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D Characteristic dimension of armour elements,
Diameter of porous cell

dn Sediment grain size, n% finer than this value
(by weight)

Fe Shields' parameter

g Gravitational acceleration

H Wave Height

K Stability coefficient

L Normal length of porous cell

P Porosity of armour layer

S Shear force

Sr Relative density

T Tensile force

U, Shear velocity

\ Velocity

W Weight

o« angle of slope relative to horizontal

B direction of streamtube relative to horizontal

Y density

8 angle of particle motion relative to horizontal

i coefficient of friction

T shear stress
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1 Flexible revetments—theory and practice

C. T. BROWN, 8Sc(Eng), MICE, MIEAust, Tillotson Brown and Partners, and
Seabee Developments, Australia ’

SYNOPSIS. Flexible revetments are defined as revetments
that maintain en intimate contact with the underlying soil
during any gradual settlement, and protect the slope from
realignment by wave and current action. A brief summary is
made of various failure modes before a comparison is made of
the comtemporary theories of hydrodynamic failure due to
waves and currents. Developments of the theory as regards
armour geometry and porosity are made and some recent
experimental results presented, which are particularly
germane to the effect of currents on revetments. The
practical applications of this are briefly touched upon.

INTRODUCTION

1. Since 1976, the Author has undertaken investiga-
tions 1into the behaviour of rip-rap, gabion and Seabee
armoured revetments, mainly under orthogonal wave attack.
Contemporaneously a review and reworking of the momentum
theory was undertaken by considering the effect of a rotat-
ing jet of fluid instead of the usual fixed direction. The
envelopes of the theoretical stability curves were found to
bear strong seimilarities to the empirical relationships
found by experiment for both uplift and sliding failure
modes.

2. Further consideration of the similarities between
initiation of erosion under currents demonstrates the strong
kinship between the Shields parameter and the various
stability numbers and coefficients to be found 1in coastal
engineering.

3. This suggests that perhaps the onset of erosion in
streams depends upon the generation of sufficiently 1large
rolling eddies at the movable boundary.

4. In considering flexible revetments, the author
considers this term to include all revetment systems whose

elements can maintain intimate contact with settling under-
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layers without rendering the revetment unstable or allowing
erosion to occur.

5. Flexible revetments include rip-rap, dry laid
blocks as well as gabions and tied block systems and asphal-
tic concrete layers. Impervious concrete slab systems do
not fall within this category.

6. Failure Modes. Typically, revetments may fail by
one or more of the following:

i. Vandalism, theft and faulty construction.

i1 Abrasion, weathering and chemical decomposition.
iif. Environmental hazard.

iv. Structural failure.

V. Scour at the edges or toe.

vi. Understreaming and loss of underlayer material.,

vii. Extraction or uplift of the armour layer by
currents or waves.

viii. Sliding of the revetment face.

ix. Slope failure.

7. Failure mode {. 18 hard to prevent and revetment
systems should ideally be resistant to partial vandalism yet
clearly demonstrate that such has occurred, so that the need

for repairs is obvious. Faulty comstruction is this category.

8. Failure mode 1ii. 1is a result of inappropriate
materials and/or expectations, and its avoidance requires
the exercise of sound englneering judgement based on
experience and experiment. In Australia we have found that
resistance to salt crystal growth, thermal shock and transit
of boats and trailers are the main agents of weathering and
abrasion.

9. A revetment may also fail by being an environmen-
tal hazard, by harbouring noxious vermin or by being decep-
tively safe. Poorly finished gabions in a back beach
revetment may be present a face of rusting wire-ends which
can cause harmful cuts. Rip-rap and other large voided
revetments may harbour rats. Other systems may become very
slippery and dangerous to walk on.

10. Structural failure of individual elements is most
frequently found where other criteria, particularly
hydraulic performance, have been carried too far and is most
usually associated with slender non-redundant elements. The
ideal element is one that can fail structurally and either
still function in the revetment or disappear completely,
without damaging the adjacent elements or rendering them
ungtable.

BROWN

11. Many revetments fail due to scour at the edges or
at the toe, and detail design of these parts is of the
utmost importance. The ability to accommodate peripheral
scour 1is one of the chief advantages of tensile flexible
revetments such as gabions. However, this tensile capacity
needs to be an ultimate capacity, as otherwise the revetment
may span over sublayer scour holes without much sign of
distress, when early indication would allow an early remedy.

12. The direct result of loss of contact between the
revetment system and its underlayers is understreaming which
allows and causes the regrading of the underlayer material
to a profile other than that designed. - This will wusually
result in progressive readjustment of the slope and possibly
a serious slope failure.

13. Similar results can occur with loss of underlayer
material due to incorrect design or construction.

14. Although the modern use of filter fabrics has
overcome the problems associated with multilayer gravel
filters, other problems associated with the fabrics can
ocur, namely unseen damage in construction; inadequate
lapping; deterioration due to U.V. light; abrasion by sand;
and fatigue due to working by wave action when installed too
close to the surface of the revetment. Figure 1 shows a
revetment under wave attack. The figure shows the differen-
tial pumping that can occur at the face of the filter cloth
at the phreatic level.

15.  Apart from the structural strength of the unit,
the last twe failure cases are the only two cases. usually
analysed mathematically, although all the derivations to
date have required empirical calibration of the coefficients
in the resulting equations.

THEORY

16. The strong similarities between the derivations
for current and wave erosion (Shields[l], Irribarren[2] and
Hudson[3]) are due to the common basic forces, the disturb-
ing force being derived from the momentum of the water flow
via the drag and 1lift fotcee, whilst the restoring forces
are essentially those due to the weight of an armour
element, although some have included the effect of 1inter-
unit forces such as fricton, tension and shear.

17. The Irribarren and Hudson derivations for the
effect of waves start with the water velocity in the break-
ing wave, transforming thie to an equivalent wave height,
the simpler and more usual design parameter. It should be
remembered that 1t is this simplification that causes the
effects of wave period to be lost.
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18. The relationships compare as follows:

Shields: Fg = U3/(Sp-1)gD =15/¥(Sy-1)D

Irribarren: W = KYH®/(Sp-1)® (uCos=- Sin=)* = C,.yD*

Hudson: W = T H*/Kp(Sp-1)* Cotx = Cy.YD?

19. - These may be reduced to a common form relating
typical armour dimension with incident velocity. In both
the Irribarren and Hudson cases, we take the reverse step
from wave height to water velocity.

Shields: D = U2/Fg.(Sc-1)g

Irribarren: D = H/(Cy/K) i (5¢-1)(}Cos = - Sin«)

V2/Cr.(Sc-1).g. ()Cos = ~ Sin<)

Hudson: D ‘HI(C,,/l(]))l/s.(S,_--l)('iot*""lJI

V [Cg(Sp-1).g.(Cot = B )

‘All equations are of the form:

2 1

Y L Cu(sp-1).(Cot=P)
- gD

20. In 1978,79 Brown (4,5,6) reworked the momentum

iflux derivation as a vector problem, allowing the jet to
.rotate on an element of a revetment. The basic forces are
ithe disturbing force:

N FD = p-A.V
and the restoring force:

F, =W+S+T

R
21. The directionality of these forces was specifical-
ly considered and then resolved for two cases - uplift
- movement and sliding movement - to give the following
results:
2
Uplift:  R(l-p) > Z— Cos2(6-8) /C(Sp-1)S1n6 -
g

, . _
| Sliding: R(-p) > “— {K] Sin 2(= +8)+KpSin? («+8)-[Sn-T]}
2g gpwA

(S¢-1)(uCos= 1Sin«)
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By suitable assumptions, these derivations may be converted
to either the Hudson or the Irribarren equation.

downwash
upwash

negative
positive

]

22. Ignoring the shear and tensile forces in the
revetment, the envolopes of these theoretical equations are
in close agreement with the empirical forms derived from
laboratory tests.

Uplift:
13

<

2
R(1-p) > .2% /CBU(Sc-1)Cot

Downsliding: 2
v
R(1-p) > by f Cpg(Sc=1)Cot =

23. It can be seen that these formulae have isolated
the plan shape of a revetment element from the stability
equations. This enables suitable revetment elements to be
designed for production and placement economy without affec-
ting revetment stability. They have also introduced the
porosity of the revetment as an independent variable.

24, The values of these coefficients have been deter-
mined by experiment for the cases of gabions and Seabees
exposed to wave jets.

TABLE 1

STABILITY COEFFICIENTS FOR BLANKET REVETMENTS

For H=V?/2g Gabions Seabees

Uplift 4 5 - 6.5

Sliding 7 Uplift
dominates

25. The membrane and shear forces have been'ignored on
the basis that the area of concern 1is larger than an
individual element and that the forces do not come into play
in preventing instability of the revetment layers. However,
they are mobilised during the failure process and may serve
to limit the amount or control the rate of deformation of
the revetment.

' BROWN

TABLE 2
TESTER HANSEN & KEATS PAGE
GRADING Fine [Graded | 1lmm 2mm Poorly Well
Sand Sand Sand Sand Graded Graded
dist 0.24 10.29 }0.59 | 1.22 0.28 0.26
PARAMETER dyp | 0.32 | 0.47 |0.71 | 1.55 0.30 0.51
dgs | 0-41 | 1.55 |0.98 |1.82 0.41 1.10
L .
T |Stage A B c D E F
4] 1 <.21 <,22 } <.27 <.37 <.21
1 .35 451 .51 .56 .32 A
0.8 2 .49 551 .67 .75 49 .52
3 .60 .70 .82 {1.19 .61 .67
1 .48 631 .66 .81 A
1.2 2 .56 71| .82 | 1.09 .55
3 .68 .80 .95 | 1.40 .66
1 .63 .78 .83 |1.06 .62 .78
1.6 2 /A .88 |1.01 | 1.34 .75 .88
3 .80 | .9711.20 b1.4 .85 .90
1 .73 .89 1 .95 {1.33 .67
2.0 2 93 | 1.0711.13 pi.4 .92
3 1.03 1.17 |1.32 .99
1 .74 .98
2.6 2
3 l
1 1.36 | 1.23 {1.27 51.0 |
4.0 2 >1.40
3

RECENT WORK J

26. Recent laboratory work has investigated the
behaviour of underlayers under current action. Two serles
of flume tests by Page and Hansen & Keats {7, 8) have been
undertaken to examine the effect upon the entrainment of a
natural sand bed under a porous revetment without an inter-
mediate filter layer. '

27. For the most part, the pordsity was normal to the
bed but in one experiment a zig-zag horizontal porosity was
provided by using two staggered layers of armour. I
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28.  The apparatus consisted of a tilting glass flume
with a raised false floor containing the sediment bed pro-
tected by the armour layer and a sediment trap.

29. Three distinct phases of motion of the sediment
were observed before significant entrainment of sediment
occurred. These were: ‘

Stage 0 - No movement.

Stage 1 - Hemispherical depression ocurs - under
-void cell, but no sediment entrained.

Stage 2a - Lighter particles suspended in lowest

vortex in void cell.

. 8ROWN

Stage 2b - Particles in motion throughout height of
void cell, but no loss occurs.

Stage 3 - Vortices in cell rise above top surface

of armour layer and entrained particles
are lost from individual cells. Rate of
loss increases with increased flow.

Stage 4 -~ Unidirectional flow occurs in void
cells, wuplifting sediment from beneath
armour layer and removing. (Understream-
ing and/or rapid settlement occur).

30. The onset of each stage was found to be related to
the non-dimensional aspect ratio of the void cell and the
.gradng of the sand. The actual height of the armour layer
does not appear to affect the stability of the unfiltered
bed material. The results obtained are shown in Table 2.

31. An empirical relationship of the form:
a
V = C1(L/D)
was found best to describe the relationship. €3 was found
to depend on the grading curve of the bed material with a
relationship:
b
= d
| ¢ =% 5
Typical graphs are shown in Figures 2 & 3.

32. The final equation for the stages of motion were
found to be:

0.30 ,L.0.8

Stage I: V= 0.63dg, 3)

Stage II: A

0.35 ,L,0.75

. 0.43 ,L.0.45
Stagg II1: vV =1.08 dg (3)

At this time the second dimensionless parameter containing d
has not been properly identified and the numerical coef-
ficient has the dimensions:

th -l

33. The occurrence of macro turbulence or obstructions
at the bed increases the local velocities so decreasing the
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scout protection provided. The horizental porosity also
decreases the bed stability. Although velocities approach-
ing 1.5 m/sec were achieved, 5 gm and 10 gm armour elements
were not entrained in the flow, even adjacent to collapsing
scour holes due to bed obstructions.

34. For practical purposes, the onset of Stage III is
the important case and an adequate factor of safety must be
provided against it. Stage II may be important when con-
sidering abrasion of an intermediate filter cloth.

35. It is hoped that work may proceed . te consider
cases where the armour layer can be rendered unstable before
the underlayers, (i.e. by using very coarse material in the
underlayer) but this will require substantially improved
water flows compared to those presently available.

PRACTICAL APPLICATIONS

36. In Australia, approximately 1.3 km of revetments
using gabions have been designed in accordance with the
blanket theories outlined here and described in detail in
ref. 5.

37. The Seabee armour unit, the progenitor of all this
thought, has been taken through successive stages of
development form model 10, 28 and 85 gram units to prototype
ceramic units of 10 to 20 kg, and prototype concrete units
for 0.5 to 4.0 tonnes mass. This armour unit allows the use
of variable porosity both normal and parallel to the plane
of the revetment as well as mass range in the order of 40:1
for any particular installation. It can also survive
extremely poor quality control, providing a 'tough' design
is utilised. The practical applications of this system are
described in ref. 8 and some examples shown in the plates.

CONCLUSION

38. The great similarity between the elements of
theories of incipient motion due to current and wave action
are seen to derive from the common description of the active
forces. What differences there are in nature are still
locked up in our coefficients. Nevertheless, by exercising
a degree of objectivity it is possible to gain more control
of the multitude of variables involved in the design of
coastal works. :

39. It is hoped that, whereas it was usual to deter-
mine the size of rocks to be obtained (if possible) from the
quarry, it 1s now quite feasible to manufacture revetment
protection in any suitable size according to production and
construction criteria, without sacrificing material economy.
It 1s also possible to design various service criteria at

BROWN

thé bame time, but I would recommend that we err on the side
of structural integrity rather than hydraulic excellence, 1if
err we must.
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NOTATIONS

A Area of element

c Coefficient 2 ~ SXponent
b - exponent

c, Volume Coefficient

C.,C, Volumetric coefficients for Irribarren and Hudson
transformations
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Loads on beds and banks caused by ship
2 propulsion systems

Dipl.lng. H. U. OEBIUS, Versuchsanstalt fiir Wasserbau und Schiffbau, Berlin

?

