|
|

N ' B B O D Gy = B w2

Propert ty of

Flood Control District of MC Library
brary

Please Return ¢ y
2801 W. D c
Phoenix, M ?DOOO

PREPRINTS OF THE
INTERNATIONAL RIPRAP WORKSHOP

THEORY, POLICY AND PRACTICE OF
EROSION CONTROL USING RIPRAP,

ARMOUR STONE AND RUBBLE

FORT COLLINS
COLORADO
UNITED STATES
12 - 16 JULY 1993

VOLUME I

PRODUCED BY:
DELFT GEOTECHNICS
P.O. BOX €3
2600 AB DELFT
THE NETHERLANDS




Sponsored by

Colorado State University
Department of Civil Engineering

United States

Construction Industry Research and Information Association
United Kingdom

Delft Geotechnics
The Netherlands

Rijkswaterstaat
The Netherlands

University of Nottingham
Department of Geography
United Kingdom

Organizing committee

Colin R. Thorne
University of Nottingham
United Kingdom

Steven R. Abt
Colorado State University
United States

Frans B.J. Barends
Delft Geotechnics
The Netherlands

Krystian Pilarczyk
Rijkswaterstaat
The Netherlands

Stephen T. Maynord
US Army Corps of Engineers
United States

Garry Stephenson
Construction Industry
United Kingdom



Property of

Flood Control District of MC Library

Please Return :c
2801 wW. Durango
Phoenix, AZ 85009

PREPRINTS OF THE
INTERNATIONAL RIPRAP WORKSHOP

THEORY, POLICY AND PRACTICE OF
EROSION CONTROL USING RIPRAP,
ARMOUR STONE AND RUBBLE

FORT COLLINS
COLORADO
UNITED STATES
12 - 16 JULY 1993

VOLUME 1l

PRODUCED BY:
DELFT GEOTECHNICS
P.O. BOX €3
2600 AB DELFT
THE NETHERLANDS




Sponsored by

Colorado State University
Department of Civil Engineering
United States

Construction Industry Research and Information Association
United Kingdom

Delft Geotechnics
The Netherlands

Rijkswaterstaat
The Netherlands

University of Nottingham
Department of Geography
United Kingdom

Organizing committee

Colin R. Thorne
University of Nottingham
United Kingdom

Steven R. Abt
Colorado State University
United States

Frans B.J. Barends
Delft Geotechnics
The Netherlands

Krystian Pilarczyk
Rijkswaterstaat
The Netherlands

Stephen T. Maynord
US Army Corps of Engineers
United States

Garry Stephenson
Construction Industry
United Kingdom




Preprints International Riprap Workshop 1993

CONTENT Page

W. Leeuwensteijn, A. Franke, V. Hombergen, J.K. Vrijling
Quarry based design of rock structures 552

G. Lefebvre, M. Ben Belfadhel, K. Rohan, O. Dascal
Field and laboratory investigation of steep riprap 570

D.A. Lienhart, H.H. Fisher, E.F. Robinson
The correlation of index tests with rock durability 588

D.B. Lister, B.J. Beniston, R. Kellerhals, M. Miles
Influence of bank material size on juvenile salmonid use
of rearing habitat 601

J.S. Mani, H. Oumeraci, M. Muttray
Rundown velocity along the slope of a breakwater with an

accropode cover layer 626
S.K. Martin
Riprap design for tow-induced waves 658

R.W.P. May, M. Escarameia

Riprap stability in highly turbulent flows 679
S.T. Maynord
Corps riprap design guidance for channel protection 692

J.W. van der Meer
A review of stability formulas for rock and riprap
slopes under wave attack 712

J.W. van der Meer, K.W. Pilarczyk

Low-crested rubble mound structures 735

A.C. Parola

Bounaary stress and stability of riprap at bridge piers 771

K.W. Pilarczyk

Design tools related to revetments including riprap 792
549



Preprints International Riprap Workshop 1993

CONTENT Page

K.W. Pilarczyk
Simplified unification of stability formulae for rock and
other revetments under current and wave attack 818

K.A. Sarker
Experience of using riprap works in Bangladesh 839

H. Schulz
Considerations regarding the experience and design of
German inland waterways 862

F.D. Shields Jr, C.M. Cooper, S. Testa lll
Towards greener riprap: Environmental considerations from
micro- to macroscale

899
D.B. Simons

Fundamental concepts applied to the utilization of rock
riprap to achieve channel stabilization 926

B. te Slaa
River training works for a bridge across the Brahmaputra
river, Bangladesh 945

R.B. Sotir, N.R. Nunnally
Use of riprap in soil bioengineering streambank protection 969

C.R. Thorne, S.R. Abte, S.T. Maynord
Prediction of near bank velocity and scour depth in
meander bends for design of riprap revetments 980

V.H. Torrey lll
Flow slides in Mississippi riverbanks 1008

D.D. Ward
Numerical calculation of runup and overtopping on riprap
revetments 1032

R.J. Wittler, S.R. Abt
Shields parameter in low submergence or steep flows 1051

K. Zen, H. Yamazaki

Slope instability due to wave-induced liquefaction in
the seabed 1065

550a

f
i
!
I
1
i
i
i
i
i
‘
U
I
1
i
g
i
B
i




|
'
|
i
|
!
i
|
1
i
|
b
!
{
i
!
¥
i
)

Preprints International Riprap Workshop 1993

CONTENT

M. Shafai-Bajestan, M.L. Alberston
Design of a riprap stilling basin for overhanging pipe

K.R. Stank, M.M. Baig
Deterioration of carbonate breakwater stones on
lake Michigan shoreline

550b

Page

1100

1106




--ﬂ-------‘

Preprints International Riprap Workshop 1993 W. Leeuwestein

QUARRY BASED DESIGN OF ROCK STRUCTURES

W. Leeuwestein
CUR, P.O. Box 420, 2800 AK Gouda, The Netherlands
A. Franke, V. Hombergen and J.K. Vrijling
Rijkswaterstaat, Civil Engineering Division,
P.O. Box 20000, 3502 LA Utrecht, The Netherlands

1. Introduction

Rock is a widely used material for hydraulic structures in marine,
estuarine and riverine environments. The reason for that is mainly that
many types of rock can meet requirements with respect to density, size and
strength and besides that this material is available in many places in the
world.

A Europian initiative was taken by two research organisations, CUR' in the
Netherlands and CIRIA? in England, to support an optimal use of rock in
marine structures, by producing a Manual on the use of rock (CUR/CIRIA,
1991). Construction and material use are the two principal variables for
design optimisation, of which material use is subject of this paper.
Characteristic control parameters are stone size (D) and grading (D,/D,s) of
the rock.

In this paper it is demonstrated that there is a fair chance that by using
conventional procedures of optimizing the design of a rock structure, the
possibility of significant savings on material cost are overlooked.

First a conventional lifetime-cost optimisation is presented with respect
to the size of the armour stone (demand-based design). This is done for two
exanmples, a breakwater and a river bank protection. Subsequently, an
optimisation is presented with respect to a given quarry production
(supply-based design). For the breakwater this is done using a optimisation
model developed in the Netherlands and described in this paper.

2. Materials, sources and production

Fzincipal sources of stones are quarries and marine or river deposites of
gravel. Quarries are located on land, often in mountaneous regions, and
rock material is produced by blasting vertical slices from a rock or
mountain. The result is often a more or less irregularly shaped material of
different sizes (D) and weight (W). Unless defined otherwise, in this paper
D is the nominal diameter, related to W by D=(W/p,)'? with p, being the rock
density. In practice, for D, the 50% nominal value D,, is used. The variety
in size of the stones produced is characterized by a stone size
distribution curve F(X)=Pr(D<X), which is known as the production curve or
so called Quarry Yield curve. In Figure 1 two examples are shown of which
only type I produces the typical heavy armour stones. Alternatively,
corresponding density curves can be used (eg. see Figs. 5 and 7).
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By means of a blast design one may attempt to control the production.
Depending on the demand by the structure, large size stones or large
quagtitieg of the smaller sizes may be wanted. The percentages of the
various size categories needed are gouverned by stability requirements and
fllte; rules discussed below. Blast design is mainly a matter of specific
experience, but some guidance has been developed using placement and
sPacipg of boreholes. Methods to assess the production by means of
distribution functions, F(X), are presented by Rosin-Rammler and Schumann
(CUR/CIRIA, 1991). The link with blasting practice is provided by
parameters, which are taken from the blast design in the quarry.
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3 3
£ E
g (£ 459
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stope weight, X fkgl

Figure 1 Example Quarry Yield curves

For practical reasons, quarry owners and contractors preferably use a set
of standard gradings, defined by (at least) an upper and lower limiting
weight (or size). In the following sections a set of gradings are used,
which follow the standards presented by CUR/CIRIA.

3. Structure characteristics

The structures considered contain or consist entirely of rock material. At
the wave and/or current exposed (usually sloping) face, this material
extends from the crest down to the toe and sometimes even further.

At the crest, the rock material can be extended to a lee-side slope or
(horizontally) over a backfill area.

In this paper a conventional rubble mound breakwater and a river bank
protection are considered, with crest height and slope gradient being the
main characteristic geometrical design parameters.

In general, armour layers (primary and secondary), filter layers and a core
are distinguished, all mainly charaterized by a stone size (D). These stone
sizes are determined by hydraulic stability. Regarding to wave attack, a
structural porosity factor (P) is defined (see Appendix). A commonly used
armour layer thickness (t,) relates to D according to

t, = 2 D (3)
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The same relation is also used for other layers. The size of the material
for filter and core are derived from requirements related to internal
stability and filter functions (filter rules). The latter is commonly
formulated in terms of a size ratio of the upper (armour) and the lower
(filter) material (D,/D,), for example in the overall filter rule by
Terzaghi (1922):

Dy/Dyy = 5 (4)

The above, simplified, requirement is used in this paper. This is valid for
uniformly sized material, whereas for wide graded rock values up to 20+60
apply (CUR/CIRIA, 1991).

4. Functions and requirements

The function of rock in structures such as breakwaters and river bank
protection is protection against external action by waves and/or currents.
When extended to the sea or river bed in front of the toe, the function can
be better described as scour or bottom protection. When extended on an
inner slope or a backfill area, the function is to resist overtopping.

In all cases, the rock protection supports the basic function of the
structure such as reduction of wave disturbance (breakwater) and slope
protection (river bank protection), whereby a certain accepted degree of
damage to the protection may be inherent to an economic design aiming to
ninimize the cost of investment and expected damage.

As an example, Figure 2 shows a conventional optimisation with respect to
armour size (D,) under wave action, with wave conditions from section 5.
Damage is calculated as the displaced rock volume (S,) according to Van der
Meer‘s formula, see appendix (CUR/CIRIA, 1991).

§888¢88

Material Cost
L]
]
/

-y N initial cost}
1000 ™ =
500 ~=
[
0.6 08 12 1.4 1.6 1.8
Armour Sze, Da {m]

Figure 2 Conventional optimisation of breakwater armour
investment vs. damage

lay-out

A variety of functions determines the alignment and length (breakwater) and
and extent (toe, bottom protection) or situation (river bank protection) of
rock structures. Also local bathymetry may play a role.

The bank protection discussed in this paper is designed for a braiding
river. This implies that river channels and flood plains show a rather
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irregular pattern, which changes from year to year under influence of flood
waves. As a consequence, scour and the moving channels largely determine
the lay-out of the bank protection.

cross section

Functional requirements play an important role in the design of the cross
section of structures. Most important for breakwaters are wave
transmission, wave run-up and overtopping. The crest height is largly
determined by these parameters. Besides stability requirements (geotechic
and hydraulic) often determine slope gradients and the extent of a toe
protection. In this paper, the height of the transmitted wave (H) and the
combined flood level (2,) and run-up are the determining requirements for a
breakwater and a bank protection respectively.

In this paper the crest level of the breakwater is determined by the
requirement that the maximum wave height in the area protected by the
breakwater be limited to H_, = 1 m. Construction further requires that the
crest width be B = S m. The height of the river bank considered is
determined by the requirement that crest is not overtopped during the
design flood conditions. The slope is 1:3.5.

For both structures the depth of expected scour at the toe determines the
construction (toe) depth.

hydraulic stability

Much emphasis has been put in the past on reduction of stone size for a
cover or armour layer, given a design wave or current. Proven stability
requirements are given by Shields (1936), based on shear stress and
applicable for currents, waves or combinations of these and by Isbash

(1959), based on velocity and applicable for currents only. On both
requirements, roughly summarized here as the stability criteria ¥y, = 0.03
(Shields) and U,/2gAD = 1.4 (Isbash) reference can be found in Pilarczyk's
paper. Here it is only useful to mention that experience has shown that in
fact the above given threshold values are only common values. The observed
variations can be indicated as 0.03 + 0.05 and 0.7 + 1.4 respectively,
which can be partly explained as to be caused by differences in: a)
exposure or b) probability of initial displacements (damage) or c)
definitions.

current attack
The threshold velocity (U) can be written in terms of Shields’ bottom shear
stress (y) by:

U%/2g c?
_— = K = ¥ (3)
A Dg 29

where C is Chezy‘s friction coefficient, note that Cc=£f(D,..) and k, is the
slope factor (see Appendix). An unambigious definition of damage for
current attack is still not available. However, in this context damage may
be roughly estimated by using y_, as a damage parameter (a role comparable
to Van der Meer‘s S,, see appendix). By fitting of data by Gessler (1965)
and interpreting his probability of displacement as a damage fraction (S,) .,
a practical relationship between ¥, and S, has been found to be:

S, = 3.5 (¥, - 0.0198)% (4)

(In the range of y_, between 0.02 and 0.10 the deviations from Gesslers’
data in terms of damage are about 0.05).
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wave attack

For stability of sloping rock under wave action Van der Meers’ formulae
have been gradually introduced since 1984 (CUR/CIRIA, 1991) as an
alt=rnative for the well known Hudson formula (1965). The main improvements
are that account is given to wave period (T), storm duration (N) and
structure porosity (P) and that a clear definition of damage (S,) is
provided.

5. Design conditions

breakwater

In this paper the design conditions for the breakwater are wave height (H)
and period (T) and for the bank protection flood level (h), wave height (H)
and current velocity (U). The design values are derived from fitting of
prototype data into a suitable long-term wave height distribution function

(Figures 3).

—
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Figure 3 Example distributions of significant wave height

The breakwater is designed for the 1:50 wave conditions, which implies a
significant wave height of H, = 4.8 m and the corresponding mean wave
period is assumed to be T,k = 9 s. The design wave height at the lee side is
H, = 1 m. The number of waves in the design storm is N = 5000 and the
accepted damage (S,) is based on a preliminary optimisation performed in
section 4. Tides can be disregarded.

bank protection

For the bank protection, the 1:100 years design river discharge is Q =
20,300 m’/s. Corresponding flood level and current velocity are z, = 7.8 m
and U = 2 m/s. The average water level is 2z, = 1.6 m and the lowest water
level is only slightly beneath this value. The stage curve with
corresponding current velocities and the discharge distribution are shown

in Figure 4.

Under 1:100 years wind conditions the wave height and period are H, = 1.0 m
and T, = 3.5 s respectively. Due to (local) scour the bed level under

design flood conditions is at 2z, = -34 m.
The expected damage due to the current velocity (U), on the lower part of
the slope, is evaluated using the Shields parameter (y.,) as a damage

paraneter.
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Figure 4 Example discharge distribution (left) and stage and velocity
curves (right) ’

6. Demand-based design
The more conventional cross-sectional design can be characterized as a

“demand design", which is basically described below. Lay-out and alignment
are not further considered in this paper.

preliminary optimisation of breakwater armour size

Using a simplified approach for the wave transmission (CUR/CIRIA, 1991), it
can be found that for a crest height of h, = 15 m the relative freeboard is
R/H, = 1.04 with an associated transmission coefficient of C, = 0.15 (see
Appendix) . The resulting transmitted wave height is H, = 0.7 m, which
remains well within the given requirement (H_,)-.

For the slope a preliminary gradient of 1:2 is chosen for both the front
and lee side. However, in section 7 these slope angles are adjusted to

optimise the design. Van der Meer's porosity factor is P = 0.4 (see
appendix) .

Expected damage (S,) is used as a design criterion for which values
exceeding S, = 10 are not acceptable since these imply exposure and
consequently (progressive) damage to the secondary and other layers.
Material cost rates for construction and repair are assumed as given in the
appendix. The structure‘’s lifetime (T,) is T, = 25 years.

Based upon these considerations and calculations for a series of (cover
layer) stone diameters (D) a preliminary optimum armour size appears to be
D, = 1.5 m approximately (Figure 1). The corresponding damage during design
conditions is S, = 6 approximately. Applying a similar procedure to the lee
side slope (with H, = 1.0 m) an armour size of D, = 0.3 m is found.

evaluation of required stone volumes for breakwater

In order to facilitate the evaluation of stone volumes and a further
iterative design of the breakwater cross section a design model has been
used which is briefly described in section 9. This model enables evaluation
of stone volumes associated with parameterized standard geometries,
including toe structure.

The initial design was based upon the conditions described in section S
with S;=6 as the damage criterion. The results are summarized in Table 1,
listing stone volumes (per running meter) needed for the primary and
secondary armour layers and for the core. Evaluation of costs is done by
using the material cost rates given in the Appendix.
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part of stone size volume grading cost I
breakwater D (m v (n’) (kg)

prim. armour 1.52 90 6/10 t 1440
) idem, leeside 0.34 3 10/200 12
sec. armour 0.30 95 10/200 380
core 0.06 120 50/150 em 240

sub-totals = 310 = 2070
prim. arm. toe 0.86 30 1/3 t 480
sec. arm. toe 0.29 7 10/200 28
filter toe < 0.07 45 50/150 mm 90

" totals I = 390 l l = 2670

Table 1 Required minimum stone volumes (per running m) for the breakwater
obtained with the model

Armour stability together with filter requirements determine to a large
extent the demand curve for the rock material to be used in the structure.
Using the production from the quarry characterized by I in Figure 1, the
actual approximate blasted rock volumes can be determined. The produced
(Pr) and demanded (De) relative volumes (in %) are listed in Table 2.

totals l
<10 10/200 0.2/1t 1/3t 3/6t 6/10t >10t
Pr 20 18 28 16 12 4 2
De 45 26 0 7 0 22 0
Pr/De 0.45 0.69 @ 2.27 © 0.18 ©
E 0 3.30 4.07 5.53 5.09 0 5.53
R 5.00 4.50 7.00 4.00 3.00 1 0.50
Vv 450 400 620 350 270 90 50 2230
Crm 900 J600 10000 5700 4300 1400 700 24600

Table 2 Quarry production and cost per running m for design-based breakwater,
including toe as evaluated with the model

The results for the matching ratio (Pr/De) show that the heavy stones (6/10
t) have the lowest value of Pr/De and thus are the determining size.
Defining the production multiplication factor as:

£, = 1 / min(Pr/De) (5)
this involves a production of £,=22/4=5.5 times all grading volumes, to

correspond to the determining volume, P, = 90 m® of heavy stones (6/10 t).
The relative excess production, defined for each grading as
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E=(f, Pr - De)/Pr, (6)

the production ratio (R) of each relative grading volume (Pr) with the
determining volume (P,), actual produced volumes (V, in m') and the the
consequent material production cost (C.) are shown in Table 2 from which it
can be seen that the total cost amounts to 9.2 times the theoretical
minimum cost of 2670 from Table 1. A practical measure for an economic
design from, regarding material use, is the cost (efficiency) ratio (R.)
between the actual cost associated with a design and theoretical cost of
the minimum design (here, R.=9.2). Similarly, a volume (efficiency) ratio
is defined as R, (here Ry=5.7).

In this example case most of the excess production cost is made for the
three successive gradings from 200 kg to 6 t. The (mis)match of demand and
supply volumes for the considered gradings is shown in Figure S (left).

- E =
T
i 40 =mm) S ?(qmn
< - 2 < 40 .
gas (design)| & demand (design)
E 535
30
< 30
025 g
: ] 2
2204 X >
“ §r & 20- ~
2151 NI\ i VR
‘R 151 XS
: Y R < 2 N NN N S
2" N \ 3101 N NN
P N N | 3 NN NN
NE N N . & NE N NI R
X N NS " MNMN NS
10 1000 6000 0 20 3000 10000
grading upper Emit kgl grading upper kmit Ol

Figure 5 Matching of relative demand and production
preliminary (left) and optimal (right) design

river bank protection

The crest level is primarily determined by the design flood level (z, = 7.8
m, see section 5). Since serious wave action does not coincide with the
flood season overtopping is no additional consideration with regard to the
crest level. Provisionally it is assumed that the slope is 1:3.5 and that
under design conditions the bottom level at the toe, including scour, is at

2z, = =34 m. (disregarding other alternatives ?).

For the upper part of the slope protection, waves are the determining
loading while for the lower part the current velocities are. The design
formulae used are Van der Meer’s (Appendix) and eq.(3) respectively. In
order to account for wave run-down, the transition is chosen at 1.5 m (=1.5
H,) below the average water level (so at z, = 0.1 m).

3 An option is to provide the stone for the lowest part as a falling
apron. Then usually a surplus of material is placed (CUR, 1993).
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As a result, the upper part is designed against the wave (with H, = 1 m)
described in section S, whereas for the lower part (from z, = 0.1 m down to
z, = -34 m) the given velocity of U = 2 m/s is used with an average water

depth for the slope, say h = 15 m.

With the material cost rates used in this paper (see Appendix) the cost of
damage are small relative to the construction cost, at least for stone
sizes D > 0.04 m. Using the above given design conditions and the damage
curve according to eq. (4), any damage can be avoided by chosing D = 0.05 m

(see Figure 6).

o~ 1
* \\ =  Data Gessler
70 <
E 60 W\\
O \
2 % ~
(<]
z - appr.eq.(4)
g ~
m -
i ~—
0 1
10 15 20 25 30 35 40 45 5 55

Stone size, D [mm]

Figure 6 relative damage of bank protection due to the design flood

Applying eq.(l) for the layer thicknesses the material volumes and the:
associated cost can be calculated as listed in Table 3. Total required
stone volume and cost of this minimum design are 34 m’ and 88 respectively.

Grading Diameter Volume Cost

I | D Cm l vim’) l

| Lo [touer [ [ [ v e | towr |z

I 30/60 mm 0.01 7 7 14 14

" 0.3/10 kg 0.04 0.05 8 9 17 16 18 34
10/200 kg 40 40

totals:
Table 3 Required stone volumes (per running m) for the minimum design bank protection

Produced volumes and associated costs are listed in Table 4. Comparing with
the minimum design from Table 3, it becomes clear that this design for the
bank protection does not match the given quarry yield curve at all. Volume
and cost efficiency ratios are R, = 4.7 and R, = 20.2.

560



Preprints International Riprap Workshop 1993 W. Leeuwestein
=
stone class [kgl totals

=é _Og_l_ﬂ_ | 107200 | 0.271t | 1/3t 3/6t 6/10t >10t

Pr 10 10 18 28 16 12 & 2

De 20 50 30 0 0 0 0 0

Pr/De 0.50 0.20 0.60 © © © © ®

E 3.00 0 3.33 5.00 5.00 5.00 5.00 5.00

R 1.00 1.00 1.80 2.80 1.60 1.20 0.40 0.20

v 16 16 29 45 26 20 6 3 161

Cm 30 30 120 720 420 310 100 S0 1780
Table 4 Quarry production and cost (per running m) for design-based bank protection

The figures in this example show that the determining grading is 0.3/10 kg
and that considerable excess volumes are blasted of all gradings above 200
kg.

7. Supply-based design

A basically different approach is to start with the quarry and to taylor
the design to the size distribution of the supply. A striking example of
this is the development of the concept of (dynamically stable) berm
breakwaters, allowing a considerable reduction of armour size (see Figure
7). In this Figure demand and supply (of two alternative quarries) are
shown as production densities, f(X). It is obvious that the production
curves match the grading (1) better for the berm breakwater. However in
this paper it is shown that also for conventional breakwaters this approach
will often pay off. :

classical rubble mound

berrn breckwater.
frge i
e f= parm
oy 180 - \ ‘E;:"Ym 150 |- \ ::‘yw
k ...c-:m'w e K :::m.
——— Corints querry
A\ Rhem wt A\ Tt
\<§\ L \Q\
SH e P Sl S S—
N ~_ 2 \\
L= s = N | R
° 10 20 o ¥ 10 20
stane dlemeter [m] slene dlemeter (ml

Figure 7 Rock demand and supply for a conventional vs. berm
breakwater (Vrijling et.al. 1990)

breakwater

In order to facilitate a supply-based approach within an iterative design
procedure for the breakwater cross section, a model has been developed in
the Netherlands as a spinn off from the CUR/CIRIA Manual. This model
includes the design of the toe and has been used to make the following
evaluations of material costs. The model is briefly discussed in section 9.
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Using the systematic design procedure of the model the breakwater design is
further optimised to match the given quarry yvield curve as good as
possible. For this paper, optimisation of geometry have been sought in:

- front slope (cotg ap)
- crest height (h.)

By considering the calculated armour size (D,) and transmission coefficient
(C,) is has been checked wheter the basic functional requirements stated in
section 3 are still be met. Starting with the preliminary design from
section 6 the cross section has been varied as shown in table S.

cross-sectional parameter minimum reference | maximum

front slope, cotg a; [-] 1:3 Y2 1:1.5

|| crest height, h, [ml 14.0 15.0 15.0
~ Table 5 variation of cross-sectional parameters

Evaluation of the quarry yield curve and the required volumes (V)
calculated with the model shows that still considerable savings can be
achieved. The cost associated with a number of alternatives are indicated

in Figure 8.
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Figure 8 Cost comparison of alternative designs

It is obvious that application of a relatively mild front slope of cotg(q)
= 3, while maintaining the preliminary lee-side slope with cotg(q;) = 1.5,
enables an optimum use of the quarry. The total volume of blasted rock is
only 440 m’ with associated cost of 4700. Relative to the minimum design
(Table 1) the volume and cost ratios for this design are only Ry=1.1 and
R=1.8. All of the other alternatives except one show cost ratios between
Ry = 8.4 and 9.0. One exception is the one with a steep front slope of
cotg(gg) = 1.5. This design requires an armour size of D, = 1.76 m, which is
not produced in sufficient relative quantities (demand=23%, production=2%).
To produce the armour stone, blasted volumes in excess of the needed result
in a cost ratio of R. = 25. For comparison, the production data of the
optimum design are listed in Table 6 and placed next (right) to those of
the preliminary design (left) in Figure 5.
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For structures like the river bank protection the possibilities to v the

cross section are limitgd and practically confined to the slope qradgzzt

(stability) and crest width (overtopping). However, it has been

denmonstrated that for a type II quarry a supply-based design can be useful

:: we;l for structures as river bank protection for a final optimisation of
e slope.

9. Model description

A brief description is given here on the model used to optimise wave
exposed breakwater cross sections. The experience that an economic design
of breakwaters and other rock structures is partly based upon efficient use
of quarry output, was the reason to initiate the development of a
computerized system for optimisation of the design of hydraulic structures
like breakwaters, seawalls, dikes and bottom protection. In this context
and as a spin off from the production of both CUR/CIRIA Manual on rock, the
Dutch Department of Public Works and Transport (Rijkswaterstaat) has
developed a model for a supply-based optimisation model for breakwaters.
The model structure diagram is shown in Figure 9, which is largely self
explaning.

describing the stone supply

Being a major materials design condition, a basic input for the model is
the quarry production, schematized by a yield curve. Depending on whether
an existing producing quarry is concerned (with a known yield curve) or
rather that a dedicated quarry may be opened (with little information on
the expected production) two options are presented to the user:

- provide the available quarry supply volumes:

- give the parameters for the theoretical prediction curves (eg. Rosin-
Rammler, Schumann, section 2).

In both cases a series of production volumes can be provided, each

concerning a grading or class, defined by lower and upper limiting weights.

These gradings can be either standard gradings (usually cheaper) or

specially defined gradings (usually more costly). In the latter case the

model will generate the supply volumes for each defined grading. By

providing a the length of the structure, the model evaluates the total

volumes involved with the entire structure (instead of per running meter).

At the end of each iterative cycle, plots can be produced showing the
breakwater cross section with principal results regarding required stone
weights and a comparison (per grading or class) of quarry supply and demand
of the design made so far (Figures 10 and 11).

determining the rock demand
Rock stability against waves is determined and used as a design criteria.
This can be done for two optional design principles (Figure 12):

- both sides subject to the same design conditions (so basically a
symmetric design) ;
- different wave exposure at both sides (leading to asymmetric design) .

Additional options for the user concerning the basic initial cross-section
are the crest width and the toe structure. With respect to the latter the
user has two options, a standard toe or a "dredged" toe (Figure 12).

Pripcipal hydraulic boundary conditions to be provided by the user are the
d381gn wave height and period and design high and low water levels (see
section 5). Principal structural design input parameters (for definitions
see sections 2 and 4 and Appendix) are porosity (P), slope angle (tga),
damage (S,), stone size ratio or filter rule (D/D;) of successive layers,
relative crest width (B/D,) and transition levels. In each iterative design

cycle the user may decide to adjust each of these parameters.
4 .
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totals

E 2.38 1.98 0.46

R 1.00 0.90 1.40 0.80 0.60 0.20 0.10

v 90 80 120 70 50 20 10 440
=C,,, 200 300 1900 1100 800 800 300 4700
Table 6 Production data of optimum breakwater design obtained with the model

river bank protection

Given the function of flood protection, the crest height is determined by
the design flood level (2, = 7.8 m) and the possibilities for variations in
the cross section are confined to the revetment slope angle (cotga).

Using eq.(3) for the lower and and Van der Meer‘s formulae for the upper
part of the protection, stability calculations have been made for slopes of
1:4 and 1:2 (which is assumed possible regarding geotechnical stability).
The calculated stone sizes are D, = 0.20 and 0.30 m respectively, but this
hardly affects the demand per grading (appr. 20/50/30% for the three finest
gradings). Regarding the required volumes, the indirect effect of an
increase in layer thickness (1:2 comparing to a 1:4 slope) largely
compensates for the direct effect of volume reduction, see Table 7.

The figures show that savings achieved by the 1:2 slope are only 10%.

In general the values for R, and R, emphasize that, to comply with th
production of quarry I, these bank protection designs are highly
inefficient. Further, by variation of the slope hardly any savings can be
achieved for this type of rock structure, as long as the required volumes
of the determining grading (here 10/200 kg) are not effected. However, if
instead a quarry with yield curve II is available, in the first place the
efficiency in general is improved considerably while, besides, possible
savings achieved by slope optimisation become interesting (Table 7).

quarry 1 quarry 11
1:4 1:2 1:4 1:2
v 170 150 95 84
C.. 1860 1680 540 460
Ry 5.0 4.4 2.8 2.5
Re 21.1 19.1 6.1 5.2

Table 7 Effect of bank slope for two quarries

8. Comparison of demand vs. supply-based design

In contrast with the conventional demand-based design a supply-based design
considerably reduces the excess cost of rock production in the quarry.

This holds in particular for rock structures with many degrees of freedom
with regard to the design of the cross section, such as for breakwaters.
2pplying the model to the example case of a breakwater the cost for
materials could be roughly reduced down to 20% of those of the demand-type
design. A practical criterion for comparison is the relative excess
material loss (E), which is a measure for the amount of stone produced but
not actually used in the structure. This loss (E) can be quickly reduced by
adjusting the design by using the present model.
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Figure 9 Model structure diagram
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Figure 11 Example plot of stone supply vs. demand

construction stage

Besides, the model also includes an option to designing against damage
during the construction stage.

Due to storm during construction serious damage may occur to the finer
(non-armour) layers, leading to unacceptable delays and cost overrruns.
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Since an exposed filter in this stage is particularly susceptible to wave
action, the filter may be damaged. This can be avoided by proper
dimensioning of the second layer (filter or secondary armour), using a
second set of design conditions for construction. For construction stages
reaching into known periods of increased storm frequency, these design
conditions will be stronger (eg. than for construction in a quit “summer"
season (see Figure 1).

Both, for the design of completed and construction stage the designer can
adjust the accepted risk of damage through the damage parameter S,
(Appendix) by calculation of the cost associated with replacement of the
lost stone volumes.

Figure 12 Options of symmetrical and asymmetrical cross section

Dredged we design

Figure 13 Options of toe
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10. Summary and conclusions

It has been demonstrated that a supply-based design approach of rock
structures will easily leads to significant savings of material cost. This
holds in particular for breakwater, since this type of structure allows
relatively many cross-sectional variations. Total investment costs of
structures as far as they are related to material use may thus be reduced
considerably.

The present state of the art of design methods for hydraulic structures
built with rock allows for the development of routine design procedures,
able to prevent already in the early stage of a project a too costly
design. In this respect, the presented model developed in the Netherlands
is a useful tool to arrive at a more economic use of rock in hydraulic
engineering.

Allowing for further optimisation by considering replacement of determining
gradings with substitutes (eg. earthfill, geotextiles or concrete units)
the present model can be a practical tool to achieve even further
reductions on material cost.
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Production ratio

Crest freeboard (R. = h, - h) -]

Volume efficiency factor [=]

Cost efficiency factor -1
(-]
(-]

notation

A, Wave-induced erosion volume of rock slope [m?]
B Bern width [m]
c Chezy friction coefficient [m%/s]
Cn Material production cost

C, Wave transmission coefficient (-]
D Stone diameter . [m]
D, Nominal stone diameter [m]
D, Stone diameter not exceeded by i% by weight [m]
De Rock demand ]
E Relative excess production [~}
F Distribution function (loading parameter, stone size)

3 Density function (loading parameter, stone size)

£ Production multiplication factor [-1
h Water depth [m]
h, Crest level [m]
N Number of waves in design storm =1
P Porosity factor for wave-exposed rock slopes [=]
Pr Rock production [m’)
P, Determining production volume [m*]
Q River discharge [m¥/s]
R

R,

Re

Ry

S, Damage parameter for wave-exposed rock slope -

S, Danmage parameter for current-exposed rock

T Wave period [s]

t Layer thickness [m]
U Current velocity [n/s]
\' Rock volume [r*]
W Weight of stone [kg]
z Water level relative to datum [m]

Slope angle of -1
Relative density of stone -]
Friction angle (here chosen as 35°) [=]

Rl e]



Preprints International Riprap Workshop 1993 W. Leeuwestein
¥ Shields’ bed shear parameter (-]
E Surf similarity parameter [-]
e, Rock density [Xg/m’]
Appendix

rock stability under wave action

Based on earlier work of Thompson and Shuttler (1975) an extensive series
of model tests was conducted by Van der Meer (1988) on structures with
covering wide ranges permeabilities and wave conditions. Two formulae were
derived for plunging and surging waves respectively, describing the
stability in terms of a ratio of wave height (H) over stone size (D) or
H/AD. Note that for H and D the significant wave height (H,) and S50%
nominal diameter (D,,) should be substituted:

H, /AD,, = 6.2 P*® (5/VN)%2 E:J; for plunging waves (A1)
H, /AD, = 1.0 P%? (5,/V/N)°? J/(cota) EL: for surging waves (a2)

The transition from plunging to surging waves can be calculated using a
critical value of §_:

E. = [6.2 P V(tana) )P+ (A3)

In these formulae, a is the slope angle, A is the relative submerged rock
density, ., is the surf-similarity parameter (with respect to the mean wave
period), N is the number of waves in the design storm, S, is the damage
parameter, defined as the dimensionless erosion volume A/D? and P is the
notional permeability factor. Further details can be found in the CUR/CIRIA
Manual (1991). Here it is only noted that S;=2 to 3 and S;=8 to 17
correspond to "no damage" and "failure" respectively (actual values
depending on slope angle a) and that P varies from P=0.1 (stones on
impermeable slope) to 0.6 (homogeneous rubble mound).

wave transmission

Based upon evaluation of a large data base performed for the Manual on Rock
(CUR/CIRIA, 1991) wave transmission formulae has been found to answer
approximatly the formula:

C, = 0.46 - 0.3 R/H, (A4)

where R, is the crest freeboard, defined as R, = h, - h.

The formulae is valid for a R/H, range of -1.13 to 1.2, while for higher
crests (R/H, = 1.2 to 2.0) and lower crests (R/H, = -1.13 to -2.0) the
limiting values are C, = 0.1 and C, = 0.8 respectively.

slope factor for rock stability under current attack
For rock or stones on a river bank the following slope factor should be
included in tha hydraulic stability analysis.

tana

k, = cosa ¥ (1-( }#) (a5)

tang
with ¢ being the friction angle of the rock (here assumed 35°).
material cost rates

With regard to overall material cost rates for armour, filter and core
material the following figures are used:

weight class cost rate
m°)
minimum max imum
I 10 kg 2
" 10 kg 200 kg 4
" 200 kg 16
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FIELD AND LABORATORY INVESTIGATION
OF STEEP RIPRAP

G. Lefebvre, M.B. Belfadhel and K. Rohan
Université de Sherbrooke, Civil Engineering Department,
Sherbrooke, Quebec, Canada
O. Dascal
Hydo-Quebec, Div. Sécurité des Barrages,
Montreal, Quebec, Canada

INTRODUCTION

In 1986 the university of Sherbrooke and Hydro-Quebec jointly initiated an important research
program to study riprap stability and repair at the La Grande hydro-electric complex in northern
Quebec. With a 10,000 MW capacity, this complex has over 215 dikes and dams totaling-more than
125 Km of riprap protection. The riprap generally performed well except at about ten sites where
some damage was observed. The main purpose of the study was to examine in the field, the factors
that are related to the damage and to propose long term and efficient repair techniques. However,
before directly addressing the problem of repair, the research program was first oriented towards a
better understanding of the damage mechanisms and the identificaton of the causes of damage so as
to optimize the maintenance strategies. This was possible by conducting a detailed field investigation
on fourteen riprap sites across the complex, completed by back analysis in which the theoretical
riprap stability was compared to the maximum wave action that they experienced since reservoir
filling (Lefebvre et al, 1992). An experimental investigation was then conducted to verify the main
field conclusions under laboratory conditions as well as to appreciate the influence of different

factors on the riprap stability and degradation mechanisms (Rohan et al, 1992, Ben Belfadhel et al,
1993).
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TABLE 2. Riprap Gradation and Maximum Wave Experienced

Maximum
Slope and Gradation wave
experienced

Dam Slope Wsomin. | Wso. ave. | Wsomax. | Uniformity Hs

cot o (Kg) (kg) (kg) Dss/D1s (m)
CD-00 1.6 922 1,049 1,325 2.1 1.63
CD-05 1.7 1,037 1,729 2,688 1 B | 1.31
CH-20 2.0 421 776 1,143 2.3 1.31
TA-BN 1.6 472 693 1,095 2.7 0.96
TA-10 22 639 082 1,622 2.1 1.03
TA-12 2.2 408 494 653 2.0 1.84
TA-13 2.3 429 513 1,053 2.0 1.87
TA-20 2.2 872 1,161 1,544 2.1 1.62
TA-32D (2.0 926 1,764 2,481 2.1 1.02
QA-00 1.5 476 974 1,581 2.6 0.80
QA-08 2.0 172 504 762 29 0.70
KA-03 1.37 1,086 1,488 2,272 15 1.80
KA-04 1.45 716 1,123 1,553 2.0 1.03
KA-05 1.56 399 625 723 2.3 0.98

In five of the investigated sites (TA-BN, QA-00, QA-08, KA-04, KA-05) a large fraction of fine
material (0-30 cm) had been incorporated into the riprap during construction while measurements at
the different sites indicated median diameters (Dso) between 63 and 100 cm. In the remaining sites

the gradation was relatively regular without any fine material.

