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STABILITY AND WEAK MOTION OF
RIPRAP AT A CHANNEL BED

J. Aguirre-Pe and R. Fuentes
Laboratorio de Hidraulica, facultad de Ingenieria
Universidad de Los Andes
Apartado 45, Mérida 5101-A, Venezuela

ABSTRACT

This paper is first concerned with the 1initiation of wmotion of big
particles at the bed of a channel. Because the authors have previously
demonstrated that the Shields criterion is not applicable when the ratio of
flow depth to bed particle diameter is less than 10 (macro-rough flow), they
here propose a critical Froude number of the particles, based on a «critical
mean velocity of flow, as a suitable criterion for the initiation of motion.
Critical Froude numbers of the particles were obtained after calibration with
available laboratory data. The proposed criterion 1is compared with other
formulations which consider critical shear stress, critical mean velocity or
critical discharge. Experimental weak transport of large sediment particles,
initially at rest and at the bed of a laboratory flume under torrential flow
is then presented. A weak transport predictor is obtained as a function of
parameters that define macro-rough flow. The proposed relationship is tested
against riprap data. It is found that it exhibits a better behavior than

other transport predictors.

INTRODUCTION

The stability of riprap on margins and beds of channels and rivers has
been commonly considered to be a function of the threshold shear stress
required to initiate motion of individual particles (Simons and Sentirk,
1976). Even though the concept of threshold or critical shear stress gained
a solid support with the study and solution by Shields (1936), it 1is known
that in most experiments conducted to obtain <critical shear stress, fine
particles corresponding to sand diameters were used. Shear stress is related
to the relative thickness of the laminar sublayer of the boundary layer, but

boundary layer theory loses physical meaning on boundaries with large
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relative roughness of say d/D < 10 in which d is the mean depth of flow, and
D a characteristic diameter of particles at the bed.

Breusers (1982) conducted a comprehensive review of equations proposed
to predict the critical mean velocity Uc required to move stones. In
general, these relationships may be rewritten to express a critical Froude
number of the particles F; = Uc /(g A D)‘/z, as a function of d/D, with g
being the acceleration due to gravity, and A = ps/p -1, where ps 1is the
density of the solid particles and p the fluid density.

As the mean velocity of flow 1is related to bed resistance, it 1is
convenient to consider which are the appropriate resistance functions that
might be applied to flow on a riprap bed.

After discussing the resistance and initiation of motion problems, this
paper analyzes different formulations to estimate transport of large
particles. A comparison of the most appropriate relationships to estimate
sediment discharge in macro-rough flow is also presented. Formulations by
Meyer-Peter and Miller (1948), Ackers and White (1973), Smart and Jaeggi
(1983), Bathurst et al. (1983), Van Rijn (1987) and Mora et al. (1990) are
considered. Formulae are compared against gravel and riprap experimental
transport for flows with high relative rugosities (d/Dso <x 10). For the
highest relative rugosities (d/Dso <~ é.5), sediment discharge relationships
tend to overestimate experimental transport. Because of this, a calibration
of transport relationships was performed for two riprap sizes and an equation
for weak riprap transport was obtained as a function of discharge in excess
of critical discharge. Formation of antidunes and massive sediment transport
result to be a function of dimensionless discharge and of the slope of the

energy line.

FLOW RESISTANCE

The Nikuradse's sand-roughness standard --normally wused to describe
roughness and resistance in pipes --was extended to open-channel by Keulegan
(1938) and others (e.g., Einstein, 1944; Simons and Senttirk, 1974). The
corresponding boundary layer theory, however, is not adequate for describing
resistance to flow in channels for which the size of roughness elements is
comparable to mean depth.

Among the most used formulations for flow resistance of macro-rough

flows are those that express resistance as a function of the logarithm of
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relative roughness D/d or of D/R, in which R is the hydraulic radius. These
formulations may be expressed in the general Keulegan’'s form as:

/2
u _ = _| 8 _ a R
—UT =C -[T = 5.75 log [ o D ] (1)

in which U is the mean velocity of flow, us the mean shear velocity at the
boundaries, C. the dimensionless Chezy coefficient, ¥ the Darcy-Weisbach
friction factor, a a function of channel or river shape varying from 11.:1
for hydraulically wide shapes to 13.5 for semicircular sections, and o is a
texture factor that depends on the characteristic diameter selected for the
functional relationship. The product o D in Eq.l1 plays the same role as
Nikuradse's standard ks in Keulegan's equation. In Table 1 texture factors
obtained from relationships recommended by different authors are provided for
high gradient channel flow on macro-rough boundaries. Specific <formulations
by Kamphuis (1974), Hey (1979), Griffiths (1981) and Jaeggi (1983) were
obtained for riprap consisting of gravel or crushed stone particles.

Eq.1 does not show the influence which the form and distribution of
particles spread on the bed exert on friction factors. This explains why
different values of o may be obtained for the same characteristic diameter of
bed particles and why other structures for resistance equations have been
proposed.

Indeed, Maynord (1991) conducted a comprehensive analysis of resistance
equations applicable to riprap boundaries and found that the theoretical
coefficient 5.75 in Eq.1 would transform into 3.92 for the best fit
logarithmic equation. Thompson and Campbell (1979), studying a temporary
boulder-bed spillway, introduced a corrective factor in Egq.l1 which takes into
account blocking effects on flow caused by protruding particles. Their

experimental relationship is given as:

(+)

in which ks = 4.5 Dso. Bathurst (1978) proposed a different relationship

1/2

: 0.1 ks 12 R
= 5.66 [1 —-R—]log[ Z_ ] (2)

given by:

8 172 _ R 2.94 L (?Le-0.56 -
[_f_] - [o.ses'pu d



Preprints International Riprap Workshop 1993 J. Aguirre-Pe

where W is the water surface width and Le the ratio of the frontal
cross-sectional area of elements to the area of the bed. In practical terms,

Bathurst related roughness concentration to relative submergence as:
R
Le = 0.039 - 0.139 log — (4)
De<

for R/Dee < 1.2 in high slope and shallow water rivers (Bathurst, 1982).
Other researchers have calibrated relationships based on a power form of
the resistance equations. Bray (1979, 1982) presented Kellerhals®' (1967)

functional relationship for paved gravel-bed rivers as:

m

172 _ d
£ s [T] (5)

in which ¢ and m are numerical coefficients that depend on the characteristic
diameter. 1In Table 2, values of ¢ and m for Kellerhals and Bray functional

relationships are provided.

Manning coefficient n may substitute Darcy-Weisbach friction factor

l considering that:

8 172 ) K Rs/o » i
f 172

in which K is a constant that takes the value of 1 in the International Unit
System and of 1.486 in the British Unit System. It is clear then that there
are as many functional relationships for n as there are for f. Jarret (1984)
obtained channel roughness by the Manning formula from 75 current-meter
measurements of discharge at 21 high-gradient natural stream sites. In
particular, Limerinos’ equation (1970) has been used for gravel bed rivers
and for riprap boundaries; this equation is expressed as:

1/6
as d

— (7)
1.16 + 2.00log(d/Des)

where the mean depth replaces the hydraulic radius originally used by
Limerinos, as being equal to 0.113 if d is given in feet, and to 0.0927 if d

is measured in meters.

Equations for macro-rough flow may generate deviations of up to 30% when

9
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applied to rivers but of less than 15% when applied to well aligned channels.
Discrepancies between experiments and formulae arise because resistance to
flow is related tobéandomness of the pattern and spacing of those roughness
elements that protrude from the mean bed and produce additional drag to that
of uniform beds.

To introduce additional calibration elements in the logarithmic
relationships for resistance, Aguirre-Pe and Fuentes (1990) took i.to account
the fact that in the lower portion of flow in steep rough streams «close to
the bed, there is a wake zone that modifies the logarithmic profile as was
suggested by Montes (1968) and' later corraborated by Aguirre-Pe et al.
(1986a) and Schreider (1988). Two zones are identified in the flow field: In
the first zone, close to the top of the roughness elements and containing the
overlapping wakes generated by them, the velocity us in the direction of the
flow is taken to be essentially constant, as shown in Figs.l and 2. This
zone is first assumed to be of a thickness proportional to the diameter D of
the roughness elements by a linear factor --herein called the wake factor--
denoted by 3. A sketch defining the flow in the two zones is shown in Fig.Z2.
In the second zone, located above the first one, the wvelocity distribution
can be described in terms of a power law which 1is approximated by a
logarithmic profile. This bestows some practical importance to the approach
and allows comparisons with other commonly used formulations. Provided that
the flow below the top of the roughness is negligible, the mean velocity is

given by:

u=1%—9—+;—J udy (8)
fp

in which dy is differential of height for which u is defined. The 1integral

term corresponds to the logarithmic zone for which:

B e Ut g . B (9)

where B is an additive function that approaches 8.5 for high shear wvelocity
Reynolds numbers and x the universal Von Karman constant. Combining Egs.8

and 9 yields:

sl g, @ g L, B0 D fur 1, @
A L AR 2 - A N R 2LE- R (1o

10
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But, since u = us for y = 3D, Eq.10 reduces to:

G TR TR TR T (11)
K a D K % Kxd
and
™= co L O (12)
K d
in which:
172
- 8 _ 1 d 1
Co-[T] —Tlna—D+B -K_ (13)

where C: is the dimensionless Chezy coefficient for a flow without the wake
effect related to the Darcy-Weisbach friction <factor fo for low-scale
roughness. EQ.13 shows that for high relative roughness, C. is different
from C:.

Laboratory experiments that test the wvalidity of Eq.11 for riprap
boundaries have previously been carried out: On the one hand, Aguirre-Pe et
al. (1990) conducted flume experiments for riprap roughness and for two types
of gravel, and on the other, data for sand and gravel beds obtained by
Olivero (1984), Kamphuis (1975), Bathurst et al. (1984) and Picén (1991) have
also been used to test the validity of that equation. Experimental values of
the coefficients a and (3 in Eq.11 may be obtained in the following way:

1. From the known hydraulic parameters, experimental values of

C-= Uu/(g R S)‘/z are calculated.

2. From an assumed value of a, Eq.13 provides C: values.

J. By linear regression, an equation for the straight line

c™- €8 = f1 (D/d) is determined.

4, If C.- C: =~ 0 at D/d = 0 for this equation, then the assumed value

of a is correct and 3/k is given by its slope.

5. 1fC"- Co is significantly different from O for D/d = 0, a new

value of a is assumed and the procedure is repeated.

A summary of data for different rugosity patterns with corrected wall

effects is presented in Table 3 in which mean values of o and 3 for Dso in

11
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several riprap layers are or = 3.2 and f3r = 0.7.

For composite macro-rough flow with varying roughness patterns along the
wetted perimeter, Fuentes and Aguirre-Pe (1991) assumed uniform flow in bands
of uniform roughness in which conservation of momentum and matching of shear
stresses between two successive bands allowed the determination of the
friction factor for each roughness through successive iterations. If
velocity is assumed uniform in the whole transversal section, then the
mentioned algorithm reduces to Einstein’s method (1942) that may be written

in the general form:
Pf=EPifi (14)

where P and f are the total wetted perimeter and the bulk friction factor
respectively, and where Pi, fi represent the wetted perimeter and the

friction factor for each of the different rugosities.

RIPRAP STABILITY AT THE BED OF A CHANNEL

The equilibrium of a particle on a stream bed is governed by the balance
of destabilizing drag and lift forces and the stabilizing forces of gravity
and particle interlock. As early as 1753, Brahms observed a one-sixth power
relationship between mean flow velocity and the weight of a particle whose
motion had just started.

The best known relationship which describes the initiation of motion was
proposed by Shields (1936) who, in order to define critical shear stress by
extrapolating to zero the transport of solid particles, correlated rates of
sediment transport with mean bed shear stress. He related dimensionless
critical shear stress to a particle Reynolds number which was in turn related
to the relative thickness of the laminar sub-layer of the boundary layer. But
the boundary layer, as considered by the <familiar theory, 1loses physical
meaning in steep streams with large relative roughness of, say, d/D < 10.

The one sixth power law by Brahms corresponds to a relationship of +the

1/2, where Uc is the critical mean wvelocity. Breusers (1982)

form Uc = D
pointed out that some of the equations that predict a critical mean wvelocity
of flow to move stones, F; = Uc /(g A 0)1/2’ are expressed as functions
of log(d/D) or of (d/D) to a power.

Flow in steep rough streams being a stochastic problem of macroturbulent

12
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flow, several difficulties arise when attempts are made to define the
critical conditions for the initiation of motion. One of them is related to
the definition of threshold of particle motion. Another problem lies in the
definition of depth when steep rough flows occur. The first problem may be
solved by extrapolating the mean sediment discharge to zero or to a constant
small value. The second problem can be avoided (cf. Bathurst et al., 1983)
by considering the dimensionless critical discharge as a function of slope
only. A different approach consists in defining the depth as the distance
from the top of the mean bed particles to the free surface, and to assume
that a simple model proposed by Aguirre-Pe and Fuentes (1990) holds valid for

a wake reqgion close to the bed.

INITIATION OF PARTICLE MOTION
Critical conditions for the motion of the particles are established when
the moment due to the acting forces F of the moving fluid is equated with the
moment due to the body forces W around some point ( see Fig.2 ).
Considering the existence of a wake zone close to the bed of constant
velocity us, the critical conditions on the particle of diameter Do will be

established precisely when:

o 64 use® Do

(ps — p) 62 g DS cose (tang - tan8)

where € is the longitudinal angle of the bed channel, ¢ the friction angle of
bed particles, &1 and &2 factors that depend on the flow velocity near the
bed and the shape of the particles. The velocity is supposed to follow the
Prandtl-von Karman logarithmic law for y 2 3 D. Thus, it can be shown, from

Aguirre-Pe and Fuentes’ wake model (1991), that for y = 3 D, we will have:

+ B (16)

usc _ 1 T Ed
Usc [ ]

D
D
where B = 8.5 at high Reynolds numbers of the particles, u®c is the critical

L ] -
shear velocity that can be expressed as Uc/Ce, and Cc the dimensionless

critical Chézy coefficient. Substitution of Eq.16 by Eq.15 leads to:

13
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( &2 )1/2
FE - Je — = — 81 = ce (17)
(g A Do cos® (tang - tane))? . -;—-ln + B

in which o, 3 and &1, &2 depend on the shape, the relative size of the
elements and the flow conditions.

