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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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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

558



Preprints International Riprap Workshop 1993 W. Leeuwestein

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.
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=
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.

564



Preprints International Riprap Workshop 1993 W. Leeuwestein

| <

||
| identification and maximum settingsJ window 1
| -

!
[ 1 Window
l Hydraulic Criteria J [ Construction Criteria ] 2
] R
epeat
Transmitted Waveheight
Toplayer of slope
| =
I
! |
Hydraulic Crit. Construct. Crit.
Norm. Weather Cond. P,S,Slope )
Transmitted Waveh. window 3
| = |
|
Secondary Layer Repeat
Core material >
i 1 I n <
roesign Both sides identicalj
window( DNSOAL=DNSOA | (y) (n) |DnSOAL for Ht window
4a DnSOAL Norm.W.Cond. 4b
DnSOAL design wave lee
Repeat Repeat
choose toe type window 5 choose toe type
[ 1
Standard toe Dredged Toe Sea-side Sea-side
Both side both sides standard toe dredged toe
Lee-side Lee-side
Lighter design lighter design
Repeat L T J Repeat
[ |
l =
- | window 6a or
l Design toe structure ] window 6b
Repeat
|
I Plot Breakwater cross-sectionj plot 1
|
|
[ Set Standard gradings I window 7
T Repeat
!
I Calculation of required volumes l window 8
| <
window 9 o L s window 10
[Rosin-leer Distribution Curvel I Manual input availabilityl
T J Repeat
[
[Plot Bars available and required] plot 2
1
lPrintir\g of results ]
Repeat

END

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]
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¥ 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




Preprints International Riprap Workshop 1993 G. Lefebvre

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)

576



3.0

90 135 180
Wind direction (deg/North)

Figure 2. Regular Riprap in Poor Condition (Site: KA-03, Slope
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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)

580



Preprints International Riprap Workshop 1993 G. Lefebvre

12
11E Slope: 1.5
10'_—9— D85/D15=3, free of fine
9:_-5— D85/D1543, with 10% of fine
sk

e 7

g 6

§ sf
4
=l
2k
1L

—lllllllllll!llllllljll

9.0 1.5 2.0 2.5 3.0 3.8

Stability Number Ns

Figure 7. Influence of Fine Material on Steep Slope Riprap (Slope: 1.5:1)

12
11_ M
10 -—©— DesD15.3, ree of fine
9—_—5— D8S/D15=3, with 10% of fine
8k
@ o TE
& 6
5 5F
o [
4_
3
2
1
_:Llll]llll!lllllllll'llll
?.O 1.5 2.0 2.5 3.0 3.5

Stability Number Ns

Figure 8. Influence of Fine Material on Flat Slope riprap (Slope: 2.5:1)

581



Preprints International Riprap Workshop 1993 G. Lefebvre

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.

588




Preprints International Riprap Workshop 1993 D.A. Lienhart

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
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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
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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
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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.
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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

630



- S o e s =SS e

Preprints International Riprap Workshop 1993 J.S. Mani

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

634



Preprints International Riprap Workshop 1993 J.S. Mani

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
645




Preprints International Riprap Workshop 1993 J.S. Mani

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<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>