Damage Mechanisms and Classification

While the riprap slope and gradation have been found to greatly influence the riprap degradation
mechanisms, the different types of damage and the overall performances have been classified
according to the type of movement observed, the extent of damage and the severity of the

degradation.

The major type of degradation mechanisms identified in the field are summarized and described

in table 3.

-"------‘-—-
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TABLE 3. Description of the Different Damage Mechanisms Observed.

identified impression in the
riprap

Damage mechanisms | Description Remarks
Erosion Progressive displacement of | Facilitated when the riprap
rocks from the surface contains a large fraction of fine
material
Spoonholes Localized displacement of Indication of strong wave
rocks leaving an easily action compared to the existing

size of riprap

imposed by waves

Bedding washout Occurs when part of the Occurs generally after bedding
bedding is washed away by | exposure to wave action
wave action

Beaching Formation of overlaying Facilitated in the case of flat
beaches generally covered slopes and when the riprap
with a deposit of fine contains a large fraction of fine
material material

Sliding Sliding and loss of stability | Observed exclusively in steep
of the riprap near the crest | slopes and more frequently in
following a damage near the | riprap containing fine material
water's edge

Rock fragmentation | Fragmentation and cracking | Observed only in a few
of the riprap stones due to | instances and not considered a
climate and the shocks significant factor

The sliding mechanism was observed only in steep slopes and was much more pronounced in the
case of riprap containing a large fraction of fine material. Sliding were noted mostly above the
damaged area. For flatter slopes this mechanism was never observed even in heavily damaged areas.

One should note that in many cases the damage resulted from the combination of several mechanisms

listed in table 3.

Each damage was qualified as minor, partial or total. A minor damage corresponds to the

erosion of only a few blocks from the surface of the riprap. The damage is considered partial when

the bedding is apparent, and total when some bedding is washed away by waves.
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Similarly in table 1 the observed riprap performance is classified as Excellent, Good, Moderate

and Poor according to the following definitions:

Excellent performance: No damage has occurred at all;

Good performance: Only minor damage is visible;

Moderate performance: The dominant types of damage are minor and partial, total damage type are
very few and localized;

Poor performance: Several total damages have been observed and substantial bedding washout has

occurred at some locations.

Back analysis

The field observations and measurements have allowed a back analysis to be performed in which
the theoretical stability of the riprap was compared to the maximum wave height that was
experienced since reservoir filling (Lefebvre et al, 1992). Based on the in-situ gradation and slope,
the theoretical stability was assessed using the Hudson formula associated with a stability coefficient
Kirr of 2.2 and a design wave height Hp=1.27Hs. For each site it was then possible to calculate the
maximum wave height that the riprap could withstand without damage or, in other words, a stability
threshold. For each riprap three stability thresholds have been established based on the minimum,
average and maximum gradation (Wso) measured.

The maximum waves heights experienced by the riprap in the field were estimated using the
simplified wave prediction method recommended in the Shore Protection Manual (1984). This
procedure required the analysis of wind data recorded at five weather stations since the filling of the
reservoirs, that is, between 1980 and 1987 depending of the site.

The back analysis along with the field observations have permitted to conclude that the two
major causes of riprap damage across the La Grande complex seem to be either undersized riprap or
the presence of a large fraction of fine material in some steep riprap. For regular riprap or riprap
without fine material, the back analysis predicted behaviors which were in good agreement with the

field observations. The riprap with excellent performance have not yet experienced a wave action
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greater than their theoretical stability which is in contrast to the riprap which showed a poor
performance. In the case of riprap containing a large fraction of fine material and particularly for
steep slopes, the back analysis based on the actual Wso gave a contradictory performance picture.
Many of these riprap have shown significant damage in the field while the theoretical calculations
based on the in situ gradation (Wso) tended to predict an excellent performance.

Figures 1 to 3 show examples of the back analysis results for regular riprap presenting excellent
and poor conditions (TA-10 and KA-03)and for riprap containing fine material in poor condition
(TA-BN).

Wind direction (deg/dam axis)

4-0 4? 9|0 4'5
3.5 —

EXCELLENT PERFORMANCE
3.0 —
25 —

20 |~ Moximum_stability threshold
Averaqe stability threshold

Maximum wave experienced Hs (m)

1.5 Minimum stobility threshold
1.0 —
0.5 |~
0.0 1 | 1 | ] | I I | | !
0 45 135 225 270

S0 180
Wind direction (deg/North)

Figure 1. Regular Riprap in Excellent Condition (Site: TA-10, Slope: 2.2:1)
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Figure 2. Regular Riprap in Poor Condition (Site: KA-03, Slope
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Figure 3. Riprap with Fine Material in Poor Condition (Site: TA-BN, Slope: 1.6:1)
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LABORATORY INVESTIGATION

Testing Program

The laboratory investigation was conducted mainly to verify the conclusions of the field study
regarding the mechanisms and the causes of damage. The testing conditions encompassed most of
the slope, bedding and gradation conditions encountered in the different riprap across the La Grande
complex. All the model riprap tested were characterized by the same median diameter Dso of 8.9 cm
(Wso=1.1 kg) and a thickness of 2Dso. Tests were carried out using regular waves with a period of
1.8 sec. which produced critical wave conditions (collapsible waves). The detailed testing procedures
and conditions are given in Rohan et al (1992).

For regular riprap the influence of the slope and gradation were investigated using three
different gradations (D85/D15=1.2, 2 et 3) tested on both steep (1.5:1) and flat slopes (2.5:1) and a
coarse bedding (D50/(D50)b=7.8) typical of rockfill embankment. Two other steep riprap were tested
using a finer bedding (Dso/(Dso)b=2.8) corresponding to a sand and gravel bedding in the field. In all
the cases the filter criteria between the riprap and their bedding were satisfied.

While all the tested riprap have were simply dumped on the slope with no or only slight
rearrangement, in one test the riprap was carefully placed by hand in order to investigate the
influence of the placing method on the stability. The riprap was characterized by a gradation Dss/D1s
of 1.8, a steep slope (1.5:1) and a coarse bedding (Dso/(Ds0)b=7.8).

The influence of fine material was investigated by testing the wide gradation riprap (Dss/D1s=3)
to which 10% of fine material (0-2 cm) were added previous to testing. The percentage of fine was
chosen arbitrarily since it was difficult to assess the real fine content from the field investigation. The
purpose was to give an idea of the effect of the fine material rather than to quantify their influence.
One should note that the addition of 10% of fine material did not significantly influence the median
diameter value (Dso) of the riprap.

The damage evolution curves obtained for regular riprap and riprap containing fine material are

presented in figures 4 to 8. The damage S is expressed by S=A/(Dnso)? and represents the actual
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number of cubical shape blocks eroded within a band width of one nominal diameter Dnso
(Dns50=(W50/pr)13). The wave height is expressed addimentionnaly using the stability number Ns
given by Ns=H/(Sr-1).Dnso where H is the wave height and Sr the specific density of the riprap
blocks (Sr=pr/pw).

In figures 4 to 8 failure is represented by shaded points and corresponds physically to bedding
exposure through an opening of Dso/2

12
M Coane bedding
O —o— Dsspisa g
[+] . _ ~
. | —HB— Dbsspis= &
S 8 —&— Dpespis-s
e 7+
3 o
« .
O
8 4
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0- 11 1 l | . t" 11 1 1 l 11 1 1 ' L1 1
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Figure 4. Influence of Slope and Gradation (Slope: 1.5:1 and 2.5:1)
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Figure 5. Influence of Riprap bedding (Slope: 1.5:1)
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Figure 6. Influence of Placing Method (Slope: 1.5:1)
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Stability and Damage Mechanisms

The laboratory tests results and observations have shown, in all cases, behaviors which were in
good agreement with those anticipated from the field study.

For regular riprap, it was clearly observed that the damage mechanisms of steep and flat slope
riprap are different mainly due to sliding phenomena occurring exclusively in the case of the steep
slope between the crest and the water level. These phenomena always occurred beyond a critical
wave height which corresponds to a rapid acceleration of the rate of damage towards failure. This
critical wave height or point of acceleration is clearly identifiable on the damage curves of the steep
riprap. It corresponds to a stability number Ns of 2.1 for the coarse bedding (fig. 4) and 1.9 for the
finer bedding (fig.5). In the latter case the sliding phenomena were more pronounced near failure
because of the more intensive bedding washout in this case.

In the case of the flat slope tested (2.5:1) no such sliding was observed and the damage curves
show a relatively constant rate of damage (fig. 4).

For the two slopes tested, the gradation did not significantly influence the stability or the shape
of the damage curve (fig. 4). The start of damage (S=1) and failure occurred approximately at the
same wave heights respectively, regardless of the gradation. Similarly the two beddings tested, at
least in the case of the steep slope, have only a minimal influence on the start of damage and
influenced the wave height at failure by only about 8% (fig. 5).

Figure 6 shows that for the conditions tested, the riprap failure always occurred at the same
wave height no matter if the riprap was dumped or carefully placed by hand. However, it seems that
the stability is somehow increased at the start of damage when the riprap blocks are carefully placed.
In terms of degradation mechanisms the hand placed riprap has shown a rigid behavior. Damage first
started at apparently weak zones, then the local interlocking began to deteriorate rapidly leading to a
rapid degradation towards failure. Although still present, the sliding phenomena were less frequent
than for the dumped riprap. It seems that careful placing of riprap can lead to a certain reduction in

the size of the riprap required by a design based on the start of damage criterion. However this
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advantage should be associated to a reduced stability reserve when compared to dumped riprap,
since a careful placing does not appear to affect the riprap resistance at failure.

For riprap containing fine material, the laboratory investigation has shown that the presence of
fine material has a detrimental effect on the stability particularly in the case of steep slopes. For the
1.5:1 slope tested, figure 7 shows that when the fines are present the riprap stability is reduced by
about 50% at failure and 30% at the start of damage (S=1). The loss of stability is however less
important for the flat slope tested (fig. 8), being reduced to about 10% at failure as well as at the
start of damage. The laboratory observations have shown that in the case of a steep slope the
inclusion of fine material greatly reduces the internal stability of the riprap by creating a ball bearing
effect. The sliding phenomena are then more pronounced and more rapidly affect the model's crest

than for regular riprap. For the 2.5:1 slope, the presence of fine material did not clearly influenced

the damage mechanisms

Verification of the Causes of Damage

The main causes of damage identified following the field investigation and the back analysis,
may be verified by comparing the observed field performance to the laboratory performance of the
tested riprap. Figure 9 et 10 compare the laboratory data obtained from regular riprap to the
maximum significant wave height experienced in the field by regular riprap and by riprap containing
fine material, respectively (table 3). For each riprap the maximum wave height is expressed by the
stability number Ns calculated using the minimum Wso measured in the field (Ns=Hs/(Sr-
1).(Dnso)min.), to represent the weakest zone of the riprap. The laboratory data are taken from
figures 4 and S and expressed by the stability numbers corresponding to a start of damage criterion
(S=1) and a stability limit (wave height before failure) criterion. For the 1.5:1 slope the stability

numbers considered correspond to the average values obtained with the two bedding tested. In order
to make the regular wave used in the laboratory comparable with the irregular natural waves, these

stability numbers have been divided by 1.27 or 1.37. According to Broderick (1984) and Ben
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Belfadhel et al (1993 ), regular waves will create the same amount of damage as irregular waves (Hs)
as long as the regular waves height H is equal to 1.27Hs or 1.37Hs.
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Figure 9. Comparison of Field Performance with Laboratory Data (Regular Riprap)
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Figure 10. Comparison of Field Performance with Laboratory Data (Riprap with Fine)
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For regular riprap the comparison shown in fig. 9 predicts behaviors which are in good
agreement with the field observations. Riprap in excellent and good condition experienced waves
heights corresponding to stability levels that were always below the start of damage conditions
predicted from the experimental study. The maximum wave height experienced by the TA-20 dike
reached the start of damage condidon' although the riprap performed very well. In this particular
case the meticulous placement of the riprap during construction seems to have contributed to its
stability, as suggested by the laboratory investigation (fig. 6). In the case of riprap with moderate
performance the maximum waves heights experienced in the field lie between the start of damage and
the stability limit conditions. In the case of the CD-00 riprap, minor damage was dominant and total
damage was very localized. The CH-20 riprap performed very well except at two locations where
very localized total damages were observed. Figure 9 shows that the maximum wave experienced by
the riprap in poor condition have exceeded the stability limit obtained under laboratory conditions,
confirming the field observations.

For riprap containing fine materials the behavior predicted in figure 10 differs from the in-sitﬁ
observations except for the riprap on dike QA-08 which has a flatter slope of 2:1 and has shown a
good performance. All steep riprap containing fine material have suffered significant damage even if
subjected to maximum waves below the start of damage conditions defined in the laboratory on
regular riprap. One can see from figure 10 that the presence of fines in the steep riprap has decreased
the field stability by about 40%, which is roughly the reduction observed in the laboratory when
incorporating 10% of fine material into the model riprap. The performance of steep riprap with fines
cannot therefore be predicted by classical stability formulas in which the riprap gradation is
characterized only by the Dso. It is also evident that even if the fines only slightly reduce the Dso they
disproportionately affect the stability of the steep riprap.
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CONCLUSION

A field investigation followed by a laboratory study have characterized the degradation
mechanisms and assessed the performance of fourteen riprap sites across the La Grande Hydro-
electric project in northern Quebec.

The field study has shown that the two main causes of damage were undersized riprap or the
presence of fine material incorporated in certain steep riprap. The field investigation has also
identified different degradation mechanisms depending of the slope. Degradation of steep riprap was
in particular characterized by sliding phenomena observed above the damage zone.

The laboratory investigations have confirmed these observations and conclusions, and allowed
some insights into the different factors which influence the stability and degradation mechanisms in
riprap. As anticipated from the field study, the inclusion of fine materials in the riprap has been found
to reduce the stability particularly in the case of steep slopes.

The riprap gradation and the type of bedding did not significantly affect the stability under test
conditions. When compared to dumped riprap, individual placement of blocks does improve stability

at the start of damage but not at failure.
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INTRODUCTION
Background
Rock used for erosion control (gabion-fill, riprap, armor and breakwater stone)
must possess sufficient durability as provide sufficient protection throughout the expected
life of the related engineering project. Attempts to predict the useful of life of such stone
are generally performed through the use of laboratory accelerated weathering tests.

Several drawbacks exist with the accelerated weathering tests, however. For one,
these tests generally have only an approximate 70 percent success rate. That is, the tests
agree with the actual field exposure durability about 70 percent of the time. Secondly, the
tests are time-consuming. The average freeze-thaw durability test requires a minimum of
four weeks, not counting sample preparation, "before and after" photos and report
preparation. The actual time requirement from receipt of the sample by the laboratory to
receipt of the test report by the client approximates eight weeks minimum. Lastly, the
tests are expensive. An entire suite of index tests can be performed on several samples
for the same price of one accelerated weathering test on one sample and the information
can be available within a matter of days.
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Objectives

The objectives of this study are as follows:

1) determine if it is possible to use a few simple index tests to determine the
suitability of rock quality for use as erosion protection;

2) determine the relationships between any index properties so identified and their
relationship to durability;

3) determine what specification limits may be placed upon these properties such
that most non-durable rock can be eliminated from use.

DURABILITY CONSIDERATIONS
In order to determine which properties should first be examined, the causes and

severity of rock weathering-and its relation to rock properties must first be identified.

Processes

The physical weathering processes which may affect the expected performance
of rock used for riprap, armor or breakwater stone are:

1) frost weathering

2) wetting and drying (slaking)

3) stress relief

4) salt weathering

Processes such as freezing and thawing and wetting and drying are of significant
concern the mechanics of the freeze-thaw process has been described by Lienhart,
1893). Stress relief has been found to be a particular factor in the glaciated north-central
U.S. Salt weathering is of some concern for projects sited along the ocean shoreline.

verity of k Deterioration
There are two types of deterioration. They may best be termed “rapid degradation”
and "slow degradation.” The "rapid" type results in particle fracturing and splitting while
the "slow" type results in a gradual reduction in particle size through continual spalling
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and/or sloughing of the particle surface or through gradual dissolution. Frost weathering
and wetting and drying weathering can exhibit both types of degradation. Stress relief
usually results in rapid degradation once the rock is quarried. Salt weathering usually
results in slow degradation.

ROCK PROPERTIES

ies Pertinent rabili

When the actual conditions of exposure are considered there is one over-riding
factor that controls rock quality and durability - mineralogic composition. Because the
rocks made up of heavy minerals are, by historical observation, also the most durable,
it follows that unit weight or density is also a factor.

Since the movement of moisture through rock appears to control the frost
weathering, wetting and drying, and salt weathering, it can be concluded that porosity is
the third factor.

Index T which r rtinent R Pr i

Petrographic analysis has already been determined by numerous studies to have
the best success rate in prediction of rock durability and Dunn and Hudec (1965) have
already shown the existence of the relationship between the presence of clay and
durability. For carbonate rocks the volume of clay present in the rock may be cheaply,
simply and quickly determined through the performance of acid insoluble residue analysis.

The determination of rock density may be performed by means of many standard
test methods. Specific gravity was chosen simply because it is the standard method in
use by both the USACE and the USDA SCS.

Index tests related to porosity are absorption and adsorption. Absorption is a

measurement of the volume of larger pores while adsorption is a measurement of the
volume of micropores. It is generally believed that the finer pores or micropores play a

590



Preprints International Riprap Workshop 1993 D.A. Lienhart

significant role in rock durability.

INDEX PROPERTIES VERSUS DURABILITY
rabili termination Pr I

Since there was no way to actually obtain fresh samples of non-durable stone
(obviously, it is not known if a rock sample is non-durable until it has degraded and then
it is no longer fresh), samples of varied durability were obtained and each sample was
sawed into several pieces. One piece of each sample was subjected to the accelerated
weathering test procedure described in ASTM D 5312 (Evaluation of Rock for Erosion
Control Under Freezing and Thawing Conditions) and another piece to the accelerated
weathering test procedure described in ASTM D 5313 (Evaluation of Rock for Erosion
Control Under Wetting and Drying Conditions) (ASTM, 1883). The remaining pieces were
subjected to additional testing procedures such as specific gravity, absorption,
adsorption, sulfate soundness and various other tests.

The current database consists of approximately 125 samples from Indiana, lllinois,
Kentucky, Michigan, Pennsylvania, Tennessee, Virginia, West Virginia, and Wisconsin. All
index properties presented herein were not measured for all of the rock samples in the
database. Aimost all of the samples are limestones and dolomites. A few sandstones, and
igneous rock types are also present but were excluded from this study because of their
differing properties. This is not a large database but it is enough to provide an indication
of possible relationships between durability and index properties.

rabili LA tion an ific Gr
Originally, an attempt was made to chart durability test loss in percent versus each
of the index properties but no obvious relationship was apparent. It was then realized that
the percent loss was not a true measure of durability as some rocks exhibit “rapid
degradation” and some exhibit "slow degradation.” In either case however, the rock is
non-durable.
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The samples were then divided into durable and non-durable categories and the
absorption value for each was plotted versus its specific gravity as shown in Figure 1. The
two areas of this figure labeled as "Generally Not Durable* contain no data points for
stone that suffered no change in the accelerated weathering tests (durable stone). The
area labeled as "Generally Durable* however, contains a few data points for stone that
suffered some minor changes during the accelerated weathering tests. These could be
non-durable rocks but are generally thought to be durable with minor losses due to small
spalls which originated during blasting.

rabili ion/A ion Rati i r

Figures 2 and 3 illustrate the relationship between adsorption:absorption ratio and
specific gravity to durability. Like Figure 1, the area of these figures labeled as "Generally
Not Durable" contain no data points for stone considered to be of durable quality. Also
like Figure 1, the areas labeled as "Generally Durable" contain a few data points for stone
that suffered some minor changes during the accelerated weathering tests. Again, this
may be due to the harshness of the accelerated weathering test procedure which leads
to only a 70 percent success rate when compared to actual exposure results. The
difference between the limestone curve and the dolomite curve should be noted. This
difference is probably related to the greater porosity and specific gravity values
experienced with dolomites.

rability vs. A tion/A tion Rati
The correlation of durability to the adsorption:absorption ratio is shown in Figure
4. Once again, there are no "durable” data points in the "Generally Not Durable* area but
the presence of "non-durable” data points in the "Generally Durable® area. The explanation
is the same as presented for figures 1 through 3.

nsoluble Resi ntent vs. Sulphat ndness L

The USDA SCS has a specification requirement for riprap that limits the rock of
acceptable quality to a sulphate soundness loss of no more than 10 percent. For this
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reason, the SCS database involves more soundness data than accelerated weathering
test data. The insoluble residue test has been used by Fisher (1993) as a preliminary
indicator of rock durability for a number of years. Figure 5 presents a graphical summary
of some of the SCS data for limestones. An obvious relationship exists between the
amount of insoluble residue in a limestone and the soundness loss experienced for that
same limestone.

To summarize these preliminary correlations a set of proposed specifications is
presented in Table 1. These proposed specifications, based on this study, are provided
for comparison purposes and as a suggested means to judge rock quality for use as

riprap.

SUMMARY AND RECOMMENDATIONS
The preliminary results of this study indicate a possible correlation of index rock
properties with durability. This data also indicates that such a correlation must be
performed by rock type and not as a single correlation for all rock types. This study has
shown that the properties of adsorption, absorption and specific gravity are all interrelated
and may be correlated with durability. This study has also shown that by using a series
of simple index tests it is possible to establish specifications for various qualities of riprap.

Due to the small size of the database much additional work needs to be
accomplished. Recommendations for further study include adding tensile strength and
direct pore size measurement and size distribution using blue dye resin injected thin
sections under petrographic examination. It is also recommended that a correlation be
made using freshly quarried specimens from known non-durable geologic formations.

CONCLUSIONS
Based on this preliminary study, it is possible to develop a series of curves for

each rock type such that through the performance of a series of index tests, questions
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regarding rock quality and durability may be resolved in a matter of days rather than
months. This study is just the introduction to the work needed in the future.
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INDEX ROCK QUALITY
PROFERTY POOR FAIR GOOD
SPECIFIC GRAVITY < 2.50 2.50 -2.65 > 2.65
ABSORPTION > 1%, < 3% 1.25% - 2.5% 1% - 2%
ADSORPTION:ABSORPTION < 0.03 < 0.06 < 0.1
RATIO (DOL) (DOL) (DOL)
< 0.01 < 0.2 <04
(LS) (LS) (LS)
INSOLUBLE N > 20% 15% - 20% < 15%
RESIDUE

TABLE 1 - PROPOSED SPECIFICATION FOR LIMESTONE & DOLOMITE

595




Preprints International Riprap Workshop 1993 D.A. Lienhart

(9]
)
(4|
]
L A e
>
o !
m -
+
S| A
- > i
g
S M+
IS O E
i 5 IB=
6| + 4 e
R o+ 2 |
= = =
.n!v + m 10
Bl T > =
o &
O TR
2} L
z c |
0 N~ © To) < ™ (o\] - o

FIGURE 1 - Durability vs. Absorption and Specific Gravity for Limestones and
Dolomites
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D.B. Lister
D.B. Lister & Associates Ltd, Sardis, Canada *
R.J. Beniston 1
R.J. Beniston & Associates, Port Coquitlam, Canada
R. Kellerhals
Kellerhals Engineering Services Ltd, Heriot Bay, Canada
M. Miles
M. Miles and Associates Ltd, Victoria, Canada

ABSTRACT

Bank characteristics are an important determinant of habitat suitability for stream- |

rearing salmonid juveniles. Assessment of the effects of habitat alteration in two

southern British Columbia streams, the Thompson and Coldwater rivers, included

comparisons of juvenile salmonid densities along banks of large (> 30 cm mean

diameter) and small (<= 30 cm mean diameter) riprap, and natural cobble-boulder ;
&

material. At Thompson River, large riprap supported higher chinook salmon

(Oﬂw@m]m Mmoyfuﬁa) and steelhead trout (0. m,lu’w) densities than small riprap and

cobble-boulder banks during summer and winter. At Coldwater River in summer,
chinook, steelhead and hatchery-reared coho salmon (0. hisulch) densities were
greater along large riprap than small riprap banks, but wild coho exhibited no
preference. Measures taken to roughen riprap banks at Coldwater River, by placing
large (1-1.5 m diameter) boulders along the toe of the bank, appeared to increase
rearing densities of all salmonids except underyearling steelhead. Underwater
observations at Thompson River indicated the attractiveness of large riprap to
salmonids resulted from the numerous eddies and shear zones created along the
shoreline. The most suitable banks for juvenile salmonids were relatively steep,

contained large material, and were constructed in a way that maximized roughness.
Implications of these findings for design and construction of riprap banks are
discussed.
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INTRODUCTION

Bank characteristics are recognized as an important aspect of juvenile salmonid fish
rearing habitat in streams (White and Brynildson, 1967; Murphy et al. 1986).
Natural bank features such as vegetation provide cover, shading and insect food for
stream-dwelling salmonids (Platts, 1991). Though man-made riprap bank protection
is a common feature along streams, there has been limited quantitative assessment
of either its impact on fish habitat suitability or methods to increase its value for
fish rearing.

This paper describes the results of studies that examined salmonid fish rearing
along essentially unvegetated banks of riprap and natural cobble-boulder material.
While the focus is on the influence of bank material size, factors such as stream
depth and velocity are also considered. These investigations were part of
environmental impact assessments for two major linear development projects in
British Columbia, the CN Rail twin tracking program (FEARO, 1985) and
construction of the Coquihalla Highway (Andrew, 1991).

STUDY AREAS

The principal study area was the Thompson River, the largest tributary of the Fraser
River, in the southwest interior of British Columbia. Studies were conducted in a
100 km section between Kamloops Lake and Spences Bridge, where the wetted
channel is 100 - 200 m wide and carries a mean annual discharge of 775 m3/s
(Water Survey of Canada, 1989). Mean monthly discharge ranges from 215 m3/s
in February to 2350 m3/s during the snow-melt freshet in June. The climate is arid
in the study section and river bank vegetation is sparse. A 39 km section of the
upper Coldwater River, a tributary in the Thompson River system, was also a study
area. Mean annual discharge of the Coldwater River is 6.7 m3/s and mean monthly
flows range from 2 m3/s in February to 24.8 m3/s in June (Water Survey of
Canada, 1989). Wetted width averages 12 m at a summer low flow of 1 m3/s.

Both study streams support a variety of salmonid and non-salmonid fish species.
Thompson River study sites were used for rearing and overwintering primarily by

juvenile chinook salmon (Om«hlmlm Ummyltdm) underyearlings (age 0) and rainbow-
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steelhead trout (0. nqlziu) parr (age 1-3). As the rainbow-steelhead population in the
Thompson River is comprised of both freshwater resident rainbow trout and
anadromous steelhead trout, which could not be readily separated in the field, the
term slulhead is used here for simplification. In addition to chinook and steelhead,
the Coldwater River supported a population of wild coho salmon (0. Risulch) and

hatchery-reared coho salmon that had been planted in the river at the juvenile
stage.

At Thompson River, the study compared fish use of riprap and natural cobble-
boulder banks, both essentially unvegetated, along a railway embankment. Riprap
protection of the embankment had been placed by side-dumping from railway cars.
The original bank protection has been augmented over a period of approximately 70
years by side-dumped placements of larger riprap at eroding sites. As a result of
these practises, riprap size varies greatly from site to site (Fig. 1), and vertical
sorting has caused the larger material to occur at the toe of slope. Bank slopes are
in the order of 1.5 h to 1 v or steeper. Bank height, measured from river surface to
railway grade, averages approximately 8 m at low river flow.

At Coldwater River, riprap bank protection was placed at sites where the new
highway embankment encroached on the stream channel or the channel had been
diverted. Riprap pieces were placed individually with construction equipment. The
riprap was keyed in to the stream bed to prevent undermining by scour. Measured
Dgo and Dgg of the riprap averaged 59 cm and 99 cm respectively (M. Miles and
Associates, 1992). Bank slopes approximated 1.5 h to 1 v. At two study sites,
individual large (100 - 150 cm diameter) boulders were placed along the toe of the
bank as part of a program to enhance fish habitat.

METHODS

The general study approach was to compare juvenile salmonid densities along
unvegetated stream banks which differed in type and size of material. Field work at
Thompson River was conducted in 1987 at high flow (mean discharge 600 m3/s)
during June 22 - July 2, at medium flow (mean discharge 450 m3/s) during August
22 - September 10, and at low winter flow (175 m3/s) during March 3-9, 1985.
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Daytime water temperature ranges were recorded at 13 - 17°C, 17 - 199C and 0.5
- 19C during these respective periods. The Coldwater River field work concerning
riprap size was conducted under summer low flow conditions (1 m3/s) during
August 22 - September 10, 1988. Recorded water temperatures ranged from 7.5
to 20.59C. Additional data relating to boulder placements were obtained from field
work during the same season in 1986, 1987, and 1988.

Fish densities were documented in the Thompson River along banks with no

vegetative cover and composed of natural cobble-boulder material or protected with
riprap classed as either small riprap, with median diameter (Dgg) of 30 cm and less,

or large riprap with Dgo exceeding 30 cm. At Coldwater River, fish densities were
compared at unvegetated banks of large and small riprap categorized in the same
manner as at Thompson River. Bank material size (Dgp and Dgg) was estimated
visually at individual study sites in both river systems. Size of material along the
water line was estimated at the time of each fish population census, because
estimated diameter varied with water level due to vertical sorting of material.
Comparison of visual estimates with actual measurements of riprap size at
individual sites indicated a positive bias in visual estimates at Thompson River
(Kellerhals et al. 1989), but close correspondence between the two methods at
Coldwater River (M. Miles and Associates, 1992). For this study, it was assumed
that the visual method provided valid estimates of relative bank material size within
a river.

Field surveys at Thompson River in 1987 involved paired comparisons of fish
density at sites with banks of large riprap, small riprap and cobble-boulder material
(Table 1). Sites in a given pair were generally situated within 3 km and sampled
within the same 24 h period. As velocity was known to influence salmonid habitat
selection in the Thompson River (Beniston et al. 1985), each site of a particular
bank type was paired with one of another bank type in the same velocity category
(Table 2). Fish were enumerated visually by a swimmer equipped with dry suit,
mask and snorkel (Schill and Griffith, 1984). A single observer moved downstream
and counted numbers of fish by species within 3 m of the river bank in the June
survey, and within 5 m of the bank in the September survey (Fig. 2). Fish
population estimates for a given site were based on the maximum number of fish
observed in two passes along the site, which could vary from 25 to 110 m in
length. Bank length surveyed in this manner totalled 3500 m and 5600 m in June
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and September respectively. Water velocity and depth were also documented at a
representative point along each enumeration site. Measurements taken at 1 m
intervals between 1 and 5 m from shore were used to calculate mean depth and
velocity for the site. Velocity at each measurement point was the average water
column velocity estimated with a Marsh-McBirney Model 201 electromagnetic
current meter set at 0.6 of the depth from the water surface.

The late winter study in the Thompson River involved 24 sites, including nine large
riprap, four small riprap and 11 cobble-boulder sites totalling 430 m in bank length.
As noted in previous winter studies (Edmundson et al. 1968), juvenile salmonids
were hiding within the substrate during the day. A generator-powered DC
electroshocker, without a net enclosure, was used to provide a fish population
estimate for each site, based on the 2-step removal method (Seber and LeCren,
1967). Water velocity and depth were documented at each sampling site, but
these factors were not included in this analysis.

Salmonid densities along 59 sites with large and small riprap banks were also
compared during summer at Coldwater River. Fish were enumerated by DC
electroshocker within a net enclosure, using the 2-step removal method (Seber and
LeCren, 1967). Average water column velocity and depth were recorded at 1 m
intervals along a single transect within each sampling unit. Another related study at
Coldwater River involved assessment of juvenile salmonid use of two sites where
large boulders had been distributed along the toe of a riprap bank to enhance fish
rearing capability. Two pairs of sites, including test and reference sites, were
studied in late summer of 1986, 1987 and 1988.

The detailed distribution of juvenile chinook and steelhead along 60 m of large
riprap bank in the Thompson River was documented during September, 1987, to
indicate how the fish were utilizing the hydraulic conditions created by individual
pieces of riprap along the site. Locations of individual fish, or groups of fish, were
recorded by a swimmer with mask and snorkel.

Statistical analyses were performed with the SPSS/PC+ computer program. The
distributions of juvenile salmonid density estimates were non-normal, conforming
more closely to a negative bimonial distribution, and included some zero values.
Each density estimate was therefore log (x + 1) transformed to normalize variance
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(Elliott, 1977). Mean fish densities cited in this paper are geometric means
calculated from the log-transformed data. Analysis of variance (ANOVA) was used
with the Student-Newman-Kuels test (Sokal and Rohlf, 1981) to compare
differences between sample means. Relationships between fish density and
physical habitat features were examined by multiple regression analysis. The non-
parametric Wilcoxon signed-ranks test (Sokal and Rohlf, 1981) was used for all
paired comparisons because of expected non-normal distributions.

HABITAT USE AND BANK TYPE

Thompson River

Juvenile chinook densities along banks in the Thompson River were positively
related to bank material size, water depth and velocity in both June and September
(Fig. 3). Steelhead parr exhibited a similar pattern (Fig. 4). Moderately strong and
statistically significant (P < 0.05) correlations existed between fish density and the
three physical variables, but there were also significant correlations (P < 0.01)
between depth and velocity and bank size and velocity. The data were therefore
subjected to multiple regression analysis to determine which physical variable had
the most effect on habitat selection. Partial correlations between fish density and
each physical parameter revealed that near-bank velocity had the most significant
influence on chinook (partial r = 0.26; P = 0.08) and steelhead parr (partial r =
0.38; P = 0.01) density in June, and on steelhead parr density (partial r = 0.67; P
< 0.001) in September. Chinook density in September was most strongly
correlated with bank material size (partial r = 0.58; P < 0.001), and only
secondarily with velocity (partial r = 0.28; P < 0.05).

Because of the predominant effect of velocity on habitat selection by chinook and
steelhead, it was necessary to control for its effects in assessing the influence of
bank type and material size on fish use of study sites. This was accomplished
through paired comparisons of fish density at the three bank types (Tables 1 and 3),
with each pair including only sites in the same velocity class (Table 2).

Considering the two species and study periods, seven of the eight paired

comparisons between large riprap and the two other bank types showed large riprap
to carry higher average salmonid densities (Fig. 5). The differences were greatest
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in September, when large riprap supported significantly higher chinook densities
than either cobble-boulder (Wilcoxon signed-ranks test; P < 0.001) or small riprap
(Wilcoxon signed-ranks test; P < 0.01). Steelhead parr densities at large riprap in
September were also significantly greater than at cobble-boulder sites (Wilcoxon
signed-ranks test; P < 0.01). No consistent or significant differences in densities
of the two species were evident in comparisons between small riprap and cobble-
boulder banks, which were similar in material size (Table 3). The greater influence
of bank size on habitat selection in September relative to June may have been
related, at least in part, to an increase in bank material size along the water line
(Table 3) due to the drop in river level and vertical sorting which results in the larger
material concentrating at the toe of the bank.

A limited fish sampling effort in late winter indicated higher utilization of large riprap
than either small riprap or cobble-boulder banks (Table 4). For chinook, large riprap
supported a significantly higher density than the other bank types (ANOVA; P <
0.05). In the case of steelhead parr, however, the higher density at large riprap
was not statistically significant (ANOVA; P = 0.48).

Idwater River

Late summer densities of juvenile salmonids at Coldwater River were measured at
sites with banks of either large or small riprap, but similar with respect to average
water depth and velocity. Mean densities of chinook, hatchery coho and steelhead
underyearlings and parr were greater at large than small riprap, but wild coho
exhibited no apparent preference for bank type (Table 5). Differences in density of
hatchery coho and steelhead parr at the two bank types were statistically
significant (P < 0.05).