Since, according to Eg.11
d ) + 6.0 + 2.5 E—R, (18)

-
C™= 5.75 log(— -

a formulation for the critical Froude number of the particles Fz should be

given by the functional relatiorship:

Fe = Ve = f1 (d/D, FF) (19)

(g A Do cos& (tang - tane))‘/2

where FF are shape factors that describe the particles.

Critical conditions for initiation of motion of riprap particles have
been recorded for a relatively long period of time by Aguirre-Pe (1975) and
Aguirre-Pe et al. (1984b, 1991 and 1992). These experiments as well as the
data from Neill (1967), Ashida and Bayazit (1973), Olivero (1984) and
Bathurst et al. (1983, 1984) for, large relative roughness in the range
0.2 < d/D < 30 are given in Fig.3.

Classical Shields plots (1936) of dimensionless critical shear stresses

are given in Fig.4 for the indicated data. Dimensionless critical shear

stresses 7: =dS /7 AD --where S 1is the mean slope of the energy line--
are presented against critical Reynolds numbers of the particles
R: = :‘/200'/2, where D= = D(g A/ vz)‘/’ in which » 1is the kinematic

viscosity of fluid. Supporting theoretical considerations, this graph shows
that, beyond any doubt, for steep slopes and 1low relative submergences a
constant value for the dimensionless critical shear stress does not exist.
Experiments indicate, as was also observed by Bathurst et al. (1983, 1984),
that T: increases as slopes and submergence d / D increase. In fact, as
can be seen on Fig. 4, for D® =~ 560, an experimental variation of T: between
0.035 and 0.090 is observed, and for De = 1933 a value as low as 12 = 0.02
is obtained.

In contrast, by inserting Eq.18 into Egq.17, an explicit relationship for
F: is obtained. As was discussed above, the particle coefficients involved in

Eq.17 are not constant. Accepting minor scatter, the <following equation

14
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represents fairly well the experimental data:

Fe = 0.9+ 0.5 In (<& + 1.3.0° (20)
Do d

Fitness of Eq.20 may be appraised in Fig. 3. In fact, Eq.20 represents Eq.17
for mean values of a =1.8, 3= 2.6 and (62/61)‘/z= 1.9. This implies that
Eq.17 and EqQ.20 can be written in the more compact form:

Fe = -%—C: (21)

The critical Froude .number of the particles and the dimensionless
critical shear stress, modified by the factor cos8 (tang - tan®) for steep

slopes, are related by the identity:
Fc = 7c¢ Ce (22)

In Fig.5 a graph of F: versus d/D is given for T: = 0.04 and

C: = 2.5 In(d/ks) + 6.0 as obtained from the classical Keulegan expression

(1938), for ks = 2D. Comparison of Eqs.21 and 22 implies that the critical

Shields stress T: =~ constant should by modified by the factor (C:/C.)z for
steep macro-rough flow.

Critical mean velocities for the stability of stones on dams, in

revetments, and for riprap beds have been presented by Breusers (1982) and

Maynord (1988) as having, for cos&(tang - tan8) = 1, the form of:

FE = s log(me —g—) (23)

or the form:

- P

D (24)

where mi, m2, m3 and me are constants which take different values according
to different authors. Neill (1967) proposed a safe design curve to avoid
scour of coarse uniform bed-material, given in Fig.5 as Eq.24, for ms = 1.58
and me = 0.10. A relationship obtained by Maza and Garcia (1978) can be
transformed into Eq.24, taking ms = 1.50 and me = 0.15.

15
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Based on previous work by Schoklitsch (1962) and Bettes (1984), Bathurst

et al. (1987) found. that, for flume data, the non-dimensional <critical

qce/(g 03)1/2 --where qe¢ 1is the «critical

*
discharge per unit width qc

discharge per unit width-- is a function of slope, given by:

q: i A . = G5 T2 (25)
8 1.2
(g Dso’)

which applies to uniform sediment <for the slope range 0.0025 < S < 0.20,
with Dso being the size of particle median axis. Taking into account that
qc = Ucd and Uc = (g d S)‘/ZC-, Eq.25 may be rewritten in terms of the
critical Froude number of the particles, for A = 1.65 and cos®& (tang - tan8)
=1, as:

01 d ,0.087

" _ *0.
Fc = 0.481 C (T35’ (26)

This relationship is presented in Fig.5.

INCIPIENT AND WEAK MOTION

After the critical conditions for the initiation of particle motion are
surpassed in a bed formed by loose particles --either because of an increment
of slope or depth and the corresponding increment of the mean velocity--
transport of bed particles 1is established. Two different patterns of
transport may be distinguished. The <first one occurs at relatively low
transport rates for mean velocity of flow not exceeding the mean «critical
velocity in more than fifty percent. For this condition the bed remains flat
and the mode of qgravel or riprap transport is for individual grains to roll
and jump. This first transport mode may be named as weak or incipient
transport. For the second pattern, most of the particles at the bed move and
pavement breaks up. Massive displacements of particles in the form of
avalanches are produced, and antidunes that travel upstream are generated.
This transport mode is present for velocities higher than 1.5 Ue.

In order to analyze the behavior of different existing transport
relationships, experimental data for low relative submergences d/D = 10,
obtained by different authors from measurements in laboratory channels were
selected from Brownlie’s compilation of information (19B1) on sediment

discharge in open channels. Additional data of gravel and riprap transport

16
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from Smart and Jaeggi (1983), Bathurst et al. (1984), and Mora et al. (1990)
were used. Information regarding analyzed experimental data is displayed in
Table 4.

Formulae with mechanical and theoretical basis calibrated for different
experiments are chosen. Sediment transport in volume per unit time and wunit

width qs may be written in dimensionless form as:

i* = gs — (27)
D (g & d)?

=y ;
in which @ 1is the Einstein’'s transport parameter (1942).

Then, the Meyer-Peter and Miiller’‘'s sediment transport relationship (1948B)
may be written as:

» -37/L

-
$ =8 (X T - Tc (28)

in which A 1is & numerical factor that depends on sediment and flow
conditions, and 7., ?: are the Shields parameter and the critical Shields
parameter as previously defined.

In its general form, Ackers and White's functional relationship (1973)

is given as:

m
® Nn4-2 _® 4-ng
§0= Ke 1 T F Dso i 3 C: ns Dsas F' (29)
A C: 1-n4 Das Dso

where F. is the densimetric Froude number, K1y, A, m and ns1 are empirical
functions of the specific Reynolds number of the grains also called

. . : - : ;
dimensionless diameter D . This number is expressed as:
18

D" = Das A—: (30)
v

The dimensionless Chezy coefficient in Ec.29 corresponds to that of a flat

bed for high submergence and is given by:

s = v 32 109[‘“’] (31)

Das

17
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in which a is a coefficient equal to 10 for flat beds without transport.
Smart and Jaeqggi’'s transport equation (1983) may be expressed by the

functional relationship:

0.2
-_ Doo 0.6 .+ ®# 0.5 d . =
¢ =4 [W] S C T _R—[ T TcC) ] (32)

L .
where Tcj is given by:

Sj= Te (arctan §) | 1 S 33)
Tcj = Te cos (arctan : T (

As may be observed, relationships by Smart and Jaeggi correspond to a more
complete version of Meyer-Peter and Miller transport equation.

Van Rijn (1987) proposed the functional relationship:

-2 2.1
g*- 223 - 1 (34)
D= Co Tc
in which:
- 12 R
Co = 5.75 loq [ W ] (35)

Bathurst et al. (1987), considering the structure of former
Schoklitsch’s relationship (1962), showed that sediment transport may be
expressed as & function of slope and of discharge in excess of the «critical
discharge. In a dimensionless form, in terms of common variables, it may

take the form of:

8/2
z°= B s — [q - Qc] (36)
(A+1) Dso (g A Dso)

in which q is discharge of water per unit width..

A different transport function based on the concept that sediment
transport is a function of the excess of stream power above the critical
stream power, was proposed by Mora et al. (1990) as calibrated from data

mentioned in Table 4. This relationship is given by:

18
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"= 0.0072 5 ¢* "5 FE M (37)

In order to compare the performance of the different equations in
relation with the data (see Table 4), a statistical analysis was performed to
obtain the percentage of the total number of experiments that each formula
interprets with an error smaller than a given value. The deviation in
percentage is defined as: hzgeol ArAZ
Dev = 100 |&exp/Feq - 1]. (38) (7)

: FRATTR

If Pd is the percentage of data, then the mean deviation Dev may be
represented by a function f1 of Pd and by the corresponding equation (Eqg.)

which is being analyzed, 1.e.,:
Dev = f1 ( Pd, Eq.) (39)

Performance of Eq.39, as may be observed in Fig. é, 1is acceptable and
comparable to, but not better than, those of Smart and Jaeqgi, Bathurst et
al., and Ackers and White.

Fig. é indicates that the best performance of transport relationships in
decreasing order of applicability are those of Smart and Jaeggi (Eq.32),
Bathurst et al.(Eq.36), Ackers and White (Eq.29), Mora et al. (Eq.37), Van
Rijn (Eq.34) and Meyer-Peter and Miller (Eq.28).

Eq.36 by Bathurst et al. exhibits an important feature: In macro-rough
flow, it is easier from a practical point of view, to measure discharge than

to measure depths or to estimate shear stresses. Because of this, Picdn

(1991) and Agquirre-Pe et al. (1992) calibrated Bathurst et al.'s transport
relationship (1987) for the condition of weak motion for small
submergences 1.5 < d/D < 6.5 on mean flat beds composed of riprap particles
slopes ranging from 0.02 to 0.06. To take into account the effect of the
internal friction angle ¢ and of the slope, the definition of Einstein’s
transport function (1942) may be modified to the form §: given as:

. g

#r = 1/2 (40
(cosé(tang-tand))

The best fit relationship for weak riprap transport on flat beds, as a
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function of Bathurst et al.'s parameter given as the dimensionless liquid

discharge in excess to the critical discharge is given by:

S/2

2.5 (q-qe) S < 5/2

&r = 88 — = 88 Br
(A + 1) Dso (g A Dso)

(41)

€q.41 for riprap exhibits an arithmetic mean error of 36% for tested
data, and an absolute mean error, ¥ 100 abs (@exp/@calc-1), of 65%. Both
errors are smaller than those obtained using other relationships.

In Fig.7, experimental values of transport and the best fit functional
relationship corresponding to Eq.41 are given. Abscissa Bt in Fig.7
corresponds to the term between bracketts 1in Ec.41. For the highest

experimental points in Fig.7, antidune bed forms began to develop.

CONCLUSIONS

This study confirms that, for flows in steep rough channels ( S>x 1% and
d/D <= 10), the criterion of a constant critical bed-shear stress associated
with particle motion is not valid.

A criterion is proposed for determining the <critical mean velocity
associated with initiation of particle motion in steep rough streams. It is
found that FE, critical Froude number of the particles corresponding to Uc,
varies strongly for d/Do <= 2, being the relationship one of proportionality
of FE to D/d. For relative submergences d/D >x 4, FE varies slowly with
log(d/D). For relative submergences in the range of 2 to 4, F: has a near
constant value of 2.

The concept of a critical Froude number of the particles was first
compared with the concept of a critical shear stress. It was found that for
T#c = 0.04 and d/D > 40, both yield similar results, but that they strongly
diverge for low relative submergences .

Criteria of mean critical velocity developed by others tend to describe
fairly well the critical conditions for d/D > 1. Relatively low values of FE
given by Neill’'s equation for higher d/D are due to the introduction of a
safety factor for design purposes.

The critical discharge concept as presented by Bathurst et al. yields
values similar to those obtained in the present formulation.

Different relationships for the prediction of sediment transport at low
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submergences and high slopes were tested against several data banks and their
performance were compared. At very low submergences, d / D < 6.5, on mean

flat beds a new relationship is proposed for weak sediment transport.
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NOTATION
A constant
a function of channel shape
ai constant in Limerinos-Manning equation
B additive function in semilogarithmic velocity distribution

Br dimensionless excess of discharge, Br=2.5(q-Qc)S‘/s/((A+1)D50(qAD5°)1/2)
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Dev

Dev

Dso
Das
Dso
Dso

Dee

ma
m2
ms

Mme

dimensionless Chézy coefficient

dimension;ess Chézy coefficient for flow without wake effect
dimensionléss critical Chézy coefficient
numerical coefficient

characteristic diameter of particles at the bed
particle diameter subject to critical conditions
dimensionless diameter of particles

desviation in percentage

mean desviation

JOth percentile diame@er size

35th percentile diameter size

mean sediment diameter

80th percentile diameter size

84th percentile diameter size

90th percentile diameter size
depth of flow
differential of heigh for which u is defined
acting forces

densimetric Froude number

critical densimetric Froude number
shape factors that describe the particles
Darcy-Weisbach friction factor

Darcy-Weisbach friction factor for low-scale roughness
friction factor of a band
function
acceleration of gravity
constant in Manning equation
constant in Ackers and White transport relationship
Nikuradse standard grain size
concentration of exposed roughness elements
constant numerical coefficient
constant numerical coefficient
constant numerical coefficient
constant numerical coefficient
constant numerical coefficient

Manning coefficient
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n1 empirical constant in Ackers and White transport relationship
P total wetted perimeter
Pd percentage of data
Pi wetted perimeter of a band
q unit discharge of water
Qe critical unit discharge
Qe non-dimensional critical unit discharge
Qs volumetric sediment transport per unit width
R hydraulic radius
Re critical Reynolds number of the particles
longitudinal stream slope
u mean flow velocity
Uc critical mean velocity
u local flow velocity
us assumed constant-flow velocity in wake zone
usc assumed critical velocity in wake zone

u* mean shear velocity [ue = (qRS)l/zJ

umc critical mean shear velocity
W water-surface width
y local vertical distance
a texture factor related to Nikuradse standard by ks = oD
or texture factor for riprap
3 wake factor
f3r wake factor for riprap
A apparent relative density (A = ps/p - 1)
&1, 62 factors that depend on flow velocity and on particle’'s shape
6: Einstein transport parameter for riprap
L ]

@ Einstein transport parameter
Q:xp experimental Einstein transport parameter
Q:q Einstein transport parameter as obtained from equations
@ friction angle of the bed particles
universal Von Karman constant (x = 0.407)
numerical factor that depends on sediment and flow conditions

K
A

v kinematic viscosity of fluid

© longitudinal angle of the bed channel
=

fluid density
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Ps density of solid particles
1. Shields parameter

7: critical Shields parameter

Fig.1. Velocity Distributions in Flow Over Cobble Beds

Fig.2. Velocity Distribution and Particle Motion in a Steep Rough Channel

Fig.3. Critical Froude Number of the Particles for the Initiation

of Particle Motion
Fig.4. Critical Shear Stresses in Steep Rough Channels
Fig.5. Comparison of Criteria for the Initiation of Particle Motion
Fig.6. Discrepancies of Transport Relationship for Analyzed Data

Fig.7. Weak Riprap Transport
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Table 1
Texture Factors a in Eq. 1
Author D a R/D or d/D
/ |Keulegan (1938) ks 1

Leopold et al.(1964) Des 3.97 0.8< d/D <16
Limerinos (1970) Dee 2.98 1< d/D <50
Kamphuis (1974) Doo 2.00 d/D <10
Hey (1979) Des 3.50 0.8-100
Griffiths (1981) Dso 5.00 5< R/D =200
Graf (1984) Dso . J3.01 R/D <100
Graf (1984) Des< 2.24 R/D <100
Bathurst (1985) De« 2.24 0.3< d/D <é
Jaeggi (1983) Deo 2.00 10< d/D

Table 2

Power Form of the Friction Factor for Gravel Beds

Author D C m d/D

Kellerhals (1967) Deo 2.30 0.250 2-200
Bray (1979) Dso 1.36 0.281 2-200
Bray (1979) Dos 1.48 0.276 2-200
Bray (1979) Doo 1.78 0.268 2-200
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Table 3
“Summary of Data Used to Test Eq. 11 for Riprap.

Channel
Width Type of Height of |Texture Wake
Author (m) roughness roughness |Factor a |Factor {3
(1) (2) (3) (4) (5) (6)
o 0.38 | Gravel [0.005-0.046| 2.0 3.0
(1975)
D=Doo
U vero 0.10 Gravel | 0.01-0.023| 2.5 3.0
(1984)
. D=Doo
Bathurst
et al.(1984) 0.60 Gravel 0.022 3.8 0.7
D=Dso
Bathurst
et al.(1984) 0.60 Gravel 0.044 Se 0.5
D=Dso
Aguirre-Pe
et al.(1990) 1.00 Cobbles 0.064 1.0 1.0
D=Dso
Aguirre-Pe
et al.(1990) 1.00 Gravel 0.0444 1.0 0.6
D=Dso
Picdén 2
1.00 Riprap 0.0175 3.0 0.9
(1991)
D=Dso
rigcn 1.00 Riprap 0.0386 | 2.5 0.5
(1991)
D=Dso
Table 4
Transport at Low Submergences
Experiments Number of Data| Reference
Gilbert 32 Brownlie (1981)
Bogardi and Yen 47 Brownlie (1981)
Mavis, Liu and Soucek 41 Brownlie (1981)
Bathurst, Cao and Graf é4 Bathurst et al.(1984)
Smart and Jaeggi 37 Smart and Jaeggi (1983)
Meyer-Peter and MUller 36 Meyer-Peter, Muller(1948)
Aguirre-Pe 59 Mora et al.(1990)
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Figure 2.
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DETERMINISTIC AND PROBABILISTIC
DESIGN APPROACHES OF RIPRAP
AS BANK PROTECTION

A.F. Ahmed, F. El-Gamal and M.M. Gasser
The Hydraulics and Sediment Research Institute
Delta Barrages, Egypt

ABSTRACT

Rock riprap as a protection against erosion is immensely used
for a very wide range of hydraulic structures. The available
knowledge of the hydrodynamic forces, lift and drag, acting on
a side slope riprap particle are mainly based on laboratory
measurements and it has been inadequate for the purpose of
developing a suitable design criterion. This is due to the
numerous factors that influence the stability, and the definite
probabilistic natures of the acting forces which may, for certain
period of time, be significantly in excess of mean values and
consequently causing movement.

In this study two design criteria, namely deterministic and
probabilistic, for sizing riprap for side slope protection are
developed. Those approaches were formulated on the basis of
laboratory measurements that took place at the Chilworth
Hydraulic Laboratory at the University of Southampton, England.
The hydrodynamic forces acting on a representative particle of
the side slope protective layer were measured. Assessment of the
applicability of the two approaches and the existing sizing
methods were tested using the laboratory data. The results
revealed the preference of the two methods developed in this

study.
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1. INTRODUCTION

There are a large number of design criteria for sizing riprap
(e.g., U. S. Army Corps of Engineers 1966,; Anderson et al. 1970
and california Division of Highways 1970). Recently, two types
of designing methods for sizing riprap have been developed. The
first one was derived by relating the flow characteristics, and
the properties of the slope and particles to stability of
individual particle and is referred to as the deterministic
approach (e.g., Stevens and Simons 1971; Stevens et al. 1976; Li
et al. 1976; Samad 1978 and Li and Simons 1979). In the second
method, which is referred to as the probabilistic approach, the
fluctuating nature of the hydrodynamic forces acting on an
individual particle were considered (e.g., Li et al. 1976, Samad
1978 and Li and Simons 1979). This method enables the designer
to interpret the stability of riprap by checking its probability
of adequacy under design conditions rather than indicating a

factor of safety.
2. THEORITICAL CONSIDERATIONS

The forces acting on a single particle resting on the side
slope of a trapezoidal channel are shown in Fig.(1). This
particle is exposed not only to a drag force F, acting in the
flow direction, but also to a component of the particle weight
W acting down the side slope, and 1lift force F, acting
perpendicular to the side slope plane. The resultant force is a
combination of those forces which tends to dislodge the particle
out of the riprap layer and it is called the driving force Fp;.
The force resists movement is the component of the particle
weight acting downwards perpendicular to the side slope plane and
is called the resisting force Fg:. Those forces can be expressed

as 3

Fpp = (W?sin20 + Fp)/2 (1)
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Fpr = (Wcos © - F)tan ¢ (2)
In which
w=%D§opg(S,,.-1) (3)
F, = 4/2 C p W Dy (4)
F,Lb = 1/2 ¢ p u D (5)

Where W is the submerged weight of the particle; 6 is the
angle of the side slope of the channel; S, is the particle
specific gravity; Fp, and F, are the mean drag and lift forces; Cj
and C, are the drag and 1lift coefficients; u is some
characteristic velocity; Dy, is the representative diameter of the
particle; p 1is the mass density of the water; g is the
gravitational acceleration and ® is the angle of repose in
degrees.

The factor of safety SF against movement of a particle may be
defined as the ratio of the resisting force, Fy to the driving
force, Fp; on a representative particle size of the protective
layer and can be expressed as

(Wcos 6 - F,) tan ¢

SF = 6
(W? sin%@ + F2)*/? L

2.1. Deterministic Approach

The conventional approach to the stability of a single particle
is based on the consideration that the forces acting on the
particles are invariant quantities. This can be obtained by
considering the mean value of drag and lift forces given in
Eg.(6) as F; and Fi . Thus the mean or conventional safety
factor sF is defined as

o (Wcos © - F,) tan ¢ -
(W? sin?@ + F2)/? £
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When sSF = 1, the rock protection is considered to be at the
critical condition; if SF > 1, the rock protection is safe and
if SF < 1, the rock protection is considered unsafe and failure

may be established.
2.2. Probabilistic Approach
Due to the fact that the hydrodynamic forces acting on the side

slope particles are randomly varying, therefore the probability
of adequacy for the riprap protection can be determined as :

P, = probability [ Fgz > Fpi ] (8)
P, =P [ Fgpe > Fpp ] (9)
P, = £(SF) (10)

In which P[.] is the probability of the specified event.

In this method the probability of adequacy for the riprap
particles at the critical condition (SF=1) is considered equal
to 0.5. This implies that there is a 50% chance of adequacy (P,)
if the riprap is designed according to the conventional safety
factor of 1.0. Accordingly if P, > 50 %, the particle is said to
be stable, and if P, < 50%, the particle will be displaced.
According to the assumption recommended by Li et al.(1976) and
Smith (1986), the drag force F, was considered to be proportional
to the boundary shear stress t , and the 1lift force F, was
considered to be related to drag force F,, i.e.

Fp =3t (11)

and
F = BFp = 8Pt (12)

Where § is the proportionality parameter. Therefore, substitute
Egs. (11 and 12) into Eg.(6) to obtain
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(Wcos 6 - pdt) tand
(W2sin?@ + &2 t2)1/2

SF = (13)

For an existing riprap Structure, the critical shear stress 7,
can be determined using Eq. (13) with 7 = 7. when SF = 1, to
obtain:

(Wcos 6 - Bdt.)tan ¢ = (W?sin?0 + 82 12)/? (14)

Eg.(14) is a quadratic equation in 7, and its Solution was
derived by Samad (1978) as

(A12 + W2A2 A3)1/2 -Al

T, = o (15)
in which

A, = B Wcos 6 tan?} (16)

A, =1 + B%tan?d (17)

A, = cos?0 tan?¢ - sin%b (18)

3. EXPERIMENTAL TESTS

Six modelled trapezoidal channels, each 10-m long and having
1.5 H : 1 V side slopes protected with a 20.1-mm diameter rock
layer 1.5 diameters thick, were constructed (Fig.2). Each model
was tested under different flow discharges to investigate the
failure mode of the riprap protective layer, and to identify the
hydraulic parameters at the threshold and failure flow
conditions. Those results were utilized to assess the
applicability of the available deterministic and probabilistic
approaches for sizing riprap for side slope protection (Ahmed
1988 and 1989).

Furthermore, laboratory tests, to measure the hydrodynamic
forces acting on a representative spherical particle of side
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slope, were carried out in 21.4 m long recirculating flume
(Fig.3). Such measurements were previously made on a bed particle
under uniform flow conditions over both uniform spherical and
hemispherical particles, (Einstein and El-Samni 1949; Chepil
1958; Coleman 1967 and Cheng and Clyde 1972). This revealed that
no attempt has been made to measure forces acting on side slope
particles. For this reason, direct measurements have been made
of the acting hydrodynamic forces on 20.1-mm spherical particle
placed within the riprapped side slope. Preliminary experiments
were conducted to establish the appropriate sphere diameter and
its location at level of maximum wall shear. A load beam cell
(Fig. 4) was devised to acquire simultaneous stresses which were
transformed into simultaneous values of lift and drag forces.
Twelve runs covering a wide range of flows were performed. For
each run the hydrodynamic lift and drag forces acting on a
simulated spherical particle as well as the necessary information
of the flow condition were recorded (Ahmed 1988 and 1991).

4. RESULTS

Summary of the constructed models and results obtained are
illustrated in the following table :

Model Bed Bed Filter Riprap Max. ThresholdFailure
No. slope material type material flow flow flow

(m’/s) (m'/s) (m‘/s)

1 0.005 Riprap Granular Uniform 0.219 - -

2 0.008 " " " 0.216 - -
3 0.008 Geotextile " L 0.222 - -
4 0.0125 " L o 0.179 0.149 0.179
5 0.0125 " Geotextile " 0.142 0.130 0.142
6 0.0125 " n Graded 0.130 0.104 0.130
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Based on the experimental results, judgement of riprap
stability for each model was considered from the stand point of
the followingveight deterministic methods :

Method No. (1) : Lane (1955)

Method No. (2) : Stevens and Simons (1971)
Method Nos. (3 & 4) : Stevens et al. (1976)
Method No. (5) : Li et al. (1976)

Method No. (6) : Li and Simons (1979)
Method Nos. (7 & 8) : Samad (1978)

Oon the other hand, the probability of adequacy for the side
slope of the tested models was considered from the stand point
of the following four probabilistic approaches:

Method No. (I): Li et al.(1976)
Method No. (II): Li and Simons (1979)
Method Nos. (III & IV) : Samad (1978)

The results obtained concluded that the side slope protective
layer was much more stable than the prediction of the applied
methods. In addition some of the applied methods always predict
failure whatever the particle size. This consequently implied
that those methods underestimate the stability that occurs when
riprap is placed on channel side slopes. More details of the
laboratory tests and sample of numerical examples for the sizing
methods applied are presented by (Ahmed 1988 and 1989).

Due to the irregularity of the particles composing the riprap
layer, non of the local velocities at any location above the
particle could be adequately used as a characteristic velocity,
so this value was evaluated as the average flow velocity and the
hydrodynamic forces was calculated using egs. (4 and 5). Summary
of the results obtained from the force measurements are
illustrated in the following table.
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Run Flow Flow Fp Cp F C. F,/Fp
No. rate depth X 10° x 10*® X 10° X 107 ratio
(m*/s) (m) (N) (N)
1 0.036 0.073 0.979 8.016 4.218 3.452 4.31
2 0.050 0.090 1.092 7.706 4.537 3.202 4.16
3 0.058 0.099 1.148 7.544 4.629 3.042 4.03
4 0.065 0.107 1.209 7.494 4.793 2.972 3,97
5 0.070 0.111 1.269 7.630 4.910 2.952 3.87
6 0.078 0.119 1.289 7.305 4.947 2.803 3.84
7 0.089 0.128 1.353 7.186 5.123 2.722 3.79
8 0.100 0.137 1.421 7.066 5.292 2.632 3.73
9 0.107 0.143 1.471 7.016 5.459 2.603 3.71
10 0.120 0.152 1.495 6.683 5.531 2.472 3.70
11 0.132 0.159 1.622 6.865 5.815 2.462 3.59
12 0.143 0.167 1.683 6.814 5.965 2.414 3.54

The recorded forces for all runs revealed that the 1lift and

drag are randomly fluctuating around mean values and their

distributions were found to be approximately normal. Moreover,

the relationships developed either for the variation of the lift
and drag coefficients, and the ratio of lift to drag, confirmed
the correlation between these coefficients and the relative

roughness parameter (R/Dy). The result of the force measurements

found to be defined by a simple power equation of the following

forms:

Cpb = 0.011 (R/Ds)??

G = D063 (R/Dgy) %

™
I

u/u.= 8.47 (R/Dy)%®

5.861 (R/Dsg) %
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In which R is the hydraulic radius; B is the ratio of lift to
drag forces and u. is the shear velocity.

5. NEW METHODOLOGY

As a consequence of the preceding findings, one may conclude
that derivation of a design criterion on the basis of the
stability of a single particle can be achieved as long as the
result is confirmed experimentally. For this reason the
relationships derived from the force measurements will be
utilized to formulate the following deterministic and
probabilistic design methods for sizing riprap :

5.1. Deterministic Method

Considering the mean values of 1lift and drag forces, the
conventional safety factor of the riprap side slope can be
predicted. For a given values of Dy, R, ¢ ; 0 ,n, pand 8,

SF can be calculated using the following procedure :

Step 1 : Use Eq.(3) to obtain the value of W

Step 2 : Use Egs. (19 and 4) to determine the value of F, .
Step 3 : Use Egs. (20 and 5) to obtain the value of fi.
Step 4 : Applying Eg.(7), the safety factor sSF is obtained

5.2. Probabilistic Method

This can be used to predict the chance of movement of an
individual particle of the side slope which accordingly enables
the designer to establish the stability of the whole riprap
layer. In order to evaluate the parameter & in Eq.(11), the
expression t = pu? was utilized and substituted in Eg. (11) to
derive the following formula

2 c
7;:2_0 =(5) . (70) (23)
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The term (8 / D2,),was plotted against (R/Ds) and the result

was
8 = 0.386 D2, (R/D,,) %% (24)

The above formula implies that § does not have a constant
value as suggested by Li et al. (1976) and Li and Simons (1979).
on the other hand, the value of SF in Eq. (13) will be less than
or equal to 1.0 when T is greater or equal to 7.. Thus, the
probability of adequacy of riprap structure can be expressed as:

P, = probability [1,2 1) (25)
Fy =P [T, 2 7] (26)
P, =F (1) (27)

At the critical condition Egs. (11 and 12) can be written as
Fo = 81, (28)

5Bt (29)

c

5?
"

In which Fo and F, are the drag and lift forces respectively
at the case of the critical shear stress. Therefore, as the 1lift
and drag forces are perpendicular to each other, the mean and
cr}tical resultants can be obtained as

F (FE + F_-g)uz = 8T (P2 + 1)3/2 (30)

F_= (F4 + F&)*? = 81, (p% + 1)/2 (31)

c

In which F and F. are the mean and critical resultant forces

respectively.
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As a result of the laboratory measurements, it was concluded
that the 1lift force is normally distributed with relative
intensity LI equal to

o,
LT = =% = 0.554 (32)
Fy

Where o0, is the standard deviation of the 1lift force.
Substituting for fiinto Eg. (5) to obtain

6, =0.554 C; p :?pé’o/z (33)
Therefore, one can evaluate the quantile point q, as
pr= g (34)
and
£ (F) = f(z) = ¢(qp) (35)

In which ¢ (.) is the cumulative distribution function for the
normalized distribution curve, and then the probability of

adequacy is
P, = ¢(q,) (36)
The probability of adequacy for the side slope riprap particles

can be derived for the given values of Dy, R, ¢, 6, u, p and s,

as follows:

Step 1 : From Eq.(3) particle submerged weight W is
determined

Step 2 : The value of f is evaluated from Eqg. (21)

Step 3 : 6 is determined from Eqg. (24)

Step 4 : 7. 1is determined from Eq. (15)

Step 5 : F is determined from Eq. (30)

Step 6 : F. is determined from Eq. (31)
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Step 7 : €. is determined from Eg. (20)
Step 8 : o0, . is determined from Eq. (33)
Step 9 : q, is determined from Eq. (34)

Step 10: The probability of adequacy ¢ (g,) is expressed
as acumulative distribution function for the
normalized distribution curve which can be
obtained from a standard normal table.

6. VERIFICATION

To establish the applicability of the two approaches developed
in this study, three different tests were conducted by utilizing
the results obtained in the laboratory experiments. The first
test was carried out by applying the flow conditions at the
maximum attainable flow rate for the first three models, where
no substantial movement resulted, the predictions of the side
slope safety factor and probability of adequacy were as follows:

Model No. 1 2 3
SF 1.056 1.038 1.033
P, 98.0 % 79.7 % 78.3 %

This principally confirms the laboratory results which were
materially different from the predictions of all other recognized
approaches.

In the second test, the two developed approaches were utilized
to predict the failure discharge for the case of Model 4. The
corresponding probability of adequacy of the results obtained
from the four failure tests conducted on this model were also

determined as follows :
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Flow rate (m’/s)

Test No. E P,
Actual failure Predicted failure %

1 0.1794 0.1815 50.20

2 0.1825 0.1815 49.90

3 0.1853 0.1815 49.64

4 0.1769 0.1815 50.43

These results are in aécord with the failure discharges in the
laboratory tests, and confirm the applicability of the developed
models.

During the third test a comparison between the two derived
approaches and all the existing methods was made utilizing the
available data of Model 4. This mathematical test was conducted
by considering the flow to be uniform with both energy and bed
slopes equal to 0.0125. In this study, judgement of side slope
riprap stability was considered from the stand point of the
previously mentioned eight deterministic methods and four
probabilistic approaches. The results obtained from this test are
plotted in Figs. (5 and 6) for the deterministic and probabilistic
approaches respectively. Bearing in mind that the failure
occurred in Model 4 at a flow rate of 0.179 m’/s. This implied
that the failure discharges predicted by applying the two
developed methods were very close to that obtained from the
experimental work than that with other methods. This revealed
that the other existing methods for sizing riprap for side slope
are a little more conservative than the approaches developed in
this study.

7. SUMMARY

Based on the laboratory measurements of the hydrodynamic lift
and drag forces acting on a representative spherical particle of
side slope protective layer, two design methods were formulated.
The first is the deterministic method of riprap design which was
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developed on the basis of stability of a single particle. The
second is the probabilistic method which enables the designer to
interpret the stability of the riprap structure and takes into
account the fluctuating nature of the hydrodynamic forces that
act on the particles. Assessment of the applicability of the two
approaches with the laboratory tests as well as the existing
deterministic and probabilistic methods were made and the results
revealed the preference of the two developed methods. This also
leads to the conclusion that the two developed approaches in this
study are practical and more economic than the other mentioned

methods.
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Forces on side slope piane

Fig. 1: Forces acting on a side slope particle.
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Fig. 2: Details of the model No. 4.
52



Preprints International Riprap Workshop 1993 A.F. Ahmed

3iem ROCK LAYER
CLOTH FILTER

] SAND BASE

DETAIL (X)

CLOTH FILTER

MOVABLE ROUGHENED BOARD seOuben
L

Fig. 3: Model alignment during force measurements.

777,

N
\
\

NV
0 020 mm -2
SOAK CROSS-SECTION A-A

-1 « STONES GLUED TO A PLYWOOO BOARD
2 =« WOODEN SPHERE (201 mem DIA. )

3-2”,3,3 118 g2, 32mm 3 = THREADED NIPPLE .
4 =STAINLESS STEEL ANGLE

I : 8 =TERMINAL PANEL & DUMMY GAUGE HOLDER
— 6 =PHOSPHOR BRONZE LOAD CELL
l alelo 7 =STAINLESS STEEL ROD (184 mm DIA. )
l praw 8 =CLAMPING BLOCKS
® =STRAIN GAUGE

10= STAINLESS STEEL PLATE (140x50x32 mm)

CROSS-SECTION B-B

Fig. 4: Details of the load beam assembly.

53

Lo 2ean L-'Z ©_os 1 15 20m



Preprints International Riprap Workshop 1993

A.F. Ahmed

0.3¢0 | ® The present study
. | == Hethod No. 1
0.254 " 4+ Method No. 2
X Method No. 3
1 : ©  Method No. ¢
0.20+ X Method No. S
o X Method No. 6
78 0,15 ® Method No. 7
S = a Method No. 8
- “s Critical congition
g 0.104 ':
= e -
=
0.05 z
: -----
0.0 . % : . 10.0 S . ——— T T Y ! T pr— T ;
0.0 0.1 0.2 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
Flow depth (m) Side slope safety factor SF
Fig. 5: Comparison of conventional safety factor.
0.3 T
A o o The present study
a Method No. ]
0.24 0.24 | x Method MNo. 11
| X Method No. III
g © Method No. IV
~0.1817 0.184
(7]
~
™
E - —
- £
£0.12 “z 0.121
it J ° Critical condition
z A
": 38
0.064 Z 0.061
o
0.0 0.0 |
1 p| 1 1 L] B 1 i Sy % 1 L E Ll i ad
0.0 0.1 0.2 0.0 0.2 0.4 0.6 0.8 1
Flow depth (m) Probability of adequacy P,
Fig. 6:

Comparison of probability of adequacy.

54



Preprints International Riprap Workshop 1993 J.P. Ahrens

 DESIGN CONSIDERATIONS FOR
DYNAMIC REVETMENTS

J.P. Ahrens
NOAA Seagrant, Silver Spring, Maryland

ABSTRACT

Dynamic revetment refers to the use of engineered gravel and/or cobble berms for shoreline protec-
tion. These “‘structures’’ are dynamic, since the stone size is small compared to the armor stone size used
in traditional statically stable riprap revetments. Wave action is expected to shape and reshape a dynamic
revetment as it defends the shoreline. The gravel or cobbles can be used in conjunction with a seawall,
bulkhead, groins, or without a complementing structural component. Recent interest in dynamic revet-
ments reflects recognition of their engineering advantages, economic advantages, and environmental
acceptability for a number of situations.

The most conspicuous feature of a dynamic revetment, or a gravel/shingle beach is the high berm
crest which terminates the foreshore. This feature is easy to recognize and can be accurately measured.
On a mature slope, the berm crest is built and maintained by the extreme conditions of wave uprush and,
therefore, it is an approximate measure of the maximum runup. Based on analysis of laboratory data, this
paper will show that the berm crest height is a function of the wave steepness and the extent of truncation
of the incident wave height distribution. It will also be shown that the size of a dynamic revetment
required for stability (critical mass) can logically be scaled by the predicted berm crest height.

INTRODUCTION

Dynamic revetments fill an interesting conceptual niche for shore protection, between traditional
statically stable riprap revetments and beach nourishment. From a coastal geomorphology perspective, a
dynamic revetment could be called an engineered gravel or cobble berm, as used by Galvin and Ahrens
(1993). Development of design criteria for dynamic revetments has been encouraged by the observation
that gravel and shingle beaches provide very effective shore protection. A typical berm profile for coarse
sediment is shown in Figure 1.
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Conventional revetments are designed to be statically stable; that is, no motion of the armor stone is
anticipated. Stones in the an;mr layer are sized and placed such that their weight and interlocking will
preclude movement during wave attack. In contrast, a dynamic revetment is designed to allow wave
action to rearrange the stones into an equilibrium profile. Because stones are allowed to move, a smaller
size of stone can be used than is needed by a statically stable riprap revetment. An approximate size
range for stone that can be used in a dynamic revetment is from 0.5 cm to 30 cm. However, even though
smaller material may be used, a dynamic revetment will require a larger quantity of material to protect a

given length of shoreline than a traditional riprap revetment. Generally, the cost of additional material is
offset by the lower costs of smaller stone and, because size is less critical, a more cost-effective use

may be made of quarry output. In addition, smaller stone is less expensive to handle, and since initial
placement is not critical, dynamic revetments may be dumped in place rather than the stones being
individually placed, Ward and Ahrens (1992). In common with beach nourishment, the amount of mate-
rial required to defend the coast is a quite important design consideration for dynamic revetments. This
paper will give definitive guidance, based on physical model tests, for determining the volume of stone
required per unit length to provide effective shoreline protection.
BACKGROUND

Field Studies

Downie and Saaltink (1983) discuss the use of an engineered cobble beach about 600 m long to
protect the base of an eroding sand cliff, near Vancouver, British Columbia. Deep water wave heights,
generated in the Strait of Georgia, of about 3 meters have a return period of one year. Erosion and
damage potential is increased, in this area, by the presence of large logs and compounded by a large tide
range of over 4 meters. Although severe erosion threatened several buildings on the University of British
Columbia campus at the top of the cliff, considerable effort was expended to develop an environmentally
acceptable design for the protection. Groins were used to reduce the rate of longshore drift of the cobbles.
This protection has continued to function effectively up to the present, Downie (1992).

Zenkovich and Schwartz (1987) discuss the extensive efforts to nourish gravel beaches on the Black
Sea. Part of this effort was accomplished by dumping gravel from barges in water depths of 4 to 6 m. It
was found that these submerged mounds of gravel would migrate shoreward during storms and, in a year

or so, would nourish both the submerged and above sea level portions of the beach.
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Johnson (1987) found that gravel beaches and dumped rubble are frequently cost-effective alterna-
tives to using sand for beach nourishment and placed stone for revetments, respectively. These findings
were obtained from éxtcnsive experience on Lakes Michigan and Superior where fluctuating water levels
create enormous problems for conventional shoreline protection. Dynamic revetments are not vulnerable
to toe scour, overtopping, or flanking based on Johnson’s observations. Specific advantages of gravel
sized material include a long residence time, an ability to stay near the water line, ease of placement, and
usually lower unit costs than armor stone.

Research on equilibrium beach profile characteristics overlaps the sediment size range considered
for dynamic revetments. Dean (1991) ‘shows that coastlines with sediment particle sizes in the range of
15 to 30 cm have profiles which fit closely to the power law relation commonly used for sand beaches.
Application of this research to dynamic revetments will be discussed below.

Da Costa, et al. (1992) designed a gravel and cobble beach to protect severely eroding shoreline on
Flathead Lake, Montana. The site has a fetch of about 36 km, wave heights are up to 1.5 m, and water
levels on the lake vary over the year by about 3 m. Initial placement of coarse material proved to be
insufficient and considerable material was added before the second erosion season. The authors regard
the project as a success with the additional material in place.

Laboratory Studies

Laboratory tests of gravel beach response to wave action were conducted in the Netherlands by van
Hijum and Pilarczyk (1982). The conditions investigated by van Hijum and Pilarczyk were for much
greater relative water depths at the toe of the structure than would be appropriate for dynamic revet-
ments. Results from van Hijum and Pilarczyk’s study were incorporated into the larger and more general
investigation of both dynamic and static rubble structures of van der Meer (1988). Unfortunately the more
general treatment of van der Meer still did not specially address the design of dynamic revetments in
shallow water. van der Meer found that the berm crest height was a function of the deep water wave
steepness and the number of waves and not a function of the stone size. For the latter finding to be
correct the stone size and void spaces would have to be large enough for the wave uprush to be free

draining through the foreshore slope, which was the case for the Dutch research.
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In the United Kingdom, laboratory tests of the response of shingle beaches to wave action were
studied by Powell (1988). These tests were conducted because it was realized that it would be useful to
develop engineering design criteria that took advantage of the ability of shingle beaches to provide
effective and environmentally acceptable shore protection for a variety of situations. Powell found that
the prominent berm crest formed by wave uprush was overtopped on an equilibrium beach by about only
1 to 2% of the waves. In addition, Powell also found that the berm height was not a function of the size of
the shingle, which is consistent with Dutch findings.

CERC Laboratory Study

The purpose of the study conducted at the Coastal Engineering Research Center (CERC) was to
determine how dumped stone might be used to protect a vertical bulkhead in shallow water, and particu-
larly to provide a means of calculating the minimum quantity of stone necessary to provide adequate
protection (the ‘‘critical mass’’).

Laboratory tests were conducted in a wave tank using a nominal 1:16 (model:prototype) undistorted

Froude scale. Twenty-two tests used gravel having a median sieve diameter of 8.1 mm and four tests

used gravel with a median diameter of 5.6 mm, about 13 cm and 9 cm prototype respectively. Wave
conditions were divided between those with a nominal period of peak energy density, Tp, of 1.75 and 2.50
seconds, or 7.0 and 10.0 seconds prototype respectively. The zero moment wave height, Hp,,, ranged from
3.7 to 10.3 cm in the model and, the initial water depths at the toe of the model dynamic revetment,
ranged from 10.5 to 15.9 cm. Stoﬁc near the water line becomes mobilized by wave action when stability
numbers exceed about 2.5. Stability numbers for this study ranged from three to 10. Water depths at the
wave generator range from about 58 to 67 cm and waves propagated from deep water to the toe of the
structure over a one to 30 (vertical to horizontal) slope. A wide range of berm widths were tested to
provide information on the minimum quantity of gravel required to protect the bulkhead. Typical initial
and equilibrium dynamic revetment profiles are shown in Figure 2. Considerable detail about the test
setup, conditions, and procedures, and data collection and analysis is given in Ward and Ahrens (1992).
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In all 26 tests, the structures were categorized, based on their response to the waves, as safe,
intermediate, or failure. When wave conditions were severe in relation to the quantity of stone in the
revetment, wave action would erode the rubble by carrying it over the bulkhead until the waves would
impact directly against the bulkhead. This response category was designated failure and a typical profile
for this category is shown in Figure 3. When the amount of stone in the revetment was large in relation to
the wave conditions, the berm crest could develop to its fullest extent and neither water or stone were
carried over the bulkhead. This response category was designated safe and is illustrated in Figure 2. The
third category fell between failure and safe and occurred when the berm crest buildup extended far
enough landward to reach the bulkhead. For this situation, there would be some minor overtopping of the
bulkhead by water and stone. This intermediate category is shown in Figure 4.

Some additional laboratory tests were also conducted to investigate the movement of a submerged
mound of gravel, Ahrens and Camfield (1989). The results were similar to the field experience of
Zenkovich and Schwartz (1987). At prototype scale the mound was about 1.5 m high in a water depth of
about 3.0 m. As soon as wave generation commenced, the mound started moving landward. The mound
continued moving landward, without hesitation, until it reached the highly reflective bulkhead, then
mounded up against the wall; and finally, wave overtopping of the wall carried substantial quantities of

gravel over the wall. At prototype scale, the waves had a zeroth moment wave height of about 2.0 m and
a peak period of 10 sec, and sediment had a median diameter of about 13 cm.
PREDICTING THE BERM CREST HEIGHT
When the relative berm crest height data of van Hijum and Pilarczyk (1982) is compared to data of

Model and Variable Comparisons

general form h. = C,+C;X;, h.=18.5 cm
Model Variable

No. X;(cm) Co(cm) C, R?

1 Huo 11.5 1.06 0.599
2 (HmoLo)'2 8.04 0.150 0.873
3 (HmoL, )3 3.87 0.200 0916
4 (HpoLod)'3 3.61 0.370 0917
5 R* 2.12 0.869 0914
* R, defined by Equation 2

Table 1
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Ward and Ahrens (1992), they have relatively similar values when plotted versus the deep water signifi-
cant wave height. Figure 5 shows h/H,, versus H,/L, for the two studies, where h. is the berm crest
height, H,, is the deep water significant wave height, and L, is the deep water wave length calculated
using the period of peak energy density, Tp, of the incident wave spectrum. The comparison shows that on
the basis of deep water conditions the two studies yielded approximately equivalent berm crest heights.

Scrutiny of the data of Ward and Ahrens (1992) indicates that the water depth at the toe of the
structure has a noticeable influence on the berm crest height. The influence is such that the greater the
depth, the greater the berm crest height, suggesting that the truncation of the wave height distribution is
an important effect. Table 1 shows the importance of different variables used in a simple, linear form to
predict berm crest height. The following discusses the models in Table 1:

Model 1 uses only Hp, to predict h; both the small percent of variance explained, R?, and the
large constant term, C,, show that Model 1 is not satisfactory. In the simple model used in Table 1, a
large value for the constant term demonstrates a problem with the model as it indicates an effect without
a cause, eg. a finite berm crest height for a wave with zero height.

Model 2 uses both Hy, and T, to predict h; R? is much higher than Model 1 but the constant term
is still large. Model 2 is similar to the model proposed by van der Meer (1989) for predicting the berm
crest height for the data of van Hijum and Pilarczyk (1982), but would not be suitable for the data of
Ward and Ahrens (1992).

Model 3 represents an improvement over Model 2 by using the local wave length rather than the
deep water wave length. By using the local wave length, Model 3 brings in some of the necessary influ-

ence of water depth, but the physical rationale for Model 3 is not clear and use of the local wave length is
not convenient. Model 3 is similar to the model recommended by Ward and Ahrens to calculate berm
crest heights.

In Model 4, the water depth is introduced directly into the prediction of h.. Model 4 provides
good predictions of he and is simple but the physical justification for the form of Model 4 is not apparent.

Model 5 is an improved version of Model 4 where the water depth is included in a physically
realistic way through the variable, R., which is the estimated value of the berm crest height as developed
in the analysis given below.
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In both the data sets of van Hijum and Pilarczyk (1982) and Ward and Ahrens (1992) the relative
berm crest height, ho/H is strongly proportional to the square root of the wave steepness, where H repre-
sents either Hp,, or H,. This suggests a relationship similar to that between relative runup and the surf
parameter on statically stable riprap revetments. In addition, the data of Ward and Ahrens also show a

strong influence of water depth, which is consistent with the influence of truncation of the wave height

distribution. Truncation of the wave height distribution would not be expected to have much influence on
h. in the data of van Hijum and Pilarczyk because the relative wave heights, H/d,, are small in their
study. Research by Stive (1986) on wave height distributions in shallow water indicate that the param-
eter, (14Hpo/d;)"/3, would be a good variable to characterize the truncation of the wave height distribu-
tion. Using the two variables suggested above a number of regression models were fit to the data of Ward
and Ahrens. From this analysis the best regression model is:

he  0.536(Lo/Hpo)'”
Hpo  1.0+0.649(Lo/Huo) 2[(1.0+Hyo/d)3-1.0]

(1]

The form of Equation 1 is consistent with a number of runup equations that use the surf similarity param-
eter as the independent variable and have been fit to laboratory data collected on rough, porous coastal
structures, eg. Ahrens and Heimbaugh (1988). Solving Equation 1 for h., the following definition is
useful:

R. = Hpo(RHS Eq. 1) (2]

where, RHS Eq. 1, indicates the right hand side of Equation 1. The purpose of Equation 2 is to make a
distinction between the observed and predicted berm crest height. R, is treated like an independent
variable in Model 5 in Table 1. Figure 6 shows a scatter plot of h. versus the predicted value given by
Eq.2; both the figure and Model 5 in Table 1 indicate that Eq.2 does a good job of predicting the berm
crest height.

R. was found to range from 10% less to 5% greater than the maximum runup on riprap revetments
predicted by the method of Ahrens and Heimbaugh (1988). The comparison was made using the standard
surf parameter with a riprap revetment slope of 1 : 1.5 (vertical : horizontal), which corresponds to a
typical average dynamic revetment foreshore slope. Wave conditions in the comparison were regarded as
severe Hpo/d; = 0.6, Hughes (1984), wave periods ranged from 4.0 to 12.0 seconds, and water depths
from 1.0 to 3.0 meters. It is felt that the comparison strongly supports the method of estimating the berm
crest height given by Eq.1 and Eq.2, since the two method were developed from entirely different data

sets.
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DESIGN CRITERIA
ritical Mass for Verti walls and B

Not only is the berm crest height strongly correlated to the estimated berm crest height, R, but so is
the cross sectional area, A, of a dynamic revetment under the foreshore slope, i.c. the area between the
still water line (SWL) and the berm crest and above the still water level. Figure 7 is a plot of A; versus
R.? and shows the strong correlation between A; and R..

The estimated berm crest height can also be used to determine the amount of material in the dy-
namic revetment required to be stable, i.e. critical mass. Figure 8 shows the category of the response of a
dynamic revetment to wave attack as a function of V/R.2, where V,is the total cross sectional area of the
dynamic revetment. It can be seen in Figure 8 that the variable V/R.? does a perfect job of discriminating
among the three response categories; all the safe category tests have high values of the variable, all the
failure category tests have low values of the variable, and all the intermediate category response tests fall
in between without overlap! This analysis then allows the establishment of the following values of the
dimensionless volume V,/R.2 of 3.25 and 5.0 as being the transition between failure and intermediate, and
intermediate and safe response categories respectively.

The estimated berm crest height, R, is a measure of the severity of wave conditions near the
shoreline and therefore a logical variable to normalize the volume of coarse, protective material. How-
ever, if there are observed berm crest heights for suitable material and wave conditions near a project
they could be used to estimate or check the volume of material required for protection.

Crtical Mass for Protective Beaches

Dean’s (1991) research on beach equilibrium prbﬁles includes sediment sizes from fine sand to
cobbles and boulders. This research has been extensively evaluated and used by other researchers, eg.

Kriebel, Kraus, and Larson (1991), and provides a logical method of connecting the findings discussed
above with the design of protective beaches with coarse material.
The basic beach profile used by Dean (1991) is given by,

d= AX*3 3]
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where d is the depth at a distance offshore X from the water line for the design water level, and A is the
sediment characteristic parameter. Figure 9 is a definition sketch for Dean type profiles, where one curve
characterizes an erosion profile and has a relatively small value of the sediment characteristic parameter
and the other curve is the profile of the coarse material used to protect the shoreline and has a relatively
large value of the sediment characteristic parameter. The water depth at the intersection of the two
profiles in Figure 9 is regarded as the toe water depth, d,, for the protective *‘structure.’”” Values of the
sediment characteristic parameter can be determined for various sized particles in Moore (1982) or Dean
(1991).

The volume of coarse material below the design water depth is the foundation volume, Vi, and can be
calculated by,

3 -X 4
vy 260D (4]

where, X; = (d/A;)*"2
and, X, = (d/A;)2

It is convenient to define a foundation length X as,
Xe=X;-X; (5]

The volume of coarse material required above the design water level to build the berm crest can be

" estimated by assuming that the average foreshore slope is 1 on 1.5 and landward slope is 1 on 1, about the

angle of repose for gravel. These slopes require a dimensionless volume of Vp/Rc? = 1.25, and a foundation
length of X; = 2.5 R, see Figure 9. The total volume is then given by,

V‘=Vp+v,=1.25&2+w (6]

For severe wave conditions, i.e. Hpo/d; = 0.6, Eq.6 can be converted into the same form as developed

for estimating the volume of coarse material needed to protect a seawall or bulkhead, by using Eq.1; this
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Volume of Coarse Material Used
for Protective Beaches in Two Field Studies

Volume of Berm Crest
Protection Height
Study V.(m3/m) h(m) V/h2 Protection Status
Johnson  21.0 2.5-3.0* 23-34 Satisfactory
(1987)
DaCosta 2.5 1.3 1.5 Unsatisfactory
et al. (1992)
DaCosta 10.0 13 5.9 Satisfactory
etal., (1992)
*Typical berm crest height in area of study
Johnson (1992)
Table 2
procedure yields,
%; = 1.8 + 3.6 (dy/L,)"2 (7]

Two field studies support Eq.7 as providing reasonable design guidance for the volume of material for
protective beaches. Johnson (1987) indicates that 12 tons of coarse material per foot of shoreline is satisfac-
tory protection for locations on Lakes Michigan or Superior. Da Costa, et. al (1992) demonstrates that one
cubic yard of gravel per foot of shoreline is inadequate for Flathead Lake, but when this inadequate protection
is supplemented by three cubic yards per foot, the protection is quite satisfactory. Information from these
two studies is put into the context of this paper and summarized in Table 2.

When Eq.7 is solved for water depths from 1.0 to 3.0 m and wave periods from 4.0 to 12.0 sec., the
dimensionless volume ranges from 2.0 to 3.0. This range is relatively consistent with the range of dimen-
sionless volumes that provide satisfactory shoreline protection, as shown in Table 2.

longshore Transport Considerations

Much of the discussion above was from a two-dimensional perspective, but gravel and cobble-
sized material can also move alongshore in response to oblique wave attack. Based on field observations
by Johnson (1989), the littoral transport relation of Kamphuis, et. al (1985) accounts quite well for the
relative movement of sand through gravel sized sediment particles. Kamphuis indicates that transport
rates are inversely proportional to the square root of the particle diameter. For coarse material that might

have particle diameters anywhere from ten to a thousand times greater than sand the transport rates would be
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from 3.2 to 32 times smaller than sand.

If the alongshore loss of gravel and cobble size material needs to be reduced, short high groins can be
used, Johnson (1989). The groins can be short since there is little tendency for coarse matenal to move
offshore, but the groins need to be high to contain the high berm crest.

Wave Reflection and Energy Dissipation

For seawalls and bulkheads fronted by coarse material where, V/R.? 2 3.25, Ward and Ahrens (1992)

found the reflection coefficient, K, can be calculated by,

15 1.0
" 1.0+23.4 (dso/Lo)*>2exp[-0.00374(Lo/Hmo)] 5]

K,

The percent energy dissipation, %D, can be calculated by,
%D = (1.0 - K;2) 100 9]

The dynamic revetments tested by Ward and Ahrens dissipated between 75 and 92% of the incident
wave energy. Powell (1988) found for wave steepnesses greater than 0.02, i.c. breaking wave conditions,
that reflection coefficients were about 0.10. This means that Powell’s protective shingle beaches were
dissipating 99% of the incident wave energy!

SUMMARY AND CONCLUSIONS

This paper shows that the berm crest height formed by coarse material under wave attack can be
used to scale the size of a dynamic revetment or a protective beach. The berm crest height provides a
logical measure of the severity of wave action on these types of “‘structures.”” Equation 2 will give
accurate estimates of the berm crest height.

Both field and laboratory studies show that coarse material dumped offshore will migrate landward
and build protective beaches or dynamic revetments. More research is required to define the conditions
for which this method of placement will work.

Dimensionless volumes, V/R.2, of 3.25 and 5.0 are the transition values between failure and
intermediate, and intermediate and safe response categories for dynamic revetments respectively. These
values give the critical mass required to front a seawall or a bulkhead. Johnson (1992) notes that dynamic
revetment designs can be based on the intermediate response category if material lost to the system can
be replaced readily.

Research on dynamic revetments and studies of equilibrium beach profiles by Dean (1991), can be
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combined to provide criteria for protective beaches composed of coarse material. Equation 7 estimates the
critical mass for protective beaches. Field studies provide some support for the use of Equation 7, but more
research is needed.
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FIGURE CAPTIONS

Figure 1. Typical berm profile for a beach with coarse sediment.

Figure 2. Typical dynamic revetment profile for the safe response category.

Figure 3. Dynamic revetment profile for the failure response category.

Figure 4. Dynamic revetment profile for the intermediate response category.

Figure 5. Comparison of the relative berm crest height, as a function of deep water wave steepness, for Delft
and CERC data.

Figure 6. Predicted, using Equation 2, berm crest height versus observed berm crest height.

Figure 7. Cross sectional area of a dynamic revetment under the foreshore slope as a function of the square
of the predicted berm crest height.

Figure 8. Response category of a dynamic revetment as a function of the discrimination variable, A,/R.2.

Figure 9. Definition sketch for an erosional shoreline protected by coarse material using Dean type profiles.

Table 1. Berm crest height, models and variables comparison.

Table 2. Volume of coarse material used for protective beaches in two field studies.
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EXPERIMENTAL VALIDATION OF STABILITY
CRITERIA FOR THE DESIGN OF ROCKFILL CLOSURE DAMS

G.J. Akkerman
Delft Hydraulics, P.O. Box 152, 8300 AD Emmeloord,
The Netherlands

E. Berendsen
Road and Hydraulic Engineering Division, Rijkswaterstaat,
P.O. Box 5044, 2600 GA Delft, The Netherlands

ABSTRACT

A physical model investigation was carried out to verify the applica-
bility of stability criteria for rockfill closure dams for combined
closure (vertically and horizontally). These criteria have been implemen-
ted in a computer program (CLODES). The results of the computations and
measurements are compared. The results confirmed the applicability of the

criteria for combined closure.
INTRODUCTION

Within the framework of the Dutch Delta Works, experience was obtained in
predicting the dimensions of rockfill closure dams under tidal circum-
stances. As regards the elaborate design procedure for time-dependent
conditions, a computer program (CLODES) was developed. This program
focussed on the vertical-closure method, i.e. dams that were raised more
or less vertically during construction. More recently the program was
also adapted for horizontal closure (end-tipping) and combined closure.
This paper deals with a scale-model investigation in which the criteria
used in this program were validated for a wide variety of closure dam
lay-outs. In this paper the predictions rendered by the computer program

are compared to those measurements and conclusions on the validation of

the criteria used are drawn.
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STABILITY CRITERIA FOR ROCKFILL CLOSURE DAMS

Dam-crest stability

For overflow dams, i.e. dams with a more or less horizontal crest, ample
experience was obtained in the Netherlar”s within the framework of the
closures of the Delta Project. Early attempts to increase the applicabi-
lity of this specific experience for general dam geometries and for a
wide range of conditions failed. However, in an evaluation study (Akker-
man et al., 1985) two general criteria were derived for vertical-closure
dams. One of the criteria relates the overtopping height H (water level
upstream of the closure dam, relative to the dam crest) to the relative
downstream water depth hy (also relative to the dam crest). The other

criterion involves the specific discharge through the closure gap.
The overtopping height criterion, denoted H-criterion, reads as follows:

h

1+ Ca () 4, (45 ) 3ec, (45 (1)

H
— = C ¢
AD °

The coefficients cy...c, have been derived from polynomial curve fitting
through all relevant data, see Figure 1. These data comprised vertical-
closure dams for a wide range of conditions and various dam shapes, stone
dimensions and porosities.

For a wide range of H/AD values, inbetween -4.5 (negative overtopping
height) and 15.9, the values values of cy...c, were found to be:
cyg = 2.00061; c; = 0.75595; c; = 0.05705; c3 = -0.00353; ¢, = 0.00007.

The discharge criterion, denoted q-criterion, reads as:

g°'5(AD)1'5 T cﬁi’cl AhD cz1 ( )2’C31 ( ):'*C‘1 ( )‘ (2)

1

Also the coefficients cyl...c,! were derived from polynomial curve fitting

through data of the same set of investigations, see Figure 2.
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For the range of H/AD values inbetween -3.5 and 15.9 the values of
col...c,! were found to be: c,! = 1.99952; c,! = 1.06866; c,' = 0.13884;
cyl = -0.00234; ¢, = -0.00002.

Criteria to assess separate coefficients for various dam-geometry
parameters (porosity, crest width, downstream slope angle), obtained by
parametric analysis, are also enclosed in the computer program; however,
in general, predictions using these criteria do not show improvement,
probably due to a lack of systematic data. Therefore, the wvalidation

focused on the general criteria outlined in the above.
Dam-face stability

For end-tipped closure dams, i.e. dams that restrict the waterway in a
horizontal sense, data of (Naylor, 1976) have been elaborated in such a
way that a more convenient and generally applicable criterion was
obtained (Akkerman, 1986). This criterion related to the mean gap
velocity, see Figure 3. It must be said that this criterion is wvalid for
end-tipped dams only, i.e. without the presence of a vertically raised
sill in the remaining closure gap.

The critical velocity criterion, denoted u-criterion, for the most
endangered place of the end-tipped dam (somewhat upstream of the advan-

cing dam face) can simply be expressed as:

u h
—%_= log (3 =) 3
VFAgD 5D (3)

where u,, = critical mean gap velocity (m/s) at the damage location
derived from the mean specific discharge divided by the local depth Z,
with Z = (2H +h.)/3, F = enlargement factor for extreme roughness (-), A
= specific stone density (-), g = gravitational constant = 9,81 (m/s?),
D = nominal stone diameter, h. = control water depth (see below).

The enlargement factor F is derived from (Ashida et al.,1976) and reads
for h./1.5D inbetween 1.0 and 5.2:
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1.174

F= O.SEXPIW] (4)

For h,/1.5D > 5.2: F = 1 and for h,/1.5D < 1.0: F is 2.7.

The control water depth for supercritial flow h, is defined according to
(Naylor, 1976):

h.= 0.4H (1-1.5p+/1+2p+2.25p?) (5)

where:

P = contraction coefficient = b, /H(cotg B; + cotg B,), with by = width
between the toe of the advancing banks and B; and B, being the slope
angles of both advancing bankfaces.

For subcritical flow h, = hy.

For combined closures, i.e. end-tipped dams in combination with a
horizontal sill in the closure gap, no prediction method was available.
This method is expected to be economical in many situations as, compared
to end-tipping only, bed-protection works may remain modest.

It was reasoned that both methods for dam-crest stability and for dam-
face stability might still be applicable if for the end-tipped dam
face(s) the bed level was assumed to be at the sill-crest height. For the
sill (i.e. the verically erected dam section) in the closure gap it was
reasoned that the influence of the advancing dam abutments might be
negligible. This reasoning was substantiated as the damage region of the
dam face, lying somewhat upstream of the dam-axis, is far away from the
downstream dam-crest of the sill. Furthermore, local increase of the flow
velocity over the crest due to flow contraction was assumed to be small
as well as regards the nicely rounded end-tipped dam face.

The present model investigation was aimed at checking these assumptions,
as well as validating the elaborated criterion for the dam-face stability

based on (Naylor, 1976).

80



Preprints International Riprap Workshop 1993 G.J. Akkerman

PHYSICAL MODEL INVESTIGATION

The model investigation was performed in a 2 metre wide circulation
flume, depth approx. 0.8 m, flow capacity 0.25 m®/s, see Figure 4. The
flume was equipped with an electronic profile-sounding probe which
registrated displacements of stones very accurately, without disturbing
the stone arrangement. This measuring procedure allowed for a small
length scale as compared to the normal procedure with coloured bands
(labour-intensive repair afterwards when done on a small scale). An
arbitrary length scale of 40 was adopted, so as to facilitate practical
interpretation (the downstream water depth of 0.5 m thus corresponding to
8 m in reality). Processing of the sounded levels, measured in closely
spaced cross-sections all over the dam crest of the sill and the end-
tipped dam face, was effected by a data-processing program which determi-
ned the damaged volume and number of stones. For each situation successi-
ve damage steps were performed by increasing the discharge step-by-step
at a constant downstream depth during a flow time per step of approx.
0.25 hr (corresponding to approx. 1.5 hr in reality). After each step the
contours of the dam face and the dam crest of the sill were sounded.
After processing of the data the boundary conditions (discharge, water

levels) were determined from interpolation to a reference damage volume.

After careful selection the cross-sectional reference damage area per
metre dam section for the dam crest (averaged over half of the closure
gap) was defined at 0.15 m? on true scale, being a practical measure for
initiation of stone displacement. Depending on the stone sizes used
(mean diameters: 0.19 m, 0.34 m and 0.54 m on true scale) the reference
numbers of displaced stones thus varied between 14 and 0.5).

For the dam face a reference damage volume for the whole embankment face
was set at 10 m® on true scale. This figure may look somewhat large but
at this deformation rate the stones are mainly displaced within the
boundaries of the advancing dam profile, so there is hardly any loss of
material during subsequent construction; in addition, this damage matched

the criterion of (Naylor, 1976) very well.
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For situations with a large narrowing of the closure gap, i.e. a high-
level sill in combination with approaching end-tipped dam sections, the
measured model discharge had to be corrected for flow through the
adjoining completed dam sections. This was necessary as the completed dam
sections were uniformly built up with the stone class used in the
stability tests, whereas for the assessment of the specific discharge
only the flow through the closure gap had to be known. The correction was
done according to the method developed by (Ikeya, 1992), as outlined
below. In order to check the correctness of this method, the specific
discharge was also determined directly from the water-level measurements,
taking into account a discharge coefficient of 0.9 in the well known

discharge relation:

g= phyv2gz (6)

In this:
z = H - hy for subcritical flow in the closure gap, and

z = 2/3 hy for supercritical flow in the closure gap

The prediction of throughflow can be done as follows (Ikeya, 1992), (for

notation see Figure 4):

q= |37 (hdpwes ~howmacs) 7
with:
K = permeability coefficient = n?gDs,/C,
n = porosity = 0.45 (-)
g = 9.81 (m?/s)
Dsp = mean sieve diameter (m)
c = shape model parameter = 3.1 for angular rocks (-)

1 = characteristic seepage length =

= B + (d - hy)eot @ + (d - hymser)cOt B
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This discharge was computed for the dam sections adjoining the closure
gap with exclusion of the cones of the end-tipped dam faces. Next, this

discharge was subtracted from the total measured model discharge.

After correcting the model discharge with the predicted throughflow, a
mean discharge coefficient of 0.9 was also observed, see Figure 5, thus
giving confidence in the corrected discharge figures. It must be said
that the correction was only relevant for the critical discharge method
and substantial deviation from the total measured discharge was only
observed at approaching dam sections (75 and 85% contraction ratio, see
further). In the following the discharges directly derived from the

water-level measurements have been presented.

A straightforward comparison of the accuracy of the criteria mentioned
before, was obtained by computing the critical stone dimensions using the
CLODES program for the reference damage condition and subsequent compari-

son with the stone sizes applied in the model.
ANALYSIS OF RESULTS

Dam-crest stability results

The accuracy of the sounding method is illustrated in Figure 6 for the

dam-crest, for a typical initial damage pattern somewhat larger than the

reference damage.

Typical results, i.e. predicted stone dimensions versus measured dimensi-
ons (on true scale), are presented in Figure 7. Herein the stone dimensi-
ons, expressed as AD, are plotted against the dimensionless downstream
water depth over the sill crest in the closure gap hy/(AD). This parame-
ter hy/(AD) also denotes the construction stage of the closure gap sill
(large value corresponds to low sill height, and vice versa). It should
be remarked that the AD used in hy/(AD) refers to the measured stone
dimensions (and not the computed dimensions).

Figure 7 refers to a contraction ratio of 50 %. The contraction ratio is

defined as the percentage of horizontal blockage of the flume (total
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width on true scale 80 m) by the presence of the dam abutments at a level
above the sill crest, see notation in Figure 4. At a contraction of 50 %
the dam faces are rather wide apart, the relative distance by/L being
approx. 1.4 (toe width at the sill level b, divided by the sill crest
width L).

In this situation, the predictions with the gq-criterion are very close to
the measurements, even for high-level sills (cléée to the downstream
water level). At a low sill level, the predictions are slightly unsafe
(<1.0); this can be attributed to the damage-reference level which is
very sharp for this situation. In fact, there will be a large safety
margin and damage will be spread more evenly over the crest than for
high-level sills. In addition, it can be stated that no differences were
observed along the sill crest in the longitudinal direction of the dam.
This observation confirmed the expectation that flow contraction over the

sill due to the presence of the dam abutment faces might be small.

The H-criterion is over 50% too safe for all sill levels. This can be
explained by the wide sill crest which exceeded those of dams analysed in
earlier investigations (Akkerman et al., 1985). The wide sill causes
friction losses and hence reduces the effective overtopping height H, the
reduction of which is not accounted for in the H-criterion. The specific

discharge is not sensitive for this friction effect.

In Figure 8 the dam-crest stability is plotted for various stages of
horizontal closure. '

Figure 8 refers to two (interpolated) relative sill heights: a medium-
level sill with hy/(AD) = 6 and a high-level sill with hy/(AD) = 2 for
widely varied horizontal closure stages, i.e. inbetween no dam abutments
at all (contraction ratio 0X), and the moment that the toes of the dam-
faces do almost meet (contraction ratio 85%).

From Figure 8 it follows that only in the final stage of approach of the
abutments (upon a contraction ratio of 75X%) the actual stability of the
sill is slightly increased, resulting in a safer prediction. For the gq-
criterion this margin goes up to about 50%, whereas the H-criterion
reaches over 100% additional safety. The more favourable condition for

the sill during the last stage of closure of the end-tipped dams, may be
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attributed to interference of the flow around the dam faces and the sill

crest.

Dam-face stability results

Figure 9 shows the validity of the dam-face stability approach for the
presence of a dam sill in the closure gap. With no sill at all, i.e. for
hy/(AD) = 13.8, the result is rather close to 1.0 for all contraction
stages. Taking into account the ample margin for failure, the predictions
do confirm the u-criterion of (Akkerman, 1986) for the stability of end-
tipped dams only.

In the case of a sill, the assumption of a bed level at the height of the
sill level, seems justified as long as the approaching dam abutments are
not too close. For 50% contraction the predictions are even somewhat too
optimistic; at 75% contraction the computations do show a fair agreement.
Only at the largest contraction (85%, at which the toes do almost meet)
the predictions according to the u-criterion are too unsafe, even in the
case of a low sill, resulting in an underestimation of some 30 to 40% of

the stone dimensions.

Comparison of dam-crest and dam-face stability

The stability of dam-crest and dam-face can be compared directly, by
plotting the critical overtopping height H at both dam sections for their
respective reference damage levels. The results are rather striking, see
Figure 10. From this figure it can be seen that, in general, the critical
overtopping height is somewhat higher for the dam face than for the dam
crest at a high sill level, whereas for a low sill level there is high
resemblance. The margin is rather small, even for the final closure
stages. This implies that, in a practical sense, in the case of combined
closure the stone size at the end-tipped dam abutments can be chosen the
same as for the dam sill, even up to final closure. It is advised to
perform computations for the dam crest (q-criterion) as a reference,

rather than for the dam face as regards computational accuracy.
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ailu damage margin for the dam crest

Some tests were performed up to damage leading to failure. Although this
damage could only be defined rather arbitrarily, the results give an
indication of the failure damage margin relative to the reference damage.
This is illustrated in Figure 11, in which the ratio of corresponding
specific discharges is shown (the arrows indicating complete failure). In
spite of the scatter it can be seen that the margin is some 25%. for low
sill heights and increases up to 50% or more for high-level sills, with
no distinct influence of the contraction ratio.

This result shows that for the limited construction time for rockfill
closures additional safety may be sought in this damage margin when
computing the stone dimensions with the criteria for reference damage
indicated in the above. Although not investigated here, it is known from
literature and practice that a considerable margin also exists for the

dam-face stability.
CONCLUSIONS

Based on the experimental results for validation of stability criteria

for rockfill closure dams, the following conclusions can be drawn:

- The critical discharge criterion (q-criterion) for the dam-crest
stability of a sill in a closure gap applies very well for all kind of
stages of combined closure.

- The dam-face stability criterion can also be applied for all stages of
sill construction, apart from the stages where the dam faces are
approaching closely. A simpler approach is, to take the same stone
class for the dam faces as for the dam crest (computed with the q-

criterion); this is also valid for the final closure stages.
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STABILITY OF ROCK ARMOUR AND RIPRAP
ON COASTAL STRUCTURES

N.W.H. Allsop and R.J. Jones
Hydraulic Research, Wallingford, OX10 8BA England

Abstract

This paper identifies the principal methods available to calculate the unit size of
rock or rip-rap armour to be used to protect rubble mound breakwaters; sea walls;
coastal and reservoir revetments against erosion by wave attack. It describes the
results of recent studies to provide better data both on the stability of armour of
shapes and gradings outside of the limits commonly accepted, and on the stability
of armour placed on structures that differ from the simplified configurations for which
most design methods have been developed. The paper also discusses the
influence of variabilities in the design formulae and the input parameters on the
safety of the final results. Where appropriate the paper draws on design
information compiled for the CIRIA / CUR manual on rock structures (Ref 1).

1 Introduction

1.1 _Background

The principal purposes of coastal or shoreline structures such as breakwaters, sea
walls, groynes and revetments, are to reduce direct and indirect effects of wave
action, particularly erosion and/or overtopping. Such structures may be constructed
using quarried rock to form a series of rough and permeable layers, within the
pores of which wave energy is dissipated. These classes of structures are often
termed rubble mounds or rubble revetments. In absorbing a significant proportion
of the incident wave energy, the structures themselves should not suffer excessive
re-shaping or damage to the outer layers, although some re-adjustment of the
armour is an inherent feature of this class of structure, and is implicit in the
development of the design formulae.

In designing such structures to give acceptable structural responses, the principal
variables to be selected are the unit armour mass, usually My, or the equivalent
nominal diameter, D,,,. The armour, often laid in thicknesses equivalent to t, = 2.0
to 2.5D,,, resists wave forces principally by its weight and interlock. The armour
mass required for stability is generally proportional to the incident wave height
cubed, H®. The main other structural variables, such as seaward slope angle o,
and crest height R_, are principally set by hydraulic requirements such as limits on
wave overtopping and reflections, although it will be seen later that these and other
parameters also influence the armour size needed.
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The design methods for calculating armour size are principally empirical formulae,
themselves based on results from hydraulic model tests on idealised cross-sections.
The test data available, and hence the design methods, are limited almost entirely
to simple mounds subject to normal wave attack, f=0°, and to narrow graded rock
of generally cubic shape. Quarried rock however occurs in many shapes, sizes and
gradings, and such structures are seldom subjected only to normal wave attack.
Remarkably little guidar~e has been available on the influence of these variables
on armour stability. Some recent experimental studies have indicated the influence
of some of these parameters, but have not yet been fully reflected in design
methods or specifications.

This paper describes some of the recent extensions to the design formulae
available, and presents example results from recent and continuing research on the
design of rock amoured shoreline structures.

1.2 Use of rock in armoured structures

1.2.1_Types of structures

Rubble mound structures to resist wave action are frequently used in those areas of
the world where rock may be quarried and handled in appropriate sizes, in sufficient
quantities, and of acceptable potential durability. The principal types of structures
that may be formed in this way are summarised below, although many other types
of have been devised:

Harbour breakwaters - formed to limit wave action within a specified area so
that ships or small vessels may be operated, moored, and /or anchored
without disruption to the required (commercial) activities, and without
damage to the vessel or harbour structures;

Sea walls or shoreline revetments - to halt coastal erosion and/or to restrict
wave overtopping and hence flooding, and to limit the degree of wave
reflections;

Armour layers to embankment dams - protecting the dam core and filter
layers against direct or indirect wave attack, and restricting any wave
overtopping of the dam crest to an acceptable minimum,;

Coastal defence breakwaters - constructed to encourage the development
or maintainance of a beach or beaches in their lee, and/or to limit wave
action at the coastline;

Beach control structures including groynes - to assist in the retention of

adequate beaches which themselves limits any coastal erosion and/or
flooding.
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1.2.2 Rock armour

In some areas, rock armour may be extracted and handled in unit sizes up to about
25 tonnes, having a nominal diameter D, of approximately 2.1m. Armour layers
formed from such sizes may resist substantial wave attack, perhaps up to significant
wave heights of 6 -7 metres. In other areas, the rock available is substantially
smaller, and may only be used to resist relatively small waves. In some cases,
where the rock available is small and/or the waves are large, concrete armour units
will be used. The design of concrete armour units has become a substantial
subject area in its own right, and is not discussed further in this paper.

As first blasted in the quarry, the rock will be highly variable in unit size. In the
design of most rubble structures, and/or in the quarrying operation itself, care will
be taken to optimise the use of different rock sizes. Very small sizes will be used in
the production of aggregate materials for concrete, roadstone, or similar uses.

Sizes up to about 0.3 to 0.5m will often be crushed to be used as aggregate etc.
Above about 0.5m, the rock may be useful to form under- or filter layers, and or
armour layers where wave attack is slight.

Most rock armour is prepared in narrow size or weight bands, eg. nominally 3 to 6
tonne. This material is generally handled individually, and placed in amour layers
of about 2 stones thickness. Rock to be used as such armour must therefore be
carefully sorted in the quarry, often requiring specialist plant for the handling, and
weighing if needed. Once prepared in this way, the rock is carefully controlled, and
is relatively easy to measure before placement and on the structure.

An altemative material is rip-rap: a wide graded rock which has not been sorted to
the same extent as rock armour, if at all. Rip-rap is handled and placed in bulk,
and because of its wider range of sizes, must be laid in relatively thicker layers.
Over much of the range of sizes, these materials respond to wave action in
relatively similar ways, but will differ significantly at the extremes. Single sized rock
armour can be used to form quite steep slopes, perhaps up to 1:1.25, although
such a steep slope is seldom recommended. When placed at steep slopes, rock
armour is at risk of damaging suddenly, with a relatively brittle failure mode. Wider-
graded material will not naturally sit at such steep slopes, but when placed on
shallower slopes, say 1:2 to 1:4, will generally damage more gradually, even when
nearing its failure limit.

1.3 Historical context

A full understanding of the use of present design methods requires some
knowledge of their derivation. The most widely known design formula is that
developed by Hudson at the Waterways Experiment Station (WES) and now used in
the Shore Protection Manual (Ref 2). This method is based on the results of
regular wave studies in the early 1950s at the Waterways Experiment Station,
Vicksburg, USA. A simple formula was developed to relate the armour unit weight
to the structure slope angle, armour unit density, and (regular) wave height.
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In 1975, Thompson & Shuttler at Wallingford completed some of the eariiest
random wave tests on rock armoured slopes in a study for the Construction Industry
Research and Information Association in the UK (CIRIA). The tests were directed
to the stability of rip-rap protection for embankment dams on inland reservoirs. The
results of these tests were used to derive a design method for rock armour of
grading up to D,/D,; = 2.25 on a long slopes with an impermeable core. The
model test results were published as an HRS report, and as a design guide by
CIRIA, Report 61 (Ref 3).

Between 1983 and 1988, a comprehensive series of studies were conducted by van
der Meer and co-workers at Delft Hydraulics in the Netherlands to extend the
validity of Thompson & Shuttler's tests to give the armour response for a wide
range of armoured structures, including breakwaters, sea walls, and revetments.
The test procedures extended those used by Thompson & Shuttler, and included a
wider range of hydraulic and structure parameters. Van der Meer included the
CIRIA results with the new data. The analysis of the extended data set generated
new stability formulae (Ref 4) covering the wider range of input parameters.

In 1987, further model tests were conducted at HR Wallingford in the UK with
Queen Mary and Westfield College (QMW) to explore the effect of particle shape on
the armour response (Refs 5, 6).

Then in 1988, a project was initiated to compile a new design manual on the use of
rock in coastal engineering jointly by CIRIA in the UK, and the Centre for Civil
Engineering Research, Codes and Specifications in the Netherlands (CUR) (Ref 1).
A short series of hydraulic model tests were conducted at Wallingford to identify the
general level of the influence of wide grading on armour response (Ref 7).

All the studies above were confined to 2-dimensional wave attack on relatively
simple cross-sections. In 1992, Jones & Allsop conducted a series of tests at
Wallingford for the UK Ministry of Agriculture, Fisheries, and Food (MAFF) to
explore the use of these simple methods to rock armoured groynes and related
beach control structures (Ref 8). These tests addressed the stability of rock on
armoured structures on steep shingle beaches. The results of this work were also
combined with data from the Spanish laboratory CEPYC on the stability of rock
armoured groynes on shallow beach slopes.

Between 1990 and 1993, research within a European-wide project, G6-S Coastal
Structures supported by national funds and the EC MAST programme, has explored
the influence of wave obliquity and short-crestedness on armour stability. Data has
also been collected from the main European laboratories on armour responses on
site specific structures that have been model tested. The full implications of the
results of this work are still being considered, but some initial results will be used
here.

Finally in this context, continuing research in the UK on risk assessment and
probabalistic design methods has confirmed the importance of assessing the
influence of uncertainties in the design methods used, and the variabilities of the
main input parameters, on the overall safety of the resulting structures.
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2 Present design practice

2.1 General philosophy

Armoured rubble structures may fail by the removal of many individual armour units,
precipitating erosion of the layers beneath; the structural failure of individual units,
and hence local failure of the armour layer; or by a geotechnical failure of part of
the structure, or of its foundation, see Figure 1. Of these failure modes, that
accorded most attention has historically been the displacement of armour units by
direct wave action, and it is this failure mode which is principally addressed by the
design methods covered in this paper.

On rock armoured structures, the placement of the armour, and the shape and size
of the armour units themselves, are seldom entirely regular. In many ways regular
and close placement of rock armour is undesirable as it can lead to a relatively
smooth or "paved" surface, with low armour layer porosity. This often therefore
reduces the capacity of the armour for energy dissipation, increasing wave run-up
levels and/or overtopping, and wave reflections. The variablities in armour
placement, coupled with the stochastic or random nature of waves themselves,
mean that the response of the armour layer to wave action will vary along the
structure and in time.

Under wave action approaching the design level, rock armour may be expected to
adjust position, often settling or bedding down a little and increasing its resistance
to wave action. A few armour units may be displaced, especially those that were
originally placed loosely. This displacement of armour, often termed "damage”,
should be relatively small for waves up to and including the design storm condition.
Historically a level of displacement or damage of up to N, =5% at the design wave
condition has been accepted for many coastal structures and, where the design
wave condition has been correctly determined, this has allowed the successful
design, construction, and use of many rock armoured structures worldwide.
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Figure 1 Failure modes for armoured structures, after Burcharth
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Where the structure is of higher importance; the wave conditions less certain; or the
consequences of any damage more severe; more conservative design criteria may
be applied, perhaps restricting armour movement to N, ,=1%. Such restrictions
generally result ih increases to the relative armour size, and often to the overall
structure volume and hence cost. It is however seldom realistic to design rock
armour for no armour movement at all, hence the wide acceptance of "no damage”
criteria falling in the range Ny ,=1-5%.

Most designs of coastal structures are based on a deterministic approach in which
formulae are used to determine a single value for a particular input parameter for
each of the required responses. In recent years it has become possible to use
probabilistic methods to asses the levels of risk of different failure conditions, taking
account of the variabilities of the structure; environmental conditions; and of the
prediction formulae themselves. These methods are under development, and will
be discussed in future reports. A brief example will be discussed later in this paper.

2.2 Design methods

Design methods for rock armour focus principally on the calculation of the median
armour unit mass, My, or the nominal median stone diameter, D,,, defined in terms
of M, and the rock density, p,:

Doso = (Mso/p)™® 0]

The two most commonly used methods are:
a) the Hudson formula, as used in the Shore Protection
Manual, (SPM);
b) van der Meer's equations.

2.2.1 Hudson's formula, regular waves

Hudson developed a simple expression for the minimum armour weight required to
resist a given (regular) wave height. The formula was originally written in terms of
the individual armour unit weight and the weight density, but may now be re-written
in terms of the median armour unit mass, M, relevant mas densities, and the wave
height, H:

Mg, = p, H / K, cota A® (2
where P, = mass density of rock armour (kg/m°)
A = bouyant density of rock, = (p/p,)-1
Pu = density of sea water
a = slope angle of the structure face;

and K, is a stability coefficient to take account of the other variables. For wide
graded rock or rip-rap, values of a coefficient K, were substituted for K.

Values of K, were derived from model tests at Vicksburg, using regular waves with
permeable cross-sections subject to little or no wave overtopping. The armour
stability was studied under a range of wave heights and periods. In each case, the
design value of K, chosen was that corresponding to the wave height giving worst
stability. Some re-arrangement of the armour was expected, and values of K

105




Preprints International Riprap Workshop 1993 N.W.H. Allsop

suggested for design correspond to a "no damage” condition where up to 5% of the
armour units may be displaced. Values of K, for “no damage” were determined for
breaking and non-breaking wave conditions at the structure:

Armour Waves Ko
Rough stone Non-breaking 4.0
Breaking 2.0
Smooth stone Non-breaking 24
Breaking 1.2

Other values for increasing levels of damage are tabulated in the SPM (Ref 2).

It is often convenient to re-arrange the Hudson equation in terms of a stability
number N,:

N, = H/AD,, = (Kycota)*? (3)

This stability number is re-used by van der Meer, see section 2.2.2, and is also
used in calculations of toe armour sizes using methods in the SPM.

2.2.2 Van der Meer's formulae, random waves

Van der Meer has derived formulae which include the effects of random waves, a
wide range of core / underlayer permeabilities, and distinguish between plunging
and surging wave conditions. The formulae relate the incident wave conditions, and
the level of damage that may be allowed, to the dimensionless stability number,
H/AD,q,. For plunging waves:

H/AD, g, = 6.2 P*'® (SHN)°2 £ ¢ 4)
and for surging waves:
H/AD, g, = 1.0 P*" (SA'N)°2 Jeota £ F 5)

where the parameters not previously defined are:

notional permeability factor, see Figure 2
design damage number = A/D, .?

erosion area from profile

number of waves

Iribarren number = tana/s\?

wave steepness for mean period = 2rH/gT, 2
mean wave period;

JS2z2p 0

and the transition from plunging to surging waves is calculated using a critical value

of £ :
. = (6.2 P*? (tana)®® )"™+09 -
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Dpso ¢ = nominal diameter of core

Figure 2 Permeability factor, P, for van der Meer’s stability
formulae
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Recommended values of the damage parameter, S, are given for each of three
damage criteria:

Slope Damage, S,

Initial Moderate Failure
1:15 2 - 8
1:2 2 5 8
1:3 2 8 12
1:4-6 3 8 17

A range of core / underlayer configurations were used in the test programme, each
with an armour layer thickness, t, = 2.2D,,,. A value of a permeability factor, P,
was assigned to each of these structure configurations, see Figure 2. Values of P
given by van der Meer vary from 0.1 for armour on an underiayer over an
impermmeable embankment, to 0.6 for a homogeneous mound of armour size
material. Intermediate values of 0.4 and 0.5 are also described.

3 Recent studies on rock armour stability

Since the publication of van der Meer's equations, a range of further studies have
been conducted to extend the application of these equations to other armour
specifications and structure configurations. The first of the studies at Wallingford
investigated the influence on stability of changes to the amour unit shape; the layer
thickness; and the armour grading. The model tests used the 2-dimensional
random wave framework of Thompson & Shuttler and van der Meer. Damage
measured in these tests was compared with damage predicted by van der Meer's
formulae.

Further tests on 3-dimensional models of rock armoured breakwaters and groynes
have also been conducted to explore the stability of rock armour on beach control
structures. Analysis of these results is not yet complete, but preliminary
conclusions are drawn here.

3.1 Influence of armour shape, layer thickness and armour grading

Two model studies were carried out to quantify the influence of armour shape and
placement; and of very wide armour grading. Structure parameters common to
both studies were:

Armour slope (cot o) 2.0

Mound permeability Impermeable, P = 0.1
Water depth at structure (h,) 0.5m (model)

Bed approach slope 1:50

Spectral shape JONSWAP

Armour rock and water densities 2710 and 1000 kg/m3

During the joint HR / QMWC tests investigating the effects of armour shape and
layer thickness, all test sections were constructed with a constant median rock
weight and amour grading of D,/D,.=1.25. Armour layers were constructed in two
layers with individual placement of armour stones. This method of construction was
selected as typical of the construction of narrow graded rock armour. In previous
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studies, armour had generally been placed in bulk, rather than stone by stone.

3.1.1 Influence of layer thickness on stability

In the preliminary analysis of the HR / QMWC results, each set of damage
measurements was compared with damage predicted using van der Meer's
formulae. In virtually all cases the formulae under-predicted the damage recorded.
Further analysis and comparison of the results revealed some important variations.

The procedure adopted for construction of the armour layers in the HR / QMWC
study was typical of methods used for the construction of two layer armouring to
sea walls and breakwaters, but was different from that used in the earlier studies.
In many practical cases armour layers may be formed of thickness less than
2.2D,,, and the average achieved in these tests was t,=1.5-1.7D ,. This
represents a 30% reduction with respect to earlier studies, and it was felt that this
reduction alone could account for the increase in damage.

Relatively little data on this effect were available, as essentially only one layer
thickness of t,=1.5-1.7D,, had been studied. The damage to armour of thickness
t,=1.6D,, was compared with that predicted by van der Meer's equations for
t,=2.2D ., A simple adjustment of the power coefficient of (S/VN) in Equations 4 &
5 from 0.2 to 0.25 gave a better description of the damage for the thinner armour
layers. The modified equations then become, for plunging waves:

HJADnso =62 Po.1s (SJm)ozs gm-us (8)
and for surging waves:
H/AD,g, = 1.0 P°** (SN'N)°#* Vcota £ _° 9)

Initially these changes seem to be counter-intuitive, in that the rate of damage with
wave height reduces from H° to H*. However it should be noted that for most
realistic cases, values of S/¥'N will vary between 0.15 and 0.03, so the overall
effects of the modified equations are to increase damage with decreasing layer
thickness. This may be illustrated by considering the armour size needed on a 1:2
slope against waves of H,=2m, T,_=6s, N=1500 waves, and a structure of P=0.4.
For the "standard” or thicker layer, t,=1.6D,,, an armour unit mass of M,,=0.85
tonne is needed for a damage level S;=2. If the amour is laid to form the thinner
layer, t,=2.2D,,, an armour unit mass of M.;=1.3 tonne is needed for the same
damage level.

3.1.2 Influence of armour shape on stability

The main purpose of the joint HR / QMWC studies had been to investigate the
influence of armour unit shape on stability. Five classes of rock were prepared,
each of similar grading and unit size, but falling into different shape classifications:

Fresh Selected to be representative of most rock armour used in the UK;

Equant Chosen to be as near cubic as practical, typical of the most cubic
material available in UK;

Semi-round Rounded slightly by tumbling in an old concrete mixer drum to
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simulate abrasion wear,;

Very round-  Rounded more significantly to simulate the effects of severe
abrasion;

Tabular Flat or elongate material, shapes normally rejected for armour.

The damage to test sections using each of the armour shapes tested was
compared with damage calculated using van der Meer’s formulae, taking account of
the effects of layer thickness by using Equations 8 & 9. As expected, very round
rock suffered more damage than any of the other shapes. The performances of the
fresh and equant rock were broadly similar. Surprisingly, the tabular rock exhibited
higher stability than other armour shapes.

A regression analysis was carried out on the test results for each of the armour
shapes. Values of new stability coefficients C/ and C,, were calculated for the
shapes tested in this study, and for layer thicknesses of {,=1.6D,,, to replace the
coefficients 6.2 and 1.0 in the modified plunging and surging formulae (Equations 8
and 9). These revised coefficients are summarised In Table 1.

Table 1. Revised coefficients for “non-standard” armour shapes

Rock shape Plunging Surging
class C, C..
Fresh 6.32 0.81
Equant 6.24 1.09
Semi-round 5.96 0.99
Very round 5.88 0.81
Tabular 6.72 1.30

The modified formulae for the thinner armour layers then become, for plunging
waves:

H/AD g, = G,/ P*** (SN ¢, (10)
and for surging waves:

H/AD,s = C,' P*"™ (SHN)** Jeota E,° (11)
A simple comparison of the relative performance of armour shapes can be made.
The change in damage due to the use of very round rock rather than equant

material suggests, for plunging waves:

Damage, oy rung) = 1-4 Damage, . um (12)
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This represents a requirement for the median weight of very round rock to be about
30% greater to achieve the same stability as equant rock under plunging wave
conditions. This simple comparison may represent an over-simplification of the
influence of shape on stability, but demonstrates the potential dangers of under-
design if the effects of shape are ignored. It may however be useful to note that
the increase in D,g, required by these new formulae for constant damage levels is
rather less than suggested by the decrease in K, given for round rock in section
2.2.1.

3.1.3 Influence of armour grading

Most armour in common use falls into one of 2 classes:

Rock armour, narow-graded Dge/Dys < 1.5
Rip-rap, or wide-graded D,¢/D, < 2.25

Each of these types of armour require some selection, and this may be quite
expensive where the sizes needed are not easily produced in the quarry. There are
often therefore strong economic attractions in reducing the level of selection,
possibly using "all-in" material. Two specifications of “very wide graded” rock
armour with D¢/D, = 4.0, termed Series 2 and 3, were tested against conventional
material of Dg/D,; = 1.25, termed Series 1, in the studies described in Reference 7.
The gradings are shown (in model dimensions) in Figure 3.

Damage to the narrow graded armour, Series 1, constructed to t, = 2.2D _,
performed as predicted, confirming the use of van der Meer's formulae for
1,=2.2D,,.

Results from the tests on very wide graded armour showed more scatter than other
tests, generally exhibiting slightly more damage than predicted by van der Meer's
formulae, Figure 4. The scattered results may be attributed to the wide variation in
armour construction, in terms of the median armour size along the sample length.
There was noticeable preferred movement of smaller rock in Series 2 and 3,
resulting in reduced support to the larger rocks in the armour layers. Analysis of
damage to the very wide-gradings prepared to the log-linear (Series 3) and
Schuman gradings (Series 2) indicated no significant differences when the median
size, D5, was used. The scatter in the resul<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>