SYNOPSIS. Using latest results from investigations concern-
ing the velocity distribution in propeller jets with and
without velocity head an attempt is made to deduct also loads
to be expected from ship propulsion systems like water jets
and propeller jets acting on beds and embankments of ports,
channels and rivers.

INTRODUCTION

1. One of the most important presuppositions for the esti-
mation of the degree of destruction of beds, embankments and
revetments in harbours, channels and rivers caused by ma-
noeuvrihg or cruising vessels, except that from collision,
is the mathematical description of those currents which act
as carriersof the essential and responsible kinetic energy.
There are two sources for such energy carriers, i.e. the pri-
mary wave system of any vessel as well as the induced secon-
dary wake field, and the propulsion jet as product of the ne-
cessary impulse system to push the vessel in the desired di-
rection, including bow thrusters and similar propulsion sy-
stems. .

2. It is obvious that wave and wake fields as result from
the surmounting of the blockage resistance of the water body
against its displacement by the moving ship are therefore
causally connected with the displacement speed of the vessel
relative to the surrounding water body (not relative to the
bed!) and are the more significant the higher the speed or
the blockage effect are. Under normal cruising conditions
the influences . from these currents exceed that from the pro-
pulsion system by far. Unfortunately universal solutions for
the loads to be expected have not been found, yet, although
these effects have been subject to diverse investigations
(ref. 1). - :

3. Basically the degree of destruction due to the influ-
ence from propulsion systems is the more distinct the heavier
this propulsion system is loaded (i.e. the greater the im-
pulse of the system is), the easier the revetments can be re-
moved by the impact of the jet and the longer the time of
attack is, i. e, the lowver the ship speed relative to the
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attacked area is. Indeed the greatest destructions occur at
those places, where vessels are standing, starting or ma-—
noeuvring with low speed, i.e. in front of piers, in basins,
at turning basins, at outer harbours in front of locks and
docks, etc. That they can reach enormous dimensions has been
demonstrated by a test with an inland ship accomplished by
the Bundesanstalt fiir Wasserbau, Karlsruhe, in a deserted
channel (ref. 2) (see Fig. 1).

Py R P e e em S e e U »;{-_,
7

Fig. 1 Scour induced by inland ship

PHYSTCAL BACKGROUND OF PROPULSION SYSTEMS

4. Physically seen the propulsion system's task is to
accellerate air or water in such manner that an impulse of di-
stinct force and direction is produced, which from modern pro-
pulsion systems generally will be a jet from either submerged
nozzles or from propellers. Due to internal friction between
this jet and the surrounding fluid with increasing distance
from the orifice the diameter of the jet is increasing too,
accellerating parts of the surrounding fluid, at the same
time consuming kinetic energy from the core velocity of the
Jet, resulting in a decrease of the maximum velocity. Due to
this spreading the jet eventually reaches the water surface
and/or the bed and walls of the basin, where the jet dissolves,
transferring its kinetic energy to the boundary. Loads from
these energies are therefore directly connected with the ac-
tual axial and tangential velocities uy,y , and vy, y 6, at the
location x,y,z in the interface. In rotational symmetrical
jets y? + z2 = r2, The determination of the velocity distri-
bution in a plane or circular water jet and a propeller jet
with and without velocity head (which represents the current

OEBIUS

"of the fluid or the transition speed of the ship) will there-

fore be the first step towards the definition of the actual
loads from propulsion systems.

5. Velocity distribution in jets without velocity head.
From investigations by Kraatz (ref. 3) and Wiegel (ref. k)
we know that generally the velocity distribution in jets fol-
lows GauB's law of the normal distribution of errors of ob-
servation (ref. 5). This law

s exp [- 2] (1)

1
Sy .

can be transformed with f£(X) = woos
(see Fig. 2) to i

£f(x) =

n
=
g
=1
el

[}
h‘—

ber = o 0[5 )] (2)

which is valid for all kinds of jets and also for all sorts
of velocity heads after definition and adjustment of the main
parameters

W X 6 = f(uo, Uog, W)

according to the individual flow conditions of the fluid.

Fig. 2 Schematic outlay of the velocity distribution
in a propeller jet
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By extensive tests in the VWS, Berlin, these parameters have
been defined empirically and lead to the equations

r+ 20 X - 1)

1 2 Xq QJ

u’x,r =Y .exp{_—- 2 ( D. x ) (3)

2x0
for the circular water jet and
. T —[0.3 D.° (5—)_0’3‘]

1 0 DO 2

ber - @ [-3 (g X -0 3}] (%)

g 50 -[0.3 - DO(D—O—

for the propeller jet in the zone of establishment (0c X&Xos
xg = 2 Dy see Fig. 2), as well as

r+l2)0(§~—1)

D, +u 2
W =20 exp[- M5 > NG
T 2[Z0 + 0.0807(x-x,)] 30 + 0.0807(x-x,)

for the circular water jet and

- x =06
uLx,r =15 Yo (DO)

r - [0.3'D, 2E)703]
0

1 2 (6)
'BXP[’E(D x ,-0.3 ]

-2—0 + 000875()(—)(0)-[0.3 D0 5—0') ]
for the propeller jet in the zone of diffusion (x.£x<40c0 ).
The parameter Dg represents the free nozzle outleg at circu-
lar water jets or equals

D, = 2 (0.67 Ry + Ry) : (1)
at propeller jets, the parameter ugy represents the maximum
core velocity in the zone of establishment. It can be com—
puted according to pipe flow approaches in the case of water
jets and according to Isay (ref. 6) or Lerbs (ref. 7) in case
of propellers. For the latter one computer programs are avail-
able. Comparisons of computed and measured data for circular
water jets (see Fig. 3) and propeller jets (see Fig. b4) show
the applicability of the equations {3) to (6).

6. Velocity distribution in jets with velocity head. Here
only experiences with propeller jets are available. But if
the vessels are sailing at low speeds vg = 0.5 kts, the equa-
tions (3) and (5) may be used for circular water jets with
velocity head, too, without causing too great errors. From the
latest investigations the velocity distribution in a propeller
jet with velocity head can be written according to equation

(2)
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zone of diffusion (xoz x<£o0) follows the basic law : 1 pog
- Dix) — T
- -1 (__r_2_._ )2] (12) . 05 10 15 ——u, 20mss
ux,r = Yamx® P 2 S ? .
with ’ : Fig. 5 Computed versus measured velocities in a propeller
jet with velocity head
= x /3 i
Ynax - 142 * Yo Db) > (13)
A bveing
B =0.6 - exp [- 1.2 Eﬁg—] (1k)
Yo

the diameter of the core zone {zone of hub vortices) equiva-
lent to equation (10), the geometric position of the points
of inflection of the GauB-curve

CSD = go - g(x) + 0.07 (x - xo) (15) - -

and x.according to equ. (9). A comparison of computed and
" measured velocity distribution with velocity head is given
in Fig. 5.

LOADS ON BEDS AND EMBANKMENTS

T. There are three modes of transfer of kinetic energy to
beds and embankments, i.e. by shear stress in case of the
axis of the jet being parallel to the surface of the bounda-
ries, by mixed forces from shear stress and vertical dynamic
pressure (and percolation force in form of drag force and vis-
cous skin friction) in cases where the axis of the jets is in-
clined to the embankments (per definition this does not or
very seldom occur at the beds) and by mere hydrodynamic pres— .
sure (and percolation forces) in cases where the axis of the
Jet acts normally to the embankments (see Fig. 6).

Fig. 6 Schematic presentation of the velocity fields in
wall jets, inclined and impinging Jets

18 . 19




FLEAIBLE AKMUURED REVEIVICDINT D HINGLOLATRT WIS 0830 Ao wmes s meem

loads induced by parallel jets

8. The determination of the sought after shear stress en-
sues from cutting the jet with the surface area in the given
individual distance of the jet from the surface of the bed or
embankment parallelly to the axis of the jet. In this case the
satisfaction of the boundary conditions requires that the sy-
stem has to be reflected at the boundaries. As moveable boun-
daries - except the water surface ~ behave like rigid walls
under the influence of shear stresses(ref. 5), a total reflec-
tion of the currents can be expected, here, resulting in a
doubling of the velocity in the reflection plane. Therefore
the determined local velocities in the cutting plane have to
be increased by a factor 2, and so have the shear velocities
u,. Wall shear stress and fictive shear velocity are combined
by (ref. 8)

Ty = &g w8 - | ‘ (16)

For rough boundaries the shearvvelocity u, and the local ve-

locity u( 5 are combined by a logarithmic transition law of
the form ~°
Uior) 2.3 Ty
————2—=———]_og (—)+B (17)
u, k k
s
with k = K&rmin constant = 0.4, r, ~ mean roughness diameter ~
Dsp, k. = Nikuradse roughness 0.5-Dcy and B = 8.5 for com-
pletely rough boundaries. uy substltuged by equ. (16) then
follows to
2 r* _2
L = . . - T + . - 18
0= %F " Yy (5-75 1o (ks) 8.5) - (18)

If the critical wall shear stress for the erosion of a boun-—
dary is known, equ. (17) can be reduced to

Ty
* 5.75 log (E—) + B.5 (19)

s

with ue .o = (T ﬂgF)1/ . Equs. (3), (&), (5) or (6? re-
duced to'r and u substituted by u result 1n the
geometric positlgn o} critical wall sheafrg%ress along the
jet axis.

Yx,r)erit  “¥erit

Loads induced by inclined jets

9. The loads from inclined jets acting on beds and embank-
ments result from two hydrodynamically different procedures
which can be described as impingement and as wall jet effect.
Whereas in the wall jet zone again only loads from shear
stresses occur, in the impingement area the loads upon the
boundary surface are dominated by dynamic pressure (Fig. 6).
The effects in the impingement zone are the same as from jets
acting normal to walls due to the fact, that the axis of in-
clined jets seems to bend to directions normal to the boundary
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surface (Fig. 6). Beltaos (ref. 11) found a relationship bet-
ween the maximum pressure and a resulting wall shear stress
due to the deflection of the vertical current to be

T

= ° ° 3 Y
Omax Cf ° Pg sin (20)

with cp = 0.166, Y = angle of inclination end P, = the mo-
mentum, due to the center velocity of the jet, acting on an
area with the diameter D, which is defined by D, at free wa-
ter jets and D(x) at propellers in the distance H from the
orifice
3. p? e :
b, = C’Fe e W (21)

The maximum actual shear stress in the impingement zone then
follows ta

— T . n2 2
- o e . M D . . o
LOmax 00166 P L v e sin S (22)

10. As from experiments it has been found that for angles
greater than Y = 45° the erosion in the impingement zone is
significantly greater than in the wall jet zone, for estima-
tions concerning loads from propellers only equ. (22) should
be used. In all cases where 15°2 ¥ £ L5°, the wall shear
stress‘tbmax should be computed according to Beltaos (ref.11):

T - e . 0 2

0= Sp ° U, - 0.098 R s . (23)
u being the maximum reflected velocity at the position x°,
equal to the éenter velocity of the jet at the distance x from
the orifice, and R 0 being the Reynolds number at the orifice
uy - D0 '
ReO = ——*5;—— . (2k4)

Loads induced by impinging jets

11. Erosions by jets acting normally to the boundary sur-
face result from two effects which have to be superponed (see
Fig. 6), i.e. an impingement impact due to dynamic pressure
only and a shear effect from the deflection of vertical to
radial velocities. While the impingement effect is strongly
dependent on the relative distance of the orifice from the
boundary H/DO, the shear effect is only dependent from the
development of the velocities parallel to the boundary sur-
face and reaches its maximum at the relative orifice Z (see
figure 6) in the distance r, from the stagnation point S.

12. The dynamic pressure in the impingement area has been
described by Kobus, Leister and Westrich (ref. 12) by

P, = GQF o —E—'o(%g)z * ST exp [- 11k (%;)2] (25)
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and’ro resulting from
~—
C =c.-p_ =0.07 . 26
0 = ¢ * Pg = 0.07 * p_ (26)

The shear stress in the wall jet region, starting at the
stagnation point, is described by Beltaos (ref. 11)

T - . .2 ,0.079h 2
LO =S Ty, (z_ - 3) , ] (27)
. DO .

with r being the diameter of the jet at the distance x from
the orifice.

SCOURING
13. The erosion & _is a function of the reaction time Tg ,
the velocity u , the critical shear velocity u, ., and

the distance r f’ of the orifice from the boundary Sirface.
Fig. 7 gives an example for the development of scours as func-
tion if these parameters. It can be seen that about 50 % of
the final erosion depth is reached within half an hour, a
relatively long time compared with the real reaction time.
This means that the risk of damages in regions of low density
of traffic is low, but extremely high in areas which are very
near to the propulsion system or where the sequence of indi-
vidual events is very short thus provoking long term effects.

0,15m

Fig. 7 Erosion depth,én]as function of reaction time Tg
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CONCLUSION

i4. The equations mentioned above are dimensionally correct
and generally physically based but have to be regarded at as
rough estimations of the loads to be expected. The formulae
do not satisfy high standards, because they represent in near-
ly all cases simplifications for practical reasons. Those in-
terested in more details are kindly referred to the original
papers.

15. The developed equations enable the engineer to esti-
mate damages at beds, embankments and revetments from propul-
sion systems although the definition of the critical shear
stresses for the beginning of erosion will be difficult in

many cases. They are known practically only for loose sedim-
ments.
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Proposals of flexible toe design of
3 revetments

Dr Ing. G. HEERTEN, Naue Fasertechnik, Espelkamp and
Dipling. W. MUHRING, Neubauamt Mittellandkanal, Osnabriick,
West Germany

SYNOPSIS. Revetments are frequently damaged by scour at
revetment toe. If they are constructed by traditional
methode, scour at the toe inevitable results in loss
of stability. Scour is naturally more likely to occur
at the transition between the protected and unprotected
part of the canal bed.

Consequently, adequate toe protection is highly important
for the entire revetment. This paper will provide the
information on the fundamentals of revetment toe design,
the findings of tests on different types of flexible

toe construction on the Mittelland Canal in Germany,

and new recommended toe constructions.

INTRODUCTION .