BOULDER PLACEMENTS ALONG RIPRAP

Large boulders, 1 - 1.5 m diameter, were placed along the toe of the riprap bank at
two Coldwater River sites. These boulder placements were one of several instream

structures used to enhance fish habitat at sites affected by highway construction
(Miles et al. 1993). Six to eight boulders were spaced along 30 m of bank at each
site to roughen the bank profile and increase habitat complexity for juvenile
salmonids.
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Mean densities of juvenile chinook, coho and steelhead parr were higher at the
boulder placements than reference sites without boulders (Table 6). Only
underyearling steelhead were unresponsive to the boulder placements. Differences
in density at the two habitats were statistically significant (P < 0.05) for wild coho
and steelhead underyearlings.

SALMONID BEHAVIOR AND STREAM BANK CHARACTER

In fast-flowing streams, drifting insects are usually the primary food source for
salmonids (Chapman and Bjornn, 1969; Bachman, 1984). Rates of insect drift at a
given point appear'to be positively related to stream velocity (Everest and Chapman,
1972: Wankowski and Thorpe, 1979). Everest and Chapman (1972) observed that
juvenile chinook salmon and steelhead trout selected stations that allowed them to
hold in low or virtually zero velocity, usually near the stream bottom, but adjacent
to a high-velocity flow. They postulated that such behavior maximized the quantity
of drift food available to individual fish while minimizing energy expenditures needed

to remain at the feeding station. Support for that hypothesis comes from artificial
stream studies of juvenile coho salmon, brook trout (dalxlinus /mﬁ'mlic.) and brown

trout (dalms bulla) which showed that these species select feeding stations on the

basis of water velocity characteristics and food supply, in a manner that tends to
maximize net energy gain (Fausch, 1984).

In the present study, large riprap usually supported higher juvenile salmonid
densities than banks composed of either natural cobble-boulder material or small
riprap. Large riprap banks were distinguished by numerous smali-scale irregularities
resulting from the size of the material, its angular shape and, at Thompson River,
the construction practise of side dumping which can cause some rocks to roll into
positions several metres off the toe of fill. The associated bank irregularity or
roughness produces numerous velocity shears and small eddies which can be
exploited by salmonid juveniles. This was evident in a detailed study of one large
riprap site in the Thompson River where juvenile chinook and steelhead parr
occupied 20 separate locations along 60 m of bank (Fig. 6). The fish were
associated with large pieces of riprap at every holding position, either within a
downstream eddy or along the side or upstream face of a rock. Fish distribution
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was also highly clumped, with 72% of all chinook observed at four locations
including just 17% of total site length.

Juvenile chinook and steelhead in the Thompson River sought habitat with relatively
high velocities. The river bank and bottom irregularities along large riprap
apparently enabled these species to utilize high velocity sites, providing then with
shelter from the strong flow (Shirvell, 1990) and, apparently, favourable conditions
for exploiting insect drift food with a minimum of energy expenditure. The
preference of Thompson River chinook and steelhead for large riprap in winter is
consistent with the observed tendency of these species to seek relatively large
boulder 6r rubble cover for overwintering in streams (Hartman, 1965; Edmundson et
al. 1968; Bustard and Narver, 1975).

IMPLICATIONS FOR RIPRAP DESIGN

This study found that the most suitable river bank habitat for juvenile salmonids
was relatively steep (1.5 h to 1 v), contained large rock, and had an irregular
outside edge. The rough edge of riprap banks increased the complexity of local
flow patterns and thus provided suitable micro-habitats for juvenile salmonids which
preferentially reared in these ares. It should be stressed that the riprap investigated
in this study had been either intentionally increased in size and irregularity in
comparison to normal design practise (Coldwater River), or had been upgraded over
time by side casting of large rock (Thompson River).

The above observations suggest that riprap embankments intended to provide
habitat for juvenile salmonids should be constructed of coarser material than would
be specified on the basis of commonly used design criteria (California Division of
Highways, 1960; U.S. Army Corps of Engineers, 1969; RTAC, 1975). Also, the
common practise of providing a smooth, hydraulically efficient riprap edge appears
to be contrary to fish habitat requirements. The extensive placement of side-cast
material or the construction of a u!f me:’zm? apron at the toe of a riprap slope may be
beneficial to fish in deep water environments. In shallow water, however, this
material can promote sediment accumulation and decrease effective bank material
size. Our preference in these circumstances is to Lu,—m riprap below the estimated

scour level and place individual large rocks adjacent to the bank in a density and
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configuration that minimizes the potential for near-bank sediment deposition. In
high gradient rivers, the exposed rocks have to be very large to remain stable.
Exposed rocks tend to collect debris which, while beneficial from a fish habitat
perspective, may reduce hydraulic capacity unless the material dislodges at high
flow.

CONCLUSIONS

It should be noted that replacement of vegetated natural stream banks with riprap
can, in some cases, have a negative impact on habitat suitability for salmonids
(Knudsen and Diliey, 1987). This study has indicated, however, that relatively
inexpensive modifications to standard riprap specifications can significantly increase
the fish habitat value of this material. Riprap designs for habitat enhancement must
be carefully considered and based on both biological and hydraulic requirements.
Investigation of rock sizes needed for stable placement of individually exposed
boulders in various settings appears to be warranted. Patterns of habitat utilization
by fish also need to be documented in different environments, as habitat
requirements will vary from case to case, depending on species, life stage and other
factors. No single design prescription will be appropriate for all situations.
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Table 1. Numbers of paired comparisons of juvenile salmonid density by bank
I type, Thompson River, 1987.
l Survey period Large riprap Large riprap Small riprap
versus cobble versus small riprap versus cobble
l June 10 9 8
September 17 12 10
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Table 2. Water velocity criteria used in habitat classification for paired site
comparisons, Thompson River, 1987.

Velocity Rating Criteria

High Surface water velocity of 50 cm/s less than 2 m from
bank.

Moderate . Surface water velocity of 50 cm/s located 2 m or more
from bank. Average velocity 1 - 5 m from bank is 10 -
47 cm/s.

Low Surface water velocity of 50 cm/s located more than 5

m from bank. Average velocity 1 - 5 m from bank is
less than 10 cm/s.
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Table 3. Estimated bank material size at Thompson River study sites in June

and September, expressed as the mean Dggo and Dgg for each
category. Numbers of sites are given in Table 1.

Bank Dgo_(cm)

Large Ripr. mall Ripr. le- Ider
June : 57 17 12
September 61 22 14

Bank Dgg_(cm)

Large Ripr mall Ripr le- Ider
June 79 27 17
September 102 61 22

615




Preprints International Riprap Workshop 1993 D.B. Lister

Table 4. Mean density (number per 100 m) of chinook salmon yearlings and
steelhead trout parr relative to Thompson River bank type in late
winter. Ninety-five percent confidence intervals for the means are

given in parentheses.2

Large riprap Small riprap Cobble-boulder
(N=29) (N = 4) (N=11)
Chinook 9.0 2.7 1.9
(2.4 - 33.8) (0-17.4) (1.0 - 3.6)
Steelhead 3.1 1.7 1.5
(1.3-12.9) (3.1 - 8.8) (1.2 - 2.8)

8 Mean fork lengths of chinook and steelhead at study sites were 93 mm and 79
mm respectively.

616



B IS mD EE mE S BN D EE I I e R O = N B & .

Preprints International Riprap Workshop 1993 D.B. Lister

Table 5. Comparison of juvenile salmonid densities and physical features at large
(N = 39) and small (N = 20) riprap bank sites at Coldwater River.
Asterisks denote a significant difference between large and small riprap
(ANOVA; P < 0.05).

Bank Type Mean number per 100 m@
Chinook Coho Steelhead
Wild Hatchery Underyearlings _Parr
Large riprap 100 6 27* 84 47"
Small riprap 68 8 4 52 40

Physical features

Mean Mean depth Mean velocity at
Dgg_{cm) at 3m (cm)b 3 m (cm/s)b_
Large riprap 55 49 20
Small riprap 26* 42 17

Mean fork lengths of underyearlings were: chinook - 65 mm; wild coho - 48 mm;
hatchery coho - 76 mm; and steelhead - 47 mm. Steelhead parr averaged
97 mm long.

b Measured at 3 m from bank.
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Table 6. Comparative juvenile salmonid densities at Coldwater River riprap
bank sites with and without nearshore boulder placements. Mean
densities were derived from six paired comparisons of boulder
placement and reference sites (without boulders). Asterisks denote
significant differences between boulder placement and reference sites
(Wilcoxon signed-ranks test; P < 0.05).

Mean number per 100 m2

Chinook Coho __ Steehead

Wild Hatchery Underyearlings _ Parr

With boulder placement 44 14* 18 8* 20

Without boulder placement 34 8 . 4 14 15
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Riprap size distribution for railway embankment sites along the
Thompson River system (N = 114). Sampling and measurement
followed the grid by number technique described in Kellerhals and
Bray (1971). Data are from Kellerhals et al. (1989).

Swimmer with mask and snorkel enumerating juvenile salmonids
along a riprap bank in the Thompson River.

Juvenile chinook salmon density relative to bank material size, water
depth and velocity at Thompson River study sites in June (N = 46)
and September (N = 67). Mean fork length of chinook at study sites
was 62 mm in June and 74 mm in September.

Steelhead trout parr density relative to bank material size, water
depth and velocity at Thompson River study sites in June (N = 46)
and September (N = 67). Mean fork length of steelhead parr at
study sites was 108 mm in June and 168 mm in September.

Mean Siensities of juvenile chinook salmon and steelhead trout parr at
large riprap, small riprap and cobble-boulder banks on the Thompson

River in June and September, based on paired samples from the same
velocity class.

Distribution of juvenile chinook salmon and steelhead trout parr
relative to individual pieces of riprap and current patterns along a
Thompson River bank in September.
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RUNDOWN VELOCITY ALONG THE SLOPE
OF A BREAKWATER WITH AN ACCROPODE COVER LAYER

J.S. Mani
Ocean Engineering Centre, Madras, India
H. Oumeraci and M. Muttray
Franzius Institute, Hannover, Germany

ABSTRACT

Rundown velocity along the slope of a breakwater is one of
the most important parameters in the design of the toe of the
breakwater. Without adequat; toe protection from erosion, the
design of the breakwater is incomplete. Though a few small scaie
studies have reported about velocity measurements, unfortunately
all of them were elther for beaches or for surf zones. This
paper details the experimental investigations conducted in regard

to the rundown velocity along the slope of a breakwater at the

large wave flume (GWK), Hannover, Germany.

The meafurement on rundown velocity for the near prototype
conditions was made possible because the wave flume facilitates
generation of wave heights in the range of 0.20 to 2.0 m with
wave period ranging between 3.0 and 12.0 seconds. The
breakwater of interest was a rubble mound structure with an

accropode armour layer. Two methods were adopted to determine

the rundown velocity viz., (i) with a float and (ii) with a wave
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gauge. the results on the variation of rundown veloclity with

Iribarren Number (c) and wave steepness are presented in the form

of non-dimensional graphs and discussed.

The studies indicated that the float method predicts a
higher value of rundown velocity. (maximum velocity measured was
of the order of 3.4 m/s) compared to the wave gauge method with a
maximum value of 2.0 m/s. The experimental results strongly
prédicts the dependency of rundown velocity on wave period, in
addition to wave steepness and Iribarren No. The trend curves of
rundown velocity show a possible existence of an upper bound for
the curves below which all trend curves lie irrespective of the
wave period.

In addition a comparison between the present run-up results
and that for rubble mound structure was made to support the

applicability of results on rundown velocity for rubble mound

structure.

Introduction
|

Rubble mound breakwaters are adopted for the protection of
harbour basins, entrance channel to the harbour etc. These
breakwaters were built in the world from ancient times, with the
quarry stones of certain weight‘placed in a specific fashion to
form- a mound. With the advancement in the technology of
development of harbours, navigation, shipping industry etc., it
became inevitable to advance the techniques in the construction

of rubble mound breakwaters. With the ever increasing demand for
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the increase in draft by the ships calling at different ports,
the construction of breakwaters in greater water depths became
essential. The demand for increase in water depth warranted the
design of the breakwater more critically, by considering all the
disturbing forcés that would challenge the stability of the

breakwater.

In this contexl, varlious paramcters which would destabilize
the breakuater- have been investigated by the sclentists and
engineers in the past. However, very few attempts have been made
to determine the magnitude of the wave rundown velocity along the
breakwater slopes which carry importance from the point of view
of toe protection. A general formula for the determination of
rundown velocity had been proposed by Brunn (1977) and referred
by Jensen (1983) which are applicable for certain range of
Iribarren number, there by limiting the applicability of the
formula . A few small scale model studies have been reported
(Kobayashi, et al, 1987; Battjes, Sakal, 1980; Stive, 1980;
Nadaoka, Kon&oh, 1982; Iwagaki et al., 1972; Iwagaki et al.,
1974; Iwagaki et al., 1971) wherein the measurements.related
to vertical veloclity varlations either in the surf zone or along
a beach slope are made and reported. A brief literature review
suggested that the large scale measurement of rundown velocity
along the breakwater slopes has not been attempted so far. As the
rundown velocity is one of the critical parameters in the design
of the toe of the breakwaters, large-scale tests have been

conducted at the large wave flume, Hannover, Germany.
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The study aimed at to determine the rundown velocity along a
breakwater slope (1 : 1.5) comprising a layer of accropodes as
armour blocks. Two methods were adopted to measure the rundown
velocity viz., (1) with a float and (ii) with a wave gauge. As
the waves were near similar to the prototype situation with wave
heights from 0.2 to 2.0 m. and wave periods from 3.0 to 12.0

secs., it was possible to make a critical evaluation of rundown

veloclity. Non-dimensional graphs were made to study the
varlation of rundown velocity parameter (Ruw/v gh or

L
Ruf /v ght ) with wave steepness, wave period and Iribarren No. (g)

and the resul}s discussed.
EXPERIMENTAL SETUP AND FLUME CHARACTERISTICS

The experiments related to rundown velocity measurements
were carried out in the large wave flume (measuring 320 m long,
S.0 m wide and 7.2 m. deep. ), Hannover, Germany. Figure 1 shows
the details of the wave flume. The wave flume is provided with a
piston type wave generator capable of sensing the reflected wave
amplitude and correct its stroke for the next incident wave so as
to avoild multiple reflections in the flume. The details of the
wave characteristics and the wave parameters that are possible
with the wave generator and detailed in Table 1. The details of
breakwaters for which the studies were conducted are shown in
figure 2. The breakwater was made of rubble with the seaward
side protected with an accropode armour layer. The front slope

of the breakwater was 1 : 1.5. In order to avoid scouring during
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the model tests, a geotextile had been provided in front of the
toe of the breaklrater with a slope of 1 : 50. The water depth
at the toe of the breakwater was 3.10 m, and the water depth was
4.50 m. in the flume. Wave gauges were mounted in front and
along the slopes of the breakwater for measurement of incident,
reflected and transmitted wave heights, wave uprush and backwash.

(Fig.2)

VELOCITY MEASUREMENT METHODS, ASSUMPTIONS AND LIMITATIONS

In order to measure rundown velocity, two approaches were

adopted, the details of which are given below.
Velocity measurement by float:

To measure velocity, a spherical float 16 cm in diameter,
light in weight (made out of thermocole) with eight compartments
was fabricated to suit the breakwater. The details of the float
are showq in figure 3. The measurement approach consisted of
releasing the {loat at the instant when the rundown of wave was
at its peak and recording the float path with the help of a
camera (with shutter speed of 0.5 secs.) mounted on to a rigid
platform fronting the breakwater. Figure 4a shows a wusually
observed flow field along the breakwater slope during wave
rundown and the velocity vectors shown with fligure give a
relative magnitude of rundown velocity. Based on this flow

field, an attempt has been made to derive the probable rundown
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velocity varlation along the breakwater slope (Fig.4b). With
appropriate calibration (discussed later) both for the camera
speed and measurement of travel distance of the float it was
possible to determine the rundown velocity. For every input wave
parameter, eight trials were conducted to check the correctness

of the results.

Navé gauge method:

Simultancous mcasurements were made using a wave gauge
mounted along the seaward slope of the breakwater. From the time
histories (Fig.S) of the wave uprush and backwash the rundown
distance along the slope and the time difference between the
crest and subsequent trough of the wave profile were obtained and

velocity determined.

Calibration of camera speed and travel distance by float:
Camera speed:

The shutter speed for the camera was set to one half of a
second, in order to measure peak rundown.velocity. To check the
camera speed photographs of a line marked on a strip chart
paper were taken. The strip chart recofder was set to run at a
speed of 60 cm/min. and the shutter speed for the camera set to
one half of a second. The line marked on the strip chart
produced a Smm long black band in the photograph indicating

correctness of the camera speed.
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Calibration of travel distance by the float

As already indicated, the wave gauges were mounted on the
seaward slope of the breakwater for measuring wave runup and
rundown. One of the wave gauges was housed in a cage (mesh size
1 sq.in.) with every SO cm. length painted alternately with
yellow and blue colors. With the camera mounted on to a fixed
platform andlwith parallax removed (so that the camera frame and
cage are in the same plane)the photograph of the cage was taken.
The distance of one yellow strip of the cage measured 9.07 mm in
the photograph. This gave a callbration factor of 1 mm in the

photo = 5.51 cm along the breakwater slope.

Assumptions

Following assdmptions were made under the present studies:

1. Though, flow both during the rundown and runup of a wave
cycle are unsteady, it is assumed that the flow is steady

for a few seconds i.e 2 to 3 secs during rundown. A

trapezoidal velocity-time history has been assumed for the

rundown velocity (Fig. 4b).

2. The depth of flow (during rundown) along the breakwater
slope remains constant, meaning that the water surface |is

parallel to the slope of the breakwater. (Fig 4a).
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3. An unlfprm vertical velocity distribution prevails at any

given point ( between A and B ) along the slope of the

breakwater.

Limitations

Following are the limitations of the experimental results.

15 lFor very flat waves ((Hia/ La) < 0.010 ]the measured rundown
velocities are applicable near the still water level.

2, For steep waves [ (Hia/ La) > 0.010]the measured rundown
velocities would provide a reasonable estimate, of the
forces on the armour blocks in the vicinity of the toe of

the breakwater.

3. It has béen assumed that the velocity distribution over the
depth of flow is constant (As the water depth along the
breakwater slope is quite small ie.d <<< h (Fig.4a.)) during

the rundown).

DATA MEASUREMENT AND ANALYSIS

Measurement of data:

For a given incident wave height and period the piston type
wave generator was run to generate minimum of 150 waves. The
wave heights sensed by the series of wave gauges (refer fig.2)
and the wave gauges along the seaward slope of the breakwater
were recorded on magnetic tapes wusing HP-2250 computer. The

l
calibration "factors for all the wave gauges were stored
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separately on to an information file, for analysis. For each of
the test run, the path traced by the float was photographed. A
typical photograph showing the path traced by the float is given

in photo 1.
Analysis:

Determination of incident and reflected wave helghts:

Frequéncy and time domain analysis was carried out for the
regular waves (to check the consistency of the results by
changing the block size for the given set of data), using a
programme called Analysis of Waves in Frequency and Time domain
“ANWAFT". As the series of wave gauges in front of the break
water recorded the incident plus the reflected wave heights, the

incident and reflected wave heights were separated using the

following procedure.

Incident Wave Height (Hia)
Reflected Wave Height(Hra)

(Hmax + Hmin)/2  ===-- (1)
(Hmax - Hmin)/2  =-=-- (2)

Where Hmax and Hmin are the wave heights recorded in the region
=1

in which a.séries of wave gauges are positioned at an interval of

2 m.
Note:

The above procedure for determination of Hia and Hra was
adopted when the wave length corresponding to water depth at the

toe of the breakwater was less than or equal to 24m. (see fig.2

for the spacing of the wave gauges). For waves with wave lengths
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larger than 24m, a separate set of data recorded by four wave
gauges installed in front of the wave generator were adopted.
Using a programme called ANIRW (Analysis of Incident and
Reflected Waves), these data were analysed for determination of

reflection coefficient.

Determination of run down velocities:

Rundown velocity with float:

From thﬁ photographs of flow path traced by the float the

rundown velocity is obtained as follows.
Rundown velocity = ((Dfxcal) - D)/0.5 in cm/sec.

Where Df = Distance in mm traced by the float in the photo
Cal = calibration factor to determine actual distance.

Rundown velocity with wave gauge:

To determine rundown velocity with wave gauge mounted along

the breakwater slope following expression was adopted.

Rundown velocity = [(Ru + Rd)/Sin («)]/td in cm/sec.

Where Ru and Rd are wave runup and rundown height measured
from still water level (fig.5).

a is the slope angle

td is the actual time taken by the water level to reach from
its maximum to minimum (refer fig.4)

D = diameter of the float.

EXPERIMENTAL RESULTS

In the following paragraphs the findings of the experimental

investigations are detailed and the discussions on the findings
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are dealt with separately.

Variation of relative rundown velocity with wave steepness:

Figures !6 and 7 show the variation of relative rundown
velocity with wave steepness (Hia / La) obtained under wave gauge
and float measurements respectively. Based on data points, trend
curves were drawn for actual_wave periods ranging between 3 and
11.6 seconds. Non dlmension;lislng of wave period was not done
lntentionaily as the wave periods generated in the channel match
to the wave periods observed in the nature. This lead to a
better interpretation of the results. Table 2 show a comparison

of the magnitudes of relative rundown velocity obtained with

float and wave gauge measurements.

In general both the figures and the table indicate the following:

1 Relative rundown velocity increases “exponentially” with an
increase in wave steepness. For the range of wave steepness
(0.004 - 0.007) the increase in relative rundown velocity is
a function of wave period. For small wave periods (less than
S secs.) a steady rise in relative rundown velocity is
predicted, whereas for large wave periods (greater than S
secs. ) steep rise is observed. (Figures 6 & 7).

2. The relative rundown velocity obtained with floats
consistently indicates a higher magnitude compared to those
with wave gauge. The float predicts velocities which are S0
to 600 percent higher than the velocities with wave gauge
(Table 2). This percentage increase is a function of wave
steepness. For wave steepness less than 0.01 and T less than

S sec., the percentage increase 1s of the order of 400
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.percent. For wave steepness greater than 0.01 and T greater
than 3 secs. the percentage increase varies between S50 and

200 percent.

Variation of relative rundown velocity with Iribarren No. (g):
Figures 8 and 9 show the variation of rundown velocity with
Iribarren Number (g) obtained with wave gauge and float
respectivély. Comparison of magnitude of relative velocities
obtained with float and wave gauge for different € values are

given in Table 3.

Following are inferred from the above figures and the table.

1. Both methods of measuring velocities predict an "exponential

decrease in relative rundown velocity with Increase in =

2.5 to 10.10.

2. The relative rundown velocity plot with wave gauge (fig 8)
indicates that for € greater than 8 there is no appreciable

difference (of the order of 0.02,% 0.005) in the magnitude

of relative rundown Iirrespective of wave period. However
this trend has not been indicated by the velocity plot (Fig

9) obtained with float.

3. Both the above plots indicate a substantial reduction in the
magnitude of the relative rundown velocity (viz. of the
order of 80 to S0%) for an increase in € from 2.5 to 6.0.
In addition, the trend curves appear to indicate that there

is a possible upper bound beyond which further increase in
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wave perloh does not influence the rundown velocity.In the
present study the upper bound correspondto the wave period

of T = 9 secs.

4. Table 3 indicates the magnitude of relative rundown velocity
for different € values obtained with both the methods
discussed earlier. Comparison of magnitudes suggests that
for small value of € (less than 6), the float predicts a
higher value éf rundown velocity (by 70%) compared to wave
gauge. For 6 < € < 12 the percentage increase s of the
order of S50 to 100%. However when € equal to 12, float
predicts a lower magnitude for rundown velocity (by 60 to

90%) compared to wave gauge.

APPLICATION OF RESULTS FOR RUBBLE MOUND BREAKWATER

The run-up curve given in shore protection manual (1977) for
a rubble mound structure with a slope of 1:1.5 was compared with
that of present results for condition viz. d./Ho' > 3.0 (d-
water depth at the toe of the structure and Ho’ unrefracted wave
height). The comparison is shown in figure 11. A fairly good
agreement between the two trend curves suggests that the rubble
mound structure with accropode cover layer would predict fairly
the same run-up as that of rubble mound structure. As the slope
of the structure is the same in both cases, it |is quiﬁe
reasonable to nq.ke an assumption that rundown would also be the

same suggesting that rundown velocities determined in the present

case can be applied for the rubble mound structures.
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DISCUSSION ON THE RESULTS

The test results have shown consistently a higher value for
the rundown velocity obtained with the float compared to that

with wave gauge. Following are the probable reasons.

) IR Peak velocities were ieasured by the float, as the float was

released and its path recorded, when the rundown reaches its

peak.

2. The top and botion limits of the wave the rundown (recorded
by the wave gauge) were considered in the calculation of
rundown length along slope and corresponding duration was
used to compute the rundown velocity. For certain incident

wave climate the run down profile comprised of two portions

viz.,

a) a steep run down portion followed by
b) a flat run down (Figure 10)

Considering either (a) or (b) or both in the determination
of rundown time makes the difference. As practicing
engineers would be interested to know the peak rundown
velocity which 1is quite 'inportant in the design aspect
either for the armour block or for the blocks at the toe of
the breakwater, it 1is recommended that the rundown
velocities indicated by the float should be adopted as the

velocities with wave gauges would give an average value.
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This statement can be substantiated by the fact that for a
given wave period of T = 3.9 secs. and wave steepness Hia/lLa
of 0.063 figures 6 and 7 suggest that

|
a) With wave gauge a maximum Ruw/V 8ht of 0.304 |is

obtained leading to a velocity of 1.67 m/s (Fig 6)

b) With float a maximum Ruf/v ght of 0.570 is obtained
giving a velocity of 3.14 w/s.
(Fig 7)

PROTOTYPE APPLICATION OF THE RESULTS

Determine:

The run down velocity for a rubble mound breakwater for the

£-16swing environmental conditions.

Wave height = 3.0 m.
Wave period =10.0 s.
Water depth =12.0 m.

Seaward slope of the breakwater = 1:1.5

Solution:

Determine the wave length La and Hia from Tables of
functions given in the Shore Protection Manual (1977) for the
deep water wave parameters. For the present case La is 93.6m and
Hia is 2.88 m.For figure 7, for Hia/lLa = 0.028 and T = 10 secs
the value of rundouP velocity parameter is = (Ruf/yf;;: ) = 0.545

and this leads to the rundown velocity of 5.80 m/s.

CONCLUSIONS

1. Relative rundown velocity increases exponentially with an
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!

increase in wave steepness. For the range of wave steepness
(0.004 to 0.077, the increase is a function of wave period.
For small wave periods (less than 5 secs.) a steady rise in

rundown velocity is predictgd whereas for large wave periods

.

(greater than 5 secs) a steep rise is predicted.

2. The relative rundown velocity obtained with floats

consistently indicate a higher magnitude compared to those
with wave gauge. For wave steepness less than 0.01 and T

less than 5 secs., the percentage increase 1is of the order

of 400 percent, however for wave steepness greater than

or equal to 0.01 and T greater than 3 secs., the percentage

increase varies between 50 and 200 percent.
|

3. A substantial reduction (of the order of 80 to S0%) iﬁ the
magnitude of felatlve rundown velocity is predicted for an
increase in € from 2.5 to 6.0. irrespective of the wave
period.

4. The experimental trend curves for the variation of run down
velocity either with Hia/La or € indicates that there is a
possible upper bound below which all trend curves lie
irrespective of the variation in wave period.
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NOTATIONS:

Cal 3
D
Df

d

°

Calibration factor

: Diameter of the float
: Distance traced by the float in photograph

: Depth of flow

: Water depth at the structure

Rd

Ru (or)R
Ruf

Ruw

T

Um

€

tan «

: Acceleration due to gravity
: Wave height

Actual incident wave height in front of the

breakwater

: Reflected wave height
: Maximum wave elevation corresponding to antinode

: Minimum wave elevation corresponding to node

: Unrefracted wave height

g U&ter depth

: Actual wave length in front of the breakwater
: Wave run-up

: Wave rundown

: Wave runup

! Wave rundown velocity with float

: Wave rundown velocity with wave gauge

: Wave period

: Maximum rundown velocity

Iribarren No. = tana/ v Hia/lLa

: Breakwater slope
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Table 1
CHARACTERISTICS OF THE WAVE FLUME

Sl .No. Parameter Range

1. iength of channel 320 'm

2. Width 5 m

3 Depth 7.2 m

4. Water depth (max) 5 m

5. Wave height 0.20 - 2.00
6. Wave period 3.0 -12.0

Ta Wave length L4‘5 12.7 -69.0 m
8. Wave length L3.1 12.0 - 63.00 m
9. Wave steepness H/L 0.0027- 0.077 m
10. Iribarren No.(g) 2.47 -10.12 m
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Table 2
RUN DOWN VELOCITIES WITH FLOAT AND WAVE GAUGE
FOR DIFFERENT WAVE STEEPNESSES
Hia/La | T sec Ruw//;h_t‘ Ruf/y ght Ruw Ruf %
m/s m/s increase
0.005 3.9 0.009 0.060 0.049 | 0.331 575
4.8 0.020 0.095 0.110 | 0.524 376
5.8 0.036 0.055 0.198 | 0.303 53
7.6 0.030 0.045 0.165 | 0.248 50
9.6 0.042 0.100 0.232 | 0.551 58
11.6 0.041 0.090 0.226 | 0.496 119
0.01 3.0 0.022 0.065 0.121 | 0.358 196
3.9 0.044 0.130 0.243 | 0.717 195
4.8 0.058 0.150 0.319 | 0.827 159
5.8 0.100 0.140 0.551 | 0.772 40
7.6 0.092 0.150 0.507 | 0.827 63
9.6 0.106 0.225 0.584 | 1.241 112
11.6 0.085 0.205 0.468 | 1.130 141
0.025 3.0 0.093 0.160 0.513 | 0.882 72
3.9 0.145 0.260 0.799 | 1.434 79
4.8 0.197 0.310 1.086 | 1.710 57
5.8 0.245 0.380 1.35' | 2.096 55
7.6 0.233 0.450 1.285 | 2.48 93
9.6 0.271 0.505 1.494 | 2.78 86
11.6 0.163 0.440 0.899 | 2.43 170
0.050 3.0 0.169 0.285 0.932 | 1.572 69
3.9 0.267 0.455 1.472 | 2.510 70
4.8 0.396 >1.000 2.184 (>5.0 —_
5.8 0.435 04650 2.399 | 3.58 49
7.6 0.338 0.690 1.864 | 3.80 104
9.6 0.470 0.730 2.592 | 4.03 55
11.6 0.206 0.720 1.136 | 3.97 248
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Table 3
RUNDOWN VELOCITIES WITH FLOAT AND WAVE GAUGES
FOR DIFFERENT ¢ VALUES

tana T Ruw/@ Ruf /ngt Ruw Ruf “%
ia/La Sec. m/s m/s + or -
3.0 3.0 0.171 0.279 0.943 | 1.540 63
3.9 0.260 0.470 1.43 | 2.59 81
4.8 0. 365 >1.0 2.01 [>5.0
5.8 0. 400 0.645 2.206 | 3.56 61
7.6 0.298 1.0 1.643 [>5.0
9.6 0. 362 >1.0 1.996 [>5.0
11.6 0.270 1.0 1.49 [>s.0
6.0 3.0 0.036 0.071 0.198 | 0.391 97
3.9 0. 066 0.158 0.364 | 0.871 139
a.8 0.094 0.145 '0.518 | 0.799 54
5.8 0.128 0.212 0.706 | 1.169 65
7.6 0.116 0.196 - 0.639 | 1.081 69
9.6 0. 141 0.292 0.777 | 1.610 107
11.6 0.120 0.271 0.661 | 1.494 126
9.0 3.0 0.014 0.005 0.077 | 0.027 —£5
3.9 0. 021 0.060 0.116 | 0.331 185
4.8 0.031 "0.045 0.171 | 0.248 as
5.8 0.043 0.050 0.237 | 0.275 16
7.6 0.041 0.062 0.226 | 0.342 51
9.6 0.056 0.110 0.309 | 0.607 96
11.6 0.044 0.106 0.243 | 0.584 140
12.0 3.0 0.006 0.002 0.033 | 0.011 -67
' 3.9 0.011 0.014 0.061 | 0.077 26
a.8 0.018 0.006 0.099 | 0.033 -66
5.8 0.020 0.002 0.110 | 0.011 -90
7.6 0.030 0.002 0.165 | 0.011 -93
9.6 0.022 0.010 0.121 | 0.055 -54
11.6 0.023 0.049 0.127 | 0.270 113
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FIG.3. A VIEW OF THE FLOAT
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Wave profile at the
start of the rundown

Fig. 4a. Velocity Vectors during a rundown

!
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Fig. 4b. Horizontal Velocity variation along the breakwater slope

FIG. 4. TYPICAL RUNDOWN VELOCITY PROFILE FOR
STEEP WAVES
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RIPRAP DESIGN FOR TOW-INDUCED WAVES

S.K. Martin
US Army Engineers, Waterways Experiment Station,
Vicksburg, Mississippi

Abstract

As commercial towboats navigate our inland waterways, they
generate physical forces in the form of waves and currents. As
the tow moves, waves form at the bow and stern sometimes
converging to create secondary waves. In confined channels, the
moving tow generates a drawdown alongside the barge train and a
transverse wave at its stern which propagates perpendicular to
the shoreline at the speed of the boat. The characteristics and
magnitude of the tow-induced waves are primarily a function of
the speed of the tow, the geometry of the waterway, the shape and
draft of the barges, and the sailing line of the tow. These
waves have some characteristics that are similar to wind-induced
and tidally produced waves, but are unique in several ways. The
angle at which they attack the shore line; the combination of
both long period and short period waves; and the duration and
frequency characteristics are a few of the characteristics which
can vary.

Riprap is a classical solution to bank stability problems
related to wave-induced forces. Design guidance related to
riprap design for waves was originally developed for protection
of coastal shorelines. Numerous variations exist of the equation
derived by Robert Hudson (1957) which relates weight of the stone
to the wave height. This paper will present some of these
equations and identify the equation and/or coefficients which
results in the best stable rock size for waves produced by
commercial towboats in inland waterways.
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1. INTRODUCTION

Waves, formed by any of several mechanisms, naturally
contribute to the erosion of the shore lines and banks. There
are numerous causes of this erosional (groundwater seepage, local
runoff, pool lowering, etc.). This paper deals only with
protection of banks from erosion caused by waves. In coastal
regions, wind drives the creation of these waves, and also
governs the design of breakwaters and shore protection. 1In
estuaries, tidally created waves coupled with offshore waves
contribute to failure mechanisms. And certainly, waves produced
by catastrophic floods (i.e. failed dam) or tectonically-
generated waves (i.e. tsunami) produce infrequent, but energy-
intensive conditions which can devastate the waters edge. There
remains, however, yet another wave-producing device which can and
does contribute to the erosion of the waters edge and deserves
ample investigation... boats.

In the US, our inland waterway system can be described as a
complex series of locks and dams, navigable open rivers and
navigation channels. While the fetch across some of the
navigation pools can cause significant wave setup, and the
subject of recreation craft are a topic of their own, more often
than not, commercial towboats are the predominant wave producers
on our inland waterways. It is important, therefore, to
understand the characteristics of the waves formed by these
vessels and identify the mechanisms which cause bank erosion.

The characteristics and magnitude of the tow-induced waves
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are highly dependent on a number of variables including the speed
of the tow, the geometry of the waterway, the shape and draft of
the barges, and the sailing line of the tow. The angle at which
they attack the shore line; the combination of both long period
and short period waves; and the duration and frequency are a few
of the wave characteristics which can vary from wind-induced
waves.

Waves and drawdown produced by a moving tow have the most
impact on the upper portion of the slope. The magnitude, angle
of propagation, and period affect the run-up characteristics of
the waves, and consequently determine the extent of protection
required on the upper embankments.

Riprap is a classical solution to bank stability problems
related to wave-induced forces. Design guidance related to
riprap design for waves was originally developed for protection
of coastal shorelines. Numerous variations exist of the equation
derived by Robert Hudson (1957) which relates weight of the stone
to the wave height. This paper will present some of these
equations and identify the equation(s) and/or coefficients which
results in the stable rock size for waves produced by commercial
towboats in inland waterways.

2. BOAT WAVES

2.1 Typical Commercial Tow

Every navigable waterway has a unique set of vessels which
are common to that particular navigation system. The actual
dimensions, horsepower and payload are a function of the
navigation channel’s own unique characteristics. Beyond the
general limitations of width, depth and capacity, particular
physical constraints may include the size of the locks, the
height of bridges, the radius of the bendway, or some other
authorized navigable constraint such as depth.

Unlike the deep draft channels which contain self-propelled
ships and tankers, towboats pushing non-motorized barges are
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common to the shallow draft waterways in the US. Even within the
inland navigation system in the US, the nominal dimensions and
characteristics of the commercial tows vary from waterway to
waterway. Figure 1 (US Army Corps of Engineers 1980) shows
some of the typical barge types and towboats. The individual
barge sizes are fairly standard for all the US inland waterways
except the Columbia/Snake system where the vessels are uniquely
designed to accommodate the lock sizes of approximately 86 ft by
675 ft. The number of barges in each tow and their
configurations are a function of the size of the system and its
locks. On the Upper Mississippi, tows typically contain six
jumbo barges, three wide by two long, but can push as many as 15.
on the Lower Mississippi, the tows are often made up of over 40
barges. Some small rivers may only be able to accommodate a few

barges (Haunchey and Grier 1985).

22 Tow-Induced Waves

The waves generated by a moving tow include the bow wave,
the transverse stern wave, diverging waves, drawdown, and
secondary waves. The bow wave, also known as the front wave, is
generated at the front of the lead barges as the tow pushes the
water ahead. In a confined channel, the magnitude of the bow
wave is generally of a lesser magnitude than the transverse stern
wave. Beginning at the corners of the lead barges waves diverge
from the sides of the tow and propagate away from the tow at an
angle (See photo, Figure 2). In larger channels, the diverging
waves may coincide with the stern wave, forming incidental peaks
with amplified wave heights known as secondary waves.

