
downstream-oriented (45-degree) spur dike at all four conditions of channel
contraction tested (1/6, 1/4, 1/3, 1/2). The perpendicular dike gave

sl ightly more protection than the downstream-orlented dike. The
upstream-orfientation caused some bank erosion upstream of the dike. The
flow deflection findings followed a pattern similar to that for erosion
pattern, except that the increase In deflection distance for 135~degree
dikes over 45-degree dikes was only about 20 percent.

The surface area of scour was found to be affected by the structure
orientation. As orientation angle Increased, the scour area also Increased.
The rate of Increase and the absolute area of scour were greater as the
amount of channel contraction Increased (see Figure 21). The amount of
scour upstream of the dike tip also increased as the dike becomes more
upstream oriented.

The scale of model testing with spur dikes did not allow realistic
measurements of scour depth to be made. Therefore, ft Is not known If scour
depth also Increased with scour area. For gabion groins, mode|-tested in
larger sizes, scour depths and structure settlement were determined. Both
Increased with orfentation angle (see Tables 11 and 12 and Figures 35 and
36).

Dike/Groin Length and Spacing

The |iterature generally treats structure length in conjunction with the
spacing of multiple structures. (The assumption appears to be made that
individual structures are unllkely to be used for bank erosion control.
However, single or lsolated structures are |lkely to be used for habltat
modification.) The effectiveness of bank protection diminishes as the

structure spacing/length ratio increases, as would be expected.
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Conservative recommendations in the |lterature are that the structure
spacing should not exceed about twice the structure length; however, some
recommendations are for ratlos as large as 4 to 6 along concave banks, with
a supplemental recommendation that the bank may need riprap.

Dike/Groin Length

Our model tests showed that dike effective length normal to the bank did
make a difference In the length of bank protected and In the distance of
flow deflection, regardless of orientation (see Figure 20). Relatively
short dikes (Le/W = 1/5) gave downstream erosion protection for 3.5-to-5.5
times the effective length, whereas long dikes (Le/W = 1/2) gave protection
for 1.9-t0-3.5 times the effective length. Even though the latter ratios
are smaller than those for short dikes, the absolute distances are greater
due to the greater magnitude of the effectlve length. The corresponding
deflection distances were 8.7-to-10.0 for short dikes and 4.5-t0-6.0 for
long dikes. Agaln, even though the ratios decreased, the absolute distances
Increased.

The surface area of scour was affected by the structure length relative
to the channel width. As the degree of channel contraction increased, at a
fixed orfentation (e.g., 90 degrees), the scour area Increased (see Figure
215

Multiple Dike/Grolin Spacing

Our model tests showed that when more than one structure was used to
protect a bank, the Individual scour patterns tended to overlap and merge
unless the dikes were far apart. For conditions of L/W = 1/4 and X/L = 2,
it was observed that as the number of structures Increased from one o

t+hree, the total scour area also Increased, but less rapidly. The current
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deflection and bank erosion protection distances also increased downstream
of the last structure.

Our model tests also showed that for palred structures, the upstream
structure protected the downstream structure from experiencing as much scour
and settliement as the upstream structure for spacings of up to about three
times the structure length (see Figures 35 and 36). At spacings of three or
more lengths, the downstream structure experienced almost as large a maximum
scour depth as the upstream structure, particularly if the flow constriction
was severe (an L/W ratio of 1/2) or the structure was oriented upstream for
flow constrictions for L/W = 1/4 or more. However, this scour may not have
been over as extensive an area, because the settiement of the downstream
structure tended to remain less than that for the upstream structure. The
width of the protected streambed between structures, measured away from the
bank, varled with structure spacing. This width may represent a margln zone
for buffering eddy currents that |eave the upstream structure. For
structures that severely constricted the channel flow (i.e., L/W = 1/2), the
width of protected bed decreased for Increasing spacing beyond an X/L ratio
of 1, the closest spacing tested (see Figure 37). |If there was less channel
flow constriction (i.e., L/W = 1/4), the protected zone was narrowest at
close structure spacings and actually increased until the spacing became
X/L = 4, after which the protected zone again narrowed. This trend Indicated
varfable flow Interaction between adjacent structures.

Our fleld observations showed that structures with varliable X/L spacings
of 3.7 to 8.0, as part of an 8-structure dike fleld, gave good bank
protection. The approach flow to the dike field was fairly straight and the

bend curvature at the dike fleld was moderate. A common condition between
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ad Jacent dikes was an eddy current similar to the type 1 pattern shown in
Figure 11. The flow deflection past the last structure did not extend as
far downstream as expected from our mode| tests. The difference Is
attributable to the time~lag before prototype adjustments occur when the bed
matertal Is very coarse and the length of time for large discharges is
short, even when the structure has been In place for one year. Hence,
residual streambed features can persist and Influence flow patterns and
deflection trajectories.
Dike/Groin Configuration

The |iterature Indicates that the downstream-angled L-head structure ls
preferred over other non-stralght configurations. Apparently, scour Is not
too severe nor too locallzed. Also bank protection Is reported to be better
when such structures are closely spaced than for stralght structures having
the same spacing.

Our |imited model tests showed that the T-head structure caused a
sl ightly larger scour area than the J~head and L-head. However, all three
were similar In scour area produced and flow deflection trajectory (see
Table 7). Furthermore, their performance was simiiar to that of a straight
structure oriented at 90 degrees to the bank (see Tables 5 and 6). The
scour areas were greater and the relative deflection distances were less at
flow contractions of L/W = 1/2 than at L/W = 1/4. Sloping dikes that were
partially submerged were found to behave |ike shorter dikes, In terms of
resulting scour area and flow deflection. The effective lengths of such

structures was related to thelr unsubmerged |engths.
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General Features

Like spur dikes and groins, weirs directly affect the local flow
velocitles and patterns. The welr causes a backwater effect that extends
upstream for some distance, flattening the local stream gradient, compared
to the general stream gradient, with corresponding local decrease of flow
veloclty and Increase of flow depth. This can cause sediment deposition.
If the entire space behind the welr becomes fllled with deposited sediment,
the welr Instead acts |lke a sil| across the channel.

As the flow reaches the weir or still, [t accelerates and plunges toward
the streambed Just downstream. This accelerating, plunging flow causes
local scour; a scour hole forms near the base of the welir. The scoured
material redeposits in the channel a short distance downstream, possibly
helping to "pool"™ the water over the scour hole. The amount of scour
depends upon the welr helght relative to the upstream and downsteam flow
depths.

Y-Weirs; Influence of Apex Angle

The |iterature generally deals with stralght welrs placed at right
angles to the flow (f.e., a V-welr with an apex angle of 180 degrees).
Scour evaluation Is typically based on concepts of Jet scour and
free-overfall scour. Such evaluations usually emphasize the maximum depth
of scour, rather than scour locatlon, shape, and volume or resulting
sediment redeposition.

Our model tests showed that the low stralght welr had quite different

effects on flow patterns, bed scour, and sediment redeposition than did low

V-shaped welrs. The stralght welr represents a transition case between
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V-shaped welrs that polnt upstream and those that point downstream. For the
stralght weir, the approaching flow tended to continue straight downstream
across the welr, plunging as |t passed the welr and causing some scour at
the toe of the welr and for a short distance downstream. A shallow scour
pool formed across the full width of the channel and extended for a short
distance downstream. The scoured sediment redeposited downstream of the
scour hole but was spread out over an extensive surface area of the bed.
V-welrs wilth thelr apex pointing upstream had the effect of focusing the
approach flow sc that |t moved toward mid-channe| as it passed over the
weir. This caused Intense |ocal scour of considerable depth. The extent of
the scour area was |limited In part by the space avallable between the two
arms of the welr extending from apex to bank. The scoured sediment was
pushed toward the channel banks as well as downstream before it redeposited.
V-welrs with thelr apex pointing downstream had the effect of spreading
the approach flow so that it divided over the apex and moved toward both
banks as It passed over the weir. Approaching the banks, the flow was then
turned strongly downstream. This situation caused Intense local scour near
both banks. The scoured sediment was transported out of each scour hole,
part of it moving to mid-=channel, where It redeposited a short distance
downstream of the welr apex and part of It redepositing near the banks a

short distance downsteam from the scour holes.

Use of Rockfill Structures to Manipulate Scour

Eavorable Sttuations Exist

The general |iterature and the specific work conducted fn this study

make it clear that rockfill structures can be used to manipulate sediment
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scour and deposition. In most exlisting applications, such manipulation has
been undertaken for "defensive" or preventative reasons of protecting river
banks or river structures. Scour manipulation In the "offensive" or
positive sense of encouraging scour to occur has been an uncommon
appl lcation. Yet there are many situations where the intentional
encouragement of scour may be desirable. For example, It may be
advantageous to encourage bed scour in the vicinlty of water supply Intakes
so that clogging will not be a problem and so that pumps can operate at
max imum capacity with adequate submergence of the Inlet. Many other
examples exist that can be cited. An example of particular Interest in the
Pacific Northwest (one which [llustrates how the findings of this study can
be used--if the study |Imitations are recognized), Involves physical
modification of stream habltat.
Example: Fish Habitat Modification

The typical sltuations In the Pacliflc Northwest where structures have
been used for physical habitat modification Involve coarse-bedded streams of
smal | ~to-moderate size that are subjected to strong seasonal variations of
streamflow. During the summer |ow-flow season, warm temperatures comblne
with limited flow to greatly stress anadromous fish habitat. The coarse
streambed often has extensive riffies and runs but relatively few pools to
provide deeper water that may remaln cool due to Intragravel seepage.
Fishery management for such stream reaches often Includes efforts to modify
habftat to Increase the pool=to-riffle ratlo.

One general concern regarding such management is that stream habitat
modification may be undertaken as a single-purpose activity that Ignores
streambank stabil ity and may accldently aggravate bank erosion. An

understanding of the ways In which channel structures can modify scour and
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deposition should allow avolding this side-effect. It might even allow the
undertaking of dual-purpose projects to protect existing eroding banks and
simultaneously provide habltat modifications.

Another concern regarding efforts to modify physical habitat in small
streams Involves the potentlal risk of inadequate design. Because many
structures may be placed on small streams, some of the design guldelines may
not apply that are appllcable to large rivers. For example, our |iterature
review did not reveal speciflc statements expressing concern over erosion of
the bank opposite to that at which the structure was placed. Yet our model
studles showed this to be a problem at flow constrictions of Le/W = 1/2 and
a potential problem at Le/W = 1/4. Our fleld work in a small stream showed
that the local channel and the opposite bank were severely affected by a
groin causing a flow constriction of 1/2. Our fleld work in a major river
showed that downstream effects could alter conditlons at the opposite bank
when structures caused a constriction of less than 1/4. This indicates that
destgn for large rivers Is not 100 percent risk-free and that structures in
smal| streams may dominate the hydraullc conditions and l|ead to unexpected
or undesired effects. Hence, large-river design methods must be used with
considerable added caution in small streams.

The hydrology of small streams Is often not known and must be estimated.
Even for larger streams, Information may be sketchy. While many hydrologic
techniques are avallable to estimate missing streamflow characterlstics, the
net effect is that some risk and uncertainty will exist that will enter the
design process. Fortunately, some rockfill structures are tolerant of
moderately exceeded design conditions and can adust. For example, a gabion

structure or rockfill with adequate riprap can settle Into a scour hole that
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somewhat exceeds the expected design depth. The deformed structure can then
continue to serve a useful function. However, If design conditions are
severely exceeded, or If |ittle design was used to install a structure,
fallure Is as |lkely with rockfill structures as with other structural
types.

In summary, with regard to this Illustration, rockfill structures can be
used to significantly Increase the amount of bed scour and the pool-riffle
ratio In a stream wlthout causing bank erosion, as long as proper attention
Is gliven to design concerns. Such modifications usually require a large
number of structures along the length of reaches where such changes are
sought. (Obviously, this can become quite costly.) The structures must be
positioned based upon thelr effects upon flow patterns and the resulting
locales for sediment scour and deposition. This study has examined some of
those effects; the findings add fo the usable knowledge avallable because of
the types of structures and structural materials considered and because of

the speciflc interest In creating scour.
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APPENDIX. LIST OF SYMBOLS

wldth of scour hole created by V-shaped welr
cross-sectional area of jet flow

length of scour hole created by V-shaped welr

average width of approach channel

origlinal channel width (= B)

constricted channel width or average width of contracted channel
sediment concentration by wefght

drag coeffliclent

measured scour depth at tip of upstream groin

measured scour depth at tip of downstream groin
IImiting depth of scour below original bed level

depth of scour below the original bed level at any particular time, T
median graln size of bed sediment

sediment size such that 90 percent Is smaller

Lacey silt factor

Froude number = 73%*

Froude number upstream of welr

Froude number downstream of weir

Blench's "zero bed factor" = function of grain size
acceleration due to gravity

average depth of flow In unconstricted approach channel
maximum depth of approach flow

helght of weir above the original bed level

helght of drop of bed level from upstream to downstream

height of drop of water surface from upstream to downstream

167




Le

Lp

function of approach conditions; k varies with Investligator
function of CD and varies between 2.75 and 5.0

factor accounting for effects on scour of varying dike head slope
actual length of spur dike or groin

effective length of spur dike or groln measured normal to the bank
from the base to the tip of the structure

width of undisturbed bed zone between two grolns
distance from downstream side of V-welr apex to V~welr base

location of point of maximum scour depth, measured from downstream
side of welr apex

contraction ratio = (B; - BZJ/B1

function of CD and varies between 0.65 and 0.9
dimensionless term for bed roughness

term N applied to approach channel or dike site

term N applied to approach channel or dike site at beginning of
scouring motion

stream discharge per unit width at constricted section
(use flood conditlons to find maximum scour depth)

discharge per unit width of crest of welr or drop structure
total stream discharge

assumed multiple for scour at dike compared wlth scour
in a long contraction (taken to be 11.5 by Laursen)

scour volume [ndex = a-b-ds

time

average velocity In unconsiricted approach channel
maximum veloclty of approach flow

water veloclty upstream of weir

water velocity downstream of weir

velocity of efflux of jet flow

width of uncontracted channel (= B)
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distance between two grolns of spur dikes

distance from dike base to downstream bank point where
erosion beglns

distance from dike base to downstream bank point where
main current Impinges

| tke X] but measured from dike tip
| tke XZ but measured from dike tip
average depth of flow in unconstricted sectlon

tal lwater depth at pool over scour hole, measured from original
bed level

equl | ibrium scour depth measured from the water surface
to the bottom of scour hole

water depth upstream of welr

water depth downstream of weir

settlement of tip of upstream gablion groin
settlement at tip of downstream gabion groin

apex angle of V-shaped welr

angle between side slope of dike and vertical plane

difke or groin orientation angle between axis of structure and
downstream bank (or channel thalweg)

density of bed sediment (mass per unit volume)

density of water (mass per unit volume)

term describing the size gradation of the bed material
standard deviation of the sediment settling veloclty
absolute viscosity of water

settl ing velocity of sediment

ratio of 085 to D50 for bed sediment

critical bed shear stress

bed shear stress In approach channel or dike site

bed shear stress in approach channel or dike site at beginning
of scourlng motion
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