1. One the comstruction of canals in Category IV,
the Conference of European Transport Ministers recom—
mends a waterway cross-sectional area at least 7 times
the cross-sectional area of a fully loaded typical
vessel. Depending on local conditions, construction is
carried out in three typical cross-sections for techni-
cal and economical reasons (see Fig.1).
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BANK PROTECTION
Revetment construction

2. The principles used in the deeign and comstruction
of revetments in expansion work on canals are based on
experiences accumulated in practice. In the course of
expansion, difficulties arose because it was accompanied
by a structural chaenge in inland shipping brought about
by the replacement of the old towed barges by self-
propelled ships which increased the stress on revetments
and had unforseeable effects on their durability.

3. Growing experience acquired during many years
of work on the Mittelland Canal, for example, led to
the development of standard revetment construction
methods which guaranteed far longer life for aprons
and similar benk protection constructions. Thia work
had to be done without dimrupting shipping and involved
placement of a long-lasting filter layer covered by an
apron that protected the revetment against the erosive
effect of shipping and water.

4. Years of practical development work, for eyxample,
have shown that heavy multi-layer geotextile filters
covered by bonded rip~rap or flat composite materials
ensure adequate protection (see Fig.??.

LOem rip-rap CLIT

Geotextile filter/
{ Composite material ) 2-3m

Fig.2
Permeable revetment

5. Without going into the details of these geotex-
tile filters and the protective rip-rap layer, it can
be said that this method of placing permeable revet-
ments has reached a standard that promises long-life
durability.

DESIGN OF REVENTMENT TOE
General experiences

6. During the develpoment of this new type of
revetment, attention was focussed for a long time on
the construction of the elements on the actual slope. -
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Although it was generally realised that " a revetment is
only as good as its toe", no specific comnsideration was
given to ite design.

T Initially, this was unnecessary anyway,as the
need for a new approach in reveiment construetion
arose automaiically as a result of negative experiences
in bank protection.

8. The need to give closer attention toc the design
of the toes in revetment comstruction only became
acute after the revetment on the slope had reached an
acceptable standard. There were two reasons for this.

9. Firstly, scour had previously been delayed or
left undiscovered because the toe was normally over-
covered by stones sliding down the slope from unbonded
rip-rap.

10. TUnderwater excavation ist done mainly with suc-
tion cutier-dredgers. Depending on the proportion of
fines in the soil, part of the spoil is held in sus-
pension and carried away from the workpit by the
current from shipping into surrounding areas., It
subsequently settles at the break point between the
bank and canal bed, covering the stone pitching of
the toe. .

11. This sediment is transported further by canal
currents and the wash from shipping until it reaches
areas, like turning points or wider stretches of the
waterway, where the lower velocity of the current
allows the suspended matter to settle permanantly. As
soon as this sediment reaches a critical height, it is
excavated.

12, After several years the trough profile formed
by the settlement of suspended matter again becomes
a trapezoidal profile.

13. Under further stress from currents in the water-
way, eroded channels and scour occur on the canal bed,
and especially at the transition from the stone pitching
of the toe to the unprotected section of the bed
(see Fig.3 & 4).

20.00m
—_—
b /-L\ 'Lg)m
5 § 5
8 ©
Fig. 3
Megsured profile in canal  bed
Cross sechon
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+0.00m
Y
—L.OOm :
<~ ! !
Length of scour
Fig. 4

Measured profile in canal bed
Longitudinal section at the toe

14. Fig. 4 shows the typical trapezoidal profile of
an eroded bed with irregular channels at the sides and
sediment in the centre.

15, The situation becomes critical for the toe and,
indeed, the entire revetment when scour spreads beneath
the toe in the direction of its break point with the
bank. When the scour reaches a length, such as that
described in Fig. ‘4, the inadequate design of the toes
causes its end to cave in. Subsequent damage is
inevitable whenever the material from the collapsed toe-
end fails to fill completely the depression created
by scour in the canal bed. And this is normally the
case, since the design of the toe (depending on thick-
ness, weligth and type of bonding) generally causes
collapsing material to break away in clumps, which
often encourage further scour.

16. The higher the bending moment of the toe apron,
the greater is the hazard to the whole revetment be-
cause the scour can then reach as far as the break
point of the bank, causing parts of the revetment to
collapse along with the toe.

17. Repair work on the damaged revetment and its toe
is not only troublesome but also expensive.

Conclusions

18, TUp to now field conditions have made it too
difficult to obtain an accurate description of currents
in the area of eroded beds, so there has been no way
of calculating the expected depth and development of
scour as a basis for design of toe approns.

19, Moreover, installation of a toe apron causes

variations in the friction and stability coefficients

HEERTEN and MUHRING

of the canal bed, which unfavourable influence bed
deformation, especially in the area of the toe apron.
Unlike ‘conventional' scour, the oncoming flow directs
its angle of attack not vertically but parallel to the
protected end of the revetment, which acts as a baffle.

20. The only way of finding a solution to these
problems, therefore, is to assess the degree of erosion
unter a specific volume of shipping over a given time
and utilise these parameters as empirical. guidelines
in design work.

21. One importent point that should be noted in
this case is that on waterways with the crossectional
area of the Mittelland Canal, for example, it has
been established that bed deformation is caused more
by current, i.e. the wash from shipping, than it is
by the action of ship' propellers. These findlings
have been confirmed by measurements carried out by the
Bundesanstalt fiir Wasserbau in Karlsruhe (1).

This finding applies only to the open waterway and not,
of course, to mooring areas where the action of ships'
propellers is an essential factor in the design of
aprons on canal beds. ’

22, Another point that needs clarifying is whether
the sediment in these areas is merely distributed or
whether it is carried away by the current and causes
permanent depressions in the waterway bed. In the
latter case, either the entire bed should be paved
or the waterway cross-sectional area should be
increased considerably.

23, Consequently, it is essential to ensure that
there is no longitudinal movement of suspended matter
when the canal bed is not protected against erosion.

24. Vhen construction work is done 'in the dry’,
the problem is easier to solve, either by extending
the revetment along its axis into the canal bed to
the extent of the assumed depression (see Fig.5).
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Fig.5

Embedment in canal bed
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Fig. 6

Protechon with a vertical wall

or by constructing a sheet pile wall, for example, at
the break point of the slope or below it (see Fig.6).

25. If construction is carried out underwater, the
revetment cannot be extended into the canal bed,
because there is no way of adequately keeping an exca-
vated hollow or depression open for placing the toe.
Construction of a vertical retaining wall at the toe
is prohibited on grounds: of cost. But more about this
solution later.

26, Consequently, a satisfactory solution on under-
water construction of a revetment toe entails meeting
the following requirements:

The toe mat must extend to a point in the canal bed
that ensures that any erosion down to the deepest point
remains covered, thus preventing any scour beneath the
end.

27. 1In order to meet this requirement, the toe mat
must possess the necessary degree of flexibility.

28. PFlexibility, in this case, means the ability of
the toe to adapt to any deformation in the sub-base
while retaining its function. In contrast, therefore,
to the rigid construction of the bank revetment with
its filter and rip~rap, the toe should always remain
elastic.

29. This need for flexibillity has been underlined
by previous experience with rigidly designed revetment
toes. :

30, Since all revetment toee on the Mittelland Canal
have, up to now, all been of a rigid design (including
rip-rap bonded with a bituminous mass), a test pro-
gramme was formulated to establish ways of meeting
these new requirements.
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Tegts

31. in 1981, 5 short test stretches were integrated
in normal construction work on the Mittelland Canal and
exposed to maximum stress from passing vessels.

32. On these test stretches, the toe mat was alter-
nately 3 m or 5 m long and was given a multi-layer
filter of geotextile composite material.

33, All used geotextile filter mats have to fulfill
the strong requirements on geotextiles for hydraulic
engineering of the Federal Institution of Waterways
Engineering {BAW), Karlsruhe, Germany. That means for
the given local soils that the geotextile has to proof
e.g. its filtering efficiency in special tests and its
penetration resistance in a test with a dynamic load
of 600 Nm corresponding to a 300 N stone falling down
from a2 heigt of 2,0 m.

34. Apart from its filter properties, this geotextile
filter also absorbs any tensile forces and thus ensures
that the toe mat is not severed from the reveiment on
the bank whenever settlement occurs at the toe end,
i.e. it guarantees retention of the revetment
function. :

35. To meet the need for flexibility, three of the
test stretches were given a top course of unbonded rip-~
rap stones of differing unit weight. In order to pre-
vent any stones rolling off the mat after settlement
of the toe end, the end was secured by a geotextile
sack filled with "engineering" clay (see Fig.7).

Rip - rop
bonded not bonded

40cm rip-rop Ci. 1

Geotexhie filter/
{ Composite materiol |

Fig.7

Revetment with flexibie toe mat
with a geolextile sack filled with engineermg clay

36. This engineering clay is made from chemoplysical
materials, If is permanently clastic and resistant to
erosion.
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37. In order to prevent the sack being displaced by
even extensive settlement, it is tied at the rear to
secure it in position.

38. On another of the test sections, the rip-rap was
bonded by a small amount of pervious concrete whose
quantity and strength was carefully selected to ensure
the toe mat remained flexible. ‘

39, On the fifth and final test stretch, the top of
the filter mat was covered with a very permeable, rough
fibre layer. This filter layer was weighted down with
a ballast of porous concrete and helped interlock the
stucture (see Fi.8)

40cm rip-rap CLO

&mkuﬂeﬁMx//
{ Composite material )

Fig.8

Revetment with flexible toe

. 40, ©Porous concrete is a material, whose mechanical
and hydraulic filterability matches that of the in-situ
s0il and whose consistency is such as to allow the manu-
facture of weighting cones. With suitable additives,
porous concrete can also be poured in a free-fall in
water without segregation.

41. Naturally, impermeable concrete can alsoc be
used for the weighting cones. But in this case, it
is absoclutely essential to adhere to the consistency
limits as otherwise the concrete would tend collect
at the base of the cones and lead to clogging. And this
- of course, has to be avoided at all costs. All this
applies to construction underwater. If the work is
done "in the dry", the cones can be made from imper-
meable concrete without any difficulty at all.
Checking and controls present no problem either.

42, These revetment toes are then exposed to
stresses by radioing passing vessels, asking them to-
traverse the test stretch at full speed either in the
centre of the canal or as near as possible to the bank.
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The speeds of these passing vessels are recorded, and the
stresses from currents and pressure changes are measured
at three points neaxr the canal bed with the help of
current and pressure pick-off meters. Stresses from
propeller action were also assessed in stationary tests.

43. The findlings from these tests provided suitable
evidence that the basis idea of constructing a flexible
toe mat from a geotextile filter connected to the bank
revetment and a geotextile sack at the toe end to secure
sliding stones was correct. Under heavy stress from
propeller action in the stationary tests, the rip-rap
stones were considerably displaced, even in %5 cm-thick
layers with unit weight of 3,5 - 3,7 kg/dm”.
best resistance to propeller stresses was forthcoming‘
on test stretch 4, where the rip-rap was bonded with
porous concrete. In the stationary test, the ship was
positioned with its longitudiral axis over the toe end
(sack), so that the forces from the propeller were
directed full-blast at the transition zone between toe
end and canal bed. It turned out, however,that the
vessel could not always be held stationary in this
position because when the englne speed was increased,
the propeller revs generated vibrations in the mooring
cable and these, in turn, caused slight changes in the
ship's position. Pressumable, it was this that also
caused scour varying in depth from 0,5 to 1,25 m in
front of the sack. All in all, however, the sack was
sufficiently flexible to adapt to any scour that A
occurres, irrespective of whether or not the rip-rap
stayed in position on the geotextile filter.

44. The tests generally showed that the afore-
mentioned toe mats did not adequately withstand
stresses generated by ship propellers.

45. However, by stressing the toe mat sometimes
to point of collapse,important findings were obtained
on the behaviour of different solutions, especlally as
regards flexibility. In no instance, for example,
even at the deepest scour of 1,25 m, was the sack
filled with engineering clay destroyed. Thanks to its
flexibility, the sack adapted to any hollowing-out
caused in the canal bed by erosion . and thus prevented
scour beneath the toe end.

46, The multilayer, needle-punched geoctextile filter
dovetailed the movements of the sack, and adequately
sealed-off and protected the sub-soil. But in areas,
vhere propeller action caused considerable displace-
ment of rip-rap, abrasion resistance was not entirely
satisfactory. Damage also occurred on the top course
in Test No. 5 (see Fig.8), because the rupture strength
on this type of protective mat was too low and, )
consequently the ballast elements at the toe end were
dislodged.
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PURTHER APPLICATIONS

47. In 1983, repair work had to be carried out on an
inflexible revetment toe of the type shown in Fig. 2,
because scour beneath the toe apron had reached the
break or buckling point of the bank revetment.

48, Utilising the test findYings and the knowledge
that crucial stresses arise only from the wash of
passing vessels and not from propeller action, it was
suggested that the toe be repaired by using a solution
similar to that in Pig. 9a.

Partially bonded with
engineering clay (80 U/m2) 1

Fig. 9 a,b,c

Revetment with flexible toes

49 A Ieavyweight, needle-punched non-woven fabric
(1100 g/m2) was used as a filter and this was covered
by a 40 cm layer of rip-rap (arris length 15 - 25 cm).
The toe end consisted of a sack (about 40 x 60 cm)
filled with engineering clay.

In order to obtain further findYings from alternative
solutions for countering stresses from wash, additional
test stretches were constructed on this stretch (No.4).
The firet of these involved a solution like that shown
in Fig. 6. The sheet piling at the toe is 3.5 metres
long. Special care was taken to ensure that the Joint
between sheet wall and bank revetment remained
filterable. For this purpose, the rip-ran layer was
fully grouted with porous concrete after instaliation
of the filter mat. ’

50. On stretch No.2 (see Fig. 9b), this rip-r
partially bonded with only 80 l/m2 g} porous goniieii?
The aim here was to increase the individual weight of
the stones through pointwise bonding with neighbouring
stones, but without reducing the flexibility of the
entire structure. On stretch No.3 (see Fig.9c), the
rip-rap layer was partially filled with engineering
clay (80 1/m2) to bond each stone as firml- as possible,
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while retaining the permeability of the toe mat. In
these applications, the eng.neering clay had to feature
adequate flexibility combined with lasting resistance
to erosion. As there is not yet any methodical way of
determining these contradictory requirements for
engineering clay, they were gauged empirically. Onm
gtretch No.4, the solution again was similar to that
in Fig. 8.