The transverse stern wave is the resulting wave formed as
water displaced by the tow flows around the vessel to the stern.
In a narrow channel, near a bank, the transverse wave moves in
the same direction as the vessel, is generally perpendicular to
the bank slope, and can resemble a moving hydraulic jump. This
wave is related to the drawdown. Drawdown, also called water
level depression, is the drop in water level alongside the barges
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caused as the tow moves forward and water is displaced from bow
to stern. Drawdown is accompanied by a strong current moving
opposite to the tow direction, the return current. (See Figure 3,
schematic of front wave, drawdown, etc. from PIANC (1987)).

2.3 Wave Characteristics

The waves produced by tows in shallow water differ from
their wind driven counterparts. The wave magnitudes, periods,
frequency, and direction of propagation are unique due not only
to the type of wave (bow, stern, drawdown, etc.), but also the
conditions in which they are produced (boat speed, channel
geometry, etc.). Both long and short period waves are generated
by the moving tow.

The drawdown begins near the bow and rebounds near the stern
producing a single wave with a duration on the order of 40-120
seconds. The waves following the stern diminish in magnitude
with distance from the stern and have a period on the order of 2-
5 seconds. Secondary waves along side the barges maintain a
rather consistent amplitude over the length of the bargetrain and
also have short periods of approximately 1-5 seconds. See Figure
4, a time history plot of experimental data (Maynord and Oswalt
1986) .

These waves propagate to the shoreline at varying angles
depending upon the geometry of the channel and the vessel Froude
number, V,/(Vbd). Under some conditions the waves exhibit a
pattern similar to that derived by Lord Kelvin’s theory of ship
waves in deep water (Verhey and Bogaerts 1989); but unlike
ships, the drawdown behaves like a shallow water wave and can
form waves traveling perpendicular to banks. This is
demonstrated when the transverse stern wave moves as a hydraulic
jump at high Froude numbers.

2.4 Complications
The prediction of wave heights and the design of bank
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protection is further complicated by the waterway geometry and
flow conditions, the tow’s characteristics, and the specific

operating conditions of the vessel.

2.4.1 Waterway Characteristics

Quantification of the navigation effects in a uniform
channel is complicated in and of itself, but in natural riverine
environment the complexity is increased by a multitude of
factors. The irregular channel shapes, side channels,
backwaters, moveable bed materials, flow conditions near
structures, secondary currents in bends, and irregularity of bank

slopes and materials must be considered.

2.4.2 Vessel Characteristics

Add to the above variables, specific vessel characteristics,
conditions while passing or with multiple tows, and operating
conditions, and the ability to predict wave heights and
characteristics becomes overwhelming. Although commercial tows
can be found with a rather typical range of towboat power and
with standard barge arrangements as seen in Figure 1, the actual
configuration, draft and towboat characteristics can vary from
tow to tow. For instance, you may find "mixed" barge
arrangements containing both empty and full barges, some barges
with "raked" ends and some with square, some towboats with twin
propellers, some with kortnozzles, etc.

2.4.3 Operating conditions

The tow’s operating conditions have an effect on the tow-
induced forces. These conditions include whether it is
maneuvering or underway, it’s speed, and it’s sailing line (the
lateral location, or path, of the tow in the navigation channel).

Maneuvering tows have the greatest impact in close quarters
such as near structures, through river bendways, or in marine
terminals, where the vessel must power up, make sharp turns, or
maneuver such that its propeller jets can scour the bed or
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embankment. Tows underway have reached a constant sailing speed,
with a constant propeller speed, and are traveling in a generally
straight course parallel with the bank requiring only minor
adjustments to the rudders. In this case, either the return
current or the waves typically dominate the forces.

For tows underway, the speed is the most critical element in
defining the magnitude of the waves. As a tow approaches its
limiting speed (the maximum obtainable speed regardless of
available power in which a given size vessel can move through a
given cross-sectional area of the channel), the wave heights
exponentially increase such that a small increase in boat speed
produces a dramatic difference in wave height. Finally, the
location of the sailing line or path of the tow with respect to
the bank can effect the magnitude of the wave height.

2.5 Prediction of Wave Height

Since the equations for riprap design are based on a
"design" wave height, it is important to be able to understand
and quantify this value. The exact definition of design wave
height may be vague at best, and varies from formulation to
formulation. 1In spite of the many complications heretofore
described, numerous equations exist that predict wave height.
Some are related to the bow wave, the transverse stern wave,
drawdown, or secondary waves. Some regard maximum values and
some average. In the interest of space, only one such example of
a predictive equation follows for secondary waves, presented by
Verhey and Bogaert (1989) which relates the wave height to the
sailing line, vessel speed and water depth. The coefficient, q,,
regards the type of vessel and it’s draft. The equation given
for estimating wave height, H, is:

=-0.33

s .
H = alh(i) P
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where:
h
S

water depth
distance between ship’s side and bank

VS

Fo = JoR

3. EQUATIONS FOR RIPRAP DESIGN
3.1 riginal Hudson Equation
Previous recommendations for stone slope protection from
waves have been based on variations of the general equation
relating wave height to stone size presented by Hudson (1957).
Hudson used the stability number, N,, a dimensionless parameter,
to evaluate the condition at the start of damage.

3 Y:1/3H
s =
(L - l)W 1/3
>

w

where

W, = weight of individual rock, 1lb

v, = specific weight of rock, 1lb/ft}?

¥+ = specific weight of water, 1lb/ft?

H = wave height, ft
Hudson found through his testing that the stability number was a
function of the slope of the embankment. For a 2H:1V slope, N,
was experimentally found for non-breaking waves on a rubble-mound
breakwater to be 1.8, and for a 3H:1V slope, it was 2.1. Solving
this equation for the weight of the rock, W,, and substituting
the weight of rock for which 50 percent is lighter by weight, W,

as the representative rock size, the equation is as follows:
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HJ
Wgo = K1'—lk———j
Yy
Y
where
K, = coefficient replacing N,?

3.2 Forms of the Equation

Many researchers have developed a version of this equation
by including more variables in the evaluation of their
coefficients. Most modifications have been made regarding armour
design in coastal regions due to waves on a breakwater structure;
some have been developed for ship-induced waves. While the basic
form of the equation is the same, the coefficients are radically
different as a result of the parameters and conditions tested.
Some of these conditions regard wave characteristics and the bank
conditions, such as whether the waves were breaking or non-
breaking, angle of attack of the waves, wave period, number of
waves, slope of the embankment, etc.

A thorough literature review was conducted and the various
forms of the equations were put in the form of equation 2 so that
a comparison could be made regarding the values of K,. Table 1
summarizes the general forms of the coefficients according to
these different researchers for design of armour units non-
related to ship-induced waves and lists pertinent information
regarding the test conditions. Table 2 contains those formulas
developed for ship waves. Not all forms of the equations, nor
researchers reviewed, are listed in this summary and furthermore,
some interpretation by the author was used to extract the
information from the original literature. Often different
stability criteria and incorporation of a safety factor have been
used in the determination of the coefficients regarding the
design stone weight. Also the selection of the representative or
design wave height used in the formulas often varies from study
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to study (peak, average, "significant"). The type of armour
protection tested was, likewise, variable so that specifics
regarding gradation, stone shape (smooth quarry, rough quarry,
tetrapods, quadripods, etc.), filter conditions were not always
inherent to the formulation.

3.3 Variability in Riprap Size Resulting from Equations

As might be expected, the wide array of form and parameters
in the coefficient K, produce a design rock weight that is
highly variable. To compare the formulas, typical values of the
data collected from the Tennessee-Tombigbee study of riprap
protection for tow-induced forces were used (Maynord and Oswalt
1986). The following were made to determine the "design" Wg:

1. Two values of wave height were used, H, = 3.1 ft and H, =
1.5 ft. The values resulted in both a failed and a stable
condition in the testing of three different riprap gradations.
These values are representative of both a large wave and an
average wave, respectively of those typically generated by moving
tows in confined waterways.

2. Two bank conditions were used in the Tennessee-Tombigbee
study, a = 26.57° was selected for this comparison. A bank slope
of 2H:1V makes an angle measured from the horizontal of 26.57°.
Riprap protection is generally not placed on a steeper slope than
this but often is placed on 2.5:1 or 3:1.

3. A wave period T,, of 3 seconds was selected. While this
is not representative of the drawdown wave it is appropriate for
the secondary waves.

4. According to the literature a deep water wave length, L
equals (gT?/2m). This computes to an L = 46 for these examples,
except in the Verhey and Bogaert’s (1989) equation where L is a
function of the ship speed, V. (See Table 2).

5. The specific weight of the stone, ¥,, was assumed to be
165 1b/ft® and the specific weight of water, 7v,, 62.4 1lb/ft3.

6. According to Ahrens (1989) a value of 7000 for the
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number of waves, N, was used to determine the stability number of
the van der Meer and Pilarczyk equation.

7. Also, unlike the practice in the Hydraulics Laboratory
at WES of relating Wy, to the spherical diameter of the stone,
most of the equations presented here assumed a nominal diameter
of the stone based on a cube.

8. While many of the coefficients seemed to be
conservatively determined at the initiation of motion of the
riprap, some may have been intended to have a safety factor
added, as in the case of coefficients determined when the filter
was exposed. Where available, the criteria were mentioned in the
tables.

Table 3 shows the results of the calculations and compares
the riprap weights for both wave heights and all equations in
Tables 1 and 2. The last value shows how the results from the
Tennessee-Tombigbee study compare to the formulations. After
reviewing the variability of the design rock, 27 1b to 1231 1b
for H = 3.1 ft, it is obvious the design engineer is left with a
rather serious decision regarding the selection of the correct
rock size. The question must be asked, which equation is more
appropriate for the protection of embankments due to tow-induced
waves?

4. OTHER DESIGN GUIDANCE

4.1 Design Guidance
The most thorough design guidance is found in the PIANC

guidelines. A very systematic method is presented for evaluating
the hydrodynamic forces and determining the appropriate rock
size. The Delft Hydraulics Laboratory has likewise published
numerous articles and reports regarding the design of bank
protection. In the Hydraulics Laboratory at WES, several site-
specific studies, along with research conducted to date, have
resulted in a more thorough understanding of navigation-induced
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forces and provided more guidance regarding riprap design
specifically for protection against tow-induced forces. Som2 of
the WES reports regarding this guidance are Maynord (1984),
Maynord and Oswalt (1986) and Martin (1992). At this date
however, a specific formula has not been developed.

Based on the author’s evaluation of the formulas and
procedures in this paper, and the results of the testing she has
conducted, the method presented by Verhey and Bogaerts and the
secondary wave formula in PIANC (1987) appear to correlate the
closest with the testing conducted at WES. Some caution should
be taken, particularly in the Verhey and Bogaerts approach,
regarding the angle of wave attack. As stated before in a
confined waterway where the vessel Froude numbers are higher, the
transverse stern wave can form as a moving hydraulic jump. It is
also unconfirmed that even at lower Froude numbers that the waves
form at the angles prescribed by Lord Kelvins theory. The photo
in Figure 2 shows the wave patterns near the bow of a moving tow
in a channel with an island from tests recently conducted for the
Louisville District Corps of Engineers by the WES. Furthermore,
in the tests conducted at WES for riprap protection the
separation of specific wave types and drawdown are indiscernible
in the apparent stability or failure of the rock embankment.
Consequently, the total effect of the navigation-induced forces
(including any current effects) is reflected in the test results.

4.2 Current Research

Current research at the Waterways Experiment Station is
focussed on determining the most economical stable rock design
for navigation-induced forces. Current testing expands on the
previous research to include more variations in blockage ratio,
sailing lines, vessel speeds, bank slopes, and rock sizes. The
main product of this research will be a design equation for
riprap specifically suited to the tows and waterway systems found
in the US. A by-product of this research will be methods of
quantifying the hydrodynamic forces.
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5. SUMMARY
In summary, this paper has presented the existing guidance
regarding the determination of riprap size for protection against
waves, and the appropriateness of this guidance for protection
from tow-induced waves. Additionally, specific characteristics
of the tow-induced forces are presented along with the parameters
which shape these characteristics.
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Table 1
Summary of Equations (Non-related to Ships)

Source Conditions Form of the Coefficient, K,
1) Hudson (1957) Breakwaters 0.3125 (cot a)’!

No damage

2) Bhowmik (1976)
(after Hedar and Saville) Wind waves

"stable weight" 0.388 7,' (cos a - sin a)?
3) Ahren (1989) Breakwaters
Zero damage 0.675(cot a)?®?
4) van der Meer and Breakwaters
Pilarczyk (1987) Start of damage
a) Plunging waves 0.1367 (tan a)'* (H/L)*"
(L = deep water wave length)
b) surging waves 3.8275 (cot a)*’ (H/L)®"® (tan a)?3
5) PIANC (1987)
(after Pilarczyk) Wind Waves 0.0878 (tan a)!® (H/L)?®%
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Table 2
Summary of Equations (Related to Ships)

c
= Source Conditions Form of the Coefficient, K,
p=
¥ 6) Verhey and
v Bogaerts (1989) Secondary ship waves 0.0878 (cos B)'° (tan ao)'
L' = 0.67(2m) (V*/q) (cos a + sin a)® (H/L)%”
g = 55°
7) Fuehrer, Romisch, Ship waves
Engelke (1981) with safety factor 0.8638 (tan a)
8) PIANC (1987) Transverse Stern wave 0.2963 (tan a)
after LaBoyrie (max drawdown)
9) PIANC (1987)
after Verhey and
Pilarczyk Secondary ship waves 0.1715 (cos B)'3 0
g = 55° ©
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Table 3
Source H_=3 t = t
K, Wso K, Wso
1) Hudson 0.1563 173 0.1563 20
2) Bhowmik 0.0686 77 0.0696 9
3) Ahren 0.4773 528 0.4773 60
4) van der Meer
and Pilarczyk
a) plunging 0.3654 404 0.6298 79
b) surging 1.1128 1231 0.9973 125
5) PIANC
(wind waves) 0.2347 260 0.4045 51
6) Verhey and
Bogaerts 0.0241 27 0.0395 5
7) Fuehrer,
et. al. 0.4319 478 0.4319 54
8) PIANC
(transverse
stern wave) 0.5926 655 0.5926 74
9) PIANC
(secondary
waves) 0.0745 82 0.0745 9

10) Tennessee-
Tombigbee N/A >68 N/A 13
(No safety factor)
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OPEN HOPPER BARGES

LENGTH BREADTH DRAFT CAPACITY
TYPE FEET FEET FEET TONS
STANDARD 7s 26 9 1000 3
Jumeo 195 35 9 1500
SUPER JUMBO 250-290 40-52 9 2500-3000

COVERED HOPPER BARGES

LENGTH SREADTH DRAFTY CAPACITY
TYPE FEET FEET FEET TONS
STANDARD 175 26 9 1000
JUMBO 195 EH ./ 1500

INTEGRATED CHEMICAL AND PETROLEUM BARGES

LENGTH BREADTH DRAFT CAPACITY
FEETY FEET FEET TONS
150 - 300 50-54 9 1900 - 3000

TOWBOATS =
LENGTH SREADTH DRAFT
FEET FEET FEET HORSEPOWER
65-160 24- 50 5-9 300- 7000

Figure 1.: Predominant barge and tow types
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Figure 3; Components of ship induced water motion
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RIPRAP STABILITY IN HIGHLY TURBULENT FLOWS

R.W.P. May and M. Escarameia
HR Wallingford, Research Department, UK

1. INTRODUCTION

Flows downstream of hydraulic structures can be highly turbulent and the velocity distributions very non-
uniform. Channel protection is normally required to prevent, or at least limit, the extent of scour
produced by the flow on the bed and banks. Riprap is one of the most widely used forms of flexible
protection for natural and artificial watercourses. However, despite a considerable amount of past
research, many of the available design methods give widely-varying predictions of stable stone sizes.
Such uncertainties can have major economic consequences ; a typical difference of 30% in predicted
stone size can increase the weight of the stone by a factor of 2.2. Furthermore, existing equations do
not take quantitative account of the effect of turbulence on stability.

An experimental study, funded by the UK Department of the Environment, was therefore carried out
at HR Wallingford to study the effects of current velocity and turbulence level on the stability of riprap
placed on horizonal channel beds and sloping banks.

2. INITIATION OF PARTICLE MOVEMENT

The initiation of particle movement can be taken as the beginning of the failure process for a river
protection revetment. The velocity of the water and the surface roughness of the riprap determine the
value of mean shear stress acting on the protective layer; in turn, the shear stress also influences the
shape of the vertical velocity profile above the protection. Individual stones are subject to lift and drag
forces, with random fluctuations in magnitude and direction caused by the turbulence in the flow.
‘Failure’ is therefore, to a certain extent, a probabilistic event because movement occurs when the
mean force combines with a sufficiently large random component to exceed the resistance exerted by
other patrticles in the bed.
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A number of factors can influence the initiation of particle movement. Some are associated with the
geotechnical characteristics of the rock, some with the layout of the revetment (eg existence of filters)

and others with the hydraulic features of the flow. Included in the first group are the size, the specific
weight, the surface roughness, the gradation and the porosity of the rockfill. The particle shape,
defined by a suitable shape factor, may also be included in this group. Some test studies have shown
that fiatter stones have a lower threshold velocity than standard quarry stone. However, tests
performed at the Delft Hydraulics Laboratory, The Netherlands, with coarse particles showed no direct
relationship between shape and threshold velocity for particles with the same nominal size (Pilarczyk
(1984) in The Closure of Tidal Basins). The effect of the gradation seems to be small for the
gradations usually recommended for riprap, and the D, size of the stone is usually accepted as a good
measure of the stone size. Associated with the gradation is the range of porosities that can be
achieved for a particular rockfill. It seems probable that the higher the degree of compaction (ie the
lower the porosity), the higher is the rock stability. However, no systematic studies are known to have
been carried out on this topic.

3. PREVIOUS STUDIES
Many formulae are available for determining the size of riprap needed for stability against current
attack. However, comparison is not always easy because of the use of different definitions of stone
size and flow velocity. Some equations are also dimensional and implicitly include values of stone

density (p,) and gravitational acceleration (g).

Most of the available formulae can be expressed in the non-dimensional form:
Yo |29(-1)yQ

where D is the stone size, y, is the flow depth, V is a representative velocity, s is the relative density
of the stone in water (= pJp) and Q is a factor that takes account of bank slope (by definition, Q = 1
for a flat bed). C,, is a non-dimensional coefficient that can be expected to vary with the turbulence
level.
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The well-established Izbash type of formula (see, for example, Izbash & Khaldre, 1970) has a value
of m = 1 and, when applied to channel protection problems, is normally expressed in terms of the near-
bed velocity V,. Equating the fluid drag force acting on a stone with the frictional resistance due to its
immersed weight leads to an equation of the form:

Vi

Ds = C4 296-1) ()

where D, is the size of the equivalent sphere corresponding to the Wy, weight of the riprap grading.
Izbash's formulae have values of C; = 0.70 for normal turbulence and C, = 1.36 for higher turbulence.
Peterka (1958) suggested a design curve for riprap downstream of stilling basins which is equivalent
to a value of C, = 1.22. Campbell (1966) also produced design curves for small stilling basins which
correspond to values of C, = 2.0 for normal conditions and C, = 2.74 for higher turbulence. These
results are expressed in terms of the near-bed velocity but most references do not specify the height
above the bed at which V, should be determined.

The more general form of equation (1) can be obtained by equating the fluid shear stress exerted on
the bed with the critical shear stress given by the Shields curve for the threshold of movement. The
value of the exponent m depends on the relationship assumed between the friction factor of the fiow
and the relative roughness of the bed. The Manning-Strickler equation, for example, leads to a value
of m=1.5. However, two recent studies have obtained better agreement with a value of m = 1.25.
Maynord et al (1989) developed the following equation from experiments on streambank protection with
nomal levels of channel turbulence:

i 125
Dao d
X 0718 @)
Yo y 2915'1»0

where y, is the flow depth and U is the local depth-averaged velocity of the flow. Incipient failure
corresponds to a value of S; = 1.0 but a safety factor of §; = 1.2 is recommended for design. This
equation is valid for flat beds and bank slopes not exceeding 1V : 2H. Pilarczyk (1990) derived a
general formula for revetments that in the case of localised sections of riprap is equivalent to:
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125

D 2

N =132

"
R - A @

D,, is the size of the equivalent cube corresponding to the Wy, weight, and Ky is a turbulence factor
with values of 1.0 for normal turbulence in rivers, 1.5 for increased turbulence and 2.0 for high
turbulence. Values of K; = 1.5 or 2.0 should only be used when, due to difficulties in finding Uy, the
mean cross-sectional velocity is substituted. The slope factor Q is given by

0 = [1 e sinzaJ i ®)

sin%¢

where a is the angle of the bank to the horizontal and ¢ is the friction angle of the riprap.

Some of the formulae mentioned above are compared in Figure 1 in terms of the parameter D, /y, and
the Froude number F, = U/¥(gy,) of the flow (assuming a flat bed Q = 1, s = 2.65, Dy/D,, = 1.24,
D3¢/D,, = 0.70 and K = 1.0). For the Izbash-type equations, the relationship between V\,c and Uy was
estimated using Rouse’s (1950) formula for the velocity against the stone:

U
VE = 0.68 logyp (yo/ks) + 0.71 6)

with the roughness kg assumed equal to D,,. Although the curves in Figure 1 are fairly similar in shape,
they still give significantly different predictions of stone size. These differences are most likely due to
the effect of turbulence on stability.

4. EXPERIMENTAL RIG AND MATERIALS

The tests were carried out in a large flume with a test channel measuring 1.21m wide by 16.4m long
and fitted with three pumps having a total capacity of 0.5m%s (Figure 2). An adjustable sluice gate was
installed in the flume to produce a hydraulic jump with associated turbulence upstream of the test
section. The model materials were placed in this test section which was 2.60m long and started 2.88m
downstream of the gate. Tailwater depths were controlled by means of a flap gate and a valve at the

downstream end of the flume.
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The transition between the smooth invert of the flume and the mobile bed of the test section was
achieved by roughening a 1.74m length with wooden boards to which stone particles were glued. This
transition reach also prevented excessive scour due to high turbulence levels immediately downstream

of the jump.

A different arrangement of the flume was required for the tests on bank stability : a sloping bank was
introduced on one side of the 1.21m wide test section, with the vertical wall of the flume on the opposite
side. >This simulated half a symmetrical trapezoidal channel, and allowed observations through the
perspex windows of the flume. Two banks with slopes of 1:2 and 1:2.5 (V : H) were studied separately
in the flume, and a transition was included to allow a gradual change between the rectangular section
at the sluice gaté and the trapezoidal section at the test section. The banks were formed using wooden
boards ; wire mesh was fixed to the boards to increase their roughness and prevent the whole layer
of riprap sliding down the slope.

Three different angular stones with Dy, sizes between 4.6 and 11.8mm were used in the tests as well
as three different rounded stones with D, sizes between 7.3 and 9.3mm ; the specific gravities of the
stones were in the range s = 2.57 to 2.74. Full details of the gradings and shape factors for the six
stone types are given by Escarameia & May (1992). The gradings of the model materials broadly
conformed with the usual guidelines for riprap (see, for example, Hemphill & Bramley, 1989).

5. TEST PROCEDURE

The stability of the riprap was investigated for two different conditions : ‘normal’ channel turbulence, and
a range of higher turbulence levels produced by a hydraulic jump. In the normal turbulence tests, the
sluice gate upstream of the test section was kept fully open so that it would not interfere with the flow.
The initiation of stone movement was obtained by either increasing the flow discharge or lowering the
tailwater level. The procedure adopted in the tests with higher turbulence was first to adjust the sluice
gate opening so that the resulting hydraulic jump always formed well upstream of the test section. The
tailwater level was then gradually lowered until initiation of particle movement was observed. The test
rig was not intended to reproduce any particular prototype configuration ; the jump was used purely to
generate required levels of turbulence in the test section.

The tests were principally carried out to identify the threshold of stone movement. An objective criterion
for the threshold was established by counting the number of stones that moved during a certain
specified time within a rectangular area marked out on the bed. The motion of the stones was easily

observed through the transparent window on one side of the flume.
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The total discharge in the flume was measured by means of a Crump weir installed at the downstream
end. The water level in the test section was recorded using a micrometer point gauge. The mean and
fluctuating velocities in the test section were measured by a Minilab ultrasonic current meter. This
recorded instantaneous velocities in three orthogonal directions and was moved vertically to obtain
velocity profiles above the area of bed marked out for observations of the threshold of movement. The
relative bulk of the instrument prevented measurements being made very close to the bed or the free

surface of the flow. The signals were recorded digitally at a frequency of 12.5Hz and checked to
remove occasional spikes caused by the passage of air bubbles between the prongs of the probe. The

data were then analysed to determine statistical and spectral properties of the turbulence.

For the experiments with a horizontal bed, the riprap was placed in a layer with a thickness of
approximately 4-6 D., and levelled carefully before each test. The vertical velocity profiles were
measured on the centreline of the channel within the rectangular area used for observing the threshold

of movement.

For the experiments with a sloping bank, velocities were measured at three verticals within the cross-
section of the flow : on the centreline of the horizontal part of the bed, at the toe of the bank and half-
way up the bank between the toe and the water surface. According to the flow conditions, the position
where stones first started to move varied between the bank, the toe and the horizontal bed.

6. DATA ANALYSIS

The experimental results for the stability of riprap on a flat bed with higher levels of turbulence are
compared in Figure 1 with some of the equations described in Section 3. The considerable amount
of scatter is due to the range of turbulence levels produced in the tests and demonstrates that a design
equation with a fixed coefficient for ‘turbulent’ conditions is unlikely to prove satisfactory.

The relationship between the stone size and the flow conditions causing movement can be analysed
in terms of either the local depth-averaged velocity U, or a suitable definition of the near-bed velocity.
The value of U is usually easier to assess and can be a sufficient parameter for the case of continuous
streambank protection where a fully-developed boundary layer produces a consistent relationship
between the mean velocity and the flow conditions near the bed. In the case of localised areas of
protection around hydraulic structures, the boundary layer may be only partially developed so the
velocity and turbulence near the bed can vary independently of the mean velocity. The results of the
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present experiments were therefore analysed in terms of the near-bed velocity V, which was defined
as the longitudinal velocity at a height above the bed equal to 10% of the local water depth. This level
was considered to be close enough to the bed to be representative while avoiding measurement errors
due to high velocity gradients occurring nearer the bed. The measurements were therefore compared

with the following Izbash-type equation:

Ve
=C
Dn 29(s-1) @)

The turbulence intensity T; was also determined at the 10% level and defined as:

T| = V": S (8)

where V, . . is the root-mean-square fluctuation in velocity about the mean value V..

The variation of the coefficient C in equation (7) with the turbulence intensity T, is shown in Figure 3.
It can be seen that the results for the two bank slopes (1V : 2.5H and 1V : 2H) are mixed in with those
for the flat bed. It does not therefore appear necessary to include a slope parameter such as Q, see
equation (5). The following best-fit equations for C were fitted to the data:

C =036 for T, < 0.10 ©)
C=123T,-0.87 for 0.10 < T, < 0.30 (10)

Equation (9) can be considered as applying to the case of nommal channel flow without externally-
generated turbulence. [f 1zbash’s equation (2) for normal turbulence is made equivalent to equation
(7) (by using D, and by estimating V, at 0.10 y, above the bed) it gives a value of about C = 0.33
which agrees well with the present figure of 0.36.

Equation (10) demonstrates the strong destabilizing effect of turbulence. Increasing the value of T; from
10% to 20% increases the size of stone needed by a factor of 4.4 and its weight by a factor of 85. In
order to ensure safe design, it is advisable to adopt a design curve that is safe compared with all the
experimental data. It is therefore recommended to use the upper-envelope line shown in Figure 3

which has the equation:

C=123T,-0.20 for T, > 0.05 (11)

685




Preprints International Riprap Workshop 1993 R.W.P. May

This result is valid for riprap on a flat bed or on banks with slopes up to 1V : 2H. In the case of banks,
the values of V, and T, should be determined at a height of 0.10 y,, above the toe.

As mentioned previously, the local depth-averaged velocity U, may sometimes be easier to estimate
than V. Analysis of the experimental data for the flat bed and the bank slope of 1V : 2.5H showed that
the two velocities could be related by the best-fit equation:

Vv 14
b . o052 (J°

0
T, 'D','{) (12)

Substitution of equation (12) into equation (7) gives the following type of formula based on depth-
averaged velocity:

0.78
Dy | KU
Yo 2g(s-1)yo

(13)

Re-analysis of the data in this format gave the following best-fit equations for the dependence of the
coefficient K on the turbulence intensity:

K = 0.075 for T; < 0.10 (14)
K=375T,-0.30 for 0.1 < T,< 0.30 (15)

For safe design it is recommended to use the corresponding envelope line to the data:
K=3.75T,-0.09 for T, 2 5% (16)
These last three equations are only valid for flat beds and banks not steeper than 1V : 2.5H. The
values of V, /U, for the slope of 1V : 2H did not fit equation (12) satisfactorily and showed more
variability.

Overall, equation (7) is preferred to equation (13) as a method of sizing riprap because it fits the results

more closely and is valid for all the slopes that were tested. A full listing of the experimental data,
including the three-axis turbulent velocity profiles, is given in Escarameia & May (1992).
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7. UNDERLAYERS

Tests were also carried out to investigate the effect of a granular underlayer on the stability of the riprap
in the armour layer. The underlayer consisted of a 20mm thick layer of medium sand (Dgy = 0.72mm)
beneath a 25mm thick layer of riprap (Dg, = 4.6mm, angular stone). The grading of the sand was

chosen so as to conform with the widely-used Terzaghi criteria for granular filters.
The effect of the underlayer was found to vary with the level of turbulence in the flow. At lower

intensities, the armour layer remained stable to higher discharges than in the tests carried out with a
single 25mm thick layer of the same riprap. However, at higher intensities, the opposite was found to
occur. Scour holes formed at the upstream end of the test section and increased the turbulence levels
further downstream : as a result, more scour holes developed throughout the test section until complete
failure of the protective blanket took place. It appeared that uplift pressures generated by the
turbulence enabled the sand to migrate upwards into the armour layer ; the sand then destabilised the
stones by reducing the interstitial contacts between them.

Comparative tests were also carried out with a non-woven filter fabric between the sand and riprap
layers. The filter fabric used was Terram NP4 (0Og, = 0.05mm) with characteristics compatible with the
granular and armour layers on either side. The geotextile prevented the upward migration of the sand
particles and under turbulent conditions increased the stability of the armour layer to approximately the
same level as that of a single 25mm thick layer of riprap. However, when failure did occur it was more
sudden because the geotextile lifted and disrupted the armour layer.

8. CONCLUSIONS

The experiments have demonstrated that quantitative account needs to be taken of the turbulence
intensity as well as the flow velocity when determining the size of riprap needed for stability. Turbulent
flows downstream of hydraulic structures can have a wide variety of velocity profiles so it is best to
relate stone sizes to the flow conditions near the bed that cause movement. The suggested design
equations (7) and (11) therefore use the values of mean velocity and root-mean-square fluctuation at
a height equal to 10% of the flow depth above the bed or the toe of the bank.

In the case of trapezoidal channels, first movement of the stone could occur on the sloping bank, at
the toe or on the horizontal bed, depending on the flow conditions. The slope of the bank did not affect
the value of the stability coefficient C in equation (7) for slopes between horizontal and 1V : 2H.
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The standard Terzaghi criteria for the design of granular underlayers may not be appropriate for armour
layers that are subjected to high-turbulence flows. The turbulence appears to cause upward migration
of the granular material which then destabilizes the rock layer. Use of a suitable filter fabric between
the riprap and the underlayer prevented this loss of stability.
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Figure 3 Relationship between C and the turbulence intensity
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CORPS RIPRAP DESIGN GUIDANCE
FOR CHANNEL PROTECTION

S.T. Maynord
US Army Waterways Experiment Station,
Vicksburg, Mississippi

INTRODUCTION

Determining stable riprap size continues to be an area of
considerable interest because significant cost savings can be
realized with improved design guidance. This report addresses
guidance for sizing riprap in open channels having slopes less than
2 percent and excludes areas immediately downstream of hydraulic
jumps. This includes riprap used in any form of channel protection
including bank protection, river training structures, toe
protection, and any other configuration of launchable riprap.

Various methods have been used to quantify the forces imposed
on the riprap and to determine the stable riprap size. Based on the
authors experience, the vast majority of riprap design procedures
currently in use for open channel stability problems addressed
herein can be derived from the following methods.
Method 1-Isbash method

Isbash(1935) developed guidance for sizing stones in river
closures based on the velocity against the stone Vg and formulated

Yo, Vs (1)

D.=C,(
U YY. 29

where D, = characteristic size, CI = 1.35 for isolated stone, Cy =
0.69 for embedded stone, 7, = unit weight of water, yg = unit
weight of stone, and g = acceleration of gravity. Note that there
is no dependence on depth in the Isbash equation. Numerous design
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approaches use the Isbash equation with average velocity instead of
Vg. The California Division of Highways (1970) approach is a
typical example of method 1.

Shields(1936) proposed a parameter for defining stability of
non-cohesive particles using shear stress which is also referred to
as tractive force. The Shields parameter t* is defined as

o T (2)
T N,)D,

where 7 = average shear stress exerted by fluid on boundary when
particle begins to move and t* = 0.047 - 0.060 commonly used for

fully developed rough turbulent flow.
Method 2- Shear stress,slope method

The shear stress in Equation 2 is determined from

T=Y,dS, %

where d = flow depth and S, = slope of energy gradeline. Slope can
be a difficult parameter to accurately measure or compute. The
Anderson et al (1970) approach is a typical example of method 2.
Method 3- Shear stress, log velocity profile

The shear stress in equation 2 is determined from the
Keulegan(1938) mean velocity logarithmic velocity equation that can

be rearranged into

2
i pV11 1d (4)
(5.75Log————)?2
KS
where p = water density = 4,/g and Kg = equivalent sand grain

roughness, Kg
value of Kg, the origin of the velocity profile, and the
applicability of the log profile to high relative roughness (Dg/4)
are some of the problems associated with using equation 4. The
Stevens and Simons (1976) method is a typical example of method 3.

2-3 Dgg Or 3-6 Dg, for riprap. The appropriate
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Method 4- Shear stress, Manning-Strickler eguation

The shear stress in equation 2 is determined by the Manning-
Strickler equation as

c=_CpV? (5)
(d/D,) /3

Where C = coefficient. Using the power or monomial velocity profile
with equation 2 is equivalent to using the Manning-Strickler
approach above. Methods 3 and 4 provide similar results over a wide
range of D /d. The Federal Highway Administration HEC-11 (1989) is
a typical example of method 4.

Method 5- Velocity, dimensional analysis

Neill(1967) used average velocity instead of shear stress in
a dimensional analysis to define

0 . ; B (6)
g(Ys~Yw) D £ d)

This approach allows the use of experiqental data to define the
form of the equation rather than forcing the equation to assume a
form that agrees with existing velocity profile equations. Neill's
experimental data defined

.wiz Dc -0.2 (7)
—_—=2.5(—)
g (Yg=Y.) D d

Equation 7 transforms to the Isbash equation 1 if the exponent is
0 instead =-0.2 and transforms to the shear stress, Manning-
Strickler method (equations 2 and 5) if the exponent is -0.333
instead of -0.2. Pilarcyk(1987) and Maynord(1988) present equations
identical to equation 7 (except for small changes in the
coefficient) that can be solved directly for D, as follows

1/2 2.5
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The Corps of Engineers EM 1110-2-1601 (1991) method is a typical
example of method 5.

Pilarcyk(1990) developed a general equation for rock sizing
that incorporates methods 1 and 3 through S.

The objective of this report is to discuss the development of
the Corps of Engineers (1991) method.

CORP8 OF ENGINEERS DESIGN PROCEDURE

General

In the late 1970's and 1980's, the Corps of Engineers
conducted a research program with the goal to develop improved
riprap design guidance applicable to a wide range of rock
characteristics, channel alignments, channel cross-sections, and
hydraulic conditions. During this research, almost every aspect of
riprap design was questioned and tested if possible. During this
process, it became apparent that designers prefer methods based on
velocity rather shear stress. Depth-averaged velocity was chosen as
the characteristic velocity because it can be estimated by the
designer by a variety of methods and it is representative of local
hydraulic conditions. The basic equation was developed using the
Method 5- velocity and dimensional analysis with the addition of
several empirical coefficients(see Maynord 1988 and 1992). From EM
1110-2-1601 (1991) the equation for stone size is

@ MAuoen -

&> o) - Yo yvisz_ V. qzus (9) ‘
A e B Dy =S ,C40 Lol [ ) ]
e FoE- Yo~ Yo K9 |

RETICNE RS |
[ Cex>, EPSY FoZM ©F czS;-.\J) ‘
L where

Dyg = characteristic riprap size of which 30 percent is finer by

weight.
Sg = safety factor, minimum = 1.1 |
Cq = stability coefficient for incipient failure, thickness =

1D, g (max) or 1.5Dgq(max), whichever is greater, Dgg/Dyg =
.7 to 5.2

= 0.30 for angular rock

= 0.375 for rounded rock(EM 1110-2-1601 incorrect, gives 0.36)

.—l
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Dgs/Dys = gradation uniformity coefficient
Cy = velocity distribution coefficient
= 1.0 for straight channels, inside of bends
= 1.283-.21log(R/W) for outside of bends ( 1 for R/W > 26)
= 1.25 downstream of concrete channels
= 1.25 at end of dikes
R = centerline radius of bend
W = water surface width at upstream end of bend
Cp = blanket thickness coefficient
K, = side slope correction factor
d = local depth, use depth at 20 percent upslope from toe for
side slopes
The exponent of 2.5 in this equation was based on laboratory data
from straight, tilting flumes. The extreme values of the exponent
in Equation 9 are from 2 to 3. An exponent of 2 results in the

Isbash equation (no dependence on depth) and is generally used when
there is no boundary layer development such as areas downstream of
hydraulic jumps or in the propellor wash behind vessels. Most
channel protection problems have some degree of boundary layer
development. An exponent of 3 results from application of the
shear stress and Manning-Strickler equations and only occurs when
a) completely developed boundary layer and b) relative roughness is
low enough to yield a constant Shields coefficient. Channel
protection projects are designed for the location where the imposed
force is the highest such as the highest velocity in a bendway. In
most cases, the boundary layer at these points of maximum stress is
not close to reaching a completely developed state. The second
requirement, low relative roughness, is not satisfied in many of
shallow, relatively steep flood control channels which means that
the assumption of a constant Shields coefficient is questionable
because several investigators have found increasing ™ with

increasing D /4.
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Consequently, most bank and channel riprap protection
problems fall somewhere between the two extreme exponents of 2 and
3. This led to the adoption of the 2.5 exponent for all bank and
channel riprap protection problems, not just the straight, tilting
flumes from which it was derived. The major advantage of adopting
a single power is that the riprap designer is not faced with making
a decision regarding velocity profile and constancy of Shields
coefficient that is a difficult problem even for people who have
researched the topic for years.

