" (}’ﬂxg}\ o INSTITUTE REPORT R3 — 1974
Wp\ato— -
| ‘/M’} i{ )

o

A CRITICAL REVIEW OF
THE HYDRAULICS OF RUBBLE MOUND STRUCTURES

FORCES BY UPRUSH AND DOWNRUSH
THE IMPORTANCE OF PERMEABILITY
THE RESONANCE PHENOMENON
FRICTION BETWEEN ARMOR BLOCKS
AND BETWEEN ARMOR AND SUBLAYER

| SLOPE GEOMETRY
PRACTICAL DESIGN PRINCIPLES

by

Per Bruun and Palmi Johannesson

DIVISION OF PORT AND OCEAN ENGINEERING /===
THE UNIVERSITY OF TRONDHEIM
THE NORWEGIAN INSTITUTE OF TECHNOLOGY
TRONDHEIM, NORWAY



A CRITICAL REVIEW OF THE
HYDRAULICS OF RUBBLE MOUND STRUCTURES

INDEX

PART I

FORCES BY UPRUSH AND DOWNRUSH
THE IMPORTANCE OF PERMEABILITY

INTRODUCTION p-. 1

REVIEW OF FORCES ON AN ARMOR UNIT

PLACED IN A RUBBLE STRUCTURE PP, 2 - 3
DETAILED DISCUSSION OF REASONS FOR FAILURE pp. 3 - 20
UPRUSH AND DOWNRUSH | pp. 4 - 11
THE IMPORTANCE OF POROSITY (PERMEABILITY) pp. 11 - 19

DISCUSSION AND CONCLUSION
THE RESONANCE PHENOMENON : p. 20

REFERENCES pp. 21 - 23

PART II
FRICTION BETWEEN ARMOR BLOCKS
AND BETWEEN ARMOR AND SUBLAYER
SLOPE GEOMETRY

INTRODUCTION p. 24
FRICTION FORCES pp. 24 - 32
SLOPE GEOMETRY |  pp. 32 - 37
DISCUSSION, PART I AND II pp. 37
PRACTICAL DESIGN PRINCIPLES pp. 38 - 39
CONCLUSION, PART I AND II PP. 39 -~ 43
REFERENCES | pp. 44
FIGURES - pp. 45 - 58

LIST OF PUBLICATIONS AND REPORTS BY THE
DIV. OF PORTS AND OCEAN ENGINEERING 1970-1974 pp. 59 ~ 65

o




O 0O 0 o w

L

NOTATION

Buoyancy
Diameter of sphere

Drag coefficient

Lift coefficient

Inertia force coefficient

Slope pérallel force on object
Normal force on object on slope
Shear force on object

Inertia force on object

Lift force on object

Force from the core of the mound
Gravity force

Moment

Number (of blocks or spheres)
Contact pressure

Time

Water velocity

Velocity parallel- to slope
Velocity normal to slope
Weight of block or sphere
Density of object

Density of water

Roughness parameters, defined in each particular
case

Angles, defined in each particular case
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A CRITICAL REVIEW OF THE
HYDRAULICS OF RUBBLE MOUND STRUCTURES

PART 1

FORCES BY UPRUSH AND DOWNRUSH
THE IMPORTANCE OF PERMEABILITY

Per Bruun and Palmi Johannesson

INTRODUCTION

This paper is the result of several years of research

at the Norwegian Institute of Technology. It comprises

a critical review of the hydraulics of rubble mound
structures including analyses of forces by uprush and
downrush, forces occurring in the toe of a wave breaking

on & slope, hydrostatic pressures due to permeability of
the structure, friction forces between armor and sublayver(s)
and forces between armor units’and tests comparing stable
beach profiles with stable breakwater profiles developed by

the action of an infinite number of waves.

The result of the combined research is the suggestion of a
profile which includes two impermeable sheets or membranes

each serving its particular purpose of increasing the stability
of the rubble mound. Units should be placed with the longest
side perpendicular to the slope which should be S-shaped with

the slope in the area of wave breaking.

It was convenieht to publish the paper in two parts, each
dealing with separate problems. Figures and tables are
numbered in consecutive order. Each part has its own list
of reference literature and list of notations used. The
discussion and conclusion in Part II refer to the results
of both parts. The research is being continued with emp-
hasis on the resonance phenomenon between downrush period

and wave period which appears to be critical for structural

stability.




REVIEW OF FORCES ON AN ARMOR UNIT
PLACED IN A RUBBLE STRUCTURE

A unit placed in a breakwater in contact with other units

is subjected to forces by breaking waves, wave uprush and
downrush. During the action the structure is, to a certain
extent, filled with water which exerts hydrostatic pressures
on the armor unit. Understandably, it is very difficult to
analyse such a problem in all three dimensions. When wave
action is assumed to be perpendicular to the face of the
structure, the hydrodynamic forces are mainly two-dimensional,
but forces oh the uniﬁs are still three-dimensional. To
facilitate the analyses all forces introductorily are at
first considered being two-dimensional. This simplifying
assumption may cause some errors but will hardly affect

the appraisal of the relative importance of the forces

involved.

The literature includes a great number of papers on the
stability of rubble structures built of armor units whether
natural rock or concrete units. Several design formulas
exist (10, 11) but relatively_little has been done to explain
the reasons for failures. Effbrts have rather been put in to
defining "design waves" (e.g. 2) with reference to wave height
only - not to periods. An exemption is a receﬁt publication
from CERC (6) which includes period. While the overall sta-~
bility of rubble structures has been studied extensively with
regular as well as irreqular waves (e.g. 5, 8, 9) little has
been done to study detailed structure hydrodynamics.

One of the most detailed analyses of forces acting on a
rubble structure was undertaken by Sigurdsson (20); To
simplify the problem Sigurdsson considered balls of egual
geometry, but he only measured total forces perpendicular
and parallel to the slope. No attempt was made to analyse
forces in relation to the stability of the structure as a
whole and no recording of the time relation between external

and internal waterlevels were made thus enabling an analysis




of the corresponding forces and the importance of

porosity.

Table 1 is a review of acting forces. Some of these forces
are destructive only, others are stabilizing and some may
be either one - depending upon their direction at any

particular moment.

TABLE 1 FORCES ACTING ON ARMOR UNITS OF
DIAMETER, D, AND DENSITY, Py

FORCE IDENTIFICATION CODE
. D3
Gravity _ G = L
. . . . D3
Buoyancy in ligquid of density, - B = 0,9 ¢

Breaker, Uprush and Downrush Forces:

Parallel or normal Forces

. 3
Pressure Forxces on Object F_ = pwﬂgw %%
(u = velocity of water) P
3
.Pressure Forces by "added mass" - FI = CmpWE%“'g%
(Cm = added mass coefficient)
. ‘ _ m?* 5
Forces by shear (drag) F_=C.p u
. D D"w 8
(CD = drag coefficient)
Lift Forces on Object F_ =C EE—2-‘1.12
¢ J L LPw 8

DETAILED DISCUSSION OF REASONS FOR FAILURE
Factors influencing stability include:

{a) uprush and denrush velocities and the corresponding
forces

{b) -the permeability of armor, sublayer and core

(¢) the friction between armor units and between and
sublayer .
This includes placement of units.
These forces may be studied by observing the location

and pattern of failure.




Location of fajilure -~ Model tests (5, 12, 20) demonstrated

that failures at idealized sphere mounds occur at or below
the lowest level of wave retreat due to high normal forces.
In the case of quarrystone rubble mound with pell-mell
placement, conditions are quite different. Fig. 1 shows
the damage distribution curves based on extensive test
series (14). Damage started and was most pronounced just
below the S.W.L. where maximum downrush velocities occur.

Pattern of failure -~ Comprehensive investigations (14)
verified that the fluctuating pressure due to up- and down-
rush caused slumping of the armor layer below the S.W.L.,

resulting in closely packed armor units. At and above the
S.W.L. armor units become less compact. Some units in this
area may become entirely dislodged from the face of the
structure (Fig. 2a) and roll down the slope (Fig. 2b).

UPRUSH AND DOWNRUSH

Various authors have discussed uprush and downrush, some
of these discussions are theoretical and others are based
on experimental results, The classic papers by Miche (17,
18) refer only to regular waveé, as does that of LeM&hautd
et al (15). Recent investigations by Battjes (1) present
results on wave uprun with irregular waves. Laboratory
experiments, with and without wind waves, offer a great
number of results which are not always applicable to pro-

totype structures.

Theories (3) have also been attempted on downrush based on
semi-theoretical flow conditions considering downrush under
similar basic hydraulic laws on friction as stream flow.
The approach to be discussed does not involve any other
basic hydrodynamic law than the equation of continuity.

Fig. 3 shows up- and downrush profiles recorded on film at

various time increments. The average velocity at the S.W.L.,

parallel to the slope (vp) and the velocity of the water
surface perpendicular to the slope at the S.W.L. (vn) was




computed (4). During downrush the slope of the water
table increases (B decreases) until the water surface due
to friction and outflow from the breakwater body is parallel
to the rubble mound slope (curves 4 and 5 in Fig. 3). The
boundary conditions shown in Fig. 4a are chosen for calcu-
lation of velocities at the S§.W.L. The average velocity in
the cross-section A-B in 4a may then be expressed as:

dr r? 1

Vp =5t t y,trtgp * 2cos’p

. 28 - , |
St = Vo) + Y (8) (1)

where Vp(r) and Vp(B) are the velocities due to changes in

¥ and B respectively (see Fig. 4a).

The velocity of the water surface perpendicular to the

slope may, according to (4), be written as:
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(Fig. 4a) (2)
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where the'B—distribution curve and its assumed extension is
indicated in Fig. 5. dB/dt approaches zero as @8 approaches

zero leading to the following boundary limits:

!
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llm[Vp]8 . 0
IR/t » 0

approaching a slope parallel flow (Fig. 4b) which neither

becomes zero nor infinite. Curves for Y, = 0.5 and 2 cm

are stipulated in Fig. 6.

Evaluation of flow conditions and forces based on laboratory

experiments - To obtain a better understanding of "rubble

structure hydraulics", experiments were carried out on a
mound composed of spheres. Some of these tests (Fig. 7) by

which forces on a sphere were measured are described in (22).
It was noted that for uprush the total slope parallel force
F_ = FD(drag) + FI(intertia) maximized shortly after the

P
spheres submerged, while Vp and the corresponding acceleration




maximized a little later (see Fp and FI for test series 1

in Fig. 8). During downrush Fp maximized as the balls
emerged. At that time downward maximum velocities occur
while deceleration of the flow is still low. This, however,
is only true for locations above the "incipient breaker-
backwash zone" or for zone 1 in Fig. 9. Farther down, Fp
increases due to the rotating velocity vectors at the toe

of the incoming wave. One may therefore divide the exposed
rubble slope into two main zones (Fig. 9). In zone 1, velo-
city and acceleration are mainly parallel to the slope. 1In
zone 2, the velocity field changes suddenly and the quasi-
hydrostatic pressure in the structure develops rapidly when
the downrush plunges into the following wave. This causes

a strong flow component perpendicular to the slope, result-
ing in considerable acceleration forces, particularly when
resonance between the uprush/downrush period and the wave
period occurs. During recent tests (l12) two pressure gauges
were installed at either side of a sphere located just below
thé S.W.L., Fig. 10. The results of these tests as shown in
Fig. 11, demonstrate the connection between the quasi hydro-
static pressure P,(A)/y = the rise of the water above the
S.W.L. at A and the total pressure measured (curves 1 and

3 in Fig. 11). It therefore indicates the nature of the
acting forces. In addition, the pressure distribution
between gauges A and B (curves 1 and 2) is given in Fig. 12.
The quasi hydrostatic pressure curve (3' in Fig. 11) was
calculated as Pst/y = P3/Y + cos{o+B) where o is the break-
water slope, B = the angle between the slope and the water
surface and P, = yh + PO(A) is the elevation of the water
surface above gauge A. From Fig. 11 it is. apparent that
the dynamic pressure at A, (PI—PSt)' during the first phase
of the uprush, is minor (non-breaking waves). The R-distri-

bution, however, is only known during downrush (Figs. 5 and

6). During uprush, as well as during the first phase of
downrush, the calculated piezometer pressure becomes slightly
higher than the pressure measured at gauge A (see the first

record in Fig. 11), indicating that point A lies close to ox




even below the separation zone (Fig. 13). This pressure
difference, caused by suction, is probably of minor impor-
tance. It disappears before exposure of the sphere. The
pressure differences between points B and A (defined as
positive outward from the slope) is given by the pressure
difference between curves 2 and 1 (Fig. 12). As mentioned
above, the dynamic pressure during uprush seems to be minor
conly. It therefore is reasonable to conclude that the
rather small inward directed pressure difference (Ap1+Ap2),
occurring in less than 0.1 sec (Fig. 12), is a result of
delay in the built up of hydrostatic pressure at point B

in the mound. Later during the uprush, and until the
arrival of the next wave, considerable outward pressure
differences occur during approximately 1.3 sec, maximizing
during the exposure. To understand this better let us look
at the situation occurring 1.4 sec from the start of record-
ing (point C in Fig. 12)}. The measured pressure difference
was then (Ap2+Ap1)/Y = 2.5 cm. The hydrostatic pressure
difference between gauges 1 and 2 due to the:sloping water
table (Fig. 13) may be calculated as Ah = Dsin{a*B) = 2.8 cm
which is even higher than the pressure measured. This indi-
cated that the outward directed pressure difference during
the downrush generally is related to the sloping water table
and to a less extent to the fact that point A on the sphere
is located close to the separation zone (Fig. 14). In the
case of an even placed cover layer the uplift from the down-
rush must therefore be related to the hydrostatic pressure

difference due to the sloping water surface.

In discussing the flow conditions on a rubble mound slope it

is proper to first define various flow conditions:

a) Outflow (curve 2 in Fig. 3) starts in the lower-most part
of the structure slope during the latter stages of uprush
due to build up of quasi hydrostatic pressure resulting
from the sloping water surface.

b) gggkflow is outflow + drain water from the structure

which flows down the exposed armor slope.




c} Inflow into the structure takes place during uprush
and is maximized below or close to the crest of the

advancing wave or uprush.

The oscillating flow on a slope exposed to nonbreaking

waves may be described as follows:

Phase 1 At the iowest level of wave retreat thé.backflow
either plunges into the advancing wave or it'penetrates
deep downslope before uprush by the next wave starts. In
either case, a complex flow situation occurs, as described

pelow. Forces directed outward from the slope dominate.

Phase 2 Higher upslope, the uprushing wave meets the outflow

from the structure that still submerges the armor units.

Phase 3 Still higher upslope, impact forces occur when the

uprush strikes an exposed block (this may occur between

curves 8 and ¢ in Fig. 3b).

During phases 2 and 3 inflow takes place and uplift, drag
and inertia forces are induced. Uprush gradually thins out
and the flow into the structure is gradually limited to the
upper part of the uprush while further downslope outflow
starts, due to the sloping water surface as described above.
This is mainly noted for higher void ratios of the core

material.

Phase 4 Downrush starts followed by backwash. The
elements in the slope are then subjected to uplift, drag
and buoyancy+forces. Parallel forces dominate. Fig. 15
shows the flow conditions late in the downrush phase.
Wave profile characteristics and extreme force situations
are shown in Fig. 16. Combining this figure with Tables

2 and 3 gives the respective forces for various locations

of a sphere on the slope.




TABLE 2 POINTS OF FORCE RECORDS (FIG., 16)

Cohdition Number
{See Fig. 16)

1 2 3 4 5 6 7
Z/D 0.71 0.71 1.38 2.12 2.13 2.84 4,27
H/D 2.60 2.37 2.42 3.22 2.65 2.36 1.84
T 1.72 1.72 1.69 1.71 1.69 1.75 1.69

TABLE 3 CHARACTER OF FLOW SITUATION (FIG. 16)

Condition Number
{See Fig. 16)

1 2 3 4 5 6 7
Fp d c,f c c c b b,e
Uprush
Fn f c,t c,t c,f f £ t
Fp a,dg a;g a a a a e
Downrush _
Fn a,qg a,9 a a a a a

Table 3 also compares flow conditions for different
locations on the breakwater slope for the seven tests

indicated in Fig. 16.

Cutflow
Incipient breaker preceeded by backflow

(2]

Incipient breaker preceeded by outflow
Impact

Backflow

Inflow

Change in buoyancy

Q +H PN U ow

The zero level for forces corresponds to a situation with

only hydrostatic forces acting upon the sphere (noc wave
action). This, in turn, means that for a sphere located
below the S.W.L. the values for FP and Fn are negative
when the unit becomes exposed, while in case of a unit

located above the S.W.L. positive values for FP and Fn




occur when the unit is submerged. The phase angles 0°
to 360° correlate the force records with the passing of

the wave crest over the monitored sphere.

It should be noted that, in a highly permeable structure

such as a rubble mound, an important part of the downrush
takes place through the pores in the armor and sublayer

while outwash from the mound takes place simultaneously -
making it very difficult to distinguish between downrush

and cutflow. However, one may obtain a good understanding

of the flow conditions by examining the configuration of

the water wedge as it develops and compare this with the
force pattern diagrams in Fig. 16. 1Inflow starts and is
maximized as units are submerged at which time Fp is almost
Zero (tp = (00, tests 2-6, Fig. 16) while Fn first is definite-
ly negative. Shortly after, it is minimized and does not be-
come zero until approximately 0.23T sec later (t = tp+0.23T).
This is to be expected and is in agreement with the above
mentioned tests (12) because it takes time to fill the pores
of the stucture. ' The timing of the force distribution in
Fig. 16, however, is somewhat impractical as the time of

the occurrence of the maximun water pressure varies along

the slope making comparisons along the slope complicated.

One may divide the water surface in two zones, D'-E and E~F'
respectively {Fig} 3b). Below point E the water surface
reaches its maximum elevation at time tp = (8}, correspond-
ing to curve 8, while maximum elevation first occurs scmetime
later above E (e.g. |tp = (8)i-ltp = (9) | corresponding to
curve 9). This means that outflow for elevations below the
S5.W.L. already starts during the latest phase of uprush while
inflow is maximized farther up - causing a circulating in-
and outflow as indicated in Fig. 17. Future timing of forces

during tests should probably be more practical.

The dislodging forces, whether inertia or drag and lift

forces, should be minimum. Maximum inertia forces paralliel

to the slope occur in the upper part of the slope where
velocities are small and drag forces consequently small too.




Another area where high slope-parallel inertia forces may
occur is where the breaking wave hits the slope. .Here
velocities and accelerations are pointed somewhat down-
wards towards the slope. Drag and lift forces are maximum
where velocities are maximum which as it may be seen from
Fig. 6 is not necessarily the lowest point of downrush -

but may be at a point further upslope. They are highly
dependent upon the geometrical shape of the unit. On the
basis of analyses on coefficients of inertia and drag (7,
13) it may be concluded that - disregarding the influence

of permeability - a streamlined shape of the exposed side

of an armor unit increases stability, regardless of the

fact that average downrush velocities (and accelerations)
may increase slightly. This may also be caused by the fact
that streamlined geometry causes relatively'less turbulence
and turbulence increases all forces. With respect to forces
by flow perpendicular to the slope, velocities are generally

small, which decreases the importance of geometrical shape.

THE IMPORTANCE OF POROSITY (PERMEABILITY)

Another important factor in the stability of a rubble

structure is the porosity of the armor, underlayers, core

and filter material. This is a determining factor in the
intensity of out- and inflow, as well as for the elevation
of the water surface within the breakwater core - later
referred to as the GW-level. For very fine core material
the water surface within the structure is located almost
at the elevation of maximum uprush, while for very coarse
material the water surface oscillates with and tends to

follow the up- and downrush. 3

To examine the nature of the outflow more closely a flow
net was shetched (Fig. 18) for a wave condition just prior
to breaking, assuming quasi stationary cdnditions for a
fraction of a second. A model (Fig. 19) may provide the
detailed information needed to determine the distribution

of flow gradients for calculations of pressure and velocity
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fields. The flow net reveals that the outflow is
concentrated at the lowest level of wave retreat causing
strong normal forces. 1In the cover and sublayer maximum
outflow velocities follow the wave action rather closely,
maximizing Fn just before the wave trough passes (Fnl in

Fig. 15 and Fig. 16 ~ tests 5 and 6). Further upslope,

when armor units are partly exposed during the backrush,

Fn is maximized just as the top of the armor unit is exposed .
(Fn2 in Figs. 15 and 16 - tests 1 and 2). Simultaneously

Fn is maximized while Fp minimizes. Drainwater from the
structure flows arxound the units in a thin high-velocity
sheet. This situation occurs when the wave has retreated

to below the top of the unit (Fp1 in Figs. 15 and 16 -

tests 1 and 2). In both cases outflow velocities are
essentially normal to the structure slope. The effect of

the outflow on Fp is only felt to a depth slightly below
the lowest level of wave retreat. Further down-slope, Fp
is minimized due to the backflow (Fpa in Figs. 15 and 16 -
test 7}, while Fn is maximized. This combination of forces
may cause units to be removed from their position in the
slope. -

If the incipient breaking is preceeded by outflow, Fp is

directed upslope, which is a less dangerous situation for
Steep structure slopes. The situation is the opposite if
the_incipient breaker is preceeded by backflow. A better

understanding of the flow conditions may be gained by re-
viewing the velocity field within a breaking wave (Figs.
20a and 20b)., While high forward velocities dominate in
the crest, velocities are opposife in the lower part of
the wave. The rapid change in direction of velocities in
the toe (lower part) of the wave, causes high acceleration
fields. The condition is similar when a wave breaks on a
sloping structure where downrush and outward velocitiés in
the toe combine as indicated in Fig. 21. When downrush
velocities join upward velocities in the back part of the
toe, the combined velocity vectors rotate causing high

accelerations. This ultimately results in a broad

sustained maximum of Fp’ reaching a peak value as the




velocity vectors are directed almost normal to the
breakwater slope. At the same time Fn is maximized.

This situation may be expressed as follows:

— 29 :
F.n(max) = f(Vn , Vn’ B, 1i, Pgr') (4)

|

2 ¥ '
F_ (max) fz(vp . vp, B) (5)

p
ﬁhere Vn is the velocity perpendicular to the slope inten-
sified by outflow from the core (Fig. 21), B is the buoyancy
force, i1 is the flow gradient and Pgr is the grain pressure
%n th?-core just below the filter laver. Vp may be expressed
Vp = r¢ + r$ where r is the radius of curvature of a fluid
particle and ¢ is the angle between the r-line to the water
particle and the breakwater slope as indicated in Fig. 21,

(one dot indicates the first, two dots the second derivative).

Fig. 22 (ref. 20) shows typical force diagrams for the con-
ditibn when the incipient breaker is preceded by backflow.

The similarity to those in Fig. 16 - tests 6 and 7 - may be
noted although outflow is less pronounced. Furthermore it is
interesting to note that the increase in Fn due to intensified
outflow from the interior fill or core (Fig. 22 a} - although
still relatively low - results in a more sustained peak.

When the incipient breaker is preceded by outflow an important
part of the backwash takes place through'the armor and its

sublayer. When the breaking wave meets this flow a similar
change in the parallel velocity fiéld occurs as in the case
of an incipient breaker preceded by backflow. Velocity and

acceleration fields are essentially normal to the slope

maximizing Fn' This situation occurs as the armor unit is
submerged just before the front of the breaker passes.

Maximum inflow takes place under or close to the crest.

This minimizes F . In the case of ocutflow F is maximized
before F_ reaches its maximum value. In the case of incipient
breaker preceded by backflow, Fn and FP are maximized at the
same time. Generally, Fn is maximized by incipient breaker
preceded by outflow or by a change in the buoyancy force and
reaches a peak at or below the lowest level of wave retreat.

_13_




Impact forces may occur when the breaker front strikes an
exposed unit just before the unit is submerged (Fig. 21,
zone C) causing an instantaneous rise in Fp which may move

the ball.

Below the incipient breaker zone outflow from the structure
becomes the primary effect for the normal forces. The open
core section intensifies outflow and changes the shape of
the force distribution curves primarly by affecting Fn above
and below the peak value. The width of the peaks, which in

the case of an "open core" occurs farther downslope, in-

creases with increasing wave length. In the case of a

flatter slope uprush and downrush are both less. For detailed
information the reader is referred to reference 20 where
results, however, suffer from the fact that time_history of
forces and water surface movement are not meaéured continously
and simultaneously. The conclusion which may be drawn from
the above mentioned results is that the highest Fn occurs
close to the lowest level of wave retreat simultanecusly as
F_is maximized. This is in agreement with observations in

- a number of hydraulic model tests with spheres composing the

cover layer.

As the influence of outflow on the stability is still uncertain,
an attempt was made to clarify the relative magnitude of the
internal forces by laboratory experiments (1l6). A rubble
mound structure was built. As cover layer, spheres weighing
48 grams and granite stones weighing 140 grams were used
respectively. The filter consisted of granite pebble (5 grams)
while core material consisted of 4.7 - 9.4 mm marble chips.

The structure slope was 1 in 1.5. Between the armor and the
sublayer various membranes were placed extending down to
different elevations. Three different membranes were used,
perforated steel, impermeable steel plate and impermeable
plastic sheet. The results of these tests are shown in

Fig. 23 and are described in detail below.

In the first place it is noted that there was a very abrupt

drop in height of waves causing failure when the plastic

_14_




sheet was extended down to a certain depth below S.W.L.
For all alternatives tested, failure occurred at maximum
downrush.

(1) Permeable steel plate between armor and sublayer.

As the permeability of the plate matched the permeability
of the core material, it cculd be expected that this would

not influence the inflow - outflow situation. The hydro-
static pressures from the inside would therefore remain the
same, The spheres, however, have a more even base to rest
on. As shown in the Table included in Fig. 23, failure
under these conditions (Fig. 23, a) occurred for wave height

of 7.5 cm.

(2) Impermeable rigid steel plate. As the plate reached

above the level of maximum uprush, the out- and inflow was
limited to zone 1, in Fig. 23,b. The water level in the
structure stayed just above the S.W.L. instead of at ele-
vation approximately Ru/z (Fig. 18) above the 5.W.L. as for
fully permeable tests conditions. If the internal forces

are of some significance, the stability could be expected

as was the case to decrease when the steel plate is gradually
moved downslope and the outflow becomes more concentrated.
The stability did minimize when the steel plate reached a
position just below maximum downrush (Fig. 23,b2). The out-
flow was highly concentrated at the same time and place as
the external forces were maximized. This resulted in a 10%
reduction of wave height causing failure. As the steel plate
was extended further down the slope, the stability increased

again since the plate entirely prevented outfliow (Fig. 23,6b3).

(3) 1In the case of an impermeable flexible plastic sheet,

the same trend as above was noted and the plastic sheet did
not influence the stability conditions noticeably until it
reached down below a certain elevation. At this point the
wave height causing failure suddenly decreased approximately

50% (see Table in Fig. 23).

To explain this, consider a dam with a thin asphalt or ice

cover (Fig. 23’d). A certain drop in water level would induce

.._]_5....




a build up of hydrostatic pressure from the inside. 1In

this particular case, concrete balls of 48 grams placed on

a 1:1.5 slope exert normal stabilizing pressure of 4.03 g/cm?,
Thus theoretical failure should occur if the outside water
level dropped 4 cm or more, as would be the case during

downrush.

Comparing this to the tests with plastic sheets, failure did

occur for a wave height of 4 cm as the plastic sheet reached

down to 10 cm below the S.W.L. The lowest level of wave
retreat was 2.7 cm. As the water level in the structure was
approximately 0.7 cm above the S.W.L., this resulted in
maximum hydrostatic preésure of 3.4 g/cm? if fully mobilized
- which is more than 85% of the pressure needed to displace
the balls (Fig. 23,c).

Fig. 24 shows the condition at maximum downrush with the

same ratio between maximum downrush and the elevation of
the GW-level as in Fig. 23,¢. Point A is the point where

“theoretically outflow turns into inflow. In this case it is

located 7.8 cm below the lowest level of wave retreat. Using
the wave profile shown by dotted lines, the equivalent point
Al could be located still farthér down, or somewhere between
elevation -7.5 cm and -10 cm, as also found in the tests.

When the plastic sheet reached down to or below point A, the
wave height causing failure was constant and very low, due to
the build-up of quasi-hydrostatic pressure from the inside.
The location of this out-inflow points therefore depends

upon the elevation of water table in the core (that means

the permeability of the core), wave steepness and wave height.

The sudden reduction in wave height causing failure deserves
still more detailed explanation. As indicated,; the wave
height causing failure dropped from 8 cm to 4 cm when the
plastic sheet reached down to approximately 8 cm below S.W.L.
This means that point A for this particular wave condition
(H=8 cm} was located at distance ~H below S.W.L. First when
the plastic sheet reached to this point, hydrostatic pressure
built up high enough to cause failure. 1If a permeable steel
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plate is placed between the armor and filter layer, the
relationship between the normal forces causing failure

and the wave height is likely to follow curve l-in Fig. 25.
Curve 2 applies when the plastic sheet extends below the
point of outflow where L/H > LA/HA as defined in Fig. 25.
It may be noted that LA/HA for the conditions tested was
constant and approximately equal to one for the same steep-
ness of the waves at breaking. For increasing steepness
the point of outflow moves upslope (Fig. 24) for constant
wave height at breaking. Assuming as an illustration that
a plastic sheet extends down to -6 cm, starting with a low
wave height and increasing it gradually the forces exerted
upon the cover layer follow curve 2 until H ~ 6 cm, then
drops to curve 1 when point A comes below.the plastic sheet.
The opposite development takes place when H starts > 6 cm
and then decreases. Initially, the force follows curve 1

until H=6 cm énd then jumps up to curve 2.

This situation is of importance for coastal protection which
includes impermeable mattresses of any kind as well as the
case of impermeable ice sheets which may form on a rubble

-

mound structire.

The influence of permeability - The influence of different

permeability of the core material on the stability of a

breakwater, seems rather uncertain. The forces from the

core (F re) which influence stability, may be defined as:

COo

= 2 ; 2 .
= F(vc) + F(lc), where Ve ~:p i (6)

F

core
p is the permeability of the core material, v, is the
velocity of the water outflow from the core and ic is the
pressure gradient. The problem is to determine the porosity
that minimizes F .

core

To investigate the importance of permeability on stability,

tests were run (21) using the same armor layer (6 cm granite
rock} and the same filter layver (2-3 cm stone), but with

three different sizes of core material and wooden slab as




the fourth alternative. The water elevation within the
structure measured at the time of maximum wave run up is
shown in Fig. 26. For very low permeabilities, the highest
water elevation occurred after maximum uprush in the core
just inside the sublayer and slightly below the position of
maximum uprush. For low permeability, hydrostatic pressure
builds up in the core during wave withdrawal: F(ic) is high,
F(vc) low. The combined pressures maximized at maximum
downrush where the external conditions, too, are most criti-
cal. For high permeability of the core, the situation
reversed, because the water level in the structure followed

the retreating wave more closely.

Hedar (10) and Hudson (11) found a considerable increase in
stability for high permeability of the core material. Fig.

27 (14) shows the damage ratio plotted against the wave height
for various core material. It demonstrated that damage was
more pronounced and occurred earlier with finer core material
than with a coarser core. This is particularly noticeable

for higher damage ratios. Stability, within certain limits,
therefore seems to increase with increasing permeability:
F(ic) reduces more than F(vc) ihcreases. A damage diagram
mentioned in part II of this paper with reference to Fig. 41,
substantiates this and indicates how stability decreases due
to build-up of hydrostatic pressure if outflow is prevented.
Test series I with a wood slab below the filter is supposed

to simulate an impervious core (Fig. 28 a). 'As the wood slab

eliminates all effects from the core, Fcore = F(Vé) + F(ic} = 0.
F(ic) maximizes when the void ratio becomes very low and
stability decreases when permeability (p) decreases (tests II,
IITI, IV in Fig. 27). This means that Ecore increases, result-
ing in a stability condition similar to alternative I for p=0
(wood slab, Fig. 28 a). Fcore therefore is not maximized, but
zero's. The reduced stability experiment with a slab below

the filter layer may, as discussed later, be related toc a

reduced angle of repose and a more intensified backwash in

the zone between the wood slab and the filter.layer.




Sigurdsson (20; measured the forces on spheres in a 1 in 1.5
slope armor layer for two test series with different core
material, Sigurdsson's core material partly used an imper-
vious wood slab (series B) and partly an open core (series A)
and found that in the case of an open core the intensified
outflow increased the value of the maximum normal forces
above and below the peak of the distribution curves. The
peaks of the force distribution curves were therefore much
more abfupt (steep)'for series B than for series A. This
may be noted by looking at the general equation for the
maximal normal force Fn per unit volume (V) given by

Sigurdsson as:
F /e V = cosa + AH/D (7)

where A is an experimentally determined coefficient which

appears to increase somewhat with increasing steepness of

the structure and with increasing permeability of the
structure core (decreased stability). H is wave height and
D = diameter of sphere. The slight increase in Fn in the
case of the wood slab indicates that the increase in drag
and inertia forces on the filter and armor units for the
model tested (Fig. 28 b) is only small. F(ic), however,

may be of significant magnitude as evidenced by test series
II, III, IV (Fig. 27). The water level at maximum up- and
downrush are indicatéd in Fig. 28 b. It is likely that such

conditions will cause higher normal forces at a lower level

of wave retreat than measured by Sigurdsson, whose results

only provide a trend. Comparing Sigurdsson's results and

the damage diagram in Fig. 27 (4, 14), a distribution curve

for forces due'to inside pressure in the core versus permeability
was sketched in Fig. 29. Within certain limits of permeability
of the core material compared to the permeability of armor and
sublayer, the stability is almost unaffected by small changes

in permeability.
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DISCUSSION AND CONCLUSION
THE RESONANCE  PHENOMENON

From the above mentioned analyses it is obvious that the
destructive forces may develop maximum size at two different
places on the rock slope. One i1s where downrush wvelocities
are maximum and therefore cause maximum slope parallel as
well as slope perpendicular forces. This is not when down-
rush is in its lowest position but before then. The other
is when downrush velocities,even if they are lower than
maximum velocities, join with suction (lift) forces occurring
in the toe 0of a breaking wave causing what may be called a
"resonance" maximizing hydrostatic pressure from the core
structure at the same time. Such situation may occur if

the uprush-downrush period or what may be termed the down-
rush period is equal to the wave period, assuming that down-
rush is at its lowest position at the toe of the breaking
wave so that every downrush meets.a breaking wave at the
lowest position of the downrush. In an irregular sea this
should be put in relation to the wave spectrum and its
sequence of waves. The design of stable rubble mound
structures may consider these two possibilities by providing
a relatively gentle slope where downrush velocities are high
or maximum causing high inertia, lift and drag forces. This
area includes the area where hydrostatic forces may join the
combined forces by downrush and toe suction resulting from
resonance between uprush-downrush period (with downrush in
its lowest position) and wave period. The practical design
aspects of these problems are elaborated in the '"Discussion
and Summary" of Part II, which combines all results mentioned

in Parts I and II.
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A CRITICAL REVIEW OF THE
HYDRAULICS OF RUBBLE MOUND STRUCTURES

PART II

FRICTION BETWEEN ARMOR BLOCKS
AND BETWEEN ARMOR AND SUBLAYER
' SLOPE GEOMETRY

INTRODUCTION

Part 1I deals with the importance of friction in rubble
mounds and with slope geometry. In order to anaiyse the
problem of friction'rationally it was necessary to idealize
block geometry by considering spheres. The results therefore
provide rather a "trend of development" but no other approach
is possible as one otherwise would wind up with "hundreds of
matrixes" and "thousands of combinations" which were hardly

applicable in practical technology.

The results of the research is discussed and line of action
on further research explained in addition to practical

application of design principles discussed with contractors,

FRICTION FORCES

Although a theoretical approach to friction problems involves
considerable difficulties, it was attempted to make some cal-
culations for dry conditions assuming in the first place that

only internal stabilizing forces are involved.

Consider an idealized rubble mound consisting of spheres of
weight G placed on a base, with the same roughness as the
s?heres and with friction coefficient u. Assume further that
just one horizontal row (No. 1 in Fig. 30) is affected by ex-
ternal force (F) and by a moment (M). The corresponding sta-
bilizing forces are shown in Fig. 31. As the urknown forces
total 6 and the equations of equilibrium only 4, one still

needs 2 more equations. In addition it is assumed that one of
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three frictional forces are fully mobilized at the moment
éf failure. Viewing the model closely, it is apparent,
however, that the contact pressure (Tz) and the correspond-
ing frictional force (F,) vanish at the moment of failure,

leaving the system fully described by 4 equations only.

Consider first that the external force F acts perpendicular
to the slope with angle o with the horizontal making the
following equilibrium equation for sphere No. 1 weight G
(Fig. 32 a}.

Fy(l) < G cosu + S1 + S2 : (8)

Equilibrium moment at points A, and A, on spheres No. 2 and 0
respectively (Fig. 32 a) gives: Sz(max) = Sl(max) = %¥ G cosa
(Fig. 32 a) or substituted into Eq. B:

gy(max) = 2 G coso (9)

F. may be explained as the maximal stabilizing force perpendi-
cular to the slope acting through the center of the sphere.
This may generally be expressed as F(max) = 2 G cosa/cosB

(Fig. 32 b). The maximum moment.M(max) is determined similarly

by equilibrium at point A, and A, (Fig. 32 ¢) or

M(max) = G cosg_* D (10)

where D ig the diameter of the sphere. Any arbitrary force
causing failure, acting on the horizontal row of spheres, may
therefore be written as F(max) = G cosa * D/A. See Fig. 32 d
where A is defined. It remains to determine the number of
spheres (rows) above the affected sphere which are necessary

to prevent sliding between the balls and between the balls

and the base.




As seen from Figs. 31 and 32, S1 = S2 = 53 = 0.5 G cosa
while F1 = F2 = 0. First one assumes that ball No. 3 (K=3)
is the uppermost ball (Fig. 33). Thus the following condition

is required for equilibrium; I Ky(3) = {; ’I‘3 = G cosa + Ss,

b3 M,(3) =0; F, =85,. No sliding at B, requires that T +u > F,
while no sliding at A requires that (G sina + Fs)“ > S or com-
- 3
bined: '
_ U
F, =8, 26 f(a) = (11)
where f(a) = min[sina[ and S3 = ¥ G cosa. .This gives the

following limits for roughness (u) resulting in stable con-
ditions with three balls only above the affected ball.

L ) .
o> ma = u{a) | for 0 < tga <1 {12)
u > 1/3 for tga > 1 (13)

The stability conditions are sketched schematically in Fig. 34
(line asbscs). 'In the case of less roughness of a certain
mound slope, more spheres are necessary to obtain stability.

The calculations below are based on similar boundary conditions.
Due to lack of space only final expressions are given. The

general requirements for stability are as follows:

' 1-(2N+1)u
= - ;‘ -

F3+N S3+N s G cosa - (14)

where

u o= 1 = ufa) for 0 < tga < 1 {15)
{(2N-1)+2tgu -

0= L for tga > 1 (16)
INFI g% Z

These equations determine the number of balls (rows) necessary
to prevent sliding. Failure will occur by the rolling of the
3 spheres (0, 1 and 2) out of their bed, where ball 1 (Fig. 31)

is affected by external forces.

Consider as én example a 1 in 2 slope with concrete balls as
cover layer placed on a concrete plate with the same roughness
as the balls, u = 0.1 (Fig. 35).
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Eg. (15) gives the number of spheres above the exposed sphere
{(No. 1) necessary to resist tge maximum external force (FY =
2 G cosda) by friction_of the base. One has: 2N - 1 + 2 - 0.5
>1/0.1, N > 5. This reveals that maximum stability is obtained
for ball No. 8 from the top. The maximum external forces causing
failure will theoretically be constant for balls further down.

To clarify the importance of friction between cover and Sublaye:
on the cover-layer's angle of repose (later refe:red to as ¢) some
dry tests were run. Filter blocks were glued to the wood slar
(Fig. 36). The friction between cover and sublayer was changed by
placing linen or plastic sheets as intermediate layers. The
results are given in Table 4, where the average angle of repose, ¢,
is a function of the contact friction (later refer;ed to as T=UGN)
and the friction due to unevenness of the contact zone {column e in

Table 4, later referred to as op, p = parallel to slope) or d¢=¢ (1)
'+ U ®
¢ ( p)

TABLE 4 Angle of Contact $(T)  ¢=4(o)
INTERMEDIATE LAYER regose zone |
' | (&) . (b) _ (c). (d) . (e)
1 Linen sﬁeet 59.5° Stone/Linen + little more
even (-}
2 Uneven Directly on
surface filter 52.7° Stone/Stone 0 0
3 Plastic sheet 43.6° Stone/Plastic more even
4 Smooth Wodden plate 37.6° Stone/Wood = (+)
5 surface Perf.metal
plate 35.2° Stone/Metal 0

- —_— - .

Phese tests, however, did not record the friction (T=u-cN)
between the armor stones and the intermediate layers. This would
have required that the tests were divided in two series, one with
an even stone plate below the intermediate layers and the other
as described above. The first test series would then give ¢=¢ (1)
and the second, which corresponds to the tests actually run and
mentioned above, would give the increase of the angle of repose

due to the uneVenness in the contact zone A¢ = ¢(op). Column d
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of Table 4 gives an assumed trend of the r-distribution with
the stone against stone surfaces as the reference level for
friction. 1t is maximized in the case of the wet linen cloth
probably because of adhesive forces. It is also possible
that sharp edges on the cover stones may stick to the soft

iinen cloth.
The conclusion which may be drawn from these tests, is that

the angle of repose increases with increasing friction (u) as

well as with increasing unevenness of the sublaver ¢(Up).

This might also apply to some extent in the case of wave
action. This is in accordance with experiments run by Miller
and Byrne (28). . They found the following expression for the
average angle of repose of a single particle on a rough bed:

¢ = £(u, D/K, B) (17)

where ¢ is the average angle of repose, o 1s a parameter which
incorporated the effect of shape and roundness in particle as

well as bed, D/K is the ratio of the diameter of a single grain
to the average diameter of the bed grains and B is a parameter

incorporating the effect of the sorting of the bed grains.

Miller and Byrne carried out their experiments using uniformly
sized spheres of diameter D = 0.25 mm. The results are indi-
cated in Table 5 and in Fig. 37, which is a diagram showing ¢

as a function of D/K for various kinds of sand incl. spheres.

; TABLE 5 ANGLE OF REPOSE OF INDIVIDUAL SPHERES ON FIXED BED
OF UNIFORMLY SIZED SPHERES OF DIAMETER, K = .250 mm

Particle
Size D 088 mm .125 .175 .250 .350  .500 .710 mm

¢ . 72.49 61.1° 52.5° 48.69 38.5° 35.70 29.00

g 16.9° 5.20 14.0° 18.5° 19.0° 15.8© 9.,7°
Tan ¢  3.152 1.804 1.303 1.134 0.795 .719 0.554
D/K 0.352 0.500 0.700 1.000 1.400 2.000 3.000

In all cases a relation
4 =a (0/r)7%°3 (18)

was found. The figure "a" varies and increases from 50 for
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spheres to 70 for crushed quartzite. In Fig. 37 the popular

ratios used for subsequent layvers in rubble mound by U.S.
Army Corps of Engineers standards have been added (ref. 25).
They refer to weights which in Table 6 were converted to
grain diameter ratios. The ¢'s corresponding to crushed

quartzite (rubble mound block) are also listed in Table 6.

TABLE 6 POPULAR WEIGHT RATIOS IN RUBBLE MCOUNDS AND THE
CORRESPONDING RATIOS BETWEEN DIAMETERS IN ARMOR
AND SUBLAYERS® ¢'S AND tg ¢ (APPROXIMATELY) FOR
CRUSHED QUARTZITE

ratios ool tg o
W to W 1 700 2.75
W to W/2 1.25 65° 2.1
W to W/10 2.15 . 550 1.4
W to W/20 2.7 500 1.2
W/2 to W/10 1.7 60° 1.75
W/2 to W/20 2.15 550 1.4

It may be noted that the improvement of slope stability against
sliding by the use of W/10 instead of W/20 as sublayer is
1.4/1.2 = 1.15. The improvement of the stability by the use

of a W/2 layer between the W and the W/10 layer is 1.75/1.4 =
1.25. With respect to spheres, a peculiar situation seems to
exist. Fig. 38 shows the relation between tg¢ as found by
Miller and Byrne (28) and the number of contact points between
the top spheres (armor blocks) and the sublayer spheres. Fully
symmetrical and similar conditions with respect to placement

of the spheres in two directions perpendicular to each other
are assumed. The diameter of top armor spheres varies from
0.88 mm to 7.1 mm, the diameter of bottom (sublayer) spheres
was 0.25 mm. It may be noted from Fig. 38 that there is an
almost linear relationship between tg¢ and the number of contact

Eoints.

In Fig. 39 the number of contact points (A) is given as a func-
K/2.56. The following two

0

tion of grain diameters putting A

relations were then found:
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tg(;b = 5. 61 for D/K < 1 . (19)

_ 1
t99 = §7370.59D/K

for D/K > 1 (20)

The D/K > 1 situation is needless to say, the practical case

for rubble mound breakwaters.

Fig. 40 is a diagram showing the relation between tg¢ and D/K
with special reference to the W-ratios in practical rubble
mounds. Table 7 corresponds to Table 6, referring to spheres
only. From this table it may be noted that the figures in-
dicated in column 3 are about 0.1 lower than the figures in
column 2. The maximum difference in friction angle is, how-

ever, only approximately 5 degrees.

TABLE 7 POPULAR WEIGHT RATIOS IN RUBBLE MOUNDS AND THE
CORRESPONDING RATIOS BETWEEN DIAMETERS IN ARMOR
AND SUBLAYER, ¢'S FOR SPHERES ACCORDING TO
FIG. 37 AND TO FIG. 40

Weight tg¢ tgd
ratios (Fig. 37) (Fig. 40)
Wto W 1.2 (50°) 1.1 (489)
W to W/2 1.05 (479} 0.95 (430)
W to W/10 0.85 (409) 0.7 (35°)
W to W/20 0.7 (369) 0.6 {319)
W/2 to W/10 0.9 (389) 0.8 (399)
W/2 to W/20 0.85 (400) 0.7 (359)

The improvement of slope stability against sliding by the use
of W/10 instead of W/20 as sublayer, is 0.7/0.6 ~ 1.15. The
improvement of the stability by the use of a W/2 layer between
the W and the W/10 layer, is 0.8/0.7 ~ 1.15 or figures very
similar to these valid for the quartzite grains (blocks).

This situation should be kept in mind whenever sliding is

assumed to become the major danger to stability.

Other interesting details should be noted. In ref. {25) the
U.S. Army Corps of Engineers warns against the use of only one

layer of armor bleocks because this lowers the safety factor

and increases the risk of collapse of the entire design by




removal of the armor layer. From Table 7 it may be noted
that tg¢ for W/W (two layers of weight W), is 1.1 (3rd
column of Table 7) while for W/¥5 it is 0.7 only. It has
occasionally been recommended to place a W/2 layer between
the W and the W/10 layer. The advantage of this is obvious
from Table 7. The W/g is 0.95 and the §/¥6 ratio is 0.8
compared to 0.7 for the W/¥3 ratioc. The qﬁestion, however,
is whether one can compare the following two conditions
directly;
a) dry condition where failure is caused by sliding which
means that the stability = £ (angle of repose), and
b) wet condition under wave action where failure is mostly
caused by lift and/or overturning forces. "Toesliding"

does not occur until higher damage ratios are reached.

Looking at the results of test-series 12 (Fig. 41) a com-
parison between the angle of repose (dry conditions) from
Table 4 and the damage diagram from the previously mentioned
stability tests with guarry stones as cover layér (Fig. 41),
reveals the importance of friction between armor and sublayer
for the stability of a gquarry stone breakwater. This may be
noted from the fact that the stability is higher when a
linen cloth is put in between armor and filter than it is
for the common rubble mound {(curve 2). It may be noted that
the internal forces are of limited order when the lower end
of the impervious layer is kept above a certain elevation
(curve 1, 2, 3). The increased stability in case of wave
attack (curves 3 - 2 - 1 in Fig. 41) therefore seems to be

related to the higher angle of repose (increased "friction").

In case of a cover layer of spheres (Fig. 42) one could,
however, expect that model effects would be more pronounced,
which means that the angle of repose for spheres decreases

with increasihg unevenness of sublayer. This seems, however,
not to be the case. A more uneven sublayer increases the
unevenness of the cover layer (d¢ increases), but simultaneous-
ly contact pressure in the armor layer is reduced (N decreases).
Table 8 compares the wave height causing failure in case of an
armor layer consisting of spheres and the angle of repose for

a sheet of quarry stcones placed on the same sublayer. A re-

markable increase in stability with increasing unevenness is
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noted just as for the guarry stone tests in Fig. 41. The
stability in case of wave action therefore seems to increase
with increasing angle of repose (&) for dry conditions. That
® increases with increasing unevenness, even for spheres, may
be explained as follows: ¢ is a function of the contact
pressure between the spheres (N, Fig. 42) and the angle
between the force direction and the slope (A¢). © therefore
may be expressed statist%cally as follows, ¢ = f(ANm:), where
AN = A¢n-Nn and Nn = f(? G cosa, l/A¢n). n=1, 2, ..... m,

n
where m is total number of spheres on the slope.

The conclusion is that for dry conditions the angle of repose
for guarry stones as well as for spheres as cover layer in-
creases with increasing unevenness of the sublayer. The
stability in case of wave attack seems to increase with in-

creasing angle of repose for dry conditions.

TABLE 8 Failure wave | Angle of repose
height for spheres for quarry stone
Perforated steel plate He = 9.0 cm = 35.2°
Plastic sheet He = 9.5 cm = 43,6C
Directly on the subl. He =10.0 cm = 59.50

Note: The wave height causing failure seems to increase

with increasing angle of repose.

SLOPE GEQOMETRY

The above mentioned analysié of the stability of spheres

refer to an ideal geometry and the results should as mentioned
above be interpreted accordingiy as a "trend". It is obvious,
however, that the slope angle and the roughness are important
parameters. The "squeezing power" increases with the slope
angle and roughness increases stability and decreases the
number of blocks needed to provide enough squeezing power to
secure stability of the block layer in general. The require-
ment to increase of slope angle, however, is contradictory to

the requirement of general stability of the armor layer against

hydraulic 1lif:t forces which calls for a small slope angle.




It should be rnoted, however, that the two kinds of analyses
differ in this respect that the mathematical model assumes
a "wet condition" under wave action, the other a "dry con-
dition”. The requirements which refer to the former carry
most weight as the flat slope definitely is the most stable,
particularly if its members have a rough surface providing
maximum of friction in all directions. This, however, does
not eliminate the importance of the squeezing forces which
may be increased by increase of "the number of blocks".
Combining these requirements one arrives at a gentle "wide"
slope or - by practical interpretation - to a slope which
is gentle and wide in its most exposed section. Geometri-
cally speaking this means an S-shaped profile with the flat

part placed close to but above sea level.

As mentioned in the following paragraph it is a known fact
that such "berm-profiles" particularly if blocksare placed
with the longest side pointing downward are the most stable
and often are developed by nature itself which does not
necessarily mean that they should be "designed by Rature".
It will in this respect be interesting to take a look at
the socalled "selfadjusted'progiles", starting with the
gecmetry of natural beaches..

SELFADJUSTED PROFILES (12)

a - Relation between wave action and beach profiles charac-
teristics. Kemp (26) found that the ratio of the duration

of uprush of a wave, ta’ to the wave period, T, characterizes

flow conditions on a beach. The phase difference defined as
£a/T thus enables wave and beach conditions to be classifies
as "surge", "transition" or "surf" condition each with its
own characteristic flow pattern. The corresponding equili-
brium profiles are shown in Table 9. This classification
was based on the observation that for low phase differences
the broken wave was able to surge up the beach to the limit
of uprush, and return as backwash to the breaker point before
the succeeding wave broke. The flow shoreward of the breakers
was distinctly oscillatory, and the beaches steep and plane.
As the height of the incident wave increases further, the

crest height ceases to increase and later begins to diminish.
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With the retreat of the beach crest and the seaward movement
of the break-point (lb increases) the uprush time increases.
As a result the backwash is not completed before the next
wave breaks. This condition involves interference between
the backwash of one wave and the uprush of the next, and

the oscillatory nature of the flow gave way to a transition
flow regime with some increase in the interchange of water

between the zones landward and seaward of the breakers.

As the phase difference increased further to values greater
than unity, the transition phase gave way to "flow" condi-
tions in which successive breakers continuaily spilled

water into the inshore zone, producing a corresponding
return~-flow. In accordance with this change in wave condi-
tions, the step profile gradually becomes infinite and finally
changes to a bar profile. After the bar profile has developed

in full, the breakers become less violent, since the momentum

effect of backwash is reduced.

The importance of the phase difference on run up and therefore
on the stability of a rubble mound breakwater will not be
discussed further in this paper. Research on this topic is
presently in progress as described later and will result in a
lich.tech. (Ph.D.) thesis on the subject.

b - Selfadjusted stable breakwater slope. The development of

a stable breakwater profile under wave action shows similar
characteristics.- Due to the steep slope and coarse material
"erosion" takes place on the upper part of the slope and
accumulation of the "eroded material"™ takes place in the

lower part.

The need for better reasoned design procedures ;esulting in
greater degree of compatability between wave attack and cross
sectional profile of rubble mound breakwaters, is pointed out
in ref. (31). This again opens the possibility for use of

smaller stones. Fig. 43 shows a self-formed, stabilized
rubble mound breakwater as described in (31). The curve-
lined profile may be simplified by the three straight dotted
lines, AB, BC, CD.




Similar tests were run by Popov (30) who sought information
about stable profiles of earth dams in reservoirs. Fig. 44
shows a typical "abrasion profile" (30). The stable slopes
have the following four characteristic zones (the heavy
line 1~2-3-4-5). Zone 1-2 from maximum uprush down to the
S5.W.L.-line corresponds to curve A-B on the breakwater
slope. Below comes a flat underwater zone (2-3 -correspond-
ing to B-C). Next comes the underwater roller zone 3-4.

Below follows the accumulation-zone (4-5 corresponding to CD).

The similarity of the step profile (Fig. 45 a), the self-
asjusted breakwater profile and the dam profiles (Figs. 43
and 44) is apparent. All profiles consist of a flat zone
above and below S.W.L., which form a "false" beach. Above
and below this zone follow about equally steep "underwater"
and "uprush" zones. It is furthermore known that the dis-
tortion of the selfadjusted profiles Q = u/A, where u =
vertical scale ratioc and A = horizontal scale ratio, de-
creases with decreasing size of the material forming the
beach (the beach flattens). Coastal movable bed scale model
relationships have been analyzed by Watts (32) and by Noda
(29}. Model laws, however, only apply within certain ranges
of the size of the beach material (approx. 0.1-0.5 mm in
diameter). They can therefore hardly be used with material
of 0.6-60 mm in characteristic diameters. However, to emp-
hasize the similarity in different beach profiles formed by
waves, the step profile in Fig. 45 a, a profile shown in
Fig. 46 a taken from Watts {(Fig. 5 in (32)), and the dam
profile in Fig. 44, have been modified to match the break-
water profile in Fig. 43. This was done by muitiplying the
vertical and the horizontal scales by a certain number and
resulted in Figs. 47 a and 47 b. Considering the breakwater
profile (Fig. 43) and the step profiles (Figs. 45 a and 46 a)
as "prototypes" (p) and using the same procedure results in

the transformed profiles shown in Figs. 45 b and 46 b). The
combined results of plotting the profiles using a certain

distortion factor are tabulated in Table 10. It is seen

that the distortion as expected decreases considerably with

R e

decreasing grain size diameter-ratio (nD = Dm/Dp).
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TABLE 10 Grain size Grain size Horizontal Vertical Distortion

ratio scale scale

: : ratio ratio

D in mm nn A Y £ = /X
Rubble mound
breakwater 313 1 1 1 1
Dam (Fig. 47a+b)0.6 0.2 4,92 3.3 0.66
Beach profile
from Watts 0.22 1/141 11.5 1.38 0.12
(Fig. 46 a+b)
Step profile 0.1 1/313 2.5 1 0.4

(Fig.45 aitb)

Noda (29) found the following relation between nYl, A, U and

D (nYI = (ys-yf;/yf is the relative specific weight) for
variation of grain size between 0.1-0.5 mm:

n

nD_ny%ﬂks = uo“ss (19)
A o= ul“”'n f-O_SS (20)
Y
In this case n ) = 1 which reduces Egs. 19 and 20 to nj = poss

and A = u’?, This relationship, however, does not fit the
data in Table 10, except for thé distorion ratio between the
dam profile and the breakwater. Eq. 20 gives A = ut?? =
3.3%2 = 4.8 which is approx. the ratio found by the plotting
method. The ny = f(u,X) relationships by Neoda (29), however,
do not apply in this case. This is indeed to be expected,
because the destructive forces in case of gravel or rock fill
cover material are different from those in case of a beach of
fine sand. More data are needed to develop well defined
model laws which apply for beach material from fine sand to

gravel.

For design of breakwaters or any protecting coastal structure,
it is important to note the general similarity between pro-
files formed by waves. A profile may be schematized by divid-
ing it intco three zones as discussed above. It is obvious,
however, that the hitherto commonly used trapezoidal linear
slope profile, causes a very uneven distribution of forces by

waves adverse to stability and in hydraulic sense is not very

practical.,




DISCUSSION, PART I AND PART II

The results of the analyses, hydraulic and mathematical

model tests mentioned in Part II may be summarized as

follows: It is important to secure adeguate friction

between armor units and the sublayer to avoid sliding down

of units. Friction between units is equally important be-
cause it decreases the possibility of these urnits to Jjump-

ing out of the mound. Frictions forces between cover units
and sublayer increase with the grain size of sublayer due

to increasing interlocking and decreasing "bridging" armor
units. This compares well with the experience that large

flat pieces of armor units which would also be exposed to
large lifting forces by uprush and downrush should be avoided.
U.5. Army Corps of Engineers standards in fact take this con-
dition to consideration as is indicated by the requirements
for ratio of size between armor and sublayers. Forces between
single armor units are obviously mobilized best when these
units are placed with the long side perpendicular to the

slope (27). This in turn requires a rather even placement to
ensure that blocks which are not flush with the surface of

the mound are not exposed to iPertia and drag forces by down-
rush causing large overturning moments. Placement should
needless to say be careful so that blocks support each other
instead of being separated from their neighbors thus increas-
ing the possibility of units jumping out due to lack of squeez-
ing forces by other units. The importance of slope geometry

in relation hereto is mentioned below.

The discussion and conclusion of Part I of this paper emphasized
the importance of avoiding high downrush forces in the slope

particularly where "resonance" between uprush/downrush period

(downrush in lowest position at toe of breaking waves) and wave
period may occur and the importance of taking measures against
combinations of hydrostatic uplift pressures and lift forces

by downrush and toe velocity in that particular area. The

importance of this "resonance phenomenon" is obvious from tests

undertaken recently. A comprehensive report on this subject
by stud.lich.techn. Ali Riza Gunbak is forthcoming. The

results emphasizes that the presently used design formulas for




rubble mounds which neglect the wave period are inadequate

and under certain circumstances give very unsafe results.

PRACTICAL DESIGN PRINCIPLES
CONCLUSION, PART I AND II

~ Due to the above mentioned results and experiences it seems
practical.to divide the rubble mound slope for design and
construction into three zones, each with its characteristic
block properties (Fig. 48). The "platform" BC, has a rela-
tively gentle slope e.g. 1 in 3. Waves plunge at point C.
Run-up is reduced by turbulence and energy absorbtion due

to the phase difference between uprush and downrush. The
breaking wave usually does not strike the exposed break-

water slopes, but plunges into a "stilling basin" on the
gentle part of the breakwater. The steep slope, CD, separates
back#ash from the retreating velocity field in the.downrush at
the toe of the breaking waves, and therefore makes the back-
wash inciﬁient breaker interaction less violent. This reduces
the maximum normal and parallel fdrces at the lowest level of
wave retreat - and these forces are usually most critical for
the stability of a breakwater. Furthermore, a layer HG with
low permeability prevents outfléw from being concentrated at
the breaking point where the external forces primarily suction

in the toe of the breaking wave are maximized.

Another layer, FE, with lower permeability, prevents inflow
above point E, which reduces the build up of hydrostatic pres-

sure in the mound during wave retreat.

In zone BC the drag coefficient of the blocks parallel to the

slope and the exposed area of armor blocks should be minimized.

In zone CD the drag coefficient of the armor bhlocks perpendi-
cular to the slope should be minimized due to the high normal
forces and the concentrated outflow. The upper slope AB may
be relatively rough as it is not exposed to high velocities.

Roughness decreases uprush and lower downrush velocities.

Both are advantageous.




The importance of layer HG is obvious from the tests

mentioned in Part I as well as from preliminary tests

with such layer placed in the mound. In order to

quantify results - instead of using the popular proce-

dure of just "counting blocks" which left the mound, a

very questionable and superficial procedure - an instrument
has been developed, called the "Optical Break Down Sensor®
which allows quantification. The main principle of this
device is that photographic reproduction keeps memory of

the original situation. Deviations appear with great contrast.

The basic principle is called "solarization" or "bas-relief"
effect in photography. It is based on the "trick" of apply-
ing a negative film to mask out all highlights passing through
a positive film. By complete alignment of the positive and
negative a gray picture results with no details. Slight
misalignment lets the details appear again, lighter or darker.
This principle can be modified to suit the needs of an OBD-
sensor. Direct reversed, image in the camera is used instead

of a positive f£film.

The practical procedure in sensing of the onset of structural
changes (start ot breakdown) is that a negative of normal
gamma (contrast) is slightly underexposed or overexposed and
used as a mask in the camera. It is accurately aligned to

show minimum light transmission as measured by a photocell.

Changes from the original cause an output from the photocell.
This output is a function of changes in the motive. This
output can be recorded as an analog value on stripchart
recorder or digitized by an analog/digital converter for

further processing.

This instrument will first be calibrated and used in the
laboratory next used to check the stability of breakwaters

in Northern Norway in a cooperative effort with The Norwegian
Board of Maritime Works which has comprehensive experiences

on breakwater design and maintenance problems.

The optimal elevation of the berm depends upon the combined
effect of tides and waves. Tidal ranges vary. On the open




deep water, sea coast tides are identical with "astronomic
tides". Wave action, however, is independent of tidal

range but may be a little more severe at high tide than at
low tide. The most economic design of the berm, needless

to say, is associated with the lowest tidal range. if

tidal range is high, the berm has to be wider. One may

say that the berm may be alloved to be less effective

during normal tide and wave conditions. Design procedure

in such cases, therefore, becomes an optimalization of
action and reaction considering probabilities of combined
tide and wave action and the corresponding expected damage.
This will result in an economic width of berm at the eleva-
tion where it does most good -~ but it may also - e.g. in the
case of a large tidal range ~ result in omission of the berm

because it becomes too wide to justify it.

It has been known for a long time that rubble mound stiructures
when damaged or - more politely expressed - when "maturing"
may develop an S-shape. The new breakwater at Mangalore,
India, on the Arabian Sea, was built with an &-shape to avoid
heavy handling equipment. Fig. 49 (The Dock and Harbour
Authority, No. 633, July 1973) shows breakwaters at Plymouth,
England and Cherbourg, France, built 150-200 years ago.
Similar experiences when the sea was allowed to engrave its
own profile in the mound are available at many places in
Iceland and in Norxrway. This does not mean that structures
should be built for nature's "maturing process" but that they
should be designed as "cured® from the beginning.

The results mentioned are indepéﬂaent of the water depth in
front of the structure but depend upon the wave spectrum and
the possibilities included in the said spectrum'for occur-

- rence of the most critical situations with respect to
stability. This refers to the violence of the downrush as
well as to the possibilities of resonance as defined and the

occurrence of a segquera of waves near the critical resonance

period.

Details of design may at this stage best be determined by

hydraulic model experiments with irregular waves utilizing




the basic principles on separation of water flows mentioned
above in conjunction with geometrical features. They will
also determine optimal berm elevation and (economical)
width, and the best location of the two impermeable layers,

FE and HG.

The practical aspects of placing the sheets have been dis-
cussed with corntractors. They see no problems of placing
the upper sheet which could be thick nylon or of making the
S-shape in the prescribed manner. The lower sheet could,
however, involve some difficulties, particularly on exposed
shores. 1In such cases injaction of cement mortar or
asphalt mortar would replace the sheet and this would de-
crease the difficulties. Preference is given to hot asphalt

mastix with reference to experiences in Holland, England and
Denmark. Another conclusion of the research is that the
existing empirical design formulas are inadequate and often

unsafe because they ignore the importance of wave period.

This points out the necessity of designing rubble mound ]
structures or any other sloping permeable structure based on
design criteria which describe the actual events in nature
accurately. It is not enougn to select a "design wave" and
a "proper" Kp-value based on laboratory experiments. It is
not either enough to select a "design storm" or a specific
"design spectrum". The design wave or the design spectrum
gives a "load" which is sometimes regarded as the maximum
exposure which can occur. This could be far from the truth,
however. A much more reliable and scientifically as well as
practically better reasoned design procedure is first to
select one from a technical as well as economical view
particular attractive design with alternatives. Next to
examine a number of actual wave spectra from the site under
consideration including analyses of extreme and trains of

approximately regular waves with special reference to

the correlation between succeeding waves as described




in papers in print by 0.G. Houmb and H. Rye "Analysis of
Wave Data from the Norwegian Continental Shelf", Proc.

2nd Internationazl Conference on Port and Ocean Engineering
under Arctic Conditions, Revkijavik, Iceland, 1973 and
"Wave Group Formation among Storm Waves", Proc. l4th
International Conference on Coastal Engineering,

Copenhagen, 1974, hy H. Rye.

Results of experiments of earlier date on stability
versus uprush - downrush - resonance and hydrostatic
pressures will then be of guidance with respect to a
refinement of structural details in each particular case
using the design principles mentioned above and tests

which concentrate on combinations of certain waves and
periods which occur in the actual spectra. Particular
reference should still be paid to conditions which produce
the most dangerous resonance phenomena. Such conditions
may occur during a number of storms and the most dangerous
of these is not necessarily associated with the highest
waves,_uprush/ddwnrush or downrush. It could be connected
with the succession of a number of waves causing repeated

resonance. -

This is not a "philisophy" but the result of a great number

of actual observations in the North and Arctic seas where a
highly professional experience is available - but
unfortunately unknown. The above changes conventional design
procedures to wave probability analyses in relation to struc=
tural hydraulic, up and downrush and wave breaking charac-
teristics and introduces in fact practices similar to those
which are common in soil mechanics as well as other structural

resonance and "vibration" analyses as well as in hydraulic

design considering eddy resonance (Strouhal number) and
wave mechanics analyses of shock or stagnacy pressures
versus eigenperiods of vertical breakwater structures.
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Calculation of number of spheres above
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Hrst calculate the slopg angle
(abscissa) and the coefficient of friction
(¥ - ordinat) for stabie <condition for
K= 3 (F =5,}

FIG. 33 CALCULATION OF NUMBER OF SPHERES
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Consider as example u=0 1, cota=2
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ball Mo 8, F=const, for K > 8

by = 46 cosa 12(ENtLL

I+N 2 1-p(-1N

FI1G:35 - CALCULATION ON INTERNAL
STABILITY

In test series ( 16) the angle of
repose, for dry conditions, was
found for different friction
conditions {by means of an inter-
mediate layer) between filter and
armor laver. The reselts are shown
in Table 4 .
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A more uneven sublayer increases
the unevenness of the cover layer
(d¢ increases), but simultanecusly
@ . contact pressure in the armor layer
Nn=lGcosO-Op-y iS5 reduced (N decreases}, This
¥ results in more stabie conditions,
m according to Table 5 and Fig. 47 .

I, 42 - TNFLUENCE OF UNEVENNESS OF ARMOR LAYER CONSISTING OF
SPHERES QN THE ANGLE OF REPOSE.
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FIG 44 - EXPERIMENTAL RESEARCH IN FORMATION BY
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STEP PROFILE FROM FIG, 45a,

55




S

SO IR o L n 5 L 1

40 50 40 30 20 10
STATION ALONG TANK [N FEET

LEGEND
Mean wave period 2 00 sec,
———e Period varied 1 10% from mean period period changed every 10 minutes

hour

Constont period test (2 00 sec.)
Test time = 4G hours

FIG. 466 - EFFECT OF FREQUENCY OF PERIOD VARIATIONS
WATTS (32) 1954

—em stohilized breakwater prefile fig 43
e e e gverope beoch profile from fig 460
W= /138, x= 3115

Fig 43

“ transformed profile
fram fig, 460

FIG 46D - BREAKWATER PROFILE (FIG 43)AND TRANSFORMED STEP
PROFILE FROM FIG 460,

10 30 50em Vertical

.
20 40 100cm Horizental

FIG 470 - MODIFIED DAM PROFILE FROM FIG. 44USED IN FIG, 47 b,

— breakweter profile from fig 43,

==- dam profile from fig. 470
p=1/3.28, x= /492

# cansformed prefile
from fig.47a
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FiG 48, OPTIMALIZATION OF
BREAKWATER PROPERTIES

The false beach, BC,evelves a new braaking point at € which reduces run up
{plunging waves ond out of phase damping {t,/772) ).

The impervious loyer, FE, pravents inflow chove point E which reduces the build
up of hydrostatic pressure in the meund. The impermeable loyer, GH prevents
backwoch- outflow to be cancentrated ot the bresking point, where the externci
forces ars maximized

Tha steap slope, CD, makes the bockwosh - incipient bracker interaction less violent
and further separates backwash from the ratreating velacity fiald in the toe of the
treaking wove

The breckwater slope Is divided into three zenes, each with its characteristic block-

propertios, This resvits in mors avenly exposed structure which ingreases safety
agalnst Faifure. In ali cases, howsver, some flaxibte interlacking effacts iy very

significant
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FIG 49, ANCIENT BREAKWATERS AT PLYMOUTH AND
AT CHERBOURG
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