51. In order to prevent the ballast elements being
torn off, a geotextile material like that in Fig.10
was chosen.

52. In addition to these protective measures on
revetment. toes in the Mittelland Canal, similar work
has been done an the River Weser.

53. With the increase in the size of ships .many
estuaries up to the important ports have been deepened.
As well as the increased use of large scale dredging,
river works to control flow and tidal range such as
groins and training walls have been erected.

54. Several groins are under comstruction, to sta-
bilize the shipping channel and to minimize the increase
of the tidal range which was mainly expressed as a
sinking of the tidal low water.

55, In a large rivexr program 100 groins will be built,
using a new comstruction method with geotextiles in the
groin section down to tidal low water. In the under-
watersection the conventional construction method’
using a willow fascine matiress for the groin founda-
tion is used. Instability problems caused by scouring
at the sides in the past lead to crest sinking and
damage of the groins.

56. Fig. 10 is showing the groin cross-section with
the foundation base above tidal low water using the new
congtruction method:

On a heavg weight needlepunched nonwoven fabric
(1100 g/m¢) the riprap body of the groin is dumped.
With an overlap of approx. 500 mm on both sides of
the groin this special scour protection mat is in-
stalled.

57. This scour protection mat is composed of four
parts -

- woven or nomwoven filter layer
goil-tightness, permeability and acting load
have to be considered.
- gedimentation layer
approx. 5 cm thick made of needlepunched and
chemically bonded curled coarse fibres
it reduces the drag forces in the boundary layer
of the sea bed so that sedimentation takes place
increasing the weight and stability of the structure
- reinforcement fabric
by means of wide meshes (approx. 20 mm) and very
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THW  Grouted surfoce\

1. Ballast elements
2. Reinforcement woven fabric H
of high strength F|g' 10
3. Sedimentation layer .
L. Futer loyer Scour protection of a groin
{ woven or nonwoven }

high tensile strength the fabric combines and rein-

forces the ballast elements securely, providing a
high degree of flexibility and adaptability with
plenty of strength in reserve.

~ ballast elements
approx. 0.5 m in diameter and 0.1 m in hight with

a minimum distance of approx. 0.2 m between the rims
of the elements they stabilize the scour protection

nattress during the sedimentation phase.

58. Fig. 11 is showing a groin under comstruction. The

nonwoven geotextile and the scour protechftion are

installed. The geotextile is fixed on the seabed by a
first layer of stones. The special concrete vessel is
'st1ll anchoring after ballasting the mat at the site.

SUMMARY

59. Toe mats are designed to protect revetnents
against underwash and scour. They form a transition
zone between the unpaved canal bed and the baffle or
energy dissipator in a flow system. Installation of
a revetment toe presupposes that the non-erosionproof
soil in the construction area is only re-distributed
and not transported elsewhere by the current.
Revetment toes must be flexible, i.e. they must adapt
to scour while retaining their function, and feature
as steady a transition as possible into the hydraulic
boundary areas (roughness, geometry).

Although design and development work on the construction

of flexitle revetment toes with geotextile filter has
not yet been completed, there are already signs that
this approach will produce a satisfactory solution

to the problem.
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Fig. 11
Groin under construction
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Design of bank protection of inland -
4 navigation fairways

H. G. BLAAUW and M. T. de GROOT, Delft Soil Mechanics Laboratory,
F. C. M. van der KNAAP, Delft Hydraulics Laboratory, and K. W. PILARCZYK,
Hydraulics Division, Rijkswaterstaat

SYNOPSIS.

The collapse mechanism of bottom and bank constructions of
fairways under attack of ship induced water motion has been
-studied from model and prototype tests. Transport relations
and design criteria for subsoil, filter layers, and protec-
tion layers consisting of rip rap or blocks are formulated
and verified, as far as they are at present.

INTRODUCTION

1. Ships sailing in inland navigation failrways, produce a
water motion which attacks the bottom and banks. During
recent years power and ship size has increased considerably,
resulting in more intensive attacks of falrway boundaries
and, thus, to high maintenance and construction costs. Due to
these reasons, the Dutch Public Works has charged the Delft
Hydraulics laboratory (DHL) with a long-term investigation to
develop design rules for bank and bottom protection.

2. A protection layer should resist the hydraulic attack
and at the same time prevent the movement of subsoil and/or
filter material through the construction. Also, sliding of
the subsoil or parts of the construction must be prevented.
Both hydraulic and geotechnical aspects are thus of
importance, and therefore, the investigations are being
carried out in close cooperation with the Delft Soil
Mechanics Laboratory (DSML).

3. Two basic design approaches can be identified: the
deterministic and the probabilistic. In the deterministic
approach a dominant design condition is selected. On the
basis of this condition the dimensions of the protection
layer and filter are determined for the criterion .of
‘initiation of motion’ (1. no (or slight) displacement of
individual stones of a rip rap top layer cam be accepted; 2.
1ifting of individual blocks of a block revetment by pressure
forces perpendicular to the slope cannot be accepted). The.
probabilistic approach aims at a calculation of the total
damage of the comstruction on, for instance, a time {year)
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base. The transmission functions required for this type of
calculation are determined by means of deterministic tests.
The present paper is therefore restricted to deterministic
design rules. The transport relations, required for a
probabilistic approach, will be presented as far as they are,
at present, avallable.

4. The investigations carried out, in the prototype and
also at a reduced scale, mainly concern push-tow canals, bank
slope 1:4; a rip-rap protection and a geotextile or granular
filter. Studies into the behaviour of block revetments have
started recently, and some Iinitial results are discussed.

DESIGN PROCESS .

5. The design process, as presented in Fig. 1, forms the
basis of the design technique adopted.
o e e e e — e — — - The ship-induced

| | water motion and the
| corresponding ship
'

speed are calculated
R e —,—— I (Blocks 1 through 7

e =] using known ship

A~

|

:. R g A t | dimensions, fairway
o | pe——— F;fj [Eé—] Fggéggj cross—profile, and

I [;“TL J mmz:m]mm"_____”"mt_ =1 | applied engine power.

= — _;-f . —L_l_—:‘— 1 6. The ship-

Lo o] induced water motion

can be split up into

screw race, primary
wave and secondary

\ tans waves (Blocks 5, 6,

1 beundery contltions n
Ly
1 Componente of weter antion ln:tu,mun busiex | T suabithipseconspast

Fig. 1: Design'process

7). The primary wave
components are:
return current,
water-level depression, front wave, transversal stern wave
(Blocks 8, 10, 11).The secondary waves are composed of
diverging and translating waves which together form the well-
known interference peaks. These waves are indicated In Blocks
9 and 12. -

7. The various components of the ship-induced water motion
are indicated schematically in Fig. 2.
8. The ship-induced

5% .1 water motion attacks the
3}4/ y fairway boundaries.
s Basically the areas under
IER Pelmary wnet (K] Teont vave attack, see Fig. 3, are:
A . ————— (a) unprotected bottom and
wt) T T T part of the banks, (b)
S . lower protected area, and
e e (c) upper part of
e © revetment. The return
Fig. 2: Review of water motion current (and screw race)
components "~ are Important, for Areas a.
) and b., whereas secondary
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waves and/or transversal stern wave dominate 1n Area c.

Fig. 3: Areas in the canal
cross—~section and dominant
component of the water
motion

9. The external loads
(transversal stérn wave,
secondary waves, return
current) exert friction and pressure forces on the protective
layer and are of prime lmportance for the determination of
dimensions of this layer. In the subsoil the pore pressures
respond to external variations of the water-level (front
vave, water-level depression, secondary waves). The resulting
forces determine the design requirements for the filter.

HYDRAULIC LOAD
General

10. Detailed calculations of the ship-induced water motion,
based on the given geometry of a fairway cross-profile, the
ship and the applied engine power are elaborated in this
chapter.

11. 1In addition to the ship-induced water motiom other
hydraulic phenomena occur such as wind waves and tidal
current. In the fairways considered in the present studies
ship-induced waves are more important than wind-induced
waves. Therefore the wind-induced waves have not been taken
into account particularly in case of a deterministic design.
The effects of both ship-induced currents and natural
currents are discussed.

Speed prediction

12. Frequently vessel speed prediction calculations are not
required since the velocities of various types of ships are
well known. For instance in case of the renewal of an
existing protection (or large~ scale maintenance) the design
can be based on the existing conditions. However these
calculations are indispensible, for new fairway design and/or
introduction of new vessel shapes or more highly powered
ships.
o T Fig. 4: Relation between shaft-horse
20l 3 303 et e Nl power and ship speed

3 202 wrolen, eker ‘)‘
4 3a3 sormation, ewrc
A3p] 3 Fa3 mevmion, comre

srremmeeens] |, 4=+ 13. Speed prediction calculations

E
3 /4ﬁ4¢§2:;;L-‘are based on the equilibrium of the
I‘ D — total required power, on the one
A e hand, and part of the shaft
| Aﬁ%f ° horsepower, representing the thrust
1/ power, on the other, viz:
-

Rp(V,_ + Gr) = n,.Pg ¢))
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In ref. 1 this relation 1s extensively elaborated for pushing
cConvoys.

14. Measurements of resistance and propulsion were carried
out during the first series of tests on the Hartel-caral in
1981 for several configurations of pushing convoys. It
follows that, for loaded convoys: n_ = 0.85 . The relation
between shaft-horse power and ship speed for investigated
types of convoys, are given in Fig. 4.

It clearly follows, that the speed tend to limitimg values
for higher applied powers.
General ship-induced water motion

15. The calculation of the ship-induced water motion is
very complicated and due to the full form of most of the ship
types the presence of bottom and banks, and the free water
level a three-~dimensional calculation is necessary. This type
of calculation has not been fully developed yet and for the
presentpapef only a series of (most) one dimensional calcu-~
lation methods are discussed.

Fig. 5: Survey of results

Some ot pryiiimitets sebotos 1o ik votteties
b -

:2:::?”"\_E;_1 16. Generally, three mailn

o i approaches can be distinguished,
A ettt 4L

- N based on: conservation of

[ N -+ energy, or momentum (one-

dimensional; two-dimensional

3 slender body theory; empirics.
JT To get insight into the
NTITTITTd applicabllity of these methods,
a thorough investigation was
carried out, at the DHL, to
determine which calculation

- method can best be used as
function of width restriction of
the fairway and ship type. These
investigations are reported in
ref. 2. The methods were
verified with respect to their
applicability to predict water-level depression, sinkage and,
if possible, squat.

17. The results presented in ref. 2 were recently extended
with results of prototype measurements (ref. 3). A survey of
results is given in Fig. 5.

For the calculation of areas of water—-level depression it
follows that, for pushing units, the method of Sharp and
Fenton gives relatively good results, while for other ship
types (including VLCC) the method of Bouwmeester proved to be
satisfactory.

RO S

iy

Detailed ship-induced water motion

18, Return current. The maximum return current (0.) and the
simultaneously occurring maximum shear stress (%) are
descisive for the stability of a bank or bottom protection.
During the conditions observed the return current had a more
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or less uniform distribution outside the boundary layets of -

ship and bottom, and banks., The curréent direction coincided

approximately with the direction of the falrway axis (ref.5).
19. The shear stress can be calculated according to:

A a2 - X 2.5

1= cfr* p G in which Cer (2.87 + 1.58 log ks) (2)
according to the Schlichting Formula for rough plates.
In this formula x is the distance over which a water particle
near the embankment has moved due to the return current when
a certain part of the ship-length (X) has passed. x is given
by:

a

T
a+v_
r s

(3

The maximum value for Q. occurs at a distance of 0.25 to 0.35
LéA from the bow.

Fig. 6: Relation between

I extreme and average return

=] ° - current
iV

;: RN ,‘3-";'—/ The value for the bottom
..a;r:;".:.’. ‘//‘/ roughness (ks), including
; effects of unevenness, had
quite a spread, A value of kg =
T I 4.D50 is an acceptable average
value.
In Fig. 6 the value of 0y, related to &, for a certain ship
speed, can be taken as function of rate of "eccentricity”(y).
20. VWhen a natural current prevails, in the fairway, the
shear stress due to the return current ant the matural
current can be calculated, according to ref. &4:

/c -2
t=4c. (u + frg )2 in which ¢, = 0.06 {log'lgh}
fc "¢ Cee T fe ks (4)

21. Transversal stern wave.The principal characteristics of

Fig. 7: Principal characters of
{ et transversal stern wave

the transversal stern wave and
related local current velecities at the side slopes are
indicated in the sketch presented in Fig. 7.

22. The steepness of the transversal stern wave has been
determined at both model and prototype scales. It follows
from

Gy 2
1= (5)
max z, )
The steepness has a limiting value of imax = 0,1 to 0.15.
The factor,z,, can be calculated according:
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z

T = 0.04 - 0.158 ' : (6)
R Fig. 8: Relation between
L transversal stern wave height
g;;;;; -1, and average water—level ‘
- of depression.
! }_)(écﬁﬁi .,%”// Taking into account the effect
f L1 of "eccentric” navigation (y/b).
' ] The maximum value of the height
R @ s e -em wn of the transversal stern wave

related to the results of the
one-dimensional calculations ( Ah ), including the effect of
"eccentric" navigation, is given in Fig. 8.

23. The maximum current velocities occurring in the
transversal stern wave can be estimated as:

u

A
ax = 0-1t0 0.2V, 1f Ah/A.D, < 1 and
*750 A (7
tnax = (1= =) Vg, 18 &w/angg > 1

24, Secondary waves. Secondary waves are composed of
transverse and diverging waves, which together form
interference peaks. Interference peaks, and, to a less extent
(behind the ship) transverse waves are of special interest in
relation to bank attack. Secondary waves are elaborated
thoroughly in ref.7. A relation has been derived to determine
the height of the Interference peaks using the method of
Gates and Herbich (ref. 8):

‘~0,33 V. 2,67
Hi = ai.h-(%) . (7&%) . (8)

From DHL prototype and model experiments it follows that: «
= 0.80, pushing unit (loaded); a, = 0.35, pushing unit
(empty), tugboat; a, = 0.25, convVentional inland motorvessel.
The wave length of %he interference peaks can be described,
ref, 7, as:

2 2 .

i = 0.67 . E;— . VS 9)
25. Screw race. The velocities occurring in the screw race
for ships manoeuvring and underway are extensively dealt with
in ref. 9 and ref. 10. For a manoeuvring ship the velocities

behind the propeller can be calculated according:

u 2.8 D 2

X,r . [o) _ r

m —5— - exXp [-15.4 -75] (10)
o S Xg

with: D, = 0.71 D, (propeller); D, = Dp (ducted propeller);
D, = 0.85 D, (propeller in tunnel).
The limited outflow velocity is

u0 = 1.60 . nP .D .Y/K (1D

o TP
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The influence of forward ship speed, presence of ruddérs and
the consequences of the operation of more than one propeller
are discussed in (ref.10).