Data used in the development of this method were limited to
slopes less than or equal to 2 percent. Data are also limited to
Dyqo/d 2> 0.02, which means the method has not been verified for
relatively deep flows.

The basis for each of the coefficients and parameters in
Equation 9 and methods for their determination will be discussed in
the next part of this paper.

Design Conditjions
Riprap should be designed for the combination of velocity and depth
that gives the largest rock size. This combination is not always

the design discharge. In many cases bank-full discharge produces
the combination of velocity and depth that results in the largest
rock size.

D3g._Characteristic Particle Size for Gradation

One of the most controversial changes from traditional guidance to
the new guidance has been the adoption of a characteristic particle
size of D3p- A gradation plot in Figure 1 illustrates concepts
such as the lower and upper gradation limits (also referred to as
minimum and maximum) as well as Dypo(max), Daq(min), etc.
Stability tests conducted at a thickness of 1D,00+ Which is the
most commonly used thickness for bank protection, showed that
gradations ranging from uniform to highly nonuniform exhibited the
same stability if they had the same Dyo- Maynord (1988) documents
other investigators who found a characteristic size less than the
commonly used Dgg- ©One of the results of the Djg finding is that
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uniform gradations use the least volume of rock to achieve the same
stability because the thickness is equal to the maximum stone size.
One of the troubling aspects of these results is that an investi-
gator of riprap subjected to channel flow has not yet been found
who has been able to confirm the commonly held notion that a range
of sizes gives increased stability due to better interlock. The
poor performance of highly non-uniform gradations is probably
related to their high potential for size segregation that results
in locally weak spots in the revetment. The use of D,, instead of
Dgo requires that the designer determine which of the available
gradations has a Dao(min) greater than or equal to the computed
Dyq rather than to Dgg. If the designer prefers to work in terms of
Dgg, the approximate relation to Dj, is
Dso=D30(Dgs/D1s) °*32 (10)

The use of a single particle size to characterize a grada-
tion, whether Dzo(min) or Dso(min), does not reflect all the
characteristics of that gradation. The following equation can be
used to determine if Dyq(min) is representative or if Dy (min)
should be used as the characteristic particle size:

(11)

D, (min) =3\/Dgs (min) [D,g (min) 2]

§f, Safety Factor
The minimum safety factor to account for nonhydraulic factors and

other uncertainties is 1.1. The general tendency in riprap design
is to conservatively estimate velocity; which adds in a safety
factor. Having to select an available gradation having D4q(min)
greater than or equal to the computed Dy, often adds another safety

factor. For these reasons, the minimum safety factor is set low at
i 1
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Cqu Stability Coefficient

Stability coefficients defining the onset of unacceptable rock
movement were determined from large-scale laboratory tests. These
laboratory tests attempted to simulate mechanically placed riprap
on a filter fabric without tamping or smoothing after placement.
For thickness = 1D, g (max) or 1.5Dgq (max), whichever is greater, Cgq
= 0.30 for angular rock. Limited tests show that Cg = 0.375 for
rounded rock.

Cy,. Velocity Profile Correction

An evaluation of the velocity profile over bottom riprap in
straight channels resulted in the following equation:

Y w3 (12)

where V(y) = velocity at y, N = 0.25 for d/Dg, from 3 to 20, and
y = distance from the top of the riprap. The velocity profile given
by Equation 12 is the profile for which the stability coefficient
for angular rock was found to be 0.30. At the point of major
attack in bendways and just downstream of concrete channels, the
profile is more nearly vertical with velocity in the upper zone
(near the surface) less than Equation 12 and velocity in the lower
zone (near the bottom) greater than Equation 12. For the same
depth-averaged velocity, the vertical velocity profile in bends and
just downstream of concrete channels tends to have a greater
capacity to move the riprap because the velocities near the riprap
and the shear stress are larger. In the case of riprap just
downstream of concrete channels, the velocity profile has not
adjusted from the smooth concrete surface to the rough riprap. In
the case of bendways, secondary currents are suspected of causing
the change in velocity profile. .

In either case, an increased stone size 1is required. Two
choices are available for making this increase. The first of these
would involve going back to the basic shear stress equations;
developing a velocity profile relationship for the bend or the area
downstream of the concrete channel; and determining a new
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relationship between the shear stress, relative roughness, Shield's
coefficient, and the applicable velocity profile. Because this is
a formidable task and would have made the design procedure
difficult to use, the second choice, a completely empirical
approach to velocity profile effects, was selected. For riprap
just downstream of concrete channels, an empirical velocity profile
correction C,, of 1.25 should be used in Equation 9. For riprap in
channel bends, the velocity profile correction is dependant on the
strength of the secondary currents, which is generally related to
the parameter R/W. From stability tests reported in Maynord
(1992), the empirical velocity profile correction coefficient C,
was found to be 1.2 for R/W = 2.5. The relationship used for the
velocity profile correction given in EM 1110-2-1601 (1991) is

C, =1.283 - 0.2 log (%) (13)

where C, is equal to 1 for R/W > 26.

A third area where the velocity profile departs significantly
from Equation 12 is riprap on the nose of a rock dike. Due to the
constricting effect of the dike, flow rapidly accelerates around
the dike. Due to the short distance the flow is affected by the
dike, the boundary layer has no chance to grow and is continually
being reduced by the flow acceleration. Limited tests show that
the velocity profile correction to be multiplied by the rock size
should be 1.25 for riprap on the nose of a dike.

Cp. Riprap Blanket Thickness
Blanket thickness is generally measured in terms of the maximum

stone size Dypo- The minimum allowable blanket thickness is 1Dy 9o
and many streambank protection projects use this thickness. Only
for uniform gradations (Dgg/Dyg < 2) must the thickness also be at
least 1.5Dg, for equivalent stability. Stability tests have shown
that thickness greater than T* , where T* is the greater of
1.5Dgg Or 1.0Dyq44, results in increased.stability. Figure 2 shows
guidance given in EM 1110-2-1601 (1991) for thickness effects. The
interpolated curve having Dgg/Dyg = 1.7 is applicable to the grada-
tions in Table 1 (USACE 1971). (This curve was interpolated
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between the curve for Dgg/Dys = 2.5 and Dgs/Dyg = 1 which was
conservatively assumed to have no increase in stability for
increased thickness.) Gradations having Dgg/D;g 2 5.2 should use
the curve for 5.2. When greater blanket thickness is used to
increase stability, it must be realized that some rock movement
will occur prior to the revetment becoming stable.
V., Depth Averaged Velocity

One of the primary reasons for adopting a design procedure
based on depth-averaged velocity is because several techniques
exist for estimation of this velocity. Velocity is also easy to
visualize and measure compared to shear stress. Any riprap design
problem has two parts. The first part is to estimate the imposed
force. The second part is to use the imposed force and determine
riprap size. The most difficult and most uncertain part of riprap
design lies in estimating the imposed force whether it be local
depth-averaged velocity or shear stress. When riprap is designed

for a channel bottom, local depth-averaged velocity is a
straightforward concept even if it may be difficult to determine.
When side slope riprap is designed, local depth-averaged velocity
varies greatly from toe of slope to waterline and near-bank
velocity is meaningless unless the position is specified. The EM |
1110-2-1601 (1991) method uses depth-averaged velocity at a point
20 percent upslope from the toe Vg,g for side slope riprap design. !
The 20 percent point was selected because straight channel side |
slope stability tests resulted in the same stability coefficient

Cg as straight channel bottom stability tests with this position
on the side slope and the appropriate adjustment for side slope
angle. This point is consistent with the location of maximum side
slope shear stress from straight channel studies.

Various tools exist to estimate depth-averaged velocity for use
in riprap design and include the following with some of their
limitations:

i 2 Numerical models: two-dimensional (2D) depth-averaged
numerical models have been shown to be unconservative in prismatic
bends. Bernard (1992) has developed a correction method for 2D
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depth-averaged models, and a version is available that can be used
with 386 personal computers (PC's). This model has compared well
with data from trapezoidal channels and is presently being tested
against data from natural channels.

2. Physical models: rarely available for bank protection
projects due to cost. If available, near bank velocity distri-
butions should be measured to obtain Vgg.

3. Empirical methods: must be applied only to cases similar to
the data from which they were derived.

4. Analytical methods: methods based on conveyance such as the
ALPHA method given in EM 1110-2-1601 (1991) should be limited to
straight channels because secondary currents can cause the ALPHA
method to be unconservative. Thorne and Abt (unpublished data)
discuss additional analytical methods that incorporate the effects
of secondary currents.

5. Prototype data: normally require extrapolation to design
conditions but usually not available. EM 1110-2-1601 provides a
method for extrapolating observed velocities.

This paper focuses on the application of the empirical method
given in EM 1110-2-1601 (1991), presented in Figure 3. Figure 3 is
applicable only for estimating characteristic side slope velocity
Vgg 1in straight or curved channels. Figure 3 was derived from
velocity data taken in physical models and prototypes. The amount
of scatter in this type of data is large and the curves were drawn
on the conservative side of the data. In the case of bendways,
Figure 3 is based on bends having fully developed bend flow, which

means the bend angle is sufficiently large to develop close to the
maximum velocity for that value of R/W. To use the minimum
Vss/vavg on Figure 3 for straight channels requires that the
channel be far enough downstream of bends, constrictions, or other
devices that might create an imbalance of flow across the channel.
Consequently one should be very cautious about specifying a
straight channel and rarely should Vss/vavg be less than 1. Figure
3 estimates Vgg from only average channel velocity Vavg ¢+ R,
W , and channel type (natural or trapezoidal). The effects of
other factors such as bend angle, bank angle, and bed/bank rough-
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ness have not been determined. It is important to note that
Vas/vavg has rarely been found to exceed 1.6 in any alluvial or
man-made fixed bed channel. Thus for the outer bank of bendways,
the designer is simply defining where in the range of Vss/vavg =
1 to 1.6 to design the protection. Figure 3 assists in that
determination and generally provides a conservative estimate.
Since Figure 3 is valid only for estimating side slope velocity,
velocity estimation for all problems other than bank protection
(such as channel bottom protection) must use some other technique
to determine local depth-averaged velocity, such as the numerical
model described previously.

Average channel velocity is used in the EM method (1991) only in
conjunction with the empirical velocity estimation technique and is
determined from discharge/channel area (Q/A). Area and discharge
should be restricted to the main channel and should not include
overbank areas.

Bend Radius and Water-Surface Width

Center-line radius of curvature of the bend and the water-surface
width at the upstream end of the bend are used to characterize the
bendway in the EM rock sizing techniques. The center-line radius
and the width should be based on flow in the main channel and
should not include overbank areas.

Natural versus Trapezoidal annel

In the empirical velocity estimation technique shown in Figure 3,
two channel types, natural and trapezoidal, are used. Trapezoidal
channels are often man-made with a smooth alignment; and sediment
transport is not sufficient to build point bars, which can
concentrate flow against the outer bank. The data used in
developing the trapezoidal channel curve were from clear-water
channel models having riprap bottom and banks and aspect ratios
(top width/average depth) ranging from 11 to 22. While many
trapezoidal channels have aspect ratios greater than 22, secondary
currents in the lower aspect ratio channels will provide more
velocity concentration along the outer bank than the higher aspect
ratio channels. 1In contrast, the natural channel curve in Figure
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3 is applicable to channels having irregular alignment with
sediment transport leading to point bars and toe scour that
concentrate the flow along the outer bank.

K,. Side Slope Angle

Stability studies have shown that the decrease in stability that
occurs from placing a revetment on a side slope is not as
significant as suggested in some of the previous guidance. This is
likely due to the fact that the angle of repose of a revetment is
greater than the angle of repose of a rock dike(Maynord 1988). The
relation of K, versus side slope angle from EM 1110-2-1601 (1991)
is shown in Figure 4. The solid line should be used for revetments
and is described by the empirical relation

K,=-0.672+1.492Cot(8) -0.449Cot?(6) +0.045Cot>(6) i

The least volume of riprap per foot of bank line is used when
revetments are placed on slopes between 1V:1.5H and 1V:2H. For
slopes flatter than 1V:4H, rock stability is not affected by the
slope angle for revetments subject to channel flow. Slopes steeper
than 1V:1.5H are not recommended.

Example Problems
The following examples demonstrate application of the EM 1110-2-

1601 procedures (1991). Gradations shown in Table 1 are used for
demonstration in some of the examples, but these gradations should

not be taken as a recommendation.

Example 1: Bank Protection Only

Problem. Determine stable riprap size for the outer bank side slope
of a natural channel bend in which the maximum velocity occurs at
bank-full flow. Water-surface profile computations at bank-full
flow show an average channel velocity of 2.2 m/sec (7.1 ft/sec) and
a depth at the toe of the outer bank of 4.6 m (15 ft). The channel
is sufficiently wide so that the added resistance will not
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significantly affect the computed average channel velocity. A
nearby quarry has rock weighing 2643 kg/m3 (165 lb/ft3) and can
produce the 0.30-, 0.38-, 0.46-, 0.53-, and 0.61-m (12-, 15-,
18-, 21-, and 24-in.) D4gqq(max) gradations shown in Table 1. A
bank slope of 1V:2H has been selected based on geotechnical
analysis. A typical blanket thickness of 1D;g4,(max) will be used
in this design with the minimum safety factor of 1.1. Center-line
bend radius is 189 m (620 ft) and water-surface width is 61.0 m
(200 ft).

Solution. Using Figure 3 with R/W = 189/61 = 3.1 results in
Vss/vavg = 1.48 for a natural channel bend. The resulting Vg, =
1.48(2.2) = 3.2 m/sec (10.5 ft/sec). Using Equation 9 with Ce =
1, C,=1.18 (from Equation 13), Ky = 0.88 , and d = 0.8(4.6)
= 3.7 m (12 ft) results in a computed D3g = 0.19 m (0.63 ft).
Table 1 shows that of the available gradations, the 0.46-m (18-in.)
D, 9o (max) gradation is the smallest gradation having Dyq(min) > the
computed Dgg,. This gradation should be placed to a thickness of
1Dy gg(max) or 0.46 m (18 in.). This example demonstrates that the
actual safety factor is often larger than 1.1 because available
gradations are used. In this case the actual safety factor is
(0.73)/(0.63/1.1) = 1.27.

Example 2: Design For Thickness Greater Than 1Dy 99

If a thickness greater than 1D,4q(max) is specified, smaller
gradations can be used if available. This option frequently (but
not always) requires that the blanket thickness be larger than the
thickness for rock placed to 1D4 g (max) . Using Example 1 and
specifying a thickness parameter N of 1.2 in Figure 2 (determined
by trial and error), results in a computed Djg = 0.18 m (0.59 ft)

and an 0.46-m (18-in.) blanket thickness of the Table 1 gradation
having a Dygg(max) = 0.38 m (15 in.). Although both the gradations
from Example 1 and this example will remain stable for the design
conditions of Example 1, the two gradations are not equal in
stability because the real safety factor for the Djgo(max) =
0.38m (15 in.) gradation placed to a thickness of 0.46 m (18 in.)
is (0.61)/(0.59/1.1) = 1.14.
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Using Example 1 again, suppose a gradation has a unit weight
2643 kg/m® (165 1b/ft3), Dgg/D;s = 5.2, Dso(min) = 0.12
(0.40 ft), and Dygg(max) = 0.43 m (17 in.). Since Dy (min)
0.12 m (0.4 ft) is less than the required Djy = 0.19 m (0.63 ft),
a thickness of 1D,q,(max) will not be stable. What thickness would
be required to remain stable for the conditions of Example 1? Try
various thickness parameters N from Figure 2 to determine the
minimum stable thickness. The following table gives the results of
this trial and error analysis.

=]

Thickness Thickness, Cc from Required
N = D100 (max) (in®) ET e 2 D30 (ft)
1.5 26 0.76 0.48
1.75 30 0.64 0.40
2.0 34 0.53 0.33

1 in. = 25.4 mm.
1 ft = 0.305 m.
Use of this alternate gradation for Example 1 would require a
blanket thickness of 0.76 m (30 in.) because the Dao(min) = 0.12 m
(0.4 ft) is equal to or greater than the required D3g = 0.12 m
(0.40 ft). This gradation placed to a 0.76-m (30-in.) thickness
satisfies the requirements of Example 1 but is not exactly equal in
stability to the previously determined gradations in Table 1
because the actual safety factor is different.
PC PROGRAM
A PC program "RIPRAP15" incorporating these procedures has been
developed and is available from the author.
S8UMMARY AND CONCLUSIONS

The Corps of Engineers riprap design procedure presented
herein is applicable to bank and channel protection in low-
turbulence environments. While shear stress and other
characteristic velocities have been used, local depth-averaged
velocity was selected as the basis for this procedure because
methods are available for estimating depth-averaged velocity and
because many designers will not use shear-stress-based procedures.
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This method has several empirical coefficients analogous to
the Shields coefficient that take into account the effects of rock
shape, blanket thickness, and side slope angle. The traditional
Carter, Carlson, and Lane (1953) relationship is more conservative
than the empirical curve presented herein for side slope effects.
Another empirical coefficient is used to account for changes in the
vertical velocity profile such as that occurring in bendways or
downstream of concrete channels. This empirical approach was
chosen because a theoretical approach would have been unfriendly to
most users of riprap design guidance.

Gradation effects are addressed by using Dyy as the
characteristic particle size in lieu of the commonly used Dg,-
Equation (10) relates Dg, to Dso and Dgg/Dyg for designers
preferring to use Dgg,.

Blanket thickness and gradation must both be specified to
define the stability of a revetment. A uniform riprap can be
placed to a large thickness with only a small increase in stability
compared to the minimum blanket thickness. However a nonuniform
riprap placed to a large thickness will be much more stable than
the minimum thickness of the same gradation. The method presented
herein defines the stability of a wide range of gradatioh and
thickness.

Design examples show how the method is applied to several
different cases.
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TABLE 1. GRADATIONS FOR SPECIFIC STONE WEIGHT OF
165 LB/FT3,3 FROM USACE(1971)

Limits of Stone Weight (lg) for

D Percent Lighter by Weight D D

(%gg) 100 50 15 (ﬁi%) (ﬂ%%)
(in.) Max Min Max Min _Max Min (ft) (£t)
12 86 35 26 17 13 5 0.48 0.70
15 169 67 50 34 25 11 0.61 0.88
18 292 117 86 58 43 18 0.73 1.06
21 463 185 137 93 69 29 0.85 123
24 691 276 205 138 102 43 0.97 1.40

& 31 1b/ft3 = 16.018 kg/m3

b stone weight limit data from USACE(1971).
Relationship between diameter and weight is
based on the shape of a sphere.
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A REVIEW OF STABILITY FOR ROCK AND
RIPRAP SLOPES UNDER WAVE ATTACK

J.W. van der Meer
Delft Hydraulics, P.O. Box 152,
8300 AD Emmeloord, The Netherlands

ABSTRACT

The Hudson formula (CERC, 1984) is an ancient well known stability formula for
armor layers of rubble mound structures. The main reason for its success was
the simplicity of the formula in combination with an engineering judgement

through the stablity factor K.

The paper first summarizes how some of the old stability formulas are related
by assuming incipient instability of an armor unit. A more basic formula that
then can be developed has already been described by Sigurdsson (1962). By
making assumptions on the direction of the wave force (parallel or perpendi-
cular to the slope) and on the natural angle of wave attack the formula of
Iribarren (1950), the same formula modified by Hudson (1959) and the well
known formula of Hudson (1959) simply follow from the more basic formula.

Based on the work of Thompson and Shuttler (1976) an extensive series of model
tests with random waves was performed by Van der Meer (1988a and b) on rock
and riprap slopes. A large number of possible influences on stability was
checked. The analysis of more than 400 tests resulted in two new design

formulas.
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One formula describes the stability for plunging waves §, < 2-4, where {, is
the surf similarity parameter) and the other for surging waves (larger §,).
Minimum stability is found for the collapsing waves, according to the findings
of Ahrens (1975), Losada and Gimenez-Curto (1979) and Bruun (1985). Other
influences on stability, besides the wave period and slope angle that are
combined in {,, were the duration of the storm and the permeability of the
structure (breakwater, revetment or seawall). Finally a clear defined damage

level was introduced.

REVIEW ON REGULAR WAVE FORMULAS

The International Commission for the study of Waves (PIANC, 1976) gave an
overview of existing stability formulas for static stability of rock slopes.
Generally, a stability formula can be developed by assuming incipient insta-
bility of an armour unit, subjected to certain wave forces. Depending on the
schematisation of resisting forces and wave forces, numerous formulas can be

developed, as shown by the Commission mentioned above.

Most stability formulas, however, have a common part. And this part can be
regarded as very important for stability of rock slopes, but also for stabi-
lity of artificial armour units and for stability of placed block revetments.

A general development of a stability formula will be given first.

Figure 1 shows a part of an amour layer. The slope angle is given by a, the

natural angle of repose by ¢ and the boyant mass of the stone by W', where

W o= (pu = PV)D:SD

where:

P = mass density of rock

py = mass density of water

Doso = nominal diameter Dggo = (Wso/p.)Y/?

Wso = average weight of stone (50%2 value on mass distribution curve)
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The wave forces are schematized by two forces, one parallel to the slope, Fp,
and the other normal to the slope, Fy. The same assumptions were made by
Sigurdsson (1962). Assuming incipient instability the momentum equation for
the point A gives:

Fy 8in¢ D/2 + F, cos¢ D/2 = g W/ sin(¢-a) D/2 (1)

Generally, wave forces as Fp and Fy are related to the wave height (Hudson
(1959)) by the following equation:

F=p, g CDH (2)

where:
F = wave force
C = coefficient

D = diameter of the stone
Assuming a coefficient C; for the normal wave force, Fy, a coefficient C, for

the parallel wave force, Fp, and assuming D = KD, (K = coefficient), Equa-

tion 1 becomes with 2:

Pug CiDaso H sing K3/2 + p,g C,Das, H cos$ K3/2 = g(p,-p,) Do sin(d-a)K*/2 (3)

Equation 3 can be elaborated to:

H/AD,s, = K sin(¢ - a)/(C, sin¢ + C, cosé) 4)
with:
A= (p, - pu) /Py (5)

Defining the friction coefficient, py, (Iribarren (1950)) as p = tan¢, Equation
4 can finally be rewritten to:

H/ADy, = K(pcosa - sina)/(pC, + C,) (6)
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Equation 6 was already developed by Sigurdsson (1962). The H/AD.5, is the same
as the often used stability number, N,, (Hudson, (1959)). In fact H/AD.4, is
a combination of two dimensionless variables, the H/D.s, and the relative mass

density, A. The H/AD_s, appears in a lot of stability formulas.

In fact the H/AD,s, determines the stability of a stone under wave action.
Statically stable structures have H/AD,s, values between 1 and 4, and dynami-
cally stable structures between 6 and 500.

Artifical armour units can be described by the nominal diameter, D,, where D,
- (W/p)3. 'In that case H/AD, can be used. An important design parameter for
placed block revetments is the thickness of the blocks, D. With this defini-
tion of D, the parameter becomes H/AD. It is obvious that by using a nominal
diameter for a mass and a thickness for a block, the stability of different

structures under wave attack can be compared by using the parameter H/AD as
a reference. Moreover, structures under steady flow regimes are often descri-
bed by the Shields parameter, u?/gAD.s,. Assuming H :: u?/g, the agreement

between H/AD. s, and the Shields parameter becomes clear.

Equation 6 can be rewritten to some well known formulas. Assuming that only

a parallel force exists, (C; = 0), Equation 6 becomes Iribarren’s formula:

H/AD, sy = K;(pcosa - sina) (7)

Assuming only a normal force (C; = 0), Equation 6 becomes Iribarren’s formula,

modified by Hudson (1959):
H/AD, sy = K;(pcosa - sina)/p (8)

with:
K, = K/Cy
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Hudson (1959) assumed for rubble structures ¢ = 1, which reduces Equation 6
to:

H/AD 5o = K(cosa - sina)/(C; + C3) 9)

Hudson combined all coefficients to one coefficient, K;, and replaced the term
cosa - sina by (cota)!’®. This reduces Equation 9 to the well-known Hudson

formula, although written in a more simple equation:
H/AD, 5, = (Kp cota)l/? (10)

Summarizing, H/AD.s, is an important variable in a stability formula. Different

types of structures can be compared using this variable.

Ky is a stability coefficient taking into account all not mentioned variables.

Kp-values suggested for design correspond to a "no damage" condition where up

to 5% of the armour units may be displaced. In the 1973 edition of the Shore
Protection Manual the values given for K, for rough, angular stones in two
layers on a breakwater trunk were:

Kp = 3.5 for breaking waves,

Kp = 4.0 for non-breaking waves.

The definition of breaking and non-breaking waves is different from plunging
and surging waves on a structure slope. A breaking wave in Formula 10 means
that the wave breaks due to the foreshore in front of the structure directly
on the armour layer. It does not describe the type of breaking due to the
slope of the structure itself.

No tests with random waves had been conducted, it was suggested to use H; in
Eq. 10. By 1984 the advice given was more cautious. The SPM now recommends
H = H,y, being the average of the highest 10 percent of all waves. For the case
considered above the value of K; for breaking waves was revised downward from
3.5 to 2.0 (for non-breaking waves it remained 4.0). The effect of these two
changes is equivalent to an increase in the unit stone mass required by a

factor of about 3.5!
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The main advantages of the Hudson formula are its simplicity, and the wide

range of armour units and configurations for which values of K, have been

derived. The Hudson formula also has many limitations. Briefly they include:

- Potential scale effects due to the small scales at which most of the tests
were conducted,

- The use of regular waves only,

- No account taken in the formula of wave period or storm duration,

- No description of the damage level in the formula,

- The use of non-overtopped and permeable core structures only.

Based on earlier work of Thompson and Shuttler (1975) an extensive series of
model tests was conducted at Delft Hydrauliecs (Van der Meer (9188a), Van der
Meer (1987), Van der Meer (1988b)). The tests included structures with a wide

range of core/underlayer permeabilities and a wider range of wave conditions.

Wave conditions are given principally by the incident wave height at the toe
of the structure, Hi, usually as the significant wave height, H, (average of
the highest 1/3 of the waves) or Hyy (44/m;, based on the spectrum); the mean
or peak wave periods, T, or T,; the angle of wave attack, B, and the local
water depth, h. The mean period T, is used in this paper. The wave period is
often written as a wave length and related to the wave height, resulting in
a wave steepness. The wave steepness, s, can be defined by using the deep

water wave length, L = gT3/2=n:
Seq = 27H,/gT? (11)

If the wave height in front of the structure is used in Eq. 11, a fictitious
wave steepness is obtained. This steepness is fictitious because H; is the
wave height in front of the structure and L, is the wave length on deep water.
The most useful parameter describing wave action on a slope, and some of its

effects, is the surf similarity or breaker parameter, &;:

€p = tana/\sq (12)
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The surf similarity parameter has often been used to describe the form of wave
breaking on a beach or structure. Small values (< 0.5) give spilling waves on
a beach, intermediate values (0.5-2) give plunging (breaking) waves and larger
values give surging (non-breaking) waves. The transition from plunging to
surging (£, = 2) is called collapsing waves.

The acceptable limits of S depend mainly on the slope angle of the structure.
For a two diameter thick armour layer the values in Table 1 can be used. The
initial damage of S = 2-3 is according to the criterion of the Hudson formula
which gives 0-5X% damage. Failure is defined as exposure of the filter layer.
For S values higher than 15-20 the deformation of the structure results in an

S-shaped profile and should be called dynamically stable.

The behaviour of the structure can be described by a few parameters. Stati-
cally stable structures are described by the development of damage. This can
be the amount of rock that is displaced or the displaced distance of a crown
wall. Dynamically stable structures are described by a developed profile. The
damage to the armour layer can be given as a percentage of displaced stones
related to a certain area (the whole or a part of the layer). In ths case,
however, it is difficult to compare various structures as the damage figures
are related to different totals for each structure. Another possibility is
to describe the damage by the erosion area around swl. When this erosion area
is related to the size of the stones, a dimensionless damage level is presen-
ted which is independent of the size (slope angle and height) of the struc-
ture. This damage level is defined by:

S = Aq¢/Daso’ (13)
where:

S = damage level

A, = erosion area around swl

A plot of a structure with damage is shown in Fig. 2. The damage level takes

into account settlement and displacement. A physical description of the

damage, S, is the number of squares with a side D50 which fit into the erosion
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area. Another description of S is the number of cubic stones with a side of
D,so eroded within a D_ 5o wide strip of the structure. The actual number of
stones eroded within this strip can be more or less than S, depending on the
porosity, the grading of the armour stones and the shape of the stones.
Generally the actual number of stones eroded in a Dy5q wide strip is equal to
0.7 to 1 times the damage S.

The permeability of the structure has influence on the stability of the armour
layer. The permeability depends on the size of filter layers and core and can
be given by a notional permeability factor, P. Examples of P are shown in
Fig. 3, based on the work of Van der Meer (1988a). The lower limit of P is an
armour layer with a thickness of two diameters on an impermeable core (sand
or clay) and with only a thin filter layer. This lower boundary is given by
P = 0.1. The upper limit of P is given by a homogeneous structure which con-
sists only of armour stones. In that case P = 0.6. Two other values are shown
in Fig. 3 and each particular structure should be compared with the given
structures in order to make an estimation of the P factor. It should be noted

that P is not a measure of porosity!

Two formulas were derived by Van der Meer (1988) for plunging and surging

waves respectively. These formulas may be written as:

for plunging waves:

H,/AD,, = 6.2 P°2® (S//N)°-2 g°5 (14)
and for surging waves:

H,/AD,, = 1.0 P33 (5//N)°-2 Jcota & (15)

The transition from plunging to surging waves can be calculated using a criti-

cal value of §,:

£ = [6.2 P*3 JEana) 1/ ®0.8) e
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For cota =2 4.0 the transition from plunging to surging does not exist and
for these slope angles only Eq. 14 should be used. The notional permeability
factor P is shown in Fig. 3. The factor P should lie between 0.1 and 0.6.
Design values for the damage level S are shown in Table 1. The level "start"
of damage, S = 2 - 3, is equal to the definition of "no damage" in the Hudson
formula, Eq. 10. The maximum number of waves N which should be used in Egs.
14 and 15 is 7500. After this number of waves the structure more or less has
reached an equilibrium. The wave steepness should lie between 0.005 < s <
0.06 (almost the complete possible range). The relative mass density varied
in the tests between 2000 kg/m® and 3100 kg/m®, which is also the possible
range of application.

The reliability of the formulas depends on the differences due to random beha-
viour of rock slopes, accuracy of measuring damage and curve fitting of the
test results. The reliability of the Formulas 14 and 15 can be expressed by
giving the coefficients 6.2 and 1.0 in the equations a normal distribution
with a certain standard deviation. The coefficient 6.2 can be described by a
standard deviation of 0.8 (variation coefficient 6.5%) and the coefficient 1.0
by a standard deviation of 0.8 (8%). These values are significantly lower than
that for the Hudson formula at 18X for K, (with mean K of 4.5). With these
standard deviations it is simple to include 90X or other confidence bands.

Equations 14 - 16 are more complex than the Hudson formula 10. They include
also the effect of the wave period, the storm duration, the permeability of

the structure and a clearly defined damage level. This may cause differences
between the Hudson formula and Eqs. 14 - 16, which has been described in the
next section. Nevertheless, it is more difficult to work with Egqs. 14 - 15.

For a good design it is required to perform a sensitivity analysis for all

parameters in the equations, as described hereafter.
COMPARISON OF HUDSON AND NEW FORMULAS

The H,/AD.5, in the Hudson formula is only related to the slope angle cota.

Therefore a plot of H,/AD.s; or N, versus cota shows one curve for the Hudson
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~ formula. Formulas 14 - 16 take into account the wave period (or steepness),

the permeability of the structure and the storm duration. The effect of these

parameters are shown in Fig. 4.

The upper graph shows the curves for a permeable structure after a storm
duration of 1000 waves (a little more than the number used by Hudson). The
lower graph gives the stability of an impermeable revetment.after wave attack
of 5000 waves (equivalent to 5 - 10 hours in nature). Curves are shown for
various wave steepnesses. Depending on the structure and wave parameters the
Hudson formula under or overpredicts the actual stability. Only for some cases
(Sog = 0.01 in upper graph and s,u = 0.05 in lower graph) both formulas give
the same stability.

DESIGN GRAPHS

Design graphs can be drawn using Formulas 14 and 15. In order to demonstrate
the influence of the different parameters the graphs are given for an assumed

structure. The properties of this structure are:

Nominal diameter Dpso = 1.0m

Mass density stone Pe = 2,600 kg/m®, that is W5, = 2,600 kg.

Mass density water Pw = 1,000 kg/m®, equivalent to a relative mass
density, A, of 1.6

Slope angle cota = 3.0

Damage level S = 5 (tolerable damage in 50 years)
Permeability P = 0.5 (permeable core, see Fig. 3c)
Storm duration N = 3000 waves

Influence of wave height, period and damage level

Most of the design graphs are shown on H, - £, plots. The wave height is
plotted on the vertical axis and the surf similarity or breaker parameter on
the horizontal. The breaker parameter takes into account the influence of

the wave period and slope angle. The damage levels S = 2 (start of damage),
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S = 5 and 8 (tolerable damage) and S = 12 (filter layer visible, failure) have
been plotted in Fig. 5. Formula 14 is plotted on the left side of the Figure

(plunging waves) and formula 15 on the right side (surging waves).

By using the assumed parameters for the structure given above, the plunging

wave curve for S = 5 can be found from Formula 14:

H, = 5.43 £2° (16)
and the surging wave curve from Formula 15:

H, = 1.88 §2° : (17)

The transition from plunging to surging waves is described by Equation 16.
This transition (collapsing waves) gives the minimum stability. In the
plunging region wave run-up is decisive for stability and in the surging
region wave run-down. In the collapsing region both run-up and run-down forces
are high which causes the minimum of stability.

nfluence of slope a e

Figure 6 shows the stability formulas for slope angles with cota = 1.5, 2.0,
3.0, 4.0 and 6.0. The left side (plunging waves) is given by one curve which
means that the breaker parameter is an excellent parameter in the breaking
wave region. For slopes gentler than 1l:4 surging waves do not occur. For
steeper slopes the minimum decreases, i.e. a lower wave height causes instabi-

lity, and the transition from plunging to surging waves shifts to the right.

Influence of permeability

Figure 7 shows the curves for values of the permeability coefficient. The
value of P = 0.1 (impermeable structure) gives the lower boundary and the
value of P = 0.6 (homogeneous structure) gives the upper boundary. The influ-
ence of the wave period for plunging waves (left side of Figure) shows the

same trend for all four structures, although a more permeable structure is
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more stable. A more permeable structure is also more stable for surging waves
(ép > 3.5), but the stability increases with larger wave periods. The curves

are steeper for larger permeability.

This phenomena can be explained in physical terms by the difference in water
motion on the slope. For a slope with an impermeable core, the flow is concen-
trated in the armor layer causing large forces on the stones during rundown.
For a slope with a permeable core, the water dissipates into the core, and the
flow becomes less violent. With lower wave periods (larger £,), more water can
percolate and flow down through the core. This reduces the forces and stabi-

lizes the slope.

The stability increases by moe than 35X as P shifts from 0.1-0.6 in relation
to the wave height. This means a difference of a factor of 2.5 in mass of
stone for the same design wave height. This is only caused by a difference in
permeability. This aspect is taken into account in the berm breakwater concept
(Baird and Hall, 1984) where a permeable berm is applied.

uence 0 d t

Figure 8 shows the damage level of S = 5 for different storm durations, i.e.
different numbers of waves. For §; = 2 and N = 1000 this damage level is rea-
ched with a wave height of H; = 4.3 m. For a very long storm (N > 7000) it is
reached with H; = 3.5 m. The storm duration is a parameter which only becomes
obvious when testing with random waves. For monochromatic waves equilibrium
is found within 1000 waves. This means that it is not so easy to use stablity
formulas developed with monochromatic waves for prototype conditions where the
waves are random. It is not simply a matter of replacing H by the significant

wave height H; or even a higher wave height.

Damage curves

Another graph which can be calculated from the formulas is the damage curve
in which the damage is plotted as a function of the wave height. Figure 9
gives the damage curves for two different values of wave steepness, Sog = 0.02
(S = 0.00907 H?, from Equation 14) and 0.05 (S = 0.00289 H;, also from Equa-
tion 14).

723




Preprints International Riprap Workshop 1993 J.W. van der Meer

CONCLUSIONS

0l1d stability formulas have been developed from a general stability formula
described in Sigurdsson (1962), including the Hudson formula.

New stability formulas have been developed, based on an extensive number of
random wave tests. These formulas have been compared with the Hudson formula

and give a more accurate description of stability of rock and riprap slopes.

The graphs in Figures 5 to 9 give a good impression of the influence of all
the governing parameters on stability. Formulas and graph plotting have been
programmed on a personal computer. This makes it very easy for the designer
to design the armor layer of a rubble mound breakwater or revetment and to

look into the effects of various changes on stability and possibilities for
improving design.
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14
Slope Initial damage | Intermediate damage Failure
1:1.5 2 3-5 8
1:2 2 4-6 8
1:3 2 6-9 12
1:4 3 8-12 17
1:6 3 8-12 17

Table 1 Design values of S for a two diameter thick armor layer
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Fig. 1 Schematisation of incipient instability
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DnsoA/DnsoF =2
Dnso A/DnsoF = 45 DnsoF/Dnso C =4

DnsoA/DpsoC= 3.2

DnsoA = nominal diameter of armour stone
DnsoF = nominal diameter of fitter material
DnsoC = nominal diameter of core

Fig. 3 Notional permeability factor P for various structures
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LOW-CRESTED RUBBLE MOUND STRUCTURES

J.W. van der Meer
Delft Hydraulics, P.O. Box 152,
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K.W. Pilarczyk
Rijkswaterstaat, P.O. Box 5044
2600 GA Delft, The Netherlands

ABSTRACT

Low-crested structures can be classified into three categories: dynamically
stable reef breakwaters, statically stable low-crested structures with the
crest above SWL and statically stable submerged structures. This paper
presents practical design formulas and graphs with respect to the stability
for each of the three classes mentioned above. In addition, formulas were
developed to predict wave transmission over low-crested rubble mound struc-
tures, taking into account the crest height and width, wave height and wave
steepness. Most available data sets of various investigations from all over
the world were re-analysed in order to produce the design formulas. The

reliability of each formula was described.

INTRODUCTION

In many cases of rubble mound structure design a certain degree of overtop-
ping is acceptable leading to considerable savings on the quantity of mate-
rial being used. Other structures are so low that also under daily condi-
tions the structure is overtopped. Structures with the crest level around
SWL and sometimes far below SWL will always allow overtopping and

transmission.
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It is obvious that if the crest level of a structure is low, wave energy
can pass over it. This brings about two effects. Firstly the armour on the
front side can be made less heavy compared with a non or marginally over-
topped structure, due to the fact that part of the energy is lost caused by

overtopping.
The second effect is that both the crest and rear should be armoured in

such a way that it can withstand the attack by overtopping waves. For rock
structures often the same armour is applied on front face, crest and rear.
The methods to establish the rock armour size for these structures will be
given first. These methods, however, do not hold for structures with an
armour layer of concrete units. In those cases it may even be possible that
heavier armour wunits are required on the rear than on the front side. For
those structures physical model investigations may give an acceptable solu-

tion. Next, the other design aspect, wave transmission, will be dealt with

in this paper.

The complete re-analysis of the data on stability can be found in Van der
Meer (1990a). A summary was presented by Van der Meer and Pilarczyk (1990).
The data sets on wave transmission are described in Van der Meer (1990b),
the analysis leading to practical formulas in Daemen (1991). A summary on

transmission was presented by Van der Meer and d'Angremond (1991).

This paper summarizes both the stability and the transmission. The analysis
of data has not been described, but only the final results such as design

graphs and formulas, including their reliability.

CLASSIFICATION OF LOW-CRESTED STRUCTURES
Low-crested rock structures can be divided into three categories: dynami-
cally stable reef breakwaters, statically stable low-crested structures

(with the crest above the still water level, SWL) and statically stable

submerged breakwaters.
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A reef breakwater is a low-crested homogeneous pile of stones without a
filter layer or core which is allowed to be reshaped by wave attack (Fig.
1). The initial crest height is just above the water level. Under severe
wave conditions it is allowed that the crest height subsides to a certain
equilibrium crest height. The equilibrium crest height and corresponding

wave transmission are the main design parameters.

Statically stable low-crested breakwaters are close to non or marginally
overtopped structures, but are more stable due to the fact that a (large)

part of the wave energy can pass over the breakwater (Fig. 2).
All waves overtop statically stable submerged breakwaters and the stability

increases remarkably as the crest height decreases (Fig. 3). It is obvious

that the wave transmission is substantial at these structures.

DESCRIPTION OF DATA SETS

A number of studies on stability and wave transmission has been published
with enough details to make a comparison with other studies wuseful and
possible. All data selected, except for one, were obtained with random-wave
testing. Data and references based on monochromatic waves were mnot taken
into account as they were found to be too far from reality were random
waves are present. A short description of the data sets will be given in

the following.

A very extensive investigation on stability of rock slopes and gravel bea-
ches was performed at Delft Hydraulics between 1983 and 1987. The (basic)
background and all test data were described in Van der Meer (1988). A part
of the study aimed at stability and transmission at low-crested break-
waters. These tests cover all three structure types described above (reef

type, low-crested above SWL and submerged).

Ahrens (1987) described the stability and transmission at reef type break-
waters, see Fig. 1. During his tests on wave transmission it may well be
possible that the crest height had changed, which makes it difficult to
choose the correct crest height for that test. The crest height from
Ahrens” tests used in this paper is the height measured after the test.
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Ahrens performed a large number of tests on stability and transmission at
these structures and presented a formula for the equilibrium crest height.
Hearn (1987) gives a more extensive analysis of Ahrens’ data, and she deve-

loped a design formula for wave transmission.

Powell and Allsop (1985) describe the hydraulic performance of low-crested
breakwaters with the crest above SWL, including transmission. Only a small

damage, namely displacement of some rocks was allowed during design condi-
tions.

Givler and S¢rensen (1986) described about 45 tests on the stability of
submerged breakwaters. The tests were performed with periodic waves and
included both a large range of wave heights and wave periods. This was the

reason to select this case as other datasets with random waves were not
available. The damage at the crest was measured and the damage criteria for

design are similar to conventional breakwaters (no or only 1little damage

allowed). Only the results on stability are re-analysed in this paper.

Seelig (1980) has measured wave transmission for a large number of struc-
ture cross-sections, mostly with periodic waves, but also with random
waves. For the reason described above only the random wave data have been

considered. This data set was only used for wave transmission.

Three types of structures were tested by Daemrich and Kahle (1985), all
with the crest at or below the water level. Only wave transmission was
observed during the tests.

Finally, Daemen (1991) described tests on wave transmission at statically

stable structures with the crest around SWL. Tests were performed with

constant wave steepness and various crest levels and wave heights.

STABILITY OF LOW-CRESTED STRUCTURES

Reef breakwaters

The analyses on stability by Ahrens (1987, 1989) and Van der Meer (1990a)

were concentrated on the change in crest height due to wave attack, see
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Fig. 1. Ahrens defined a number of dimensionless parameters which described
the behaviour of the structure. The main one being the relative crest
height reduction factor hc/hé. The crest height reduction factor hc/h; is
the ratio of the crest height at completion of a test, hc, to the height at
the beginning of the test, h;. The natural limiting values of hc/hé are 1.0

(no deformation) and 0.0 (structure not present anymore) respectively.

The wave height can be characterised by Hs/ADn50 (Van der Meer (1988)) or
NS (stability number: Ahrens (1987, 1989)).

= ' 1

H_/AD o = N_ (1)

where:

Hs = significant wave height, Hs or Hmo (Hmo = JAmo was used in this
study)

A = relative mass density; A = pa/pw -1

Pa = mass density of armour rock

P = mass density of water

W 1/3

Dn50 = nominal diameter of rock; Dnso - (Msolpa)

MSO = average mass (50%Z value on mass distribution curve)

m, = zeroth moment of wave energy demnsity spectrum

For the reef breakwater Ahrens found that a longer wave period caused more
displacement of the material than a shorter period. Therefore, he intro-
duced the spectral (or modified) stability number, Ng, defined by:

Nk = H 2/3 L 1/3
s s P

/8D (2)
where: Lp = the Airy wave length calculated using the peak period of the
wave energy density spectrum, Tp and the water depth at the toe of the
structure h. In fact, a local wave steepness is introduced in Eq. 2 and the
relationship between the stability number Ns and the spectral stability

number Ng can simply be given by:

-1/3 H /AD o X s -1/3 (3)

* =
Ns Ns x sp 50 P

hi : = the 1 1 wave steepness; s_ = H /L
where sp e loca e pness; o s/ 5
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That a longer wave period should give more damage than a shorter period is
not always true. Ahrens concluded that it was true for reef breakwaters
where the crest height lowered substantially during the test. It is, how-
ever, not true for non or marginally overtopped breakwaters (Van der Meer
(1987 or 1988)). The influence of the wave period in that case is much more
complex than suggested by Eq. 3.

The crest height (reduction) of a reef type breakwater can be described by:

= *
h, JAt/exp(aNs) (4)
where "a" = a coefficient and A, = area of structure cross-section.

Ahrens presented various equations for the coefficient a. The most recent

and refined one is given by Ahrens (1989):

o ' 1.5 2
a" = 0.046(h~h )/h + 0.2083(h /h)" "~ - 0.144(h /h)* + 0.4317/{B_ (5)

where:

h = water depth at structure toe and
2

Bn = At/DnSO (bulk number)

The structures of Van der Meer (1988) had other crest heights, water
depths, bulk numbers and slope angles than Ahrens  structures. A fit of
Eqs. 4 and 5 with these data showed that they could not describe these
additional data. The difference was large and results were presented in Van
der Meer (1990a). Eqs. 4 and 5, therefore, can only be used for reef type

breakwaters that are similar to Ahrens’ cross-sections.

Therefore all the data of Ahrens (1987) were re-analysed together with the
data of Van der Meer (1988). The complete analysis is given by Van der Meer
(1990a). The analysis showed that the breakwater response slopes C' (as
initially built) and C (after the test) had to be included. The breakwater
response slope is defined by:

12

1
C' =A_/h G

2
- and C = At/hc (6)

.
The final equation that was derived from the analysis is given by:
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h, = JAt/exp(ang) (4)

with "a" = -0.028 + 0.045C' + 0.034h!/h - 6.107° an (7)

] 1
and h, = h! if h_in Eq. 4 > h!.

The lowering of the crest height of reef type structures as shown in Fig.
1, can be calculated with Egs. & and 7. It is possible to draw design
curves from these equations which give the crest height as a function of
Ng or even Hs. An example of hc versus Hs is shown in Fig. 4. The reliabi-
lity of Eq. 4 can be described by giving the 90%Z confidence bands given by
hc + 10Z and is shown in Fig. 4.

Statically stable low-crested breakwaters above SWL

The stability of a low-crested conventional breakwater can be related to
the stability of a non or marginally overtopped structure. Stability for-
mulas as the Hudson formula or more advanced formulas (Van der Meer (1987,

1988)) can be used for example. The required rock armour diameter for an
overtopped breakwater can then be determined by application of a reduction

factor for the mass of the armour.

Data sets that could be used for analysis were a part of Ahrens’ data (with
small damage to the crest), Powell and Allsop (1985) and Van der Meer
(1988). Fig. 5 gives the damage curves of a part of Van der Meer s tests
with four crest heights, R;, and for a constant wave period of 1.7 s. From
this figure it is obvious that a decrease in structure crest height results
in an increase in stability, although the difference between no overtopping

and little overtopping (Rc = 0.125 m) is small.

Furthermore, from the tests it could be concluded that the wave period had
influence on the maximum relative crest level Rc/Hs. For higher values of
this Rc/Hs the structure behaved as a non-overtopping one. This can also be
explained in a physical way. A long period gives higher run-up on a slope
than a short period. Therefore more energy is lost by overtopping for a

long period at the same crest level as for a short period.
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The transition crest height where the increase in stability begins (given
as a Rc/Hs value) should in fact also be a function of the wave period (or
wave steepness). In Powell and Allsop (1985) a dimensionless crest height
R; was introduced which was used to describe wave transmission and which

included the wave steepness. The definition is given by:

R; = RC/HS ,lsop72n (8)

2
where: Bop ™ fictious wave steepness = 2m Hmo/ng .

Curve fitting showed that the transition crest height, where for lower
values the stability increases, can simply be described by:

R; = 0.052 or RC/Hs - 0.13/45op (9)

The average increase in stability (Hs/ADnS or Ng) for a structure with the

crest at SWL, in comparison with a nog—overtopped structure, is of the
order of 20-30 per cent. If the increase in stability is set at 25 per
cent, independent of wave steepness, and when a linear increase in stabi-
lity is assumed between R; = 0.052 and R; = 0, the increase in stability
can be described as a function of R; only (or Rc/H8 and sop)' see Fig. 6.
In addition, if the increase in Hs/ADnSO

reduction in required nominal diameter D

is not taken as a measure but the

n50° the final equation becomes:

Reduction factor for D o, = 1/(1.25 - 4.8 R;) (10)

for 0 < R; < 0.052

This final equation 10 describes the stability of a statically stable low-
crested breakwater with the crest above SWL simply by application of a
reduction factor on the required mass of a non-overtopped structure. Eq. 10
is shown in Fig. 6, for various wave steepnesses, and can be used as a
design graph. The reduction factor to be applied for the required nominal

diameter can be read from this graph (or calculated by Eq. 10).
An average reduction of 0.8 in diameter is obtained for a structure with

the crest height at the water level. The required mass in that case is a

factor 0.83 = 0.51 of that required for a non-overtopped structure.
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It is mnot really required to describe the reliability of the reduction
factor in Eq. 10. The reliability of Dn50 is about the same as for a non-
overtopped structure, i.e. the reliability depends on the stability formula
that is used to calculate the Dnso for a non-overtopped structure. These
reliabilities are described in Van der Meer (1988).

SUBMERGED BREAKWATERS

Ahrens (1987, 1989), Allsop (1983) and Powell and Allsop (1985) had always
during their tests an initial crest level at or above SWL. Only Van der
Meer (1988) and Givler and S¢rensen (1986) had initial crest heights below
SWL. The total amount of data is limited, however. Van der Meer (1988)
tested only a slope angle of 1:2 and Givler and S¢rensen (1986) tested only
a slope of 1:1.5. The seaward slope angle may have some influence on the
stability of the submerged structure. Therefore the description of sub-
merged structures here will be only valid for rather steep slopes, say
about 1:1.5 to 1:2.5.

The slope angle has large influence on non-overtopped structures. In the
case of submerged structures the wave attack is concentrated on the crest
and less on the seaward slope. Therefore, excluding the slope angle of
submerged structures, being a governing parameter for stability, may be
legitimate.

The stability of submerged breakwaters appeared only to be a function of
the relative crest height hé/h, the damage level S and the spectral stabi-
lity number Ng. The damage level S is defined by Van der Meer (1988).
Shortly, S = 2 means start of damage, S = 5 is moderate damage and S = 8-12
means severe damage (filter layer visible; not acceptable). Figs. 2 and 3

give examples of large S-values of 14.5 and 17.0. The final design formula
is given by:

h)/h = (2.1 + 0.1 5) exp(-0.14 N%) (11)
For fixed crest height, water level, damage level, and wave height and
period, the required ADnso can be calculated from Eq. 11, finally yielding

the required rock weight. Also wave height versus damage curves can be

derived from Eq. 1l1. Eq. 1l is shown as a design graph in Fig. 7 for four
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damage levels. The reliability of Eq. 1l can be described when the factor
2.1 is considered as arstochastic variable. The data gave a standard devia-
tion of 0.35. With this standard deviation it is possible to calculate the
90%Z confidence bands, using 2.1 + 1.64 * 0.35 in Eq. 11. Fig. 7 gives the
90Z confidence bands for S = 2. The scatter is quite large and this should

be considered during design of submerged structures.

WAVE TRANSMISSION AT LOW-CRESTED STRUCTURES

Governing variables

The most important variables with respect to wave transmission are summa-

rized here and explained in Fig. 8.

The crest height related to SWL, i.e. the crest freeboard is given by Rc.
In particular, if the size of the armour rock is large and the crest level
is close to SWL (i.e. Rc close to 0), the definition of the crest level is
crucial. From the existing data sets, it could not be verified in what way
the crest level was defined. For the test series of Daemen (1991), the
crest has been defined as the plane through the upper edges of the armour
units. The height of the structure is defined by hc. The crest width is
defined by B. The water depth in front of the structure is given by h. The

relationship between the parameters is: Rc = hc - h.

The size of the armour rock is introduced as the nominal diameter DnSO' The
wave heights are given by Hi and Ht' representing the incoming and trans-
mitted wave height respectively. Both values are expressed as Hs (mean of
highest one third of the waves), or Hmo (based on spectrum, 4{53). It must
be emphasized here, that Ht is not always Rayleigh-distributed. The wave
period, Tp, is used throughout this part on wave transmission, being the
peak period of the spectrum; the wave steepness sop is defined as Zan/gT;,
with Hs defined at the toe of the structure. The transmission coefficient
Kt is given by Kt - Ht/Hi. Finally, when discussing transmission of wave
energy, it may be necessary to account for the permeability of the struc-

ture.
Important references on wave transmission are Seelig (1980) and Madsen and

White (1976). Seelig (1980) describes a model for wave transmission, sup-

ported by many tests. Most of the tests were performed with monochromatic
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waves and the model was based only on these tests. Random wave tests showed
fairly good agreement when the mean wave height and the peak period were
used, but the model was not based on these random wave tests. Seelig (1980)
used the results of Madsen and White (1976) to describe the transmission ‘

through a breakwater. These results were only based on monochromatic waves

and basically for (very) long waves. Comparison with short waves gave large \
overpredictions in transmission coefficients (Kt = 0.16 versus 0.04).

The model of Seelig (1980) may be useful for design. In this paper it was
not used as it was too much based on monochromatic and long waves. However,
the tests with random waves of Seelig (1980) were part of the total data
set that was re-analysed (see for example Fig. 10).

Analysis with RC/H1 as main parameter

Van der Meer (1990b) attempted to analyse the existing data starting from
the assumption that the transmission coefficient Kt would largely depend on
a dimensionless crest height. The dimensionless crest height, was defined
in two ways, as: Rc/Hi, namely only related to the wave height, and as the
parameter R; (Eq. 8), which includes both wave height and steepness, wused
by Powell and Allsop (1985). However, they used the mean wave period Tm
instead of Tp, in calculating the wave steepness. It is stressed again that

in this part on wave transmission only the peak period is used.

From the analysis with RC/Hi and R; versus Kt it could in general be con-
cluded that the parameter R; is not better than Rc/HI as long as the whole

range of relative crest levels is considered. Only for positive values of

R; (2 0.025) the results are better than with Rc/Hs'

Another phenomenon was found from Ahrens” (1987) data. Plotting all data of
Ahrens obtained for one particular wave period against the relative crest
height, a wide scatter of Kt was observed for high wvalues of Rc/Hi (see
Fig. 9). A closer analysis shows that this scatter is mainly due to the
occurrence of low wave heights, having roughly the same dimensions as the

rock. Apparently low (and relatively long) waves travel easily through the
top of the structure.

Combining all data, and plotting the transmission coefficient against the
relative crest height, Fig. 10 is obtained. As expected, the result shows
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considerable scatter, but a clear trend can be observed. Part of the
scatter can be attributed to the influence of the wave period and part to
the influence of extrémely small waves, while crest width and permeability

may also have some influence.

The average value of Kt for -2 < Rc/Hi < -1 is about 0.8. Except for the
triangles (Ahrens’ data, small wave heights), the average value of Kt
for 1 < Rc/Hi < 2 1is about 0.1. Between these ranges the value of Kt
decreases almost linearly with Rc/Hi' Based on this simple analysis the

following formula for wave transmission can be proposed:

For: -2.0 < Rc/Hi < -1.13 Kt = 0.80
For: -1.13 < RC/Hi < 1.2 Kt = 0.46 - °°3RC/H1 (12)
For: 1.2 < Rc/Hi < 2.0 Kt = 0.10

This curve is shown in Fig. 10 as well. The scatter is large which means
that the formula can be simple. It means also that for application this
large scatter should be taken into account. The standard deviation of Kt
amounted to a(Kt) = 0.09 and was assessed from the graph, assuming a normal
distribution. This means that the 90 per cent confidence levels are given
by Kt + 0.15. It is evident that for large negative values of Rc/Hi’ Kt
should approach 1, and for large positive values of Rc/Hi a value close to

~ 0. The 90 percent confidence levels are given in Fig. 10.

For design purposes, however, the scatter is a serious drawback. After all,
an accurate forecast of wave transmission may lead to considerable savings
by reducing the total height of the structure. Therefore, it was decided to
perform additional tests and to continue the efforts towards a better

expression for wave transmission.

Analysis with Rc' 50 and Dn50 as main parameter

In order to study the wave transmission process further, additional tests
were carried out by Daemen (1991). The results of the tests are presented
in Fig. 11 where a distinction has been made between the two wave steepness

values of SOP = 0.02 (long waves) and 0.04 (short waves).

Until now, wave transmission is being described in the conventional way as

a function of Rc/Hi' It is not clear, however, that the use of this combi-
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nation of crest freeboard and wave height produces similar results with, on
the one hand cpnstant Rc and variable Hi’ and on the other variable Rc and
constant Hi' Moreover, when Rc becomes zero, all influence of the wave
height is lost, leading to a large scatter in the graph at RC = 0. There-
fore, it was decided to separate Rc and Hi'

There is a direct relationship between the design wave height and the size
of armour rock, which is often given as the stability factor HS/ADnSO. It
can be concluded that the nominal diameter of the armour rock will charac-
terise the rubble mound structure. It is, therefore, also a good parameter

to characterise both the wave height and the crest height in a dimension-
less way.

The relative wave height can then be given as Hi/DnSO’ in accordance with
the stability factor, and the relative crest height as Rc/DnSO’ being the
number of rocks that the crest level is above or below SWL. Moreover, a
separation into H1/Dn50 and Rc/Dnso enables a distinction between various
cases. For example low Hi/DnSO values (smaller than 1 to 2) produce 1low
waves travelling trough the crest and high Hi/DnSO values (3 to 5) yield

situations under extreme wave attack. Finally, Dn50 can be used to describe

other breakwater properties such as the crest width B. This yields the \

parameter B/DnSO'

The primary parameters for wave transmission can now be given as:

Relative crest height : R /D

c’ "n50
Relative wave height : Hi/DnSO
Fictitious wave steepness: sop
and possibly : B/Dnso

Fig. 12 shows the wave transmission versus Rc/Dnso for the data of Van der
Meer (1990b) and the tests of Daemen (1991). The data are grouped by con-
stant wave steepness, sop' Straight lines are drawn through the points with
the same wave steepness. Fig. 12 makes clearly visible that a lower wave
steepness (or a longer period) results in a larger transmission coeffi-
cient. This is true for the whole area of Rc/DnSD’ except for large posi-

tive and negative values. Furthermore, the lines in Fig. 12 are parallel to
each other.

) um BN B WD S wr .
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The general trend of the wave transmission coefficient, going £from high
positive wvalues of Rc/DnSO to high negative values, is that the transmis-
sion coefficient first remains low, then increases in the area of Rc/DnSO
between +2 and -2 and finally remains high. Theoretically, the increasing
wave transmission coefficient will be expressed by a smooth curve from 0
for very high crest heights to 1 for very low crest heights. The most
important area, how.ver, is the area where the transmission increeses
rapidly. For the sake of simplicity it is assumed that this area can be
described by straight lines as shown in Fig. 12.

This means that a linear relationship is assumed in the area of RC/Dnso
roughly between +2 and -2. The wave transmission can now be described as:

K, = aRc/D b (13)

t ns0 ¥

In this equation "a" determines the slope of the line and "b" gives the
value of Kt at RC/Dnso = 0. From Fig. 12 it can already be concluded that
the wave steepness s__ is only present in the coefficient "b" and not in

the coefficient "a" (the lines in Fig. 12 are parallel).

Fig. 13 shows the data of Daemen (1991) with a constant wave steepness of
sop = 0.02 and various classes of relative wave heights. In fact, Fig. 13
shows the influence of the relative wave height Hi/Dnso on wave transmis-
sion. From this Fig. 13 it can be concluded that for Rc/DnSO < -1 a larger
Hi/DnSO produces smaller wave transmission. For Rc/Dnso > -1 the opposite

occurs: a larger Hi/DnSO gives larger wave transmission.

This phenomenon can be explained in a physical way. On a low-crested break-

water, where RC/D is positive, the transmission is primarily determined

n50
by overtopping and thus by wave runup. In this area of Rc/DnSO a larger
relative wave height yields a higher runup, thus more overtopping and hence

a larger transmission coefficient. On a submerged breakwater, where Rc/DnSO
is negative, higher waves will be more affected by the structure whereas

small waves pass unhindered. In this case a larger relative wave height

results in a smaller transmission coefficient.

Fig. 14 gives the values of the transmission coefficient which holds for
high (above SWL) and low (submerged) relative crest heights, outside the
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range given by the curve of Eq. 13. Fig. 14 shows that both the maximum and
minimum transmission are independent of the relative wave height Hi/DnSO

Based on Fig. 14 the following minimum and maximum values were derived:

Conventional breakwaters:

Minimum: Kt = 0.075; maximum: Kt = 0.75 (14)

Reef type breakwaters:

Minimum: Kt = 0.15; maximum: Kt = 0.60 for Rc/Dn50 > =2 (15)

linearly increasing to

K, = 0.80 for R_/D

t: c¢/“n50 © =6

Final results on wave transmission

The final outcome of the analysis on wave transmission, including the data

of Daemen (1991), was a linear relationship between the wave transmission

coefficient Kt and the relative crest height Rc/DnSO' which is wvalid

between minimum and maximum values of Kt’ In Fig. 15 the basic graph is
shown. The linearly increasing curves are presented by:

K, =aR/D.o+b (13)

with: a = 0.031 H,/D ., - 0.24 (16)

Eq. 14 is applicable for conventional and reef type breakwaters. The coef-

ficient "b" for conventional breakwaters is described by:

b=-542 s+ 0.0323 H,/D_., -0.0017 (8/D_..)':%* + 0.51 (17)
: op ‘ i““n50 n50 :

vli

and for reef type breakwaters by:

b=-2.6 sop - 0.05 Hi/DnSO + 0.85 (18)

Permeability of the structure (underneath the armour layer) did not show

significant influence. In the cases described in this paper most wave

transmission is caused by overtopping or by waves travelling through the

layer on the crest. The minimum and maximum values are described by
Egs. 14 and 15.

armour

749




Preprints International Riprap Workshop 1993 J.W. van der Meer

Validation and reliability of formula on wave transmission

The analysis was based on various groups with constant wave steepness and a
constant relative wave height. The validity of the wave transmission for-
mula (Eq. 13) corresponds, of course, with the ranges of these groups. The
formula is valid for:

1< Hi/D < 6 and 0.01 < sop < 0.05

n50
Both upper boundaries can be regarded as physically bound. Values of
Hi/DnSO > 6 will cause instability of the structure and values of sop >
0.05 will cause waves breaking because of steepness. In fact, boundaries
are only given for wave heights which are too 1low relative to the rock

diameter and for very low wave steepnesses (low swell waves).

The formula is applicable outside the range given above, but its reliabi-
lity is lower. Fig. 16 shows the measured wave transmission coefficient
versus the calculated one from Eq. 13, for various data sets of conventio-
nal breakwaters. The reliability of the formula can be described by assu-
ming a normal distribution around the line in Fig. 16. With the restriction
of the range of application given above, the standard deviation amounted to
o(Kt) = 0.05, which means that the 90 per cent confidence 1levels can be
given by Kt + 0.08. This is a remarkable increase in reliability compared
with the simple formula given by Eq. 12 and Fig. 10, where a standard
deviation of a(Kt) = 0.09 was given. The 90 percent confidence levels are

also given in Fig. 15.

The reliability of the formula for reef-type breakwaters is more difficult
to describe. If only tests are taken where the crest height had been low-
ered 1less than 10 per cent of the initial height hc, and the test condi-
tions lie within the range of application, the standard deviation amounts
to °(Kt) = 0.031. If the restriction about the crest height is not taken

into account the standard deviation amounts to o(Kt) = 0.054.
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CONCLUSIONS

Low-crested rubble mound structures can be divided into three categories:
dynamically stable reef breakwaters; statically stable low-crested break-
waters (RC/Hs > 0) and statically stable submerged breakwaters. Waves over-

top these structures and the stability increases remarkably if the crest
height decreases.

The stability of reef breakwaters is described by Eqs. 4 and 7. Design cur-

ves can be drawn with the aid of these equations. An example is given in
Fig. 4.

The stability of a low-crested breakwater with the crest above SWL is first
established as a non-overtopped structure. Stability formulas derived by
Van der Meer (1987, 1988) can be used. The required rock diameter for an
overtopped breakwater can then be determined by application of a reduction

factor, given by Eq. 10. Design curves are shown in Fig. 6.

The stability of submerged breakwaters depends on the relative crest
height, the damage level and the spectral stability number. The stability
is described by Eq. 11 and a design graph is given in Fig. 7.

A formula was described for wave transmission at low-crested structures.
The outcome of this formula was a linear relationship between the wave
transmission coefficient Kt and the relative crest height Rc/DnSO’ which is
valid between minimum and maximum values of Kt' In Fig. 15 the basic graph
is shown. The linearly increasing curves are presented by Eqs. 13, 16 and

17 (conventional breakwvaters) or 18 (reef type). The minimum and maximum
values of Kt are given by Egs. 14 and 15.
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APPENDIX II NOTATION

coefficients

area of structure cross-section
width of structure crest

bulk number, Bn - At/D;50
breakwater response slope, after and before a test, Eq. 6
nominal diameter, Dnso = (Mso/pa)l/3
gravitational acceleration

water depth at toe of structure
structure height, after and before a test

incident wave height, Hmo of Hs

significant wave height, AJEE

significant wave height, mean of highest one third of the waves
transmitted wave height, HmO or Hs

transmission coefficient, Kt = Ht/Hi

local wave length

50Z value on mass distribution curve

zeroth moment of wave energy density spectrum

stability number, N = HS/ADn50
spectral stability number
notional permeability factor
crest height above SWL
dimensionless crest height

wave steepness, B ZﬂHs/gT;
local wave steepness

damage level

peak wave period

slope angle

buoyant mass density, A = pa/pw -1
mass density rock, water

standard deviation of normal distribution
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The

REPRINT SALES SUMMARY

stability of low-crested structures such as dynamically stable reef

breakwaters, low-crested structures with the crest above SWL and submerged

structures has been described. Wave transmission at low-crested structures

is given in design formulas. The reliability of all formulas has been des-
cribed.
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Waves, transmission, stability, rubble structures, reef, armour, submerged.
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Example of reef type breakwater

Example of low-crested breakwater

Example of submerged breakwater

Design graph of reef type breakwater

Influence of crest height on damage curves (from Van der Meer (1988))
Design graph with the reduction factor for the rock diameter of a low-
crested structure (Rc < 0) as a function of relative crest height and
wave steepness

Design curves for a submerged structure with 902 confidence bands

for S = 2

Governing variables related to wave transmission

Influence of wave height on transmission. Data of Ahrens (1987),

Tp = 1.45 s

Wave transmission versus relative crest height. All data with 90%
confidence bands

Wave transmission data of Daemen (1991)

Wave transmission versus Rc/DnSO' Data of Van der Meer (1990b) and
Daemen (1991)

Influence of relative wave height on wave transmission for constant
wave steepness of sop = 0.02

Minimum and maximum wave transmission

Basic graph for wave transmission with 90%Z confidence bands

Calculated versus measured wave transmission for conventional break-

waters
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BOUNDARY STRESS AND STABILITY OF RIPRAP
AT BRIDGE PIERS

A.C. Parola
University of Louisville, Civil Engineering Dept.
Louisville, Kentucky, USA
Introduction

Erosion of foundation material by flood waters is the most frequent cause of catastrophical
bridge failure in the United States (Makowski et al. 1990). Bridge piers induce strong secondary
currents that increase local boundary stress. Consequently, erosion and sediment transport
capacity of the secondary currents are substantially larger than in unobstructed flow resulting in
the formation of local scour holes in streambeds surrounding pier foundations. Often local scour
in combination with general and constriction scour degrade the streambed to the extent that
foundations are undermined causing settlement and, in some cases, collapse of supported bridge
spans.

Riprap commonly is placed on the streambed surrounding piers to protect the streambed
from the local secondary currents induced by piers. The placement of riprap significantly
changes the local flow conditions and resulting boundary stresses. The size of the riprap must
be substantially larger than the riprap used to protect streambeds in unobstructed flow due to the
locally high boundary stresses around piers.

Flow Field Induced by Bridge Piers

Local scour of the streambed around a pier results from 1) locally high boundary stresses,
2) locally high seepage gradients, and 3) diversion of bedload sediment (Hjorth 1975). These
effects are produced by a combination of flow constriction, downflow in front of the pier and the
associated horseshoe vortex system, and wake vortex systems as shown in Figure 1. The
constriction of streamlines, principally two-dimensional except in a region close to the pier,

causes convective flow acceleration. The flow acceleration is enhanced by the lowering of
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pressure in the wake region of the pier by wake vortices. Near the streambed, the convective
acceleration is further enhanced by the presence of the downflow on the upstream face of the
pier. The approach flow limiting streamlines, shown in Figure 1, are pushed upstream and away
from the pier by the momentum of the downflow fluid.

The dov-..flow, resembling half of a vertical jet, occurs on the upstream face of piers.
This downflow results from the vertical velocity gradient of the approaching flow (Moore and
Masch 1963) and the curvature of streamlines (Tison 1937, from Hjorth 1975). The impingement
of the downflow on the streambed can form an area of relatively high boundary stress compared
to boundary stress of the surrounding streambed. The downflow rolls up into a complex vortex
system upstream of the pier. The vortex system was explained qualitatively in terms of the
change in circulation caused by piers in shear flows by Shen et al. (1966). The jet is deflected
upstream by the pier and streambed, causing an upstream flow separation and a forced vortex
system.

Another effect of the downflow jet and the consequential separation of flow on the bed
upstream of piers is the deflection of approach flow limiting streamlines. The fluid near the
streambed of the approaching flow is diverted around the region of the horseshoe vortex system
and the bedload sediments transported by this fluid are also diverted (Hjorth 1975), as shown by
the hypothetical trajectory of sediment particles in Figure 1. Hypothetically, even if the boundary
stress under the vortex system is equal to the boundary stress on the surrounding bed, net erosion
still would occur because any sediment removed from under the vortex could not be replaced by
inflowing sediment.

The wake vortex systems form in the separation regions on the sides of an downstream
from rectangular foundations and piers as shown in Figure 1. Similar wake vortices are
generated downstream of flow separations from cylindrical and round-nosed piers. At Reynolds
numbers (based on pier diameter) typical of flood flows, these wake vortices are unstable, are
shed alternately, and are convected downstream. Hjorth (1975) measured pressure variations in

the bed near flow separation points that were sufficient to cause local liquefaction of the
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streambed. Melville (1975) observed bursts of sediment particles exploding from the streambed
as wake vortices passed over those sediments. Melville (1975) hypothesized that the wake

vortices and horseshoe vortices are connected; although Dargahi (1987) found in his experiments

that wake vortices are shed at different frequencies than horseshoe vortices.
Boundary Stress at Bridge Piers

As a result of the flow field complexity around bridge piers, analytical and numerical
attempts to determine time-averaged boundary stresses have relied on a series of assumptions that
simplify the flow field considerably. Since direct measurement of boundary stresses in three-
dimensional boundary layers with a substantial adverse pressure gradient is extremely difficult,
simplifying assumptions are required to enable the use of velocity or pressure measurements to
estimate boundary stresses. Consequently, the accuracy of the boundary stresses reported is
qualitative, as stated by the investigators reporting boundary stresses measurements.

Breusers et al. (1977) and others analytically determined the maximum flow velocity for
the design of riprap protection as the two-dimensional approximation to inviscid flow
perpendicular to the axis of an infinitely long circular cylinder. The maximum velocity is located
on the cylinder surface along radii perpendicular to the undisturbed velocity direction and is 2
times the undisturbed velocity. Nicollet and Ramette (1971) observed that sediment particles at
the sides of model piers began to move at approach flow velocities equal to about 50% of the
velocities required to cause incipient motion of the streambed in the approach flow. As in most
experiments to determine scour depth, the experiments by Nicollet and Ramette (1971) were
conducted with the same bed material in the approaching flow as around the pier; therefore, the
effects of increased roughness caused by riprap on the flow field and resulting boundary stress

were not investigated. Other investigators ( Ettema 1980) obtained similar results for the initial

erosion at cylindrical piers in similar experiments.
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Melville (1975), Hjorth (1975), and Dargahi (1987) have attempted to estimate the spatial
distribution of average boundal& stresses on the bed surrounding piers from velocity
measurements or preston tube measurements. The basic assumptions in these estimations were
that 1) the velocity profiles in the flow with pressure gradients near the pier were similar to those
in the approaching flow and 2) the approaching flow streambed roughness was essentially the
same as that of the streambeds surrounding piers. Melville (1975) found that under plane bed
conditions, the maximum boundary stress was located on the streambed under the edge of the
wake zone downstream of the flow separation line and was approximately 3.5 times the boundary
stress far upstream of the pier. Melville's measurements showed that boundary stresses under the

horseshoe vortex region of flow were small until a scour hole developed. Melville conducted

similar experiments on scour holes of various depths. These measurements showed that the
location of maximum boundary stress shifted from downstream of the flow separation line on the
pier sides to the region under the horseshoe vortex as the scour hole depth was increased from
the plane bed condition.

Hjorth (1975) used preston tube measurements to approximate average boundary stresses
around circular cylinders and square cylinders of various widths on a fixed plane bed of
homogeneous roughness. He reported average spatial distributions of boundary stresses that
varied considerably in magnitude from those reported by Melville (1975). In one case, he
reported boundary stresses on the bed around a circular cylinder nearly 12 times those of the
approaching flow. Other measurements showed that rectangular piers with sides oriented parallel
to the approaching flow direction caused boundary stresses to increase by a factor of about 3 over
the undisturbed flow conditions. Square cylinders with the sides rotated 45 degrees to the
approach flow induced boundary stresses as high as 11 times those of the undisturbed flow.

Dargahi (1987) also used preston tube measurements to approximate the boundary stresses
around a model circular cylinder. He obtained mean boundary stresses of approximately 3.5
times those of the approaching flow in a zone extending upstream and downstream from the
region of flow separation. The boundary stress investigations by Hjorth (1975), Melville
(1975), and Dargahi (1987) did not include the effects of the variation in bed roughness from the
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approach flow to the region surrounding the pier. Because riprap substantially alters the
roughness and flow field and because the boundary stresses are very dependent on roughness in
high Reynolds number flow, the effect must be considered. Measurements required to estimate
boundary stresses in flows with high roughness are extremely difficult.

Parola (1990) measured the approach flow conditions that caused failure of model riprap
placed around piers on a plane bed and within scour holes for an approach flow streambed that
ranged in relative roughness from 0.004 to 0.4. With this information the maximum boundary
stress on the bed surrounding the pier was approximated assuming the maximum boundary stress
was equal to the critical boundary stress for incipient motion of the particles in uniform flow.

The critical stress was estimated from Shields equation

1.=C, (p,-p) 9D, )

where Tc = critical shear stress, Cs = the Shields parameter, ps = density of sediment, p = density

of water, g = gravitational acceleration, Dp = equivalent particle diameter around the pier. The
value of Cs=0.06 was chosen for the model riprap. '

The approaching flow boundary stress was approximated from the log velocity equation

U2
T, = P

o~ 2
[5.7510g (5.53 F")]2 &

o

Using the data of Parola (1990) and assuming T = TC, the ratio of maximum boundary stress
to approach flow boundary stress was plotted in Figure 2. Figure 2 shows that t_,_ /1, varies
considerably from about 1 to 18. The minimum increase in boundary stress was found under
conditions with very high approach flow relative roughness. The maximum increase in boundary
stress was found in the case of a relatively smooth approach flow roughness. The 18 fold
change in 1, /1, shows the variability of this quantity.

The ratio of maximum boundary stress computed above was plotted against the average
stagnation pressure of the approaching flow, pU?, in Figure 3. The boundary stress ranges from

0.01 pU” to 0.07 pU”. This analysis shows that the maximum boundary stress at the pier is
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dependent on the average velocity of the approach flow and is relatively independent of the

approach flow boundary stress.

Seepage Gradients

On the streambed near vertical separation lines, the local pressure variation on the
streambed can be substantial. Hjorth (1975) showed that the change in pressure along the
streambed can vary as much as pU? from the front comer of a pier to the side of the pier. Posey
(1973) realized that such seepage gradients would result in the removal of fine grain material

from beneath riprap protection and that a filter should be provided to prevent removal of the fine

grain materials

Stability of Riprap Around Rectangular Piers
Parola (accepted 1993) considered the effect of several dimensionless parameters on riprap

stability around rectangular piers aligned with flow. A demonsionless equation was written as

= d Yo Dp Do (3)
Nc .f( b’ b ] b ’ Yo)
where N, was defined as
P U: 4)

? - T s S
° (G, D,

Small-scale laboratory data for rectangular piers are shown in Figure 4 with the uniform

flow data of Neill (1967), the equation representing the conditions of "first movement" of gravel

given as
P U2 D 5
e ® o D8 (0N )
(v;-Y) D, Y,
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and the relation provided by Maynord et al. (1989) expressed as

v? D
L AT 2.0 (—=
(v,-Y) Dy, ) 48

)-020 6)

for riprap placed in straight channels. Figure 4 shows that riprap sizes must be 4 to 8 times
larger around the base of a rectangular pier than that required in uniform undisturbed flow.

Figure 5 shows the variation in N, with the relative depth of placement, d/b, and for

various values of relative rock size, &/D,. Negative values of d/b represent material mounded

around the pier and positive values of d/b represent cases where the riprap top surface was below
the streambed for riprap placed within scour holes. The increase in N, with scour depth was
expected; however, the increase in N, with increase in mound height was unexpected. The
mound of riprap may disturb the formation of vortices and the associated downflow by disrupting
the approach flow velocity gradient. The lowest value of N, occurred for material placed slightly
below the surrounding streambed and for rocks in the smallest size range.

In Figure 5, three ranges of 4/D,, are shown. The lowest values of N, are obtained at each
elevation within the scour hole for constant value of @/b. Lower bound lines are shown in Figure
5 for each range of 4/D,. These lines show that smaller rocks relative to the pier size are moved i
at lower values of N, than are larger rocks. One explanation of this behavior is that the larger |
rocks tend to dissipate the energy of the vortices and downflow. A similar explanation was
provided by Ettema (1980) concerning the effect of relatively large bed material on the formation
of scour holes. In addition, the size of vortices induced by a pier are a fraction of the pier width;
therefore, as riprap size approaches the pier width, the effectiveness of the pier-induced vortices

at dislodging riprap is diminished. Equations representing the minimum value of N, throughout

the range of d/b values are

b

| N, =08 for20< 2 <33 %)
| D, |
N =10 for7<-2 <14 @)
DP

i
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N, =12 fora<l <7 ©®)
p

The effect of relative flow depth and relative roughness of the approaching flow was not found

to be significant in the range of flow depths and roughness tested.

Stability of Riprap Around Cylindrical Piers
Breusers, Nicollet, and Shen (1977) recommended an equation for the size of riprap placed

around cylindrical piers that can be expressed as

2
eU,

{r.~71)

(10)

D,=2.83

Equation 10 was developed from the equation proposed by Isbash (1935) for predicting riprap
size given velocity and by using the observation of Hancu (1971) and Nicollet and Ramette
(1971), that erosion at a circular pier was initiated at a flow velocity equal to half the critical
velocity upstream of the pier irrespective of the diameter of the pier.

Bonasoundas (1973) recommended a relation for determining stone size for riprap

aroundcylindrical piers given by

D,(cm)=6-33U,+4U; (11)

Quazi and Peterson (1973) conducted a small-scale model study using a cylindrical pier
model and model riprap placed flush with the approach flow bed. Based on experimental results,

they presented the equation
2

P 14y (12)
(,~Y) D, ¥,
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The cylindrical pier data are shown in Figure 6. The data span a region bounded by the values
of N, obtained by Neill (1967) for uniform unobstructed flow, and by a line defined by a
minimum value of N, of 1.4 . Equation 5 (N.= 1.6 for velocities above 1 m/s) provides a good
estimation of the lower limit of N, except for two data points collected by Quazi and Peterson
(1973). Equation 10, however, overpredicts rock size by a factor of at least four. Figure 6 shows
that the critical conditions for a round-nosed pier and those for a cylindrical pier are not
significantly different.

Figure 6 also shows that the size of rocks placed around cylindrical or round-nosed piers
must be 2 to 3.6 times larger than that required for stability in uniform undisturbed flow for the
same flow conditions. These values correspond well to the maximum stress values measured by
Melville (1975) and Dargahi (1987).

Extent of Riprap Protection

The extent of riprap protection required is dependent on the overall conditions at the
bridge crossing and local factors. If the entire channel is expected to degrade, then the riprap at
the pier should be designed with this in mind. Local factors that should be considered are 1) the
extent of the high boundary stress region near the pier and 2) the extent to which sediment is
diverted around the pier.

Hjorth (1975) conducted experiments in which a thin layer of sediment was placed over
a plane bed on which a cylindrical pier was attached. Flow conditions in which the boundary
stresses were in excess of that required for ripples to form on the bed were established. In the
region of the streambed affected by the presence of the pier, the layer of sediment was removed.
He suggested that the area of which the plane bed was exposed should be protected. The
minimum region suggested for a cylindrical pier was given as shown in Figure 7.

Similar experiments were conducted by the author on a rectangular pier in which the angle
between the approach flow direction and the long axis of the pier was varied as shown in Figure
8. This figure shows that the riprap protection should extend upstream about 2 times the
projected length, L, of the pier normal to the flow direction, horizontally about 2L, and
downstream about 7 L. Protection of the region downstream of the pier is required if scour holes

downstream of the pier are unacceptable. The placement of riprap around the front of the pier
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prevents sediment from entering the wake zone. The wake vortices then become effective in

forming scour holes on the bed downstream of the pier if unprotected (Hjorth 1975).

Design Equations

Equations 7, 8, and 9 are recommended for use in determining the size of riprap to
provide protection to the streambed around rectangular piers, round-nos:d piers with significant
skew to the approaching flow, or piers that have rectangular foundations that are located near or
above the streambed. " A value of N =14 is recommended for cylindrical piers in which the
rectangular foundation is located well below the streambed, and for round-nosed piers that are
expected to remain aligned with flow and that have rectangular foundations located well below
the streambed. Additional research is required to determine the effect of 4/D, on size to reduce

riprap sizes required. The velocity used in these equations should be the vertically averaged

velocity of the flow approaching the pier. Riprap stability is sensitive to velocity increases, and
therefore, caution should be used when selecting a design safety factor. Rather than using a
safety factor, the author recommends tﬂat the rock size should be selected for that flood level
which is acceptable as causing .riprap instability. Although the elevation of placement of the
riprap was found to affect the riprap stability significantly, riprap size should not be reduced to
account for the placement elevation because the future elevation of the streambed may change
with time, causing a reduction in resistive capacity.

When riprap is in place around a pier, pressure fluctuations may still be adequate to
displace soil particles, especially fine sands or silty sands. The stability of those particles must
be considered. Bed particles can be retained if a geotextile filter is placed over the bed.
Applying the usual filter criteria (higher permeability than the protected soil as well as retention
of particles) may be impractical because the primary purpose of the filter is bed retention. A
filter should be selected to retain bed particles and then stability of the system should be checked
considering the stabilizing weight of the riprap over the filter. Sufficiently large uplift forces to
displace the overlying rock are unlikely to be mobilized under even completely clogged filters,

but an analysis of such uplift should be done to confirm stability.
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To protect the streambed from the secondary currents caused by a pier, the riprap must
be extended from the pier surface as shown in Figures 7 and 8. Because the extent of the pier
influence on the flow is sensitive to the projected length of the pier perpendicular to the flow

direction, all possible skew angles should be considered in determining the extent of protection.

Conclusions and Recommendations

Secondary currents induced by bridge piers cause high local boundary stresses, high local
seepage gradients, and sediment diversion from the streambed surrounding the pier. These effects
result in an increase in erosion capacity of the flow over unobstructed conditions. Riprap placed
around the pier to armor the streambed must be selected such that it can remain stable under the
boundary stresses created by the secondary currents. Riprap placed around a pier significantly
changes the roughness of the bed surrounding a pier and as a result changes the boundary stress

from those of the unprotected condition. Equations that relate riprap size to flow conditions were
presented.

Pressure fluctuations on the streambed near separation zones and under wake vortices
could cause streambed material to migrate through riprap protection. A properly designed filter
should be placed below riprap protection, especially near corners of rectangular piers and in the
region of wake vortices.

Riprap should be extended to cover regions of high boundary stresses and regions where
sediment is diverted from the streambed. The extent of the riprap required is sensitive to the
angle at which the approach flow makes with the axis of the pier; therefore, all likely angles of
attack should be considered when designing riprap protection.

Additional data are needed to more accurately describe the relation between relative rock
size and riprap stability, especially for rocks that are large relative to the pier. Also, the effect
of mounding riprap around a pier should be further investigated. Additional research should be
conducted on riprap placed around cylindrical piers to determine the effect of the parameters
investigated in this study for rectangular piers. Although the experiments of this study were
conducted without a bed load, the effects of bed load on riprap stability are envisioned to be
minor. Further studies are required to determine the effect of various factors such as bed

materials on which the riprap is placed, riprap gradation, placement methods, general lowering

of the streambed, ice, and debris. The equations presented should be used considering the

unknown effects of these factors.

781




- Preprints International Riprap Workshop 1993 A.C. Parola

References

Bonasoundas, M. (1973). "Flow structure and problem at circular bridge piers," Report No. 28,
Oskar V. Miller Institute, Munich Technical University, Munich, West Germany.

Breusers, H. N. C., Nicollet, G,, and Shen, H. W. (1977). "Local scour around cylindrical piers,"
Joumnal of Hydraulic Research, 15(3), 211-252.

Dargahi, B. (1987) . "Flow field and local scouring around a cylinder,” Bulletin No. TRITA-
VBI-137, Hydraulics Laboratory, The Royal Institute of Technology, Stockholm, €-weden.

Ettema, R. (1980). "Scour at bridge piers," dissertation presented to the University of Auckland,
Auckland, New Zealand, in partial fulfillment of the requirements for the degree of Doctor
of Philosophy.

Hancu, S. (1971). "Sur le calcul des affouillements locaux dans la zones piles du ponts,”
Proceedings, 3, 14th IAHR Congress, Paris, France.

Hjorth, P. (1975). "Studies on the nature of local scour," Bulletin Series A, No. 46, Department
of Water Resources Engineering, University of Lund, Sweden.

Isbash, S. V. (1935). "Construction of dams by dumping stones in flowing water," Translated
by A. Dorijikow, US Army Engineer District, Eastport, ME.

Makowski, D. B., Thompson, P. L., and Yew, C. P. (1989). "Scour assessment at bridges,"
Proceedings, ASCE National Conference on Hydraulic Engineering, New Orleans,

LA

Maynord, S. T, Ruff, J. F.,, and Abt, S. R. (1989). "Riprap Design," Journal of Hydraulic
‘Engineering, 115(7), 937-949.

Melville, B. W. (1975) "Local scour at bridge sites," Ph. D. Thesis, University of Auckland,
Auckland, New Zealand.

Moore, W. L. and Masch, F. D. (1963). "The influence of secondary flows on local scourat
obstructions in a channel," Proceedings, Federal Interagency Sedimentation Conference,
Miscellaneous Publication No. 970, Agricultural Research Service, U.S. Department of
Agriculture, Washington, DC, No. 36.

Neill, C. R. (1967). "Mean velocity criterion for scour of coarse uniform bed material,"
Proceedings, 12th IAHR Congress, Ft. Collins, CO, No. C-6, Vol. 3, C6.1-C6.9.
Nicollet, G. and Ramette, M. (1971). "Affouillements au voisinage de piles de pont cylindriques

circulaires," Proceedings, 3, 14th IAHR Congress, Paris, France, 315-322.

Parola, A. C. (1990). "Stability of niprap used to protect bridge piers," Ph.D. Thesis, The
Pennsylvania State University, University Park, PA.

Posey, C. J. (1981). "Test of scour protection for bridge piers," Journal of the Hydraulics
Division, ASCE, 100(HY12), 1773-1783.

Quazi, M. E. and Peterson, A. W. (1973). "A method for bridge pier riprap design," Proceedings,
First Canadian Hydraulics Conference, University of Alberta, Edmonton, Canada, 96-106.

Shen, H. W., Schneider, V. R, and Karaki, S. S. (1966). "Mechanics of local scour," Report
CER66HWS22, Colorado State University, Fort Collins, CO.

782



Preprints International Riprap Workshop 1993 A.C. Parola
Notation
u = average velocity of the approach flow at critical conditions (m/s)
Y, = depth of the approach flow (m)
k. = roughness of the approach flow bed (m)
SH = pier shape and orientation factor
b = pier width perpendicular to the direction of the approach flow (m)
k, = roughness of bed in the around pier (m)
D, = characteristic rock size in the approach flow bed (m)
Dy = rock size for which 30% by weight is finer (m)
d maximum depth of riprap top surface below stream bed (m)
D, = characteristic rock size around pier (m)
g = gravitational acceleration (9.81 m/s?)
p = fluid density (kg/m®)
P, = rock density (kg/m?®)
M = dynamic viscosity of fluid (kg/m s)
N, = stability number
L =

Project length of pier perpendicular to the direction of the upstream flow
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Figure 1. Flow Around a Rectangular Bridge Pier
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Figure 2. Maximum Boundary Stress Around a Rectangular Pier
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Figure 3. Maximum Boundary Stress Around a Rectangular Pier
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DESIGN TOOLS RELATED TO REVETMENTS
INCLUDING RIPRAP

K.W. Pilarczyk
Rijkswaterstaat, Road and Hydraulic Engineering Div.,
P.O. Box 5044, 2600 GA Delft, The Netherlands

Abstract

The increased world-wide demand for relatively low-cost and reliable
design methods for protective structures has resulted in preparing a set of
national and international guidelines for design, construction and mainte-
nance of hydraulic structures (dams, dikes, breakwaters, banks and revet-
ments). Because the riprap belongs mostly to the low-cost solutions, this
continued demand has also resulted in development of better design criteria
and measures to improve the stability of rock materials. Although existing
knowledge on this subject has still some limitations, it is useful to
systematize this knowledge and to make it available for international
community (designers and managers).

The paper reviews the basic design metodology and the existing (available)
international design documents related to riprap.

Introduction

The use of coarse materials, such as gravel and rubble, in civil
engineering practice is very common. There has been an increasing need in
recent years for reliable information on design methodology and stability
criteria of coarse materials exposed to wave and current action. This need
arises partly from an increase in the number and size of (closure-)earth
dams and the maintanance of old dams which have to be protected accordingly
to the higher safety standards, and partly from constructing of structures
at specific locations where they are exposed to more severe wave and
current attack (artificial islands, offshore breakwaters, waterways with
increased intensity and loading due to developments in navigation, etc.)
For countries where gravel or quarrystone is available these materials
usually are more economic for protection works than artificial materials
lixe concrete. However, the shortage of natural materials in certain
geographical regions and/or limited dimensions of natural rock have led to
the application of other types of protections such as concrete units,
gabions, nylon fabrics, sand/concrete bags or mattresses, etc.
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The stability of protective structures subject to currents and wave attack
is a complex problem. The understanding of hydraulic processes/interactions
and various failure mechanisms is still in rudimentary stage, and it is not
yet possible to describe many important phenomena and their interactions by
theory. We are still in the phase of formulating general concepts and
trying to test their validity and practical applicability.

While 1laboratory investigations provide a means for gaining further
understanding of interaction processes between external factors and the
protective components, the solution of many practical engineering problems
cannot wait until complete understanding of these processes is obtained.
Therefore, existing knowledge on this subject (though limited) should be
systematized and made available for designers.

The present paper presents a short review of design (national and
international) documents, design methodology and criteria. The relevant
additional literature is mentioned in references. Special attention is paid
to the developments in the Netherlands where, due to the specific circum-
stances (protection of low-lying country against water), the high safety
standards and high quality of the design codes are required. Most of these
developments are already included in the international documents (ie.PIANC),

Design philosophy and methodology

General design methodology

When designing structures, the === wcomoucnrs
following aspects have to be considered:
e the function of the structure,

e the physical environment,
e the construction method,
e operation and maintenance.

[ = - —

]

ig |
)

M - —

The main stages which can be identified
during the design process are shown in
Figure 1. The designer should be aware ———— M e
of the possible constructional and main-
tenance constrains (Pilarczyk, 1990).

PR p——
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Based on the main functional objectives of the hydraulic structure a
set of technical requirements has to be assessed. When designing a structu-
re, the following requirements to be met can be formulated:

1. the structure should offer the required extent of protection against
hydraulic loading/flooding at an acceptable risk,

2. events at the structure should be interpreted with a regional perspec-
tive of the area involved,

3. it must be possible to manage and maintain the structure,

4. requirements resulting from landscape, recreational and ecological
viewpoints should also be met when possible,

5. the construction cost should be minimized to an acceptable level,

6. legal restrictions.
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Figure 1 The design methodology

Elaboration of these points depends on specific local circumstances
as a type of upland (low-land or not) and its development (economical
value), availability of equipment, manpower and materials, etc. For
example, the high dikes/seawalls are needed for protection of low-lands
against inundation while lower dikes/seawalls are often sufficient in other
cases. The cost of construction and maintenance is generally a controlling
factor in determining the type of structure to be used. The starting points
for the design should be carefully examined in cooperation with the client
or future manager of the project.
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Figure 2 Soil-Water-Structure Interactions (SOWAS-concept)
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Most research problems on water defences have multidisciplinary character,
specifically, in the technical sense. This is characterized by all relevant
interactions between the element soil, water and structure (so-called
SOWAS-concept), and may lead to combined hydraulic-, geotechnical- and
structural research (Van der Weide,1988). The interactions described above
may be brought together in the diagrams shown on Figure 2. The outer circle
represents the environmental or human activities, responsible for loads on
the system. The different elements of this system - so0il, water, structure
- are represented by the inner circles. The external interactions between
the elements, soil, water structure, are shown by arrows, connecting the
respective elements.

Because the traditional research takes place within the respective disci-
plines (hydraulic, geotechnic, structural, material technology, environ-
mental, etc.), it is not always easy to organize the combined (multidisci-
plinary) research. The separate disciplines are often faced by separate
institutions (laboratories, institutes, departments, etc.) with a different
research culture and different management policy.

The objective of SOWAS is to bring together engineers and scientists with
different backgrounds to stimulate exchange of experience at and between
various levels.

The Dutch practice has learned that the best way to perform an integrated
research is by organizing the working-groups or project-teams with inde-
pendent chairmans where the all institutions involved are able to partici-
pate. The working group defines the total program and the involvement of
specific disciplines and institutions. It is evident that the concept of
soil-water-structure interaction (SOWAS) plays a very important role in the
Dutch Research Strategy on Water Defences.

Design philosophy in the Netherlands

The chosen national design/safety policy determines in a certain way
the required 1level/quality of design documents (design standards/codes,
process simulation/dimensioning techniques,materials/products specificati-
ons and the execution techniques).

The low-lying countries as the Netherlands are strongly dependent on good
(safe) water defences (sea/river-dikes , dams and/or banks). In the past
the design of dikes/dams and revetments was mostly based on rather vague
experience than on the general valid calculation methods.

The increased demand for reliable design methods for protective structures
has resulted in the Netherlands in preparing an adeqgate design policy,
especially regarding the safety aspects, and in reliable technical design
methods and design codes.The backgrounds of this policy are briefly
overviewd below. For a treatment of these matters in greater depth the
reader is referred to the original reports and publications.

Dams, dikes, seawalls and banks are functioning to protect upland
(population and economical values) against erosion or inundation due to
storm surges. There is still much misunderstanding on the use of dikes and
seawalls and their possible disadvantages related to the disturbance of the
environment and natural processes. However, it should be said that in many
cases when the upland becomes endangered by inundation (as in The Nether-
lands) or by high-rate erosion (think also of possible increase of sea-
level rise) leading to high economical or ecological losses, whether one
likes it or not, the dike or seawall can even be a ‘must’for surviving.
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The proper engineering strategy to be followed should always be based on
the total balance of the possible effects of the counter measures for the
area considered, including the environmental issues and the economical
effects or possibilities. It is an ‘engineering-art‘’ to minimize the
negative effects of the solution chosen.

Figure 3 Simplified Fault Tree for a Dike/Bank

Absolute safety against storm surges is nearly impossible to realize.
Therefore, it is much better to speak about the probability of failure of a
certain defence system. The ultimate potential threat for the Dutch sea de-
fences is derived from extreme storm surge levels with a very low probabi-
lity of exceedance (1% per century for sea-dikes) and equated with the
average resistance of the dike (or dune). Under these ultimate loadcondi-
tions, probability of failure of the dike (seawall) should not exceed 10%.
To apply this method, all possible causes of failure have to be analyzed
and consequences determined. This method is actually under development in
the Netherlands for dike and dune design (TAW 1984, 1985, CUR/TAW 1990).
The °‘Fault tree’ is a good tool for this aim (Figure 3). In the fault tree,
all possible modes of failure of elements can eventually lead to the
failure of structure.

The probabilistic approach to sea defences as developed in The Netherlanrds
is briefly summarized in (Pilarczyk, 1992) and is treated more extensively
in CUR/TAW-report (1990).

National organization and cooperation in the Netherlands

The design documents are prepared by special workings groups (i.e.
Fig.4) acting under supervision of the Technical Advisory Committee on
Water Defences (TAW), Rijkswaterstaat (RWS=Public Works Dpt.) and the Dutch
Center for Civil Engineering Research and Codes (CUR). The working groups
and/or project-teams have mostly a multidisciplinary character and consist
not only of researchers but also of designers, contractors and coastal
managers. This form of cooperation helps to identify and to define thr
problems, to create understanding for the chosen strategy and to implement
the results. This is a very efficient way to build a bridge between the
research (new developments) and the practice.
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The important role in the transfer of technology in civil engineering in
the Netherlands plays the Centre for Civil Engineering Research and Codes.

Collective research of national interest as well as work in connection with
codes and specifications for concrete and civil engineering (incl. water
defence structures in cooperation with TAW and RWS) are the main activities
of this centre (CUR). Among others the activities concentrate on design
methods, execution, maintenance and management of hydraulic structures, and
on codes and specifications for hydraulic engineering. The major hydraulic
engineering projects especially are characterized by broad-based multidis-
ciplinary studies and a lot of research. Therefore, the integral approach
to projects and new developments is stimulated by the CUR.

In the CUR, experts from public authorities, contractors, industry,
engineering consultants, research institutions, and educational establish-
ments are acting in co-operation with one another on the same (collective)
basis.

Finance is provided partly by industry, partly by individual members and
partly by government contributions. The procedure for each research subject
and for each code to be drafted consists in setting up a committee composed
of experts in the field concerned.

Experimental research and special study projects are entrusted to various
Dutch laboratories and consultant firm commissioned to carry out these
investigations. New developments in technology for which there already
exists substantial practical interest, but which are not yet considered
ready for specification in codes of standards, are the subject of CUR
recommendations. Since these are established through the existing committee
structure and under the responsibility of the CUR, they carry a certain
authoritative weight.This form of diffusion of technical information
appears to be appreciated in practice.

The transfer of (new) know-how into the potential users take place through
the publications, Symposiums, Workshops and, in more direct way, through
the advisory branch assisting the client in solving his problems and the
more or less regular Post-academial Courses.

i ts
Exanple of integrated research on revetnen .
e Numerous types of revetments have been develoned in the Netherlands

for shore and bank protection of navigation chaanel¢ against eroslonfby
waves and currents (i.e., Trip-rap, blocks, asphalt, etc.). The reason t;r
this is the increase of the problem with respect to Fhe defenci,g; o:
shores (i.e. more rigid safety requirements for sea-dikes) and banks

.
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navigation channels (i.e., increase of size and speed of motorvessels), as
weld as the high cost and shortage of natural materials.

The fact that design rules are still limited in quantity has stimulated
investigations in the area of rip-rap, artificial blocks and bituminous
revetments as well, in the area of geotextiles. Problems which arise due to
these  developments require solutions which often only can be found by
in-depth specific multidisciplinary studies (Figures 2, 3, 4 and 5).
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Fig.4 Integrated approach Fig.5 Sea-dikes and banks research approach

In order to control the future sea-dikes and bank-protection pro-
blems, the Dutch Ministry of Transport and Public Works (Rijkswaterstaat)
assigned the Delft Hydraulic Laboratory and Delft Soil Mechanics Laboratory
to carry out systematic research into these areas. The research on sea-di-
kes and revetments was carried-out under the joint responsibility of the
Advisory Committee for Water Defences.
xing groups with the common chairmanship.
In this way it was possible to agree on the'common‘integrated.research
progran. on the basis of the analysis of Practzcol design prnblemahagdbthe
gaps in the existing knowledge, the required research programmes ha een

determined (Figure 5).

Rijkswaterstaat and the Technical
The project was guided by two wor

1 sowas-concept as it is outlined in

i follows the genera :
e e between two fields (banks and dikes)

Figure 2; it includes the integration . : B
i iscipli i i il-water-struc .

as well interdisciplinary integration (sol

The basic programmes have been carried out by means of small—gcale mefe;s.

However, it must be pointed out that a small-scale hydraullF mode or

navigation purposes still needs a lot of space. For example, in the scope
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of bank protection research programme, the hydraulic model of an inland
navigation fairway in scale 1:25 has been built in a 40.x 90 m shed to
observe the induced water motions and their erosive effects on the banks.

Since model research has certain inherent technical restrictions
known as scale effects, required additional information has been obtained
by means of prototype investigations, i.e., the Delta-Flume at the Delft
Hydraulics and some prototype locations in respect to the sea-dikes prob-
lems and the Hartel Canal (Rotterdam area) with test embankments with
respect to bank- protection of navigation channels (Pilarczyk, 1984).

The result of the prototype tests, in combination with the model results
and the calculation methods (incl. mathematical model) developed in the
framework of the systematic research on dike protection (Delft Hydraulics
and Delft Geotechnics 1989) and systematic research on bank protection
(Delft Hydraulics 1988) extended with knowledge gained from practical
experience, led to preparation of guidelines for reliable dike and bank
protection designs (CUR/TAW, 1992).

The aim of the total research was to develop such design criteria to
minimize the amount of maintenance and construction costs of new revet-
ments. Actually, this research program is extended into the environmental
friendly solutions for banks and dikes (Pilarczyk et al,b1990).

Design principles and verfication of design

Based on some international design documents (PIANC,1987,1992,
Pilarczyk,1990, CUR/CIRIA,1991) one may formulate the following design
items for revetments. However, the similar design items can also be, in a
similar way, formulated for other hydraulic structures.

. width of flat ares

s |
-
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Iwul!h of lop elevation
N r spiash area / slope
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structural design - structural design
of splash ares
filter
foundation
structural design of revetment

ical . =
| Loe

Figure 6 Design components of typical revetment structure
s 8 Designer’s checklist

The revisw of the key slementS that must be considered in the design
(dimensioning) of revetment structure is illustrated Figure 6.
The most critical structural design elements are: 1) the stability of the
coverlayer, 2) the security of the foundation, 3) the minimization of set-
tlement and sliding and 4) the toe protection to prevent undermining. all
of these are potential causes of failure of coastal structures. The usual
steps needed to develop an adequate structure design are:
5 [ General aspects

-Formulate purpose of the project

-Formulate functional requirements
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2.

-Formulate project restraints/material/labour/equipment/time/finance
-Formulate global description of boundary conditions.
Prepare alternative general solutions

Determine boundary conditions
-hydraulic: water levels, wave climate, currents, morphology, etc.

-geotechnical: soil types and relevant parameters
-other relevant conditions and loads: ice, earthquake, vegetation
Feasibility studies for generated

‘-Detect suitable structure configurations (geometry)

-Review the possible failure mechanisms
-Select a suitable armor alternative and size of armor units
-Make a preliminary feasibility analysis of alternatives
* develop cost estimate for each alternative
* evaluate construction requirements and limitations of alternatives
-Select the final solution
Final design
-Consider the use of models (improving boundary conditions)
-Consider the probabilistic approach
-Make final estimation and evaluation of the structure geometry
-Design the final dimensions of the structure incl. prediction of
scour and design toe protection and transitions
-Check for possible failure mechanisms of the final design incl. risk
-Go through the overall project and checklist for final control
-Prepare specifications for materials/equipment/cost/quality control

Design considerations (an example of modern design approach)

When using the content of the PIANC-report (Flexible Revetments, 1992) the
following design considerations can be used during the design process:

10

Steeper or milder slope gradient

- Steeper slope makes the protective length (revetment) shorter; as
‘a first approximation, the slope length (L) is related to the
height of slope to be protected (h) by L = h/sin a.

- For breaking waves the run-up (Ru) on the steeper slope will
increase proportionally to tan a, namely: Ru::tan a; this yields
a higher crest position and ev., a larger volume of the dike.

- The run-down on the steeper slopes also increases, possibly
leading to higher overpressures and thus, thicker protective
elenents.

- For steeper slopes the necessary thickness of protective elements
increases additionally inverse with cos a, due to a reduction of
the effective (vertical) weigth component of the elements.

- For steeper slopes the friction between the protective elements
increases with sin a, however, it is difficult to quantify the
concequences of this effect exactly.

- For steeper slopes the internal gradients increase, leading to
more severe requirements concerning the sublayers.

- A steeper slope imposes more severe requirements for the support
by a toe-protection.

= The damage progress after an initial damage is more rapid for the
steep slopes, thus providing more danger for scouring.

- Steep slopes are more easily damaged by ice.

Especially when using slopes steeper than 1 on 3, the above
considerations should be taken into account for a proper design.
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2° Berm or no berm

- Application of a berm reduces the run-up,
crest elevation, but it may lead to a larger volume of a dike;
cost optimization is necessary.

- A berm can serve as a maintenance road.

- A berm creates a discontinuity in a protection (weak point).

- A berm reduces the phreatic level in a dike with a positive
effect in case of low permeable or impermeable revetments.

‘- A berm reduces ice ride-up.

making possible a lower

3° High or small permeability of a toplayer.

- High permeability reduces the uplift pressure and leads to a
thinner units.

- When the high permeability is created by large openings washing
out of the sublayers can take place; to avoid this the following
measures can be taken:
a.coarser filter; however thus leads to increase of the hydraulic

gradients across the toplayer and thus to the thicker units,

b.geotextile underneath the blocks; if not sufficiently open this

may increase the uplift pressure,

c.a good solution can be the use of bounded filters (sand-bitu-
men, sand-cement etc.).

To reduce these disadvantages the permeability should be distri-

buted over the units instead of being concentrated (i.g. in one

big hole).

- High permeability of a toplayer may increase the hydraulic
gradients at the sublayer-subsoil interface; a proper design of a
filter possibly in combination with a geotextile is needed.

- High permeability of a toplayer reduces somewhat the run-up.

= In the case of a very high permeability created by large holes
the drag forces along the slope may increase considerably,
leading to large forces on the units and thus larger dimensions.

4° Rough or smooth surface
= A rough surface (can also be obtained by using blocks of various

height) reduces the run-up and thus it reduces the crest elevati-
on and eventually the volume of a dike. This effect is evident
mainly when the whole run-up 2zone is equipped with roughness
elements. When the upper slope is protected by a grass-mat the
application of the roughness elements on the lower part of a
slope will have a limited effect.

- The high roughness elements introduce high drag-forces which
should be incorporated in the stability calculations.

- Rough surface is unfavourable under ice conditions.

5° High or low permeability of sublayers (filter)

- Decreasing of sublayer-permeability reduce the up-lift forces on
the toplayer leading to reduction of the thickness of the protec-
tive units.

For non-cohesive (granular) materials a decrease of the permea-
bility can be obtained by:

finer granular material (however, washing out through the
toplayer should be avoided and the geotechnical (in-)stability

should be checked),
wide-graded material (the internal stability should be examined)
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60

70

Applying clay as a cohesive sublayer need formulation of proper
specifications on clay properties to avoid erosion, piping or
shringkage.

Lower permeability of sublayer/filter reduces the hydraulic
gradients at the interface with a subsoil en abling a reduction
of the thickness of the sublayer/filter.

Shape of sublayer/filter-material

Rounded material is often cheaper than broken material; however,
the lower angle of repose may lead to geotechnical instability,
more settlement, and forces on the toe-structure.

Thick or thin sublayer/filter

Reduction of the thickness of sublayer/filter leads to reduction
of the up-lift forces but simultanieously it leads to increase of
the hydraulic gradients along the interface with the subsoil.

N.B. As a compensation for this effect a less permeable filter, or a

geotextile can be applied at the interface with subsoil.

8° Shape of blocks

90

10°

Rectangular blocks - Colums of irregular shape

. good alignment/joining . mostly nicer appearance

. low permeability . higher permeability

. easy mechanical placing . less easy mechanical placing

. problems in bends . easier with bends

. difficult to repair . easier repair

. washing in/grouting . washing in/grouting
quite difficult possible

. often cheaper . often more expensive

. more rapid progress of . slower progress of damage
damage

N.B. In the case of blocks, the self-healing tendency as for riprap

is absent; therefore the stability of blocks should be guaran
teed under all design conditions.

Concrete (or other artificial material) or natural stone

Natural stone, if available in respect to the required quality
and quantity can often be a favourite solution.

Concrete blocks (or asphaltic revetments) can often be a good
alternative (especially when the natural stone is not 1locally
available) because of:

. often lower cost

. good/constant quality

. uniform size

. mechanical execution

. more choice regarding composition, size etc.

N.B. The economical optimization including the availability of

materials,equipment and skills is mostly decisive for the
choice.

Effect of aging and/or wearing/fatigue

During the 1life-time of revetment structures their original
specifications can change due to the climatological effects
(wind, rain, frost, abrasion, sedimentation due to waves, marine
growth etc.). As far as possible the course of time should be
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taken into account in the design process. However, it is not easy
to quantify these effects. Some qualitative description is given

below:

Aging .of the toplayer

Due to the wave attack at various water levels the permeability
and the interlocking may change with time. For small interspa-
ces between the blocks the permeability can decrease due to
siltation of sediment while the friction between the blocks may
increase.

Vegetation in the interspaces may also increase the fricti-
on/interlocking; however, it is possible that in the case of a
heavy wave attack, the silted and/or vegetated interspaces will
be cleaned-up earlier, thus providing no additional strenght at
the moment of design loading on the protective units.

Aging of the sublayers

In the case of alternative materials used as sublayers (mines-
tone, slags, silex etc.) special attention should be paid to
the changes of the physical properties of these materials under
influence of air, wave shocks, variing humidity, frost etc.

In the case of geotextiles special attention should be paid to
the possibility of clogging and/or blocking (leading to drastic
change of permeabilities and increase of uplift pressures).

The siltation of the sublayers/filter has in general a positive
effect; due to the decrease of permeability the up-lift forces

decrease.

11°Residual strength of revetments
Revetments should be designed in such a way that the chance of
failure is acceptably low. The quantification of a risk is related to
the type of revetment, especially regarding the progress of damage,
for example:

12%Cost

the grouted (washed-in/blinded) polygonal system (i.e. basalt,
basalton) is less sensitive to progressive damage than a system

with rectangular blocks:
a very rough surface is more sensitive to damage than a smooth

‘surface;

application of a strong geotextile retards the extension of
damage to the subsoil:;

cohesive-(clay) or bounded-sublayers . are primary measures to
increase the secoundary strength of revetment-structures.

optimization

The total costs of a revetment are related to:
. capital costs (execution)

. Yearly maintenance

. large/periodic maintenance

. repair of damage

. demolition (after a life-time)

A total capitalization of the cost gives mostly the optimal result.

In general, the revetments with a lower capital costs will be
damaged more frequently damaged and will need more maintenance.
Local subsidy-regulations may influence the choice. However, in
case of sea-defences, especially along low shores, higher capital
costs (stronger protection) should be preferred. In the case of
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land reclamation or bank protection the results of the capitali-
zation of the costs can be applied directly.

Overall (project-)checklist

For practical design work, besides the environmental boundary condi-
tions (water levels, waves, currents) some additional conditions have
to be considered. These conditions are mainly of political, economi-
cal or practical nature.

Known conditions relevant to the particular job should be listed at
the beginning of the design procedure. This list should be supplemen-
ted as the work progresses. A number of design examples can than be

‘chosen for further evaluation. The final checklist should then be

used for the verification of the final design.

In the following a number of relevant points for the checklist have
been summarired. When selecting the design parameters the following
main points should always be considered:

- The quality of the boundary conditions, e.g. wave statistics.

- The quality of the design approach, e.g.is a model study required.

- The development of failure. Some types of cover layer develop
nearly instant failure when design conditions are exceeded. Other
types fails gradually. For a particular type of coverlayer which
fail instantly the design parameters should be on the safe side.

- Consequences of failure:loss of life, damage to property, economy.

- The possibility and probability of regular inspection/maintenance.

Usually the design of a revetment is also influenced by political

considerations for instance:

- The possibility of employing local labour and equipment. This may
be a wish of the client, or economically attractive for the con-
tractor.

= The possibility of using labour intensive methods in construction.

- The possibility of using domestic materials and equipment. This
may be a wish of the client but may also give better availability
and service.

- Special time consuming import routines or decision making.

When selecting structure type, building method and tolerances the

following points should be considered:

- Difficult working conditions for instance below waterlevel.

= The skill and experience of the labour and the contractors.

- The possibility of providing special materials, machines and
labour with special skills.

- The tender method (invited or public).

- Acces to the construction site during the building period and
after completion of the work.

- Limitations to construction period for instance set by the client
or by the weather conditions.

- Weather risk during the construction period.

- Possibility of measures against weather risk.

- Quality of infrastructure. For instance the strength of roads and
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depth of ports necessary for the transportation of materials and
machines.

- Easy to maintain including sustained availability of repair mate-
rials, spare parts etc.

- Possibility of maintenance from the beach (sensitive to weather
conditions) or from the crest.

- The possibility of instant repairs of damage occurred or only in
certain periods of the year (freezing, thawing, rainy season).

The revetment will influence the environment in general and besides
it will cause certain morphological changes. Therefore the following
points should be considered:

- Use of the beach during the construction period (recreational use,
fishing).

- Use of the beach and the revetment after completion of the work
(recreational use, fishing, shore protection works).

- Regards to the surrounding nature (colour, surface structure,
slope height, possibility of planting).

- Positioning of the revetment in the beach profile and design of
the edges of the structure in relation to the long term trend of
the coastline.

- The clients plans and possibilities to maintain beach 1level in
relation to level and design of the foot.

The design check-points should be carefully examined in cooperation
with the client and/or future manager of the structure.

The cost of construction and maintaining, and often the environmental
requirements, are generally a controlling factor in determining the
type of the structure to be used.

Review international design documents related to riprap

The review on design methods and approaches related to riprap is mainly
based on (but not limited to) the following technical documents:

1s US Shore Protection Manual (US Army Corps of Engineers)

2. US Design of Small Dams (Dpt.of the Interior, Bureau of Reclamation)

3. US Hydraulic Design of Flood Control Channels; Engineer Manual

4. PIANC Guidelines on Risk Consideration when Determining Bank Protec-
tion Requirements

5. PIANC Guidelines for the Design and Construction of Flexible Revet-
ments incorporating Geotextiles for Inland Waterways

6. PIANC Guidelines on Flexible Revetments in Marine Environment

T PIANC Guidelines on Analysis of Rubble Mound Breakwaters

8. CUR/CIRIA Manual on use of Rock in Coastal and Shoreline Engineering

9. CUR/RWS Manual on use of Rock in Hydraulic Engineering

10. Advances in Rockfill Structures, Proceedings NATO Workshop

1X. Technical Standards for Port and Harbour Facilities in Japan.

The overview of content of these documents and the comment on application
related to revetments/riprap is given below.

ad 1. US Shore Protection Manual (ed. 1973, 1975, 1977, 1984)

The Shore Protection Manual (SPM), produced by the Coastal Engineering
Research Center (CERC) of the U.S. Army Engineer Waterways Experimental
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Station (WES), is so famous that it does not need a special recommendation:;
it can be treated as a kind of a "bible" in coastal engineering.

The Manual is restricted mainly to the coastal problems. However, the
design methodology and structural design of some structures (ie. revet-
ments) can be applied elsewhere (Ch.7). The aspect of coastal boundary
conditions (waves, water levels, 1littoral processes) is treated very
extensively allowing to determine the design boundary conditions for the
most practical cases (at least for preliminary design).

The structural design (Ch.7) is mainly directed to the design of seawalls
and breakwaters against wave forces. All design aspects are treated in de-
tails. However, the design of protective units is based only on the Hudson
stability formula which, as it is commonly known, has a number of practical
limitations (Van der Meer in ‘Coastal Protection’, 1990, Pilarczyk, ed.).
The design against velocity forces, ie. stability of channel revetments, is
treated very briefly with reference only to the stability formula based on
the Isbash data. In respect to the newly developed dimensioning criteria
becomes SPM a little bit obsolete. However, it should be mentioned that the
complete updating of the SPM is planned by the CERC for the coming years.

ad 2. US Design of Small Dams (Dpt.of the Interior, Bureau of Reclamation)

The manual on Design of Small Dams, produced by the Bureau of Reclamation
of the US Department of the Interior (the last revised reprint in 1977),
can also be treated as a "bible", but this time , in dam engineering.
Although the dimensioning techniques are not updated acc. to recent
developments (i.e. see ICOLD publications), this manual still remains of a
great value as an overall technical design document, especially in respect
to the project planning, design requirements, boundary conditions, materi-
als (incl. extensive treatment of rock) and construction techniques.
Main Chapters:
I. Project Planning (purpose of development and project studies)

II. Ecological and Environmental Considerations

III. Flood Studies

IV. Selection of Type Dam (classification and factors for selection)

V. Foundations and Construction Materials (soil/rock clas. and testing)
VI. Earthfill dams (design principles, foundation, embankments, examples)
VII. Rockfill Dams (types and requirements, embankment design, membrane)
VIII Concrete Gravity Dams

IX. Spillways (incl. hydraulics and structural design)

X. Outlet Works (incl. hydraulic and structural design)

XI. Diversion during Construction
XII. Maintenance and Operation

(additionally, a number of appendices for specific items are included).

ad 3. Us Hydraulic Design of Flood Control Channels; Engineer Manual (1991)

Purpose. This Manual presents procedures for the design analysis and crite-
ria of design for improved channels that carry rapid and/or tranquil flows.
Applicability. This Manual applies to major organizations and laboratories
having responsibility for the design of civil works projects.

General. Procedures recommended herein are considered appropriate for
design of features which are usable under most field conditions encountered

in Corps of Engineers projects. Basic theory is presented as required to
clarify presentation and where the state of the art, as found in standard
textbooks, is limited. In the design guidance, where possible, both
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laboratory and prototy.pe experimental test results have been correlated

with current theory.

Contents:

- Introduction: channel classification, preliminary investigation/selection

- Open channel hydraulic theory incl. design aspects and various situations

- Riprap protection (10 pages): riprap characteristics, channel characte-
ristics, design guidance for stone size, revetment toe scour estimation
and protection, ice/debris/vegetation, quality control

- Special features and considerations (sediment control, channel junctions)

Appendix F: Standarization of Riprap gradations.

Additionally, a number of design charts are included.

Comment: despite of the announcement that this report represents the state

of the art, only US references are included. Even the PIANC reports (1987)

where US representatives were involved are not mentioned. The stone

stability formula is based on the extensive research by Maynord (1988).

This formula is very similar to the formulae included in (PIANC,1987,1992).

It would be useful (for the users) to make a comparison between these

formulae and to draw final conclusions on their applications.

ad 4. PIANC Guidelines on Risk Consideration when Determining Bank
Protection Requirements (1987)

The PIANC Working Group no. 3 (PTC I) was requested to elaborate a state-
ment concerning the possibilities of introducing probabilistics into design
of bank protections and, to indicate whether the use of probabilistic
methods could lead to appreciable savings in bank protection design and
maintenance.

Current practice is usually to consider the protection of the banks only
from the technical point of view: to define the size of structure and to
design a reliable/durable protection (incl. a certain safety margin).
However, from the economic point of view, the designer often has to design
the "cheapest" protection, even though other predetermined criteria should
be observed such as the maximum safety, or minimum maintenance costs.
Obviously the technical and economic considerations must be inter-related,
and the risk aspects should be included. This integration can be obtained
by applying a probabilistic approach.

In the report the all steps of project realization are analysed in the
context of the probabilistic approach incl. the necessary input parameters
and interpretation of output. The following items are discussed:

The project realization philosophy incl. the modelling of interactions.
The methods of reliability analysis incl. limit states and fault trees,
The probabilistic description of load and strength of the structure,

- The cost, decision-making and project evaluation.

Risk is considered to be the expected value of a cost function with respect
to the probabilistic distribution of possible events. This expected value
can be considered as a weighted average of the conseguences of each
situation as a failure mode by taking into account the probability of
occurrence of each. The acceptable risk level is related to the total
initial cost of the structure and the maintenance to be carried out in the
future. Construction and maintenance are based on a certain criteria one of
which is cost. Using economic considerations, all costs can be expressed in
terms of money. An optimum can be reached by minimizing the total costs of
all the elements involved. J

An illustration of probabilistic calculations is presented for a hypotheti-
cal case of a navigation canal acc. to European standards. '
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This report can be recommended to the all designers of protective structu-
res as an excellent introduction to the modern design techniques in civil

engineering.

ad 5. PIANC Guidelines for the Design and Construction of Flexible Revet-
ments incorporating Geotextiles for Inland Waterways

Inland waterway embankments in general consist of easily erodible material
requiring protection against water motion and other forces.

The rapid growth of shipping on inland waterways after 1945 has stimulated,
especially in the Netherlands, small- and large scale research programmes
together with the development of new materials, design methods and executi-
on techniques. Along with these technical developments there has been an
increasing general awareness of the social, environmental and economic
aspects of civil engineering projects, so much so that it is often necessa-
ry to consider these factors at the initial design stage.

The PIANC report of the Working Group no.4 (PTC I) discusses in a systema-
tic and practical way the all design steps including the actual design
methods and practical applications. Special attention is paid to the items:
- systematic design methodology,
- materials: geotextiles (properties and testing), riprap, concrete blocks,
fabric and other containers, bituminous systems, and other systems,
- design techniques:
* boundary conditions (hydraulic, geotechnical and others),
* determination of hydraulic load (o.a. ship induced load),
* revetment and subsoil interaction (integrated approach),
* dimensioning of the revetment (coverlayer/sublayers) incl. transitions,
* verfication of design,
- practical considerations: specifications, construction techniques,
maintenance and quality assurance.

This report can be treated as a good example of the practical design guide.
ad 6. PIANC Guidelines on Flexible Revetments in Marine Environment (1992)

The PIANC Working Group no. 21 (PTC II) has produced an extensive guideline
report aimed at assisting Engineers in the design, construction and
maintenance of flexible revetment systems in the marine environment.

The report, as an extension of the Report of PTC I Working Group no.4,
records the current state of the art based on a wide range of international
sources, and a better understanding of the function and performance of this
type of engineering structures. With it the Design Engineer will have a
better understanding of the complex forces acting on and within the
revetment structure. He will know where the current limits of qualitative
analysis lie and he will have some guidance on how best to deal with
situations which at the moment are beyond normal design calculations. For
the Construction Engineer and the Maintenance Engineer the report should
give a better understanding of the way in which the revetment structure
will perform its function in an active marine environment, and from the
practical advice given in the Report they should be able to avoid many of

the pitfalls and problems that have occurred in the past.
Contents (200 pages):

1°. Introduction
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2°. Systems and Materials: Introduction, Flexible revetment systems,
Specifications of materials, Regional considerations, Environmental
impact of systems and materials

3°. Design philosophy: Functional requirements, Structural and design
concepts, Failure modes and response models, Design approach

4°. Design conditions: Coastal morphology, Hydraulic boundary conditions,
Geotechnical boundary conditions, Other boundary conditions

5°. Design Procedures: Design methods and modelling, Geometrical design,
Hydraulic and ice loading, Sublayers and filters, Cover layers,
Composite slopes, transitions, splash area and toe protection, Geotech-
nical instability, Examples of probabilistic approach

6°. Other design considerations: Practical considerations, Economic
considerations, Verification of design

- Appendices: I Case study; II Inventory of experience; III Recommendations

ad 7. PIANC Guidelines on Analysis of Rubble Mound Breakwaters (1992)

After a considerable number of large breakwaters had failed or suffered
severe damage, a Working Group established by PIANC‘'s Permanent Technical
Committee II (PTC II) produced a report published as a supplement to
Bulletin no. 48 (1985) on the stability of rubble mound breakwaters. This
report summarised important details of a large number of rubble mound
breakwaters and highlighted areas of risk and uncertainty in the analysis,
design and construction of such structures. However, it concluded, inter
alia, that "it is not possible at the present time to determine risk with a
satisfactory degree of accuracy". Therefore, the PIANC Working Group no. 12
of PTC II was set up to consider the analysis of rubble mound breakwaters
with a view to achieving a better understanding of safety aspects.

This working group has developed the method of practical application of
risk analysis in the design of rubble mound breakwaters by using partial
coefficients. Six subgroups, A-F, were established to carry out different
aspects of the study. The reports of these subgroups are available in full
at the PIANC General Secretariat. The Main Report summarises the subgroup
reports and presents the overall view of the results of the Working Group.

A procedure is outlined for using partial coefficients to prepare and
optimise preliminary designs. The value of the new system has been demon-
strated by some examples based on collected data. The proposals included in
this report should not be regarded as a recommended code for design. They
may, however, be useful as guidelines for the development of a new/better
way of improving safety of designs by using a more rational method of
evaluating probabilities of failure during the life-time of a breakwater.

The publications are on sale exclusively at the PIANC General Secretariat,
WIC-Tour 3- 26th floor, Boulevard S. Bolivar 30- B- 1210 Brussels, Belgium.

ad 8. CUR/CIRIA Manual on use of Rock in Coastal and Shoreline Engineering

Introduction and objective of the Manual:

The Netherlands and the UK have taken the initiative to produce the first
European guidelines on the use of rock in Coastal and Shoreline Engineering
(CUR Report 154, CIRIA Special Publication 83, 1991, 600 pages).

The design guidelines are contained in a Manual (1991) resulting from a
joint project of CIRIA (*) and CUR (**), on behalf of the U.K. and the
Netherlands respectively.
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The manual is intended for applications where protection against wind
generated waves is one of the dominant design considerations. The manual is
written for appraising civil engineer with some coastal experience.

*) Construction Industry Research and Information Association

#%*) Centre for Civil Engineering Research, Codes and Specifications
Contents of the Manual:

The manual sets out an integrated approach to the planning and design
process by considering a range of related parameters (e.g. availability and
durability of materials, environmental implications, methods of constructi-
on, future maintenance, economic factors) alongside the engineering
requirements.

Main categories of rock structures are treated as breakwaters, dams,
seawvalls and offshore bottom protection.

Chapters Appendices

¢ Introduction * Model specifications and

e Planning and design material standards

¢ Materials * Model method of measurement

* Boundary conditions and * Instruments for hydraulic and
data collection geotechnical data collection

e Design tools * Structure monitoring techniques

¢ Structures

* Maintenance

Materials:

A system of standard grading specifications is given in the manual together
with a new model for assessing rock degradation. This is an important step
to enable quarry producers, designers and contractors to make optimal use
of rock materials in armour and filter layers. The Manual recommends to
designers and producers what they should ask for and what they may economi-
cally produce or stockpile.

Environmental assessment:

The designer is faced with an increasing demand to indicate and account for
the environmental impact of his project. Guidelines are given to the desig-
ner for inclusion of relevant environmental assessments in design process.
State of the art in design of rock structures:

Recent developments in design methods arising from the project are incorpo-
rated as well as traditional methods. These new tools help the designer to
produce a more economic structure. Emphasis is placed on the 1life cycle
costing when devising the most appropriate solutions.

Static stability and dynamic profile development of rock are described,
based upon research at Delft Hydraulics Laboratory.

Inprovements of the Manual, compared to traditional design methods, concern
formulae for influences on rock stability of wave period, rock grading,
shape and-porosity.

Construction:

Boundary conditions set by commonly used equipment are given (draught,
maximum wave during operation). Practical aspects of transport and place-
ment of rock are treated in the context of progress of construction and
project optimisation.

Maintenance and repair:

Those responsible for the management of marine structures have an increa-
sing need for information on the cost involved with exploitation, maintai-
nance, repair and possible future rehabilitation of their structures. The
Manual provides the designer with a range of tools to assess the inevitable
damage to the rock structure and the consequent costs.
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Quality Assurance:

A list is provided of elements that can be subject to quality assurance
systems. Leading objectives are control of construction schedule and cost
and to assure proper functioning of the structure according to the require-

ments for the design.

ad 9. CUR/RWS Manual on use of Rock in Hydraulic Engineering

Objective of the Manual:

The Manual is produced by CUR (*) in the Netherlands to provide the
designer with the necessary information and design methods for Rock-based
structures in Marine, Coastal, River and Dam Engineering.

This 2nd Manual extends the 1lst European Manual on "Use of Rock in Coastal
and Shoreline Engineering" into the fields of river and dam engineering.
Users of the Manual:

The manuals is written for civil engineers, involved in:

coastal and river management and those working at the design and construc-
tion of hydraulic structures in these fields in particular when using rock.
Contents of the Manual:

The manual presents an integrated design approach covering materials,
quality assurance, environmental assessment, methods of construction and
implications for maintenance and economy.

Categories of rock structures discussed are breakwaters, seawalls, offshore
bottom and scour protection, reservoir and estuary dams, river dams and
bank protections, barriers, sills and weirs.

The latest developments in the field of design, construction and maintenan-
ce of rockfill structures are included.

Publication of the 2nd Manual: end of 1993

(*) Centre for Civil Engineering Research, Codes and Specifications,
address: CUR, PO Box 420, 2800 AK Gouda, The Netherlands,
Phone/Fax: =-31-(0)1820-39600/30046

ad 10. Advances in Rockfill Structures, Proceedings NATO Workshop, (1990)

The Proceedings of the NATO Workshop on Advances in Rockfill Structures

(650 pages) presents the individual contributions of the outstanding

experts in the whole field of rock applications. It is a very valueable

supplement to the already existing literature on this subject.

Contents:

1° Rockfill structures: the present and the future

2° Physical characterization and assessment of rock durability through
index properties (types, properties, laboratory characterization)

3° Rockfill modelling (in place, triaxial testing, oedometer test)

4° Laboratory shear strength tests and the stability of rockfill slopes

5° Laboratory compression tests and the deformation of rockfill structures

6° Collapse: its importance, fundamentals and modelling

7° Test fills and in situ tests(plate loading,density,permeability,tension)

8° Laboratory testing and quality control of rockfill - German practice

9° Creep of rockfill (rate method appl. to settlement, crest settlement)

10°Filters and drains (filter criteria, recent investigations, drains)

ll1°Stress-strain laws and parameter values incl. critical state model

12°Finite element methods for fills and embankment dams

13°Concrete face rockfill dams (design practice, construction, monitoring)

14°Static behaviour of earth-rockfill dams incl. modelling and safety eval.

15°Dynamic behaviour of rockfill dam (earthquakes, response, liquefaction)
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16°Monitoring and safety evaluation of rockfill dams incl. data processing

17°Principles of rockfill hydraulics (characterization, friction losses,
stability of rockfill subject to flow, seepage flow)

18°Through and overflow rockfill dams incl. mesh-protected rockfills

19°Specifications and control of natural rockfills inc. control of supplies

20°Asphaltic concrete face dams (revetments, deformability, performance).

ad 11. Technical Standards for Port and Harbour Facilities in Japan (1980)

The original "Technical Standards for Port and Harbour PFacilities with
Commentary" (published in 1979 in Japanese) compiled all the advanced
Japanese port and harbour engineering techniques into one book.

The present publication contains the main parts of the above document
excluding the official procedures, for the purpose of introducing the
Japanese system of port and harbour engineering to overseas countries.
Contents (317 pages):

Part I Design conditions

1° General 2° Ships 3° Wind and wind pressure
4° Waves 5° Wave forces 6° Tide

7° current and c. forces 8° Estuary hydraulics 9° Littoral drift

10°Soil characteristics 11°Earthquake and seismic force

12°Earth pressure and water pressure 13°Surcharge (deadweight and load)

14°Coefficient of friction
Part II Materials

1° General 2° Steel 3° Concrete

4° Bituminous materials 5° Stones 6° Timber

Part III Precast reinforced concrete members

1° Box caissons 2°® L-shaped blocks 3° Cellular blocks
PartIV Foundations

1° General 2° Bearing capacity of shallow foundations

3° Bearing capacity of deep foundations 4° Bearing capacity of pile found.
5° Settlement of found. 6° Stability of slopes 7° Soil stabilization
Part V Waterways and basins

1° General 2° waterways 3°Basins

4° Basin for small crafts

Part VI Protective facilities for harbour

1° General 2° Breakwaters 3° Special type breakwat.
4° Jetties and groins 5° Training jetties 6° Locks

7° Other protective facilities for harbour

Part VII Mooring facilities

Part VIII Other facilities

Part IX Special purpose quays

The standards are (per definition) written in a very compact form and they
are limited to the headlines of design of various harbour structures. In
part I ‘Design Conditions’ the main informations are based on the US Shore
Protection Manual. For calculation of the weight of armor stones and blocks
the Hudson’s formula is recommended. There is no formula recommended
against current attack. For the coefficient of static friction used in
stability calculation against sliding the value of 0.8 for rubble against
rubble, and 0.6 for concrete against rubble is recommended. The information
on stones in Part II (Materials) is only limited to some general statements
and the specifications on internal friction and the unit weight for various
coarse materials.

N.B.

There is a number of original Japanese design manuals going much deeply
into the dimensioning problems. Some of them are partly translated by CERC.
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Conclusions
1. The limitation of this paper does not allow to prepare a fully (detai-

led) evaluation of the available Worldwide experience on application of
rock and design(methodology) of various rock(fill) structures. However,
the background information can be found in the reports and manuals as
mentioned in the references. -

The informations presented in the design documents can be of use in
solving the typical problems of the choice of protective structure in
respect to design hydraulic load, the ability of materials, and desired
function of structure (i.e. Chapter on design principles and verificati-
on of design).

It should be rememberd that rock and rockfill structures are only one
option for defence works and must be considered in conjunction with, or
as an alternative to other options in the scope of project optimization
and fulfilling the functional and environmental requirements.

The modern design approach (metodology) can be found in the respective
PIANC guidelines and in the CUR/CIRIA Manual on use of rock.

The event or fault tree can be a useful tool for a proper design and for
programming the necessary research. Because of the multidisciplinary
character of the most problems to be solved the application of the
integrated SOWAS-concept and the probabilistc approach should be further
stimulated.

Not all failure modes are sufficiently recognized and described. The
proper design of toe protection (against scouring), slope protection
(against wave and current forces, and against internal forces as seepage
etc.) incl. proper filter construction, and protection against overtop-
ping can be decisive for the total stability of a defence structure.
Although definitive design methods are still 1lacking, the already
existing design rules can be of use in particular cases.

Industrial waste products (minestone, slags, silex, clay from consolida-
tion of polluted dragged silt, etc.) often create a great problem
regarding their storage (dumping). In the Netherlands considerable expe-
rience has been gained with the application of industrial waste products
as alternative materials in hydraulic engineering (i.e. bank and bed
protection, filter constructions, fill material of closure structures).
When using these materials special attention should be paid to the envi-
ronmental implications. The technical dimensioning criteria can be deri-
ved from the existing knowledge on natural materials (Pilarczyk, 1987).
There is still a need for international unification and/or standarizati-
on of design methodology/criteria. Further research on failure modes and
prototype verification of developed dimensioning criteria is still
needed. Careful evaluation of prototype failure-cases may provide useful
information/data for verification purposes.

In all cases, experience and sound engineering 3judgement play an
important role in applying these design rules, or else mathematical or
physical testing can provide an optimum solution.

Because of the shortage of national research-funds and complexity of
problems, international cooperation, especially in the common fields of
problems (research, design codes), and the technology transfer, especi-
ally to developing countries, should be further stimulated.
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APPENDIX: Software related to rock applications

BREAKWAT: PC-model for breakwaters applications developed by the Delft
Hydraulics and the Rijkswaterstaat in the Netherlands. The program incorpo-
rates the design formulae by Van der Meer on static and dynamic stability
of rock under wave attack. The progress of damage in function of wave
conditions, storm duration and composition of structure can be calculated.
Also, the profile development, stability/reshaping of berm breakwaters, and
stability of toe and transitions are incorporated. The basic stability
relationships were verified by the prototype tests in the large Delta-flume

(waves up to 2.5m).

DIPRO: PC-model on DImensioning PROtections developed by the Delft Hydrau-
lics and the Rijkswaterstaat in the Netherlands. The program is applicable
for dimensioning of bank protections of navigational channels and natural
rivers. The program incorporates the formulae on prediction of ship-induced
water motion and the response functions for slope protection (riprap,
blocks, filters, etc.) as established through the systematic research incl.
prototype verfication. Some environmental friendly solution incorporating
vegetation are also included. The program is being continuously updated in
respect to the current developments. The separate Handbook on Environmental
Friendly Solution will be published in 1994.

CLODES: PC-model on CLOsure DESign developed by the Rijkswaterstaat (in
cooperation with Delft Hydraulics) in the scope of large program of closure
works in 80‘'s in the Netherlands. The program relates to rockfill closure
dams in tidal estuaries, however, it is also applicable under other
conditions. The horizontal, vertical and combined closure methods incl.bed
protection are treated in details. The superposition of current and wave
attack is included. The design relationships are based on an extensive
model research and prototype verification.

IBREAK: PC-model originally developed by Kobayashi (Univ. of Delaware) for
reproduction of water movement (runup/rundown and overtopping) and structu-
ral response of riprap slopes. This model is actually being further develo-
ped/improved at the Delft Hydraulics into more practical/operational model
for coastal engineering applications.

For more information on the Dutch computer programs contact:
Delft Hydraulics, P.0.Box 177, 2600 MH Delft, The Netherlands

WES/CERC: Waterways Experiment Station and Coastal Engineering Research
Center have developed a system of computer programs on various hydraulic
and coastal engineering applications where the rock/riprap are often
implicitely included.

An example of such program is the Automated Coastal Engineering System
(ACES,1992) developed by CERC. The general goal of the ACES is to provide
state- of ~-the -art computer based tools with application to the coastal
engineering problems such as, for example: wave prediction, wave transfor-
mation, ruwnup, transmission, overtopping, and structural design (breakwa-
ters, toe protection, rubble- mound revetments).

For more information contact:
CEWES-IM-MI-C, 3909 Halls Ferry Road, Vicksburg, MS 39180-6199, USA.
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SIMPLIFIED UNIFICATION OF STABILITY FORMULAE
FOR ROCK AND OTHER REVETMENTS UNDER CURRENT
AND WAVE ATTACK

K.W. Pilarczyk
Rijkswaterstaat, Road and Hydraulic Engineering Div.,
P.O. Box 5044, 2600 GA Delft, The Netherlands

Abstract

A simplified "black box" approach is presented for a number of revet-
ment systems for banks and shore protection. The design criteria, based on
the physical similarity with rip-rap and block revetments, are defined for

wave and current attack.

Introduction

There is a great number of formulae available on the stability of vari-
ous protection systems against currents and waves. Most of them are develo-
ped on the base of limited number of parameters involved and within a re-
stricted range of variability of these parameters, or juist as a fitting of
these restricted expetimental data, and often missing any physical back-
ground. Due to all these imperfections the comparison between the formulae
is also or often even impossible.

Moreover there is no link made between the current- and wave- attack crite-
ria. This situation is very confusing for the potential users.

In the following, an attempt is made into somewhat simplified unifica-
tion of the existing approach with reference to the basic physical princi-
ples including such elements as the velocity and the friction-, drag-,
lift- forces, shear-stress, submerged weight, and the basic relationships
between currents and waves.

A simplified "black box" approach is presented for some of these systems
leading to a more consistent stability approach in practical applications.
The types of revetments which have been studied in the last years are shown
in Table 1. In this figure the critical modes of failure, the corresponding
determinant loads and the required strength are summarized qualitatively.
Based on the physical similarity with the placed-block revetments and
rip-rap, for which the recent research has provided new stability relati-
ons, the similar relationships can be derived for other systems as grouted
systems, gabions, geotextile mattresses and open stone-asphalt.

Finally, a brief discussion on the applicability of proposed criteria is

presented.
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Initiation of particle motion. Basic concepts.

The equilibrium of particle on the bed of a stream is disturbed if the

resultant effect of the disturbing forces (drag force,
forces on the particle surface) becomes greater than the stabilising forces

as gravity and cohesion (i.e.

clayey soil).

K.W. Pilarczyk

1ift force, viscous

The acting forces have to be

expressed in Xnown quantities such as velocities or bottom shear stress.
They will have a strongly fluctuating character sothat the initiation of
motion also has a statistical aspect.

Table 1.

critical

determinant

type of
coverlayer failure mode | wave loading e
sand /gravel | e inition of o velocity field | e weight,
motion in waves friction
e transport of e dynamic
material ‘stability’
o profile 7//
formation
clay /grass e erosion o max. velocity | e cohaesion
o deformation (e impact o grass-roots
e quality of
y clay
rip-rap e inition of e max. velocity | e weight,
motion e seepage friction
o deformation o permeability
of sublayer/
= < core
gabions/ e inition of e max. velocity | e weight
(sand-,stone-, | motion o wave impact | e blocking
cement-) o deformation | e climate o wires
mattresses e rocking o vandalism o large unit
incl. geotextiles | e abrasion / o permeability
corrosion of incl. subloyer
wires
o uv.
placed blocks | e lifting e overpressure | e thickness,
incl. block mats| e bending e impact friction,
o deformation intertocking
e sliding SO o permeability
incL sublayer/
geotextile
o cabling/pins
asphalt e erosion e max. velocity | e mechanical
e deformation |e impact strength
o lifting e overpressure | e weight

General characteristics of revetments

Most of the older relations (the 18th century) have the form:

Uhllm.ai!.

= (4.5 to 5) VD

(Dinm, U

819

in m/s)
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It can be rewritten in a dimensionless-form as:

U'.ou/ (2gAD) = 0.62 to 0.77 ¥ 0.70 (2)

A well kxnown example of a velocity-type stability criterion has been
presented by Isbash (1935,1970). His empirically derived formulae for
embedded and exposed stones on a sill read:

for exposed stones on a sill: lf/(ZgADm =@ = 0,7 (3)
for embedded stones on a sill: U?/(2gADy) = ¢ = 1.4 (4)

The Isbashs’ formulae can be used directly when instead of the depth mean
velocity U the near-bed velocity (say at 1 m above the bed) is known/used.

Erosion,transportation, and deposition of loosely materials were also
studied by Hjulstrdm (1935), see also ASCE (1967) and Graf (1984). He has
presented very useful diagram showing the limiting zone at which incipient
motion starts. Because the more correct bottom velocity is seldom availa-
ble, Hjulstrom decided to use the average flow velocity as a reference. For
this reason it was presumed that the average velocity is about 40 percent
greater than the bottom velocity for a flow depth exceeding 1 m.

The ASCE Task Committee (1967) has elaborated the Hjulstrém‘s data toege-
ther with other data into the form as presented in figure 1.

The diagram indicates that loose, fine sand is the easiest to erode, and
that the great reasistance to erosion in the smallest particle range must
depend on the cohesion and adhesion forces. This diagram can serve for
quick orientation/first approximation of necessary grain sizes.

20 600

10 400§
b= 6.0— Upper limit 200 &
8 —A~t= Mean &) =
8 ao0—>R o s
] S 1311, Lower kmit @ 11100 &
= (o T (M Hi g7 Fi L)
820 e \‘\ - ) M ot 15 1,, %I / {60 o
- Y ~ 9!
3 10 F\\\ S ‘:% l l I -«” a Mavis and L ~ ‘=j40 =_E_
go.s = it 20 §
g0.4 Shieids ( : 10 §

02 g

01—
0001 0004 001002004 01 020406 1 2 46 10 20 4060100
Mean sediment size, millimeters

Figure 1 Critical water velocity vs. mean grain size (after ASCE,1967)

1° Basic approach on equilibrium of an (exposed-) grain on the bed under
current attack.

The disturbing force F (resultant of drag force ‘K and lift force ‘L‘)
will be proportional to the bottom velocity U, or to the bottom shear

stress t,, and the particle surface area (Dﬁ.
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The stabilising gravity force is proportional to the submerged weight G and
the bottom friction ‘f’ (f=tan6, where 6= angle of repose).
The condition for equilibrium can be expressed by the relations:

(a) K=fG, or
icppUnD* /4 = £MD3/6(2,-p)g

U'/(29 A D) = (2/3)£/Cp = @ (5)

where f=tan6, 8=angle of repose,
Cp=drag coef., U=bottom velocity,
D=nominal diameter, A=(p, -p)/p=relative density.

Assuming ©= 42°(for rock), f= tan 42°= 0.90, Cp= 0.4 to 1.0 (Fig.2), one
obtains:
U’/(2g A D) = ¢ = 0.60 to 1.5

Acc.to Isbash , ¢ = 0.7 for exposed stones and ¢ = 1.4 for embedded stones.

10
: NN P)

4 A < \ Shape foctor = /j;

2 Q\}\#m‘ EPJ--L‘F*

\\\\ %‘}"' -
S, ! N
0.8
0.6
\1_%
04 Shape factor = ——
£ Vbe ﬁ‘

92~ with b being the maximum axis ALBERTSON (1953)
0.1 [ 1] | [ 11 | 1N el ]

4 6810 2 4 6810° 2 4 6810 2 4 6810° 2 3
Re

Figure 2 Drag coefficient vs. Reynolds number and shape factor (Graf,b1984)

(b) The moment with respect to the turning point S gives the equation:

— Uy v

Fb=Ga, or

(3CepU*nD*/4) b= (nD3/6 (p,~p)g) a

U*/(2g A D) = (2/3)(a/b)/Cs = ¢ (6)

SUBSMERGED WEIOHT G

Assuming a=b and Cg= 0.4 to 1.0, then o= 0.67 to 1.67.
Cr is a combination of coefficients for drag- and lift-forces.
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The both cases ((a) and (b)) indicate that even such simple static-
equilibrium approach provides reasonable results close to the reality. It
also indicates the main governing parameters involved and the general
(physically justyfied) structure of the possible stability criterion.

(c) By applying in the case (a) or (b) the bottom shear stress t, instead
of velocity U, and replacing C; ,‘f’‘and other numerical coefficients by V¥,

one may obtain the following equation:
a t, D' > a (p,~p) gD, or
T, > ¥ (p-p) g D (7)

where ¥ = a,/a, = F(f,C;R,) is a combined factor depending on the flow
conditions near the bed, particle shape and roughness, the position of the
particle relative to other particles and the Reynolds number; ¥ = ¥_ for
critical conditions of inception of movement.
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Figure 3. Shields’ diagram; dimensionless critical shear stress vs. shear
Reynolds number

Because U is proportional to shear velocity, w. = ./t/p,,,t ailelzzlf::r
theoretical considerations based for example on drag force due to 24
will give the same result that (see also Figure 3):
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te uw,’
Ve = = = f(Re.) (8)
(p=ps) g D AgD
and,

w=/Jt/p,=V gRI=UVg/ C

where ¥, = critical dimensionless shear stress parameter (Shields)

To = critical value of bed shear stress induced by the fluid
at which the stones first begin to move

Pe = mass density of the rock material

Pu = mass density of sea water

D = grain size

. = shear velocity, u. = Jt/p,

T = bed shear stress

v = Kinematic fluid viscosity

Re. = Reynolds number for based on shear velocity defined as
Re. = u., D/v

R = hydraulic radius or water-depth

I = slope of energy level

U = mean velocity

o = Chezy coefficient (in n'%/s)

2° Derivation of design criteria

In steady flow the shear stress t acting on the bed can be computed as:

T = P9 — (9)
¢
in which U is the depth-averaged current velocity and C is the Chezy
coefficient. When the bed is hydraulically rough the Chezy coefficient
depends only on water depth (R or h) and bed-roughness parameter, Kk,:

C = 18 log (1+12h/k,) (based on: Christensen,1972) (10a)

or,
C = 18 log (12h/k,) (usual form) ) (10b)

Introduction of ¥ into the Chezy equation provides a general form of a
stability criterion in terms of mean (depth-average) velocity:

U"/2g c
= Y (11)
A Dy 2g

Accordingly to Shields, for sediments coarser than 4 mm (R, > 200) the
value of ¥, is nearly constant (see Figure 3).

After introducing the C-relation, one obtains the well-known equation
(criterion) for fully developed logarithmic-velocity profile on a horizon-
tal bed:
U = C V¥, = 18 log(1+12 h/k,) V¥, (12)
Y (A D)
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This formulae is mostly presented in the following form (eq.13):

U 18 12h
VEgb Vo k,

The roughness-value can roughly be estimated as follows:

- for fine sediment: k, = (1 to 2) Dy, , i.e. k, = 2 Dy :
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