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ABSTRACT 

Shock pressure phenomena due to breaking waves acting on sloping 
faces of sea dykes are focussed in this paper. The probability ap- 
proach is pointed out and maximum shock pressure estimations are 
given for smooth and impermeable dyke slopes 1:4 and 1:6. An exten- 
sion of the results to steeper and flatter slopes is proposed. 

Results of full-scale stability tests on concrete block slope re- 
vetments are also reported in this paper. For various structural so- 
lutions with granular and geotextile filter layers stability numbers 
are recommended. Initial block lifting is explained physically by 
pressure measurements. 

The full-scale experiments were carried out in the new research 
facility LARGE WAVE CHANNEL of the universities in Hannover and 
Braunschweig (Federal Republic of Germany). 

1. INTRODUCTION 

In the past dykes and revetments at the coastal zone of Germany were 
frequently destroyed by heavy wave attack during storm surge tides. 
Therefore, the most important objective of the new large scale facility 
LARGE WAVE CHANNEL is to investigate dykes and revetments with special 
reference to the German North Sea Coast (Fuhrboter, 1982). The main 
reasons for dyke failures can be summarized as follows: 

- shock pressures due to wave breaking, 
- wave run-up and overtopping, 
- up- and down-rush velocities, 
- dyke construction (slope, cover layer, subsoil, etc) and 
- local sea state characteristics. 

First investigations of the fundamental research program dealt with 
shock pressure phenomena on dykes with uniformly sloping faces. Shock 
pressures due to plunging breaker types may cause very first damage of 
the cover layer and the subsoil (Fuhrboter, 1966; Stephan, 1981). Com- 
prehensive studies on this topic were firstly published by Bagnold 
(1939). Contributions by Skladnev and Popov (1969) dealt with impact 
forces and scale effects. Nearly full-scale test results on wave 
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Impacts acting on dyke slopes were reported by Stive (1984). Fuhrboter 
(1986a) compared results of model and full-scale tests of wave impacts 
with reference to a 1:4 dyke slope. 

Further full-scale investigations were focussed on the stability of 
concrete block slope revetments. Such permeable revetments must be de- 
signed in combination with filter layers if the dyke core exists of 
sand. The filter layer can be realized by a 3-dimensional granular 
layer, by a 2-dimensional geotextile mat (Heerten, 1984) or by a com- 
bination of both feasibilities. Stability criteria were often found by 
the extension of results from small-scale models to the prototype 
structure (Fuhrboter et al., 1976; WhiHock, 1980; Kbstense and den 
Boer, 1984). This method is always affected by scale effects. A review 
on this topic was reported by Powell et al. (1985). From Dutch large- 
scale model tests stability numbers were published (den Boer et al., 
1983; TAW/CUR-VB, 1984; Pilarczyk, 1987). Results of pressure measure- 
ments in the filter layer as well as results of numerical and analyti- 
cal calculations were published by Bezuijen et al. (1986) and (1987). A 
theoretical treatment of the behaviour of loose blocks on slopes under 
wave action was given by Townson (1987). With reference to the bottom 
protection structure with loose blocks placed on granular sublayers at 
the FJDERDAMM storm surge barrier unexpected failure mechanisms were 
considered theoretically by Fuhrboter (1986b). 

The new research facility LARGE WAVE CHANNEL makes it possible to 
carry out full-scale Investigations on dykes and revetments at German 
coastal regions. The main dimensions of the channel are: depth 7.0 m, 
width 5.0 m and length 324 m. Regular waves and randcm seas are pro- 
duced mechanically by a wave generator. The iiiaximum wave height is 
2.5 m. Details about the LARGE WAVE CHANNEL were published by Grune and 
Fuhrboter (1975). Design criteria and technical works were reported by 
Grune and Sparbocm (1982). 

2. PROTOTYPE DYKE STRUCTURES 

The core profiles of the prototype dykes were constructed by sand. 
The compact cover layers were built by asphalt-concrete in a thickness 
of nearly 0.20 m. During the wave tests the core was drainaged to avoid 
dyke failures caused by positive water pressure below the impermeable 
cover layer. 

With regard to modern dyke protection works the faces of the proto- 
type dykes were constructed with uniform slopes 1:4 and 1:6 (Sparboom, 
1987). The investigated asphalt dykes (Fig. 1) were supplied with mea- 
suring devices to obtain calibrated electrical signals for 

- wave parameters at the toe of the dyke, 
- wave impact pressures on the slope surface, 
- wave run-ups on the slope and 
- wave impact pressures in the subsoil. 

The waves were generated regularly under absorption control. For 
each test nearly 200 waves were generated. Additionally, test series 
with narrow banded wave spectra were carried out. 

A cross-section of the prototype revetment is given in Fig. 2. The 
area of the highest expected wave attack was subdivided into two test- 
fields each of 10 m in length and 2.5 m in width. Cut of the testfields 
the blocks were directly placed on a geotextile mat with a stabiliza- 
tion layer (needle punched fabric3TERRAFIX 904 RS). The permeability of 
this filter was about kf => 3-10  m/s .and ten times greater than the 
estimated sand permeability (k -3-10  m/s) . 

There were tested four structural variants in the testfields (Fig. 
3). In all cases the blocks were placed in stretcher-bond eguivalently 
to practice. 
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Figure 2. Prototype revetment in the LARGE WAVE CHANNEL 

The measuring equipment (Fig. 2) was designed to registrate synchro- 
nous electrical signals for: 

- wave parameters at the toe of the dyke revetment, 
- wave impact pressures acting on the testblocks 

(top, bottom, each gap side), 
- soil pressures beneath the top layer, 
- pore pressures in the subsoil, 
- block motions, 
- wave run-ups on the slope and 
- wave impact pressures on the slope between the testfields. 

The waves were generated regularly applying an integrated absorption 
control system. The minimum wave number for each test was 200. After 
the first block failure the test was interrupted, 

3. SHOCK PRESSURE INVESTIGATICNS 

A typical record of a shock pressure (wave impact) due to wave 
breaking (plunging breaker type) en the slope can be seen in Fig. 4. 
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The peak pressure which is much higher than the wave or breaker height 
is highly effective during a relative short tine. Due to the included 
airvolume by the plunging breaker the shock pressure occurrence can be 
explained by a compression phase. The time of compression At of all 
evaluated impacts lies between 10 and 60 milliseconds. The amplitude as 
well as the time history of shock pressures are strongly dependent on 

- breaker process and aeration, 
- angle of the sloping face, 
- thickness of the backrush--water and 
- wave characteristics (regular and random). 

3.1 Probability theory 

In the analysis of jet impacts (Fuhrboter, 1966 and 1969) the 
maximum pressure i>, is described by max ./3 

PmaY       =  5- <? -vc-(c/v)i/J (1) 

with  5   =   (E/E     •   R/Dr/J 

a  W 
E and E = elasticity of air and water 

R = hydraulic radius of impact area 
D = representative thickness of 

included air content 
8 = dimensionless impact number 
^ = density of water 
v = impact velocity vertical to the wall 
c = sound velocity in water. 

In this equation the air content term expressed by D (see Bagnold, 
1939) is strongly stochastic and has an important influence on the 
impact as well as the hydraulic radius R of the impact area and the 
relation E/E. The following transformation of Eq. (1) yields: 

pmax = (Ea/V
R/D)2/3-fv-c-(c/v)1/3 (2) 

stochastic -*- deterministic 

log pmav = 2/3 log E/E + 2/3 log R - 2/3 log D max a.  w 
(stochastic) (3) 

+ log (<?-vc- (c/v) ' ) (deterministic) . 

In this way a linear function is obtained for log P-• and log D. If 
the stochastic term is distributed after GAUSS, D^ mnit consequently 
follow a Log-Normal distribution (Fuhrboter, 1966Tsee also Weggel, 
1971). Comparing results on jet impacts, wave impacts frcm 1:10 scaled 
model and from prototype (scale 1:1) in the LARGE WAVE CHANNEL Fuhr- 
boter (1986a) concluded that the Log-Normal distribution is valid for 
impact pressures in general as predicted by theory. Impact pressures 
due to breaking waves can therefore never be described deterministical- 
ly but only probabilistically by the Log-Normal distribution. 

With special reference to wave impacts on slopes Fuhrboter (1986a) 
extended Eq. (1) to 

Pmax    =^-f-g-HB-(yB/HB)1/3.((l+2-n2
)/(l+n2))1/3     (4) 

with    €  =   (cV2g   •   Ea/Ew   •   d±/HB   •   1/D)Z/J 

£   = dimensionless impact number for 
breaking waves on slopes 

H_ = breaker height 
y_ = breaker crest above the bottom 
d.  = length of the impact area on the slope 
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g = acceleration due to gravity 
n = front slope l:n . 

Considering practical design methods of sea dykes the relation be- 
tween wave height and impact pressure seems to be most convenient 
(Fuhrboter, 1986a): 

p ^max = p i = const. •<? g H 

with i =   50, 90,   99,   99 9 % 

3 2 Shock pressure experiments 

Maximum shock pressures were evaluated from each individual breaking 
wave. As already shown by Fuhrboter (1986a) the maximum, shock pressure 
values follow a Log-Normal distribution. In Fig. 5 and 6 the results 
for i = 50, 90, 99, 99.9 % are plotted as dimensionless relative impact 
pressures. Each line represents the results of a test serie with nearly 
200 waves. For this wave number sufficient estimates were reached up to 
a level of 99.9 % probability. 

In order to get informations about the spatial distribution of shock 
pressure occurrence the measured pressures (p. -—J of each transducer 
at the slope were determined for each test cycleTT'ig. 7 represents re- 
sults of two test cycles. The length of the shock pressure area is 
strongly dependent on the wave parameters. The mean level of the 
highest maximum shock pressure, evaluated relatively to the wave height 
is drawn in Fig. 8 versus the relative shock pressure. The mean occur- 
rence point for the slope 1:6 can be characterized by 0.5 H below SWL. 
The same value was found by Stive (1984) for steeper slopes 1:3 and 
1:4. 
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Figure 5. Shock pressure results, slope 1:4 

Especially at the slope 1:6 shock pressures induced by simulated sea 
states were investigated. Representatively, in Fig. 9 relative shock 
pressures of a test with a significant wave height of 1.5 m and a peak 
period of 6.0 s are drawn against the well-known breaker number 
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(iRIBARKEW-number). Maximum pressures occurred at breaker numbers from 
0.6 to 1.8. The highest pressures were found at a breaker number of 
nearly 1.2. 
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Figure 7. Spatial distributions of shock pressures on the slope 1:6 
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3.3 Maximum shock pressure estimation 

In Fig. 10 there are compared full-scale shock pressure results 
obtained by test cycles with regularly generated waves with those ob- 
tained by field measurements at the EIDERDAMM storm surge barrier and 
by test cycles with narrow banded wave spectra in the channel. Looking 
towards a practical approach of sea dyke design the maximum shock pres- 
sure distribution of the worst case is estimated with a tendency to the 
safe side (line with circled points). 
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Figure 10. Full-scale shock pressure distributions 
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Based upon the worst case distributions (Fig. 10) for both slopes 
1:4 and 1:6 it seems to be possible to establish a formula which con- 
tains the influence of the slope angle: 

const   •   1/n  •   e   •  g 

90,   99,   99.9  % and 

n =  front slope  l:n. 

p   = D. ^max  *i 
with i = 50 

H (6) 

The empirical Bq. (6) may be justified by the important damping 
influence of the backrush-^water on the impact amplitude. The thickness 
of the backrush--water increases with flatter slopes and the impact 
pressure decreases proportionally. The application of this formula to 
slopes in general is proposed in Fig. 11. with respect to the real 
experiments with 1:4 and 1:6 slopes it should be considered that only 
for the range 1:3 to 1:8 a high reliability can be achieved. For the 
range 1:1 to 1:3 the values are extrapolated and should therefore be 
considered very cautiously. Based upon jet impact investigations 
FOhrboter (1966) also determined relative impact pressures for the 
vertical wall. Expected values for breaker heights of 1.0 m are added 
in Fig. 11. Future full-scale investigations on very steep slopes up 
to the vertical wall could be useful to proof the proposed empirical 
formula. 
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4. INVESTIGATIONS ON CONCRETE BLOCK SLOPE REVETMENTS 

First experiments with permeable prototype revetments in the LARGE 
WAVE CHANNEL ware used to explain statements of the following problems: 

- Which real wave parameters (height and period) are 
responsible for the instability of natural revetments ? 

- At which wave phase and in which location do very first 
failures occur ? 

- How does a gravel layer (filter base) influence the 
stability of a revetment ? 

- Which scale effects can be observed using a 1:2 model in 
revetment design ? 

- How does an increase of the top layer permeability influence 
the stability of a revetment ? 

4.1 Stability results 

Usually, blocks or stones of seawalls are designed applying the 
HUDSON formula. The wave period is not considered in this approach. 
Recent investigations have shown clearly that the block stability 
depends on the breaker number f (Bruun, 1985). This parameter contains 
the influence of the wave period (or better wave steepness) and the 
slope angle. 

Pilarczyk (1987) proposed a stability formula for concrete block 
revetments: - /0 

Hs/A • dB = f •   cos a / £z 
1/z (7) 

with H„ = significant wave height 
A = relative block density 
dg = block thickness 
a = slope angle 
<? = breaker number 9 1 n lz     tana/ ^nHg/gT*)1^ 

T = mean wave period 
f = Stability coefficient defined 

for<* = 1 in categories I to V. 
Placed blocks which are treated in this paper should therefore be 

classified in categorie II (3 < f  < 4). The permeability of the top 
layer and of the filter layer as well as the horizontal dimensions of 
the single blocks are not taken into account. Special problems occur if 
the results of laboratory tests with regular waves are to be trans- 
ferred to natural structures under real sea state conditions (wave 
spectra). 

With regard to recent results on the block stability the parameters 
H /A • dg andif are considered here. 

H = wave height (regularly generated) 
A = relative block density 

^b ~ Tw /5'w 
cL = block thickness 

<* = breaker number in deep water 
'°  »• 1/2 f 0=1/ (n- (H/L/'

2
) 

with LQ = g • rr  / 2n 
n = front slope l:n 
L = wave length in deep water 
T = wave period (regularly generated) 
g = acceleration due to gravity. 
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Fig. 12 represents results of testseries® , (j)and<3) . Safety is 
guaranteed up to H /A'dg = 4. Comparing these results with those in 
Fig. 13 which refer to a 1:2 scaled model the same upper bound can be 
stated. But, failures seems to occur at higher & - values. Probably 
only the unit of length should be scaled up and Hot the unit of time 
simultaneously. This problem due to scaling may necessitate more sy- 
stematic tests in the future. 
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In Fig. 14 there are plotted stability results for the structure 
with an added gravel layer. H/A-dg * 2.5 is estimated as the maximum 
safe number. The influence on the stability by increasing the permea- 
bility of the top layer is seen in Fig. 15. Safe conditions can be 
expected for H /A-dg « 5.5. In the last test vertical block motions in 
the range of 2 to 3 cm were observed. It was not possible to simulate 
the real failure because the revetment in the other testfield was 
totally damaged. 

All observed failures occurred after about 65 to 110 waves. The 
location of the first block liftings can roughly be given with 0.5 H 
beneath SWL. Failures of the geotextile filter mats did not happen. 
Sandtightness was guaranteed over all test series (about 10,000 waves). 

4.2 initial block lifting 

Placed block stability depends clearly on wave breaking characteris- 
tics, in the range 1 <. £_ s 1.5 block failure was mainly observed. This 
is the same range in which Fuhrboter (1986a) found the maximum wave 
impacts on an impermeable 1:4 sloping asphalt dyke. Wave impacts are of 
short duration (milliseconds) and therefore they can not cause block 
liftings out of the top layer. But wave impacts probably cause a strong 
reduction of friction contact (or friction stress) between the single 
blocks. Test observations have shown that first block liftings occurred 
just in front of the progressive wave before breaking. In order to 
study pressure variations, transducers were installed in special test- 
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blocks. 
In Fig. 16 and in Fig. 17 sychronously measured pressures at top and 

bottom of a testblock are plotted. Additionally, the pressure differen- 
ce is calculated. The positive sign indicates uplift pressures. The 
reaction time T  is defined from the beginning of increase of Ap to 
the maximum ofAp before wave breaking. Dynamic impact pressures were 
not yet evaluated in detail. But nearly all impacts reacted in very 
short time and opposite to the uplift direction before wave breaking. 

For about 35 waves of testserie® (H, = 0.70 to 0.80 m, measured at 
the toe of the dyke; T = 4 to 6 s) the reaction time T  was evaluated 
(Fig. 18). The wave conditions correspond to the beginning of block 
liftings above the granular layer. Although a large scatter is obvious 
it can be seen that for both filter layers the uplift pressure ampli- 
tudes are of nearly equal amount but differ definitely in the reaction 
time. Increasing duration of the uplift pressure seems to be a most im- 
portant phenomenon causing block failures. 

In testserie © long reaction times were also found in the geotextile 
filter just before failure occurrence, but the waves were much higher. 
The reaction time can obviously be reduced by an increase of the top 
layer permeability. This was also demonstrated in testserie© (Fig. 
15). 

5. CONCLUDING REMARKS 

As already stated by Fuhrboter (1986a) shock pressure phenomena due 
to breaking waves acting on dyke slopes can only be described probab- 
ilistically by the LOG-normal distribution. 

The thickness of the backrush-water has an important influence on 
the shock pressure occurrence. Prototype and field investigations 
(slope 1:4 and 1:6) show that a proportionality exists for shock pres- 
sures and slope angles (Eq. 6). For mostly used sloping faces of sea 
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dykes in shallow water regions the following maximum shock pressures, 
acting nearly 0.5 H below SWL on the slope surface are to be expected: 

StOPE 1:4    p   « 6 • <j • g • H, 
SLOPE 1:6     p^= 4 • f • g • H. 

Full-scale experiments on wave breaking phenomena are indispen- 
sable to avoid scale effects in small-scale modelling. Together with 
field investigations under real sea state conditions (Grune, 1988) 
full-scale measurements guarantee highly reliable results for future 
design on sea dykes. 

From the first analysis of the comprehensive full-scale measurements 
dealing with placed block revetments stability criteria are found. If 
the blocks are normally placed in stretcher-bond on a 2-dimensional 
geotextile filter, the stability parameter H /A-cL should not exceed 4. 
1:2 scaled models can be used but variations in T>reaker characteris- 
tics should be considered carefully. 

A 3-dimensional granular filter layer in a thickness equal to the 
block thickness reduces the stability considerably ( H /A-dU £ 2.5). 

Block failure occurs if the reaction time of the uplift pressure 
rises up to at least 1/3 of the wave period. Uplift pressure values 
roughly amout 2 to 3 times of the wave height measured at the toe of 
the dyke. 

Better block stabilities can be reached by increasing the top layer 
permeability. For placed blocks on a geotextile filter the stability 
number H /A-d^ £ 5.5 is obtained by uniformly distributed cylindrical 
gaps (1 % of the block surface). 

Reported results can be applied to loose concrete blocks placed in 
stretcher-bond. Favourable stability effects due to block interlocking 
or connecting are not yet considered. It is proposed to carry out 
large-scale experiments for such block systems to find out most econo- 
mical solutions. 
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