26. Front wave. On the basis of the results of prototype
and model experiments, the steepness of the front wave at the
bank slope can be obtained from:

if = c(y) . Ahf in which (12)
c(y) = 4.06 . 10 ",y + 1.79 . 10 2 (m b
Tl Fig. 9: Relation between front
E wave height and average water
EE;EE;' N level depression

i . 3

i . .fggﬁﬂffh The height of the front wave,

1 /,,/”‘ -1 related to the calculated water
’ level depression, 1s presented
B ; e enwn e s 868 functlion of the rate of

e ' "eccentric” navigation (y/b) in

Fig.9. The front wave is important for the determination of
the prevailing pressure gradients in the subsoil.

INTERNAL LOAD

27. Ship-induced waves in a channel constitute a direct
external hydraulic load on the embankment but also bring
about, indirectly, an internal load. Fluctuations in the
water level due to passing ships affect pore water pressures
under the top layer of the bank protection and in the
subsoll. The influence of the fluctuations depends on wave
frequency and amplitude and also on design characteristics,
such as geometry of filter layers and on the permeability,
density and stiffness parameters of the subsoil.

28. Wave—induced pore pressures under the revetment layer
and in the subsoil constitute the internal load on the bank
protection structure. The relation between external and
internal loads plays an essential role when considering the
strength of the bank protection, and the stability of bank
protection can only be determined satisfactorily by
considering the top layer and subsoil simultaneously.
Optimizing a design only with respect to, say, maximum
strength of the top layer against the external load, can give
rise to loss of internal stability and thus lead to erosion.
Meeting the requirements for external stability does not
automatically imply internal stability or vice versa. In some
cases a compromise has to be found see, for example, section
35. '

29. Hydraulic boundary condition. Only fluctuations of the
water-level will form the representative hydraulic boundary
condition for the internal load. Both amplitude and speed of
these fluctuations have an impact on the induced groundwater
flow.
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30. Response subsoll. In peneral thé fesponse in the
subsoll to channel water-level fluctuations can be described
as follows. The phreatic level in the filter layer(s) &Eannot
immediately follow a sudden lowering of the channel level.

wndisturbed walerlevel
~——

> Fig. 10: Wave—induced internal
load factors

wpliit presaure 8pst
under biock revetsnont, 3

Under the top layer of the
protection there remains an
excess pore pressure, which results in hydraulic gradients in
three main directions: (a) a hydraulic gradient, 1x’ in the
longitudinal direction of the waterway, (b) a hydraulic
gradient, in the transverse direction of the waterway in
the plane o¥ the slope, and (c) a hydraulic gradient, 1,, in
the direction perpendicular to the slope., Furthermore, uplift
pressures, Apst agalinst the slope revetment occur, when there

i
™
N,
placed block reveiment
tilterlayers

geolealile

are less permeable top layers, see Fig. 10.

31. Prototype measurements. An attempt has been made to
establish a relation between he external hydraulic load and
the induced internal load factors using a theoretical
approach (analytical, numerical), see section 62, a scale
model approach, see ref., 6, and prototype measurements.
Prototype measurements have been carried out in the Hartel-
canal in the harbour area of Rotterdam in 1981 and also very
recently in 1983. External and internal loads induced by
pushing units have been thoroughly investigated; several
types of bank protection served as test sections for the
experiments, see ref. 1l1.

32. Relation between external and internal load. Both the
leading limits of the water-level depression (front wave) and
its gradient with respect to time are representative for the
internal load. Results of prototype measurements show, that
the product of the front wave height Ah_ and the speed, with
which the water level depression comes about is a satisfac-
tory practical measure for the internal hydraulic gradients.
Note, that the ship's speed Vs, is implicitly represented by

dh
the quantity Ahf"EE’ viz.:
oh dh dx
Ahf ‘3t Ahf “ 3% Bt Ahf . if . Vé (13)

33, The hydraulic gradient, i_,in the longitudinal x-
direction, proved to be only of minor importance in the
relation between internal load and strength. Any grain
transport in this direction can be either positive or
negative depending on the navigation direction. Generally the
net grain transport in the x-direction can therefore be
neglected. On the other hand, in the transverse directionm,
the internal response to the external load is of particular
interest.

34. Figures 11, 12 and 13 show, for three types of
protection, the measured transverse hydraulic gradient, 1 _,

—y
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directly ufidet the geotextile as & function of the compound
hydtaulic boundary condition, Ahf . %%. It follows, that
application of a relatively permeable gravel layer under the
top layer of concrete blocks reduces transverse hydraulic
gradients considerably. Apparently the storage capacity of
the gravel layer allows flow from the subsoil through the
geotextile inte the filter layer, thus reducing flow under
the geotextile towards the toe of the slope. Figures 11, 12
and 13 show a more or less linear increase of the tranaverse

hydraulic gradient, y, with Ahf .-%% up to a value
of sh. . gh in the range 0.01 to 0.02 w?/s; above this value

almost no further increase in I, was measured. Maximum values
for 1., in the order of 0.5, were recorded for concrete
blocks without an underlying gravel layer. This maximum value
was attained at. the lowest outcrop point of the groundwater,

S 0.8 - — + S o5 -
5 ] o, o Pushing wnit § barges s o, &lis 1 (4
-3 " Y 3 ing Wl o ; L .‘/'" aa x 5.
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% 2 _ o . 3 .
o2 e
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— u"h nol L0 . ) ——An%{!:m? wi/st

Fig 11. Test section of placed Fig. 12 Test section of
block revetment upon gravel placed block revetment

layer

g Fig. 13: Tést eection of rip-
i 0.5 Srarpes (‘ ’nm'nluq Ty during levei depcamion rap .

gn& ———T:'—-”— a% as u\uno‘, |ulln||'w'l-“” "

ol e R3] following a water-level

i Tyeaostan s sty aots depression. Since, in general,

ing wa
g

the amount of pore water In a
e td +» slope 18 large with respect to
!!dg;§:}k$‘ Tt the flow discharge into the
L anliemn ? channel during a water-level

depression, the transverse
hydraulic gradient,i , will continue to be operative as long
as the passage of thX ship.

35. Hydraulic gradients, i, measured perpendicular to the
slope, were very simllar for the different test sections. The
value of 1 , averaged over the upper first half a meter
perpendicuiar to the slope was about 0.15. These uplift
gradients occurred during the channel water depression, that-
is, simultaneously with the transverse gradient, i, Ref. 12
shows that thls combination of "blowing” {(flow in an upward
direction) with flow parallel to the surface is more critical
for grain stability than suction with flow parallel to the
surface. Although blowing reduces the effect of the drag
force exerted by the parallel flow, the reduction of the

e

&

iy iy dur
e

)
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effective grain weight ig the principle unfavourable factor
contributing to loss of grain stability.

36. Uplift pressures under the top layer, as a consequence
of a fall in the water-level, are to be expected in the case

of revetments which are only slightly permeable, for example,.

concrete blocks laid with very narrow joints. Such a

Fig. 14: Uplift pressures
under block revetment

ds . .

s

R e R e protection, with joint width

o WPUT) W EDss bmdet Wk
rrveiment dp g 12 Nym2)
9

o
PR 4
Y St 2l -t smaller than 0.5 mm, has been
e L8 D — °
P s | . X oy Al examined in the Hartel~-canal
) R TN © [Y) -
——N--m-l-—-n-'nm‘:f ® mnanurnl Aguimu -m::ulu.\q pro tOtype measurements.
P t: o o:uweee  Uplift pressures, Ap st are
" epaliorsn

shown in Fig. 1l4.

Here there 18 a conflict between the design for external
stability and the design for internal stability. Application
of a gravel layer under the revetment increases uplift
pressures but reduces transverse hydraulic gradients directly
under the geotextile. Making therevetment more permeable,
within limits, by enlargingthe joints can possibly balance
these conflicting design requirements.

37. The prevailing question about whether the magnitude of
internal hydraulic gradients and uplift pressures will lead
to loss of internal stability 1s connected with the relatiom
between internal loads versus strength of the protection.
Although complete answers cannot yet be given some aspects
are discussed below in section 38 and following.

STRENGTH OF BANK CONSTRUCTION

Technical requirements

38. The technical requirements can be described briefly as
follows: a good construction must be sufficiently stable,
flexible and durable. Stability means that no part of the
construction can be displaced (see Introduction);
flexibility, on the other hand, means that the construction
(or part of it) can deform to a limited extent without losing
mutual connection. Durablity concerns the resistance of the
materials to weathering of any kind.

Internal failure mechanisms

39. The stability of bank protection can be endangered by
external forces, and by the induced internal forces. It is
desirable to determine critical values for typical internal
load factors, which, in turn, depend on the external
hydraulic load. The criterion for such critical values should
be, that internal loads exceeding this value lead to erosion
of whatever kind. The kind of erosion depends to some extent
on the type of bank protection. Questions that arise
immediately are: what internal load factors can be taken as
typical; what failure mechanism, brought about by the typical
internal load, does. one have in mind; how can one provide
against possible internal erosion. Formulation of such
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¢ritical values for internal load factors provides an
essential tool for developing design criteria for bank
protection.

40. In the case of placed block revetments, initially there
is a loss of stability when induced uplift pressure forces
exceed the sum of the welght of single blocks and their
mutual frictiom. forces. One or more blocks can be 1ifted out
from the revetment and the external hydraulic load can then
act freely upen the protection, accelerating failure. To rely
on uncertain friction forces is hazardous, since the uplift
of one single block can lead to extensive damage of the
protection. With blocks which do not interlock one has to
take into consideration that some blocks in the revetment
will be badly connected. In addition uplift pressures under
neighbouring blocks will reduce any friction effects
considerably. Both prototype measurements and analytical
models, ref. 13, 14, and 15, show, that uplift pressures
increase with the permeability of the subsoil filter layer
and decrease with the permeability of the top layer.

41. The stability of block revetments can also be
endangered when hydraulic gradients, i_ and i, on the
interface between top layer and subsoif exceeﬁ the critical
value. Depending on the storage capacity of the subsoil grain
transport can take place
through the geotextile or
towards the toe of the
T slope, see Fig. 15. To
"we. ~ provide against this long-
. et ’ term fallure mechanism a

Trasiogar o e toe et sandtight geotextile should
be placed on the subsoil.
Fig. 15: Possible failure mecha~ The determination of
nisms by internal load critical values for the
internal load is being

‘undisturbed waterleved

ain L w—q inrougn ihe fointy -
Fihe biocs revet ,—" §
¢"

studied in the laboratory.

42, Design. For a filter to function properly it has to
meet requirements for sandtightness and water permeability.
Recent research for the storm surge barrier in the Eastern
Scheldt indicates that vertical, parallel, cyclic and
stationary flows can be distinguished in granular filters,
see ref. 16. Critical hydraulic gradients have been found to
be higher for stationary gradients due to the arching of
grains. Furthermore, the permeability of the filter layer or
geotextile should be at least as high as that of the subsoil.
The percentage of open area of the geotextiles, usually
defined by the diameter O,., 18 of specific interest.
Although there 18 no uniformity for the limiting value of
this para\meter,_a—g-2 < 2 1s considered to be on the safe side,

see ref 17. 90

Stability and transport orediction for rip rap top layers

43. A number of computational models have been developed
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from the analysis of experiments in order to predict the
stability and the transport of the top layer material under
attack of the return current {including natural currents),
the transversal stern wave, the secondary waves and the screw
race of the top layer.

44, Return currents and/or natural currents. The stability
against currents can be computed in different ways. If the
current velocity, u,, near the bank 1s known a quick estimate
can be made with the stability criterion according to (ref.
18) using:

u
< = k = a coustant) (14)

/ g.A.Dn 1

From analysis of experiments it follows that k) = 1.2 to 1.5
45, A more accurate estimate of the stability against
currents can be made with the criterion of Shields (ref. 19).
In this case the maximum shear stress, % , acting on the rip
rap has to be known in order to compute the flow

parameter, ¢ , from the following:

A 2
T 1 tan‘a
¢ = ———— , = in which = cosa ,l -—— (15)
p.g.A.D Ky kD canle

50
Different values of ¢ can be taken depending on the require-
ments, viz.: ¢ € 0.03 - practically no transport of rip rap;
0.03 < ¢ € 0.06 -~ small transport of rip rap; ¢ > 0.06 —~
rapldly increasing transport intensities,

46. 1In some situations some transport of material, caused
by extreme loads, can be accepted. Such transports can be
quantified with a modified version of the transport formula
according to Paintal (ref. 5):

¢ = 1,64 . 1010 ¢10.86 (16)

in which ¢ = transport parameter, q.//g.A.D., , with qg
representing the transport of material per uUnit width.
Equation 16 is.compared with measured transport data in Fig.
16.

cromn Fig. 16: Transport caused by
=2 return current

2
5141
3

=t 47. Transversal stern wave.
HE—EHH  The stability of rip rap on a

—
|
1
¥

5. slope 1:4 against the action of
& e i i, 22=") the transversal stern wave
B caused by a push tow unit

sailling near to the bank has been determined. In Fig. 17 the
measured number of transported stones (“meas) has been
plotted versus the characteristic stern wave

parameter Ah/A.DSO .Clearly 1t can be seen that rip rap did
not move when:

~ .

8h <53 an

A.DSO
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w o Fig. 17: Measured transport versus
o stern wave parameter
(-3
i .0 ¥ S 48. Two methods have been developed
< ﬁ?‘ o® to predict the transport caused by
I sofitn) *l={%=7&=1 the transversal stern wave of a push

deonfoome0mm i toWw unit. The first method is the

€ Tl i ~L2E8% merhod
ol 'ﬁr ey v | mOSE simple and has been based on
et o measurements of shear stresses caused
fé,u by a solitary wave. From the
2 D 5L s c measurements of Naheer (ref. 20) 1t
" 0% can be shown that:
. BeDgg _
Ceu ™ 0.62 ) (18)

The flow paramgier ¢‘ can be determined from Equations (7)
and (16), aszfollows:

Cfw* “max
2 _Tax (19)

w 2.g.A,D50 )
The model tests show, see Flg. 18, using the method of linear
regression, that: :

6,86 :
n=7.2,107 ¢ - (20)

g Flg. 18: Transport related to the flow
parameter ¢w

> 0

azziphem

From Fig. 18 1t can be seen that Equation

{ (20) gives a good prediction of the measured
transport in the protetype. -

tHa 49, If a push tow unit is sailing some
“V% distance from the bank, the transport

I predicted with Equation (20) is overesti-

= mated. In these cases a second method is
recommended which has been extensively

-~ described in ref. 6. This method is more

Al e (Somitamm] complicated and has been based on the

y calculation of the shear stress distribution
473 » occurring under the stern wave, Using the
B transport relation of Paintal (ref. 21) and
assuming a constant effective transport width, Be” the total
transport can be determined by integration over the stern
wave length, L:

" v e ueNme
4
i

. o e ey
T I

nné-.cz.-l—- i7AB thbdx (21).
b4 V8 p3 e 0 .

50. 1In practice qugtion (21) cannot be applied easily and
it has been simplified therefore by using the Integral value

L
of OI ¢ dx ¢max . Le with ¢max representing the maximum
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transport parameter and L “the effective transport length
depending on the length L. The important parameters have been
computed as follows:

BLAAUW, de GROOT, van der KNAAP and PILARCZYK

waves with heigths less then 1.5 m. Assuming the value of
Kpg» valid for the secondary waves, Equation (27) indicates
tgat stability in the prototype and model (cotga = 4, 5p =

0.65) is guaranteed if H/A.D

< 1.8 . However in the tests,

see Fig. 20, it was found thgg no material was transported

for values of:

. 2.5
¢max =13 ¢max (raintal) ‘ (22)
@, Ah
z .
Pnax =7 ° A.Dg * Lax (imag' see Fquation (5)) (23)
2v2 A, 2
@ =1 -—(—29" <o <D (24)
z g.Ah  Ah

The following expressions were derived, from the transports
measured in the model, to determine B, and L,:

2 .
B, = 1.8 Bh and BL_ = 0.23 z_ (see also Equation (6)) (25)

* /’ o Fig. 19: Computed transport versus
» FaR “ measured transport
s 4 ’
H /l i o |, The data from the prototype
I * o . . experiments, see Fig. 19, show that
o A i /,ai;nz the method presented gives good
N A results.
o [imeeml 51. A formula has been derived, by
et ——————3 measuring the lowest level of '

T Nmeas transport below the undisturbed water
level. With this formula it is possible to determine the
lowest level of the upper part of the protection construc-—
tion, see Fig. 3. This formula has the following form:

13:'“ 4ot [AA; - 1.2) (26)
"750 ) ‘750
The applicability of this formula, in practice, 1Is determined
by the requirement that the lower part of the protection
construction which is subject to the attack of return
currents, see Fig. 3, must be stable against the stern wave
attack. So, 1f Epe DS of the protection material on the
lower part and Ah , tge maximum water level depression caused
by the stern wave, are known, the lowest level, y', of the
upper part below the undisturbed water level can be computed.
52. Secondary waves, A start has now been made to
investigate the stability and transport related to ship-in-
duced secondary waves, see ref., 7.. There 1is considerable
information in literature about the stability of rip rap
agalnst the attack of waves perpendicular to the slope. In
this context use has been made of the Hudson Formula

(ref.22):

H
A.D50

A value of 2.2 is given for Kpp in circumstances of brealking

1 1
< (Kpp - cotga) /s, Sf/3 (27)

5

H
< 3.0 (28)
A D50
Fig., 20: Transport versus secondary wave
"o parameter
- 53. The difference between prediction and
- ; experiment may be due to several factors
. Rl including the influence of wave length, L.,
| et Fn on the stabllity or the different wave
[w : propagation direction. In this respect use
« . has been made of the work of Pilarczyk
n (ref. 23), in which the following stability
. . criterion for perpendicular wave attack was
L presented:
T 4 —‘~‘h‘ ul
H /3
“— <N, .S - (29)
A.
oo . " °f
. H o H
with: N_ = 0.54 k, (i;) 0.25) (for 7 < 0.05 tga) (30)
‘W

0.5 H ,0.25 H
N, = 2.25 (cotga) kE Lf—) , (for i7'>.°‘°5 tga) (31)
_ w w
kE = tge . cosa + sina (32)

In Equation (32) & is the natural angle of repose and can be
taken at 45° for natural quarry stones, see ref. 23. From the
tests it was observed that, in the critical situation —
characterized by H/A.D., = 3 in Fig. 20 and Equation (28) -
H/Lw ?ad a value of 0.88. This means, with cotga = 4, that

N, .S¢ /3 . 2.5, which is less than the value of 3.0 given in

Equation (28). .

54, It can be assumed .that this small difference 1is due to
the direction of wave propagation, 0 = 54° . It is
recommended that in such cases the wave height should be

reduced to H.(cos®) : « Substitution of this reduced value
of H in Equation (29) gives:

.
A.D50
In the critical situation mentioned above the stability value
for H/A.DS will now increase to 3.3, which is in good
agreement gith the experimental value, see Equation (28).

SN, .S (cos0)=0.5 (33)
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55 As in the case of the stern wav: an expression to
determine the lowest level of the protection zone against the
secondary waves, below the undisturbed water surface, has
been derived from the measured transport; see Fig. 21:

1 4

Bl': 3.0 (A’fn - 1.5) (34)

50 50

. R Fig. 21: Llowest level of tramsport by

. , cmeen  gecondary waves

. {147 he applicabiit
, ? pplica ty of Equation (34) is
g J determined by the requirement that no
I A damage may occur in the lower

) i, protection zone, see Equation (26).

P 56. The upper boundary of the
’ e e e 130 protection zone with respect to the
K i undisturbed water surface, can be
= determined with the wave run-up formula

Ru H 0.5
ol 2 cs(ifé’ 2 tga = 2 e E (for & ¢ 3) (35)

with Ru = wave run—up and cg = 0.6 for rip rap

57. Screw race. Stability of bottom and bank protection
against the screw race attack is important when ships are
manoeuvring near locks and berths. .

3
.
Tt
H
\

Fig. 22: Transport caused by screw race

o For these situations model and prototype
experiments indicate that:
u

et @

o 5 3 8 58 3 383 E 3

%L (36)
(g.A.D 305
= in which u, . represents screw-induced current

108

velocities ¢omputed with Equation (10) and c
1s a constant, From Fig. 22 it can be seen
that, according to the experiments (ref, 10):
¢ = 0.55 (no transport); ¢ = 0.70 (small transport).

58. The area in which the transport occurs is characterized
by, see ref. 1Q0,: 0.05 < zs/xs < 0.35 and -0.2 < ys/xs < 0.2,
in which xg, y, and zg are ordinates with the origin in the
centre of the screw. -

o or os of as W 1w ¢

Bar
ios

Experimental model for the stability of block revetments

59. A slope revetment consisting of loose blocks derives
its strength from the mass of each individual block. Friction
between individual blocks increases the strength of the slope
revetment. Other factors also may contribute to the strength
of a slope revetment, for example, interlocking between
blocks, clenching of the blocks, etc. A slope revetment may
also derive its strength from the sublayer. In the case of an
impermeable sublayer, for example, "good" clay, the pressure
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urderneath the blocks cannot build-up as easily as in the
case ot peiuerhble sublayer and this results ia a higher
revetment streagth. However, when erosion of the clay occurs,
for example, "poor” clay, the strength of the slope revetment
is reduced. In this case, therefore, the strength of the
clay, that is, resistance against erosion, is the weakest
link.

60, For wave attack (wind waves or ship waves) the
downsurge stage is mostly decisive for the possible lifting-
up of blocks, that 1s, the combination of pressure due to the
high level of phreatic line and pressure duve te the oncoming
wave front. A simplistic equilibrium analysis of the
stabllity of blocks placed on a permeable gublayer leads to
the following strength equation:

R cosa . :
Aan = K an

where K is an empirical constant (or function) depending on

‘revetment type (friction/interlock between blocks and

porosity of revetment) and cooperation with blocks lying
above. -

61. 1In the case of ship-induced loads, for example,
transversal stern wave and/or secondary waves, the value of K
can be roughly taken equal to 0,20 for free blocks and 0.15
for grouted revetments. However, in the latter case, the
stability of the filter and/or sublayer may be more critical.
The absolute helght of a block must not be less. than about
0.10 m for it to retain its stability. More exact relation-
ships on the aspects will probably be available when the
recent prototype data have been compiled and evaluated.

62. The upper boundary of a block revetment with respect to
the undisturbed water surface 1s directly related to the wave
run-up, wich can be computed with Equation (35) taking into
account a value of 1.0 for the constant Cge

Mathematical model for the stability of block revetments

63. A mathematical model has been developed by the DSML for
the calculation of pore pressures in the layer underneath a
block revetment, ref. 15 and 24. The model 1is based on the

solution of the equation for groundwater flow in the layer
underneath the blocks, with leach terms to include the
seepage through the revetment. The variation of the phreatic
line within the filter layer 1is included by a simultaneous
solution of the mass balance equation for the flow to and
from the phreatic surface. By using a finite difference code
a realistic representation of the revetment as an alternation
of blocks and joints is possible, The permeability may be a
function of the local hydraulic gradient, thus allowing for
turbulent or semi-turbulent flow, Formulae for flow in narrow
joints have been derived from special permeability tests. The
geometry of the protection may be rather arbitrary in the
model; a succession of different slopes is possible. The
hydraulic boundary conditions may also be arbitrary, for
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example, it is possible to use a tape with measured wave
pressures as Input for the programme:. The programme
calculates both porz pressures and the phreatic level as a
function of time and place. The following conclusions can be
derived from the calculation study: a. The risk of damage to
the surface layer decreases with: more permeable revetments
and with less permeable or thinner (or even completely
absent) underlying (filter) layers; h. The elevation of the
mean level of the phreatic surface above its original level
increases the more permeable the revetment; however, the pore
pressures are then smaller; c. An important parameter for the
determination of the quasi-static pressures underneath the
revetment is the leach length, defined as A = sina vbdk/k',
where a 1s the slope of the dam, b is the thickness of the
(filter) layer underneath the revetment, d is the thickness
of the revetment and k' and k are the permeability of the
revetment and of the filter layer respectively.

-
(=]

Fig. 23 Uplift pressure under revetment

- A pressure-difference curve 1s given in
m\\}:,_______ Fig. 23 based on a horizontal free water

=3
3

Uphf pressry 2agiM
° ©
> 3

demensioniess

o
»

-_—
°
3

T N 7 surface, which varies sinusoidally in
T et time, with amplitude H.
RECOMMENDATIONS

64. The design rules, presented in this paper, concern the
subsoll, the filter layers, the bottom and bank protection
constructions of fairways. As input the predicted values of
the water motion near the banks and bottom are needed. Until
now both the prediction of the water motion and the developed
design rules are mainly based on results of measurements with
-pushing units. To give wider applicability to the design
rules presented it 1is recommended to: (a) make a verification
for more varied circumstances as different ship types,
channel cross-sections, subsoils; (b) take the influence of
more ships at a cross profile into account as well as a
verification of the effect of natural currents; {c) elaborate
and adapt the formulas given for speed prediction; (d) study
the long term effects on the behaviour of the protections and
subsoil; (e) check and possibly improve the relations to
determine the dimensions of block revetment; (£f) develop
critical values for internal hydraulic gradients; (g) develop
a 3~dimensional model to calculate the ship induced water
motion, especially near to the bottom and banks.
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effective transport width m
waterline width of channel
shear stress coefficients

porosity coefficlent

front wave coefficient

shape parameter

block height

nominal dismeter

effective outflow dlameter

propeller diameter

characteristic diameters of graded material
gravitation acceleration . ms
wave helght

height of interference peak

water depth

average waterlevel depression

transversal stern wave hejght

front wave height

front wave steepness

maximum stern wave steepness

hydraulic gradients

’ =]
]
B R H BB

- I -

thrust coefficient of propeller

coefficients

roughness

stern wave length

effective transport length

length overall

length of interference peak

stability coefficient

number of transported stones

number of revolutions

characteristic open area in geotextile

installed engine power

total resistance

wave run-up

radial distance to screw centre

distance to ship's 'side

shape factor ‘ -

current velocity ' ms

maximum current velocity in transversal stern wave ms

averagé return current velocity ms

maximum return current velocity ms

screw-1nduced current velocities ms

outflow velocity ' ) ms~}

ship's speed ms~!

distance from ship's bow , m

distance from screw centre m

eccentric distance from canal axis . m
m
m

It apgasg i

888 ZLH )

lowest level of transport

stern wave coefficient

slope angle : degrees
coefficient for interference peaks -
coefficient for transversal stern wave -
relative density . -
efficiency —
natural angle of repose . degrees
angle of wave propagation degrees
shear stresses N2
transport parameters -
shear stress parameters -
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5 Geotextiles as filters beneath revetments

T. S. INGOLD, 8Sc, MSc, PhD, DIC, FICE, FIHE, FASCE, MSociS (France),
FGS, Ground Engineering Division, Laing Design and Development Centre

SYNOPSIS. 1In the design of geotextile filters to prevent
excessive loss of soil fines under conditions of alternating
turbulent flow there are two schools of thought. The first
prescribes the positive retention of the smallest particle
size by the geotextile while the second attributes the soil
with a self-filtering capability. This implies that only
the larger size soil particles need be retained. These de-
sign concepts are explored and filter design criteria are
developed. In addition to the problem of erosion and suffu-
sion caused by flow of water through the bank soil there is
the hazard of pumping which may be induced in the bank soil
‘through dynamic hydraulic loading of the revetment. This
problem is defined and the results of recent research work
are presented.

INTRODUCTION

To give adequate protection to banks in soils suscept-
ible to erosion, it 1s vital that the revetment incorporates
a suitable filter system. Traditionally such filters have
been constructed using aggregates with specific gradings.
For problem soils it is often necessary to employ a multi-
layer filter system. Over the last decade aggregate filter
systems have been largely superseded by geotextile filters.
Although the mechanism and design of geotextile filters under
steady-state flow conditions is well researched and docu-
mented, there is a dearth of information relating to geotex-
tile filter performance under the alternating and turbulent
flow conditions often prevailing beneath a revetment. Filter
requirements are investigated and a theory is developed to
relate bank soil grading and coefficient of uniformity, U, to
the geotextile pore size Ogp.

DESIGN CONCEPTS

When geotextiles are employed beneath revetments they must
operate as effective filters under conditions of alternating
or turbulent flow caused by vessel wash and propeller action.
One school of thought prescribes to the notion that even under
severe hydraulic conditions it is adequate to retain only the
coarse soil fraction and that this will then act in association
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with the geotextile to retain finzr particles in the main body
of the soil mass. A second school maintains that complete
retention of soil fines can only be achieved if the geotextile
pores are fine enough to retain the smallest particles of the
soil to be protected. Both concepts can be quantified by de-
termining the relation between the characteristic pore size of
the geotextile, defined as Ogp, and other particle sizes of
the soil defined as dn.

FIG.1. TIdealized particle size distribution.
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As an idealisation the particle size distribution curve
of a soil can be considered as a plot of percentage passing,
n, on an arithmetic scale against particle size d, on a logar-
ithmic scale. In the simplest form a particle size distribu-
tion may be taken to be a straight line., If it is assumed
that this line has a slope m and an intercept ¢, Fig.1, then
the equation of the simplified particle distribution is

n = miln (dn) + c el (1)
The slope m can be defined in terms of increments of n and 1n -
(a)

m = An/Aln (dn)

Taking An from n = 10% to n = 60% gives An = 50%. Similarly,
taking Aln (d,) from 1n (d1o) to 1n (des) gives Aln (dn) =
1n (d¢g/d10) whlch by definition equals 1n (U) where U is the |
conventional coefficient of uniformity. From this it follows

that m = 50/1n(U) whence equation (1) becomes:-

n = 501n(dn)/1n(U) +c R -3

60

A Al g

The constant c may be evaluated by substituting a value of n.
In this case take n = 50. On evaluating the intercept con-
stant ¢ and rearranging equation {2), an expression is ob-
tained for dnn
a = exp [(n/50-1)1n(U)+1n(dss)] cesea(3)
THE NOTION OF POSITIVE RETENTION . o
Now to comstrain a certain particle size d it has been
suggested, (1}, that the particle should be larger than the
characteristic pore size of the geotextile, Oaggp. Expressed
in mathematical ‘terms dp = Ogp. In the limiting case the
particle size to be retained would be equal to the pore size,
dp = Og¢. This pore size can be related to the dgg of the
s0il to define a coefficient 0gq/dsg which can be expressed
in general terms by using equation (3). RIS
Og0/ds5p = (dso) ! exp [(n/50-1)1n(U)+ln(dsu)]'" ‘{-.-.(k)
The variation of Ogo/dso w1th the coeff1c1ent of unlformlty u
is shown in Fig.2 for a renge of values of particle size, d,
by Teindl [1] durlng his 1nvest1gat10n of alternatlng turbu—
lent flow. ) S

e b s v . PO ST
FIG.2. Positive retention criteria. ..
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As can be seen use of the c¢riteria in Fig.2 ig very onerous
from two points of view. First it leaves the designer to
select what particle sizeé is to be retained. Secondly, it

is found that unrealistic Ogy Sizes are obtained. There is
some guidance on the first point from Ogink [2] who recommends
Ogg ¥ dis. So suppose, for example, that a silt with dgg =
10um and U = 3 is to be protected such that the d;s particle
size is to be positively retained. Reference to Fig.2 gives
0gp/dse = 0.46 hence 0oy =l.6um. 1In practice the smallest
Ogp available is at least an order of magnitude higher than
this value. Additionally, a geotextile with such a low Ogyp
is likely to have a low permeability which would allow des-
tructive hydraulic over pressures to generate.

.

It is apperent that in the formulation of such a theory
of positive restraint the coefficient of uniformity is used
as a mathematical ploy and does not represent the likely
behaviour of the soil. This is borne out by inspection of
Fig.2 which implies that as a soil becomes more well graded,
that is as U increases, there is need for a smaller Ogqy to

retain a given d_ when d4_ < dsg. Although it is true, accord-

ing to the mathematical model, based on a given dsg the abso-
lute value of d,, (dp < dsg), will become smaller as U
increases, the self—fllterlng capability of the soil will

also increase. What is thought to be a more realistic assess-
ment comes from alternating turbulent flow research on slotted
and geotextile well screens carried out at Ground Engineering
Limited, [3, 4]. This indicates that as the coefficient of
uniformity increases the maximum particle size to be positive-
ly retained also increases. It was found that significant
loss of finer soil particles was prevented by virtue of the
internal filtering capability of the soil which also increases
with increasing coefficient of uniformity.

A PRACTICAL FILTRATION CRITERION - i

There are very few practical design criteria published
for dynamic¢ flow conditions and those that are available tend
to be conservative. A less conservativeé but nonetheless safé
approach can be extended from the results obtained for well
screens vhere the hydraulic conditions are likely to be more
severe than those encountered in inland waterways. The crux
of the approach stems from the ides that the maximum particle
size to be retained, dp, can be related to the coefficient of
uniformity and dsg by equation (5).

dn = 2 dso U (n/50—1)

ee..(5a)

\

where
n = 100 (1 - 1//20) ««..(5b)

Combination of equations (5) leads to equation (6).

a, = 2 dsp y (17 V2/0) ceee(6)
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Now if d, is the maximum particle size to be retained, then
d, 2 040 which leads to equation (7).

Ogo/dse = 2 U (1- v2/0) veesa(T)

As alvays with any soil retention problem a check must be made
on the relationship between the Ogp pore size and a large
particle size such as dgg. In this case the relationship
between Ogg and dggy can be expressed in the form of equation

(8).

0so/deg = -2y (02 = ¥2/0) @

Equation (8) is valld for U>5 and the resultlng varlatlon of
O0ggp/dgg with U is shown in Fig.3. For U<5 the value of
Oso/dgo is taken to be nominally unity. - For cohesionless
soils containing more than 50% by weight of silt the 090 value
is limited to 200um as prescribed by Calhoun [5].

FIG.3. Variation of Ogp/dgg with U
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COMPARISON OF FILTER CRITERIA

The filter crlterla publlshed by Heerten (6) state that
for cohesive soils - .

Qso < 10 dso ' ‘ S i (9a)
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and
Ogp S dgo «vee(Ob)
and
Ogg9 S 100um ‘ coeo(9c)

Criteria 9a and 9b can be represented by equation (10).
Og¢/dse = U°"8 ..s.(10)

This is plotted in broken line in Fig.lk up to the cut-off of
Ogp/dsg » 10. Without this restriction 0gy/dsg would in-
crease as depicted by the dotted line., The corresponding
relationship defined by equation (7) is shown in so0lid line
in Fig.k. Concerning the limitation imposed by criterion
9b, that is Ogp/dgg # 1, it can be seen from Fig.3 that this
limitation is exceeded by the proposed criterion represented
by equation (8).

FIG.L4. Variations of 0go/dso with U i
50

40

Oso/dso
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To compare the criteria defined by equations (7) and (9)

it is useful to plot out Og¢ against U for a specific value
of dsp. This is shown in Fig.5 for dsq = 10um. As can be
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seefi Heerten prescribed smaller values of 04y than equatfion
(7) with there being a cut—off at Ogp= 100um. Equation (7)
renders much higher values of Ogy which increase steadily
until U = 50 which is a cut—off point.  This follows from
limiting Ogq9/dgg to 2 which is a value consistent with minimal
loss of fines. As such this is twice the value prescribed
by Heerten. However, a limiting value of Ogg/dgp= 2 is
prescribed by the Nederlandse Vereniging Kust-en Oeverwerken
{Netherlands Coastal Works Association) for bank protection
works., A limiting value of Ogg/dge = 2 has also been recom-
mended by Tan et al [7] who have suggested that the U.S. Army
Corps of Engineers adopt this value in lieu of the more con-
servative value of unity currently employed. If this
limitation is applied to equation (8) it is found that for
Og0/dge = 2 the coefficient of uniformity must tske a value
of 50. When this value of U is substituted in equation (5b)
it confirms that the particle size to be retained is indeed

dsp. Also this limiting value of U indicates that Og9/dso

from equation (7) must be limited to a value of bL5.

FIG.5. Variation of Oep with U for dsg = 10um, @ =
500-—

For dsg = 10 pm
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SUMMARY OF FILTER CRITERIA - }
The suggested. filter criteria can be summarised as
follows:~ i

<y s
{(a) TFor 12U =50 (1= /2/0)
Oge/dse= 2 U
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but
Ogo/dsop 45

(b) For U<S

Ogo/dgg# 1
(c) For U>S :
Ogo/dso = 2 U (0.2~ /é/U)
but S , -
Osb/dso }2 .

(a) For non-cohesive soils contalnlng more than
50% by weight of silt.

0gg # 200um

PUMPING

The phenomenon of pumping occurs when erodible soil in
contact with free water is subject to cylic loading which can
induce hydraulic shock. This hydraulic shock can produce
rapid flow of water charged with soil particles. If this
water can escape the soil filters:i‘and the revetment facing,
soil particles are lost and the bank may be progressively
eroded. Classic examples of pumping include the contamina-
tion of railway ballast by formation soil displaced through
dynamic sleeper loading and loss of fines at open joints in

FEG.6. Effects of Oqq on contamination.
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doncrete’ pavemerits due to dynamic wheel loading. Clearly
this phenomenon could be of importance in flexible revetment
de51gn where significant loss of fines could lead to distress
in the armour. The role of geotextllés in reduclng loss of
soil fines from cohesive formations through pumping is cur-
rently a topic of research at the Queen's University of
Belfast. A series of tests have been carried out inyolding
the application of a cyclic load to a bed of coarse sub-base
aggregate over a bed of cohesive soil with the aggregate
underlain by a geotextile filter.  The latest results pub-
lished indicate that, for a given applied load frequency and
intensity, soil loss increases as the 035" size increases,
(7). This is depicted in Fig.6, which shows the effect of
Ogp on clay contamination passing through the geotextiie and
suggests that the nature of the geotextile, that is whether
it is woven or non-woven, has no marked effect’ on “the reten-
tion ability. Work at Birmingham University by Hoare [9]
suggests that loss of fines increases as the cyclic stress

‘level increases and as the number of applied loading cycles

increases. The frequency of applied loading seemed to have

little effect in the range 2.5 to 10 Hz.

Although .the mechanism of pumping is not well understood
it eppears that under certain circumstances it may involve
rapid extrusion of cohesive soil. This notion follows from
the results of the work at the Queen's University where in the
case of woven geotextiles there appears to be some abatement
in the quantity of soil fines passing the geotextile as the
open area ratio of the geotextile is reduced. Research work
at Ground Engineering Limited [10] showed that as the open
area ratio of woven fabric decreased the static pressure, P,
required to extrude clay through the fabric increased. The
results obtained are plotted in Fig.7 with the extrusion
pressure plotted. in the dimensionless form P/2Cu where Cu. is

T
v

FIG.7. P/2Cu versus Open Area Ratio.
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FIg.B. Effects of moisture content on contamination.
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the undrained shear strength of the soil. Since it is the

quotient P/2Cu that governs extrusion, it follows that for a
fabric of a given open area ratio extrusion will occur at a

progressively lower pressure as the undrained shear strength
of the soil decreases.

This possibility is clearly reflected in Fig.8 which shows
that as moisture content increases and, therefore, undrained
shear strength decreases, there is an increase in the rate
at which clay passes the geotextile.

Clearly in a revetment 1t is not feasible to attempt to
control the moisture content of the bank soil. However, other
tactics might be adopted. These are suggested by the obser-
vations (7, 8) that the clay slurry tended to form on the
surface of the clay formation at the points of contact of the
coarse aggregate., If slurry is generated at points of high
contact stress then the situation can be improved by spread-
ing a blanket of sand immediately above the geotextile, This
has three benefits. Firstly, high contact stresses are
spread more evenly onto the formation soil and so reduce the
preoduction of clay slurry. Secondly, a fine to medium sand
would have a very small equivalent Ogg which would assist the
geotextile in retaining any slurry developed. This can be
observed in Fig.6 which shows that the two granular filters
employed were much more effective than any geotextile.
Finally, the use of a sand carpet above the geotextile gives
some protection during construction. - This is particularly
important since an undetected tear in a geotextile over an
erodible bank soil could result in local erosion leading to
slippage in the bank. -

CONCLUSIONS
Two design approaches have been considered. The first
requires that a very small particle size, such as the d;s
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size, should be positively retained. This can give rise to
unrealistically small pore sizes. Although such small pores
would retain the soil they would be likely to be associated
with low geotextile permeability that could allow the develop-
ment of destructive overpressures. In the second design '
approach which is considered to be the more practical of the
two, it is assumed that only the larger particles sizes, such
as dgg, need be positively retained. . With a reasonable gra-
ding bank soils can be well compacted such that a maximum pore
size equal to twice dgo can be employed without significant
loss of soil particles. For uniformly graded soils the soil
particles, even after compaction, are not so densly packed
thus the geotextile pore size defined by Ogp should not exceed
dgg. In addition to the problem of erosion or piping there
is the hazard of pumping which may be induced in the bank soil
through dynamic hydraulic loading of the revetment. It has
been shown that the magnitude of.soil loss due to pumping de-
creases as the 09y pore size decreases. However, geotextile

. filters seem to be less efficient than granular filters in the

form of s sand carpet. It is suggested, therefore, that a
sand carpet be employed in association with a geotextile since
as well as enhancing filtration the sand acts as a protective
layer during construction.
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T1 Influence of the filtration opening size on
soil retention capacity of geotextiles

Y. FAURE, J. P. GOURC, and E. SUNDIAS, Université de Grenoble, France

SYNOPSIS. = Investigations are developped at the Universily
of Grenoble (IRIGM) to determine filter criteria of woven ana
non woven geotextiles. The particule size retention of the
geotextile is obviously depending of its filtration opening
size Of but also of site and use conditions.

Two testing procedures were performed for "soil—geotex—
tile - granular drain® samples :

- either dynamic loading tests, simulation of setting
on conditions ;

- or static loading tests with steady flow of water
during 24 hours.

The 1laboratory tests results lllustx‘ate not only the
influence of Of/Dﬁs ratio value (Das ; greatest grain size
diameter of the soil) but also the solicitation effect (dyna-
mic compaction energy, static load, flow gradient).

INTRODUCTION

In civil engineering, granular filters are more and more
often replaced by synthetic filters with polymer fibres (geo-~
textiles). A filter has to satisfy two criterias : a retention
criterion and a permeability criterion. In this paper, we
1imit our study to the first one.

FILTRATION PARAMETER OF A GEOTEXTILE

The determination of a retention criterion for granular
or fibrous filters requires parameters characterizing the soil
to be filtered on the one hand and the filter on the other
hand.

In the case of granular filters, Terzaghi's retention
criterion use the D§5 of the soil (initially an uniform soil)
and designs the filter by its pore mean diameter 4 :

= s
d < 085

d ¢f a granular medium is depending of grain diameter

and may be estimated by the relation :

A
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f

Thus the D 1s5 of a granular fllter : Dyg is given by the

wellknown relation :
f s
<
D15 4D85

In the case of geotextiles, the pore mean diameter is
independent of the fibre diameter and consequently this last
one is not sufficient to characterize the fibrous medium.
4 have to be defined by others structural parameters of the
geotextile.

1. Porometry
Rollin (ref. 1) measures, by mean of a quantimeter,
distances between fibres on cross sections of encapsulated

geotextiles and obtains the histogram of pore diameter (fig.1l).

[¢)
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Fig. 1 : pore histogram of a needle-punched non woven obtained
with a quantimeter under various compressionOnN
(Rollin, ref. 1).

Gourc (ref. 2) and Rollin using morphometric analysis
describe the fibrous medium by a porometric curve which agree
with the previous results (fig. 2): (Note that capillary
methods give different values).

But the porometric curve is not enough to characterize
the filtration behavior of a geotextile : its thickness will
modify it. Indeed, the probability of blocking a soil particle
increases when the pore size decreases but also when increases
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the length of the way through the geoteailils w1 constant poro-
metry.

9% (< d')

100
4 succlon (coset=1)
a succion (cos = }{)
O Quantimetre
» Morphometrie
501 Dx30p n=Q92
non compeimé
10
N . . R d'
1 _ 10 50 100 1000 (u)
Fig. 2 : comparison between teoretical pore distribution and

measures with quantimeter or capillary method for
a needle-punched non woven. -

2. Filtration opening size

For this reason, a sieving experiment would give comple-
mentary informations about retention capacity of geotextile.
A filtration opening size Of can be determined by the greatest
grain size of the passing soil through the geotextile : Dgg,
Dgs or Dgg according to the authors. '

Various sieving methods exist : wet or dry sieving of
glass beads or of soil with uniform or spread grain size dis-
tribution. The French Comittee of Geotextiles recommends an
hydrodynamic sieving like this presented by Fayoux (ref. 3)
sieving of a well graded soil with alternating flows. The fil-
tration opening size is taken equal to the Dgg of the passing
s0il. This method creates critical conditions with hydraulic
forces which prevent clogging.

3. Retention criterion of geotextiles

The most elementary retention crlterlon could mean that
the geotextile is able to block the greatest particles of the
soil.

The criteria found in the litterature are formulated
from filtration opening 51ze Or measured by different methods
and correlate Of to the DBS or DSO of the soil. Few of them
consider the soil uniformity coefficient Ug, the geotextile
structure (woven or non woven) aua the mechanic or hydraulic
forces.
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The diversity of those criteria and some contradictions
may be noted on the figure 3 where a synthesis is presented.
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Fig. 3 : retention criteria proposed by various authors for
geotextiles.

EXPERIMENTAL STUDY

Investigations are developped at the Institut de Recher-
ches Interdisciplinaires de Géologie et de Mécanique, Univer-
sity of Grenoble (France) to show off the influence of site
conditions (flow gradient, static or dynamic loading) and the
influence of the geotextile (by its filtration opening size) on
its soil retaining ability.

Two testing proceduces were performed on "soil-geotex—
tile - granular drain" samples :

- either static loading tests with steady flow of water
during 24 hours ;
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~< or dynamic loading tests to simulate setting on condi-
tions and to 1llustrate the geotextile filtration behavior in
function of the applied energy.

— The tested soils are quartz powders (cohesionless soil)

fig. 4 . s

. soil 1 : Dgs 110 ym, US = 25
. soil 2 : D85 105 Um, US =1,5

. monoclass soil : 63 - 80 um, 80 - 100 ym, 100 - 125 ym...

T [  /
| =)

PG A0 U — o)

4 i (/. i " A
10 20 30 40 60 80100 150 200 200

Fig. 4 : Grain size distribution of the soils used for filtra-
‘tion tests.

- The tested geotextiles :
. a needlepunched non woven :
BD 280 g/m2 (Bidim U34), 0, = 108 ym.
. a spunbonded non woven
© TP 270 g/m2 (Typar 3807), O. = 40 um.
. some wovens, square mesh : G)f = fibre diameter,

d = mesh opening)

tPt 54 g/m2 (Polytrame) pf - 103 pm, @ = 338 m

tPt 48 g/m? (Polytrame) D_ = 80 pm, d = 169 um

tFy 25 g/m? (Fyltis) of = 42 ym, d = 69 pm
For non wovens O is determined )by hydrodynamic sieving
(Fayoux, ref. 3); for wovens, Of is taken equal to d.

- The drain : glass beads of 10 mm diameter

The stability of the "soil-geotextile filter" sample
is characterized by the mass Y of the passing soil through'
an unit surface of geotextile during 24 hours. In the case
of wovens, it is easy to calculate the passing soil mass pgper

unit pore surface : 2
f
* _u d+ D
Ve =¥e* 173
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For non wovens, the pore surface is not accessible. It
would be possible to estimate UE by : U; = Up/n, n : porosity
but the volumic porosity do not represent the pore area offe-
red to water flow.

BD280 =

TP 270 4
SOL 1
1. Static tests

An oedometric cell specially designed for 'soil-geotex-
tile ~ drain" sample is used (fig. 5). The compression may
be up to 1000 kPa. A retention paper is placed below the beads
in order to recover passing soil in the drain after a flow
of 24 hours.
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Fig. 6 : Static test. Influence of flow gradient ratio i on
passing soil mass HF-

piston
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Fig. 5 : Filtration cell for static loading tests. Sol 1
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A first lot of tests, performed on non wovens, showed ! sol e
the influence of the gradient ratio i (fig. 6) and of the "\\
compression ON (fig. 7). | i
~ The mass of passing soil Wy increases with the flow gradient :
i but not in great ratio : from 50 to 80 g/m2 while i varies _
from 1 to 30 for a soil with many gine particles (50 % < 40 !
pym) under 10 kPa. Note that here 0f/Dgg< 1.
~ Static loading influence is more important (fig. 7) : the 'of
passing soil decreases a great deal even with a high flow . e} P

; : ) . N (KPa)
gradient ratio but the pressure have two roles :. . 100 100 100 300

. modifies the pore size distribution due to the geotex-

tile compressibility and also the filtration opening size ;
increases soil confining pressure and the grains .
friction. Fig. 7 : Static test. Influence of compression O

on mnass HF

Jjo}

N
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To illustrate the iniluenice of wne confining
pressure, we have performed various tests with woven textiles,
considered as incompressible (fig. &). Besides, it was easy
to vary the ratic Of/DBS without dunging the geotextile struc-
ture (fig. 9 and fig. 10).

It may be concluded :

u; of spread grain size distribution soil (soil 1)
is influenced by confining pressure whereas results obtained
with an uniform soil (soil 2) do not point out so great varia-
tions.

Under static loading soil instability appears when
0f/D§5,> 2 but, for a well graded soil under low confining
pressure, instability may occur if ‘Of/D§5> 1.

AL

3] ‘
\
\‘\ -
‘\
\
. A
A N
\\
2 %
] \ Soill
\\
\
\ 0( _1 5
Ay L 3
708,
\
‘\
Ay
‘\
1. N
AY
\\
A
Soil2
=2,
R O
Y =16 W—0u = m
i /uas . - On
° 10 102 10° «kPa

Fig. 8 : Static test. Influence of the coefficient of uniformity
US and of compression Ody.
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2. Dynamic tests

The automatic apparatus, already presented at the 2nd
International Congress at Las Vegas, by Loubinoux (ref. 4),
allows dynamic compaction by cyclic fall of a weight on the

"'soil-geotextile - granular drain" sample weight of 90 N, -
fall height 1 m, number of falls N = 10, 20, 50 or 100
(fig. 11).
m=8.9kg
h=1m
N =100
4 N ¢
% l g
soL/soiL % TSN
GEOTEXTILE

Wo

DAY DANY

fig. 11 : Filtration cell for dynamic loading test.

A first serie of tests on non wovens indicates (fig.
12) the influence of initial water content W, on passing soil
mass and a comparison between passing soil from soil 1 or
soil 2 shows the uniformity coefficient influence (fig. 13)
soil instability increases with Wg and also with Ug.

Mey

05

FAURE, GOURC and SUNDIAS

1
kg/m BD

N=100

’a.-——-..--— & ______.TP

Fig. 12 Dynamic test. Influence of w, on mass pF.t

!

He /

.u.

Fig. 13 : Dynamic test. Role of soil uniformity coefficient U
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A second serie of tests were periormed on wovens in con-
tact with "mono class" soil : .

. Fig. 14 carries out that soil stability is ensured
when Op/Dgg < 2 under low energy N < 20.

. Passing soil mass seems to_ be proportional to the .

applied energy for great ratio Cr/Dgs (3.5 or 4.4, fig. 15)
whereas it tends to a constant level, i.e. to a stable soil
structure for Of/Dgs < 2,

k /l*
g F -
'm2

8 - | wovens |

e

6 il
of | 9
Q
. # 1/
I
/ 20
o——o
2 / £ VAau.
. 10
// /.//'/
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| 3
/3,

2 3 4 5

0N
I

Fig. 14 : Dynamic test. Influence of relative filtration
opening size Of /Dg5 and of applied energy (N falls)
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100

Fig. 15 : Dynamic test. Same results asonfig. 14, but with

soil instability when Of /Dgs
versus compaction energy.

equal to 3.5 or 4.4
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CONCLUSION

Confining pressure furthers stability of the soil to
be filtred.

. Floy gradient ratio increases a little the passing
soil if Of/Dgs < 1.

. A spread grain size distribution soil is more unstable
than a uniform soil, particulary under a low confining pres-
sure. )

. of/D§5 < 2 ensures stability of an uniform soil under
the considered conditions : static or dynamic.
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df = d : mesh opening of a woven filter
Ef : pore mean diameter of a granular filter
Df fibre diameter of a textile filter
Dis : D15 of a granular filter
Dgs : D85 of the soil to be filtered
0f : filtration opening size of a textile filter
US : uniformity coefficient of the soil to be filtered
Mg : mass of soil passing through the geotextile per unit
surface during 24 hours
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i : flow gradient ratio
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Development parameters for integrated
6 flexible revetment systems

E. G. WISE, Consultant

SYNOPSIS. The Paper discusses the principal engineering
and economic factors which have stimulated the development
of single-layer armoured revetment structures, orthognally
integrated from pre-assembled flexible panels of castable
armour blocks, in association with underlying geotextiles.
Cost effectiveness of such revetment structures is reviewed
in relation to conservation of materials, labour,
installation time and maintenance; typical components and
their production methods are described; and design aspects,
affecting stability and durability are considered
particularly in relation to the two-dimensional cable
restraint of the armour units and the anchoring of completed
structures.

INTRODUCTION

1. The principal concerns of this Paper will be with the
development and behaviour of revetment systems provided by
an inter-connected single layer of armour units, overlying
geotextile filters in alternating flow situations. However
it is perhaps appropriate as a prelude, to briefly review
the general catagories into which all forms of revetment
may be grouped: And thereafter to establish a theme by
defining the characteristics peculiar to such integrated
systems.

2. It is clear that all methods of erosion control
provide protected surfaces which may be either rigid or non-
rigid, installed either as single or multiple layers, and
by means which result in either a uniform or a random
surface finish.

3. Beyond these conceptions however there are significant
differences between armour surfaces which are rigid or
merely non-rigid or which are intrinsically flexible.

4. Although no definition of a rigid revetment is
necessary it may be noted that such works are predominantly
fabricated in situ; that they involve relatively slow and
labour intensive methods; that construction standards are
vulnerable to climate, staff capability and access to the
works and particularly so in the erecution and supervision
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of «1ll underwater installations: Furthermore rigid
revetments do not adapt to weaknesses or movements which
may develop within any protected earth mass and which, if
indicated, signal the need of maintenance effort to prevent
a progressive deterioration of that mass.

5. The components of non-rigid revetments, on the other
hand, may be pre-formed and assembled under carefully con-
trolled production conditions, and with the close degree
of supervision inherent in factory processes. This manu-
facturing characteristic is one which, in effect, extends

from the screening of a specified rock size, through gabion ‘

or mattress construction, and to the machine casting of
concrete blocks or other armouring units which have been
devised as alternatives to rock.

6. A non-rigid revetment comprising such pre-formed
armouring elements may be classified either as one whose
stability is conditioned by the weights of its discreet
units:

(a) In conjunction with an indeterminate interlock:

or (b) Supplemented by some inbuilt degree of bonding
between units.

7. As neither class of revetment can be assembled with
degrees of either interlock or bonding which will ensure
a three-dimensional stability of armoured surfaces, and-
since both classes readily respond to any ground movement,
there is an inherent probability of random displacement of
individual armour units, or of assemblies, at times of
extreme distress.

8. Where random-rubble or pre-formed systems of discreet
armour units are used to protect an earth embankment against
surface wave attack such armour must necessarily extend
downwards to the embankment base, not withstanding that a
stable underwater unarmoured zone might otherwise have
developed above that base.

9. It may also be that such total <mbankment revetment
will generate difficulties in routine maintenance dredging
operations.

10. It is considerations such as these which logically
support a system of flexible two-dimensionally integrated
armour units and which suggest the following definition:—

"An integrated flexible revetment structure is one
of any extent comprising an arrangement of castable armour
units whose movements relative to adjacent units and to the
armoured surface are restrained by an inter-connecting two-
dimensional mesh of flexible cables or the like, and by the
anchoring of the integrated structure through the protected
earth surface." :
11. Although the. concept of integrated armour relates
orinarily to improved stability, the following are supple-
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mentary economic advantages also inherent in the system:-
ECONOMICAL ADVANTAGES

12. Ever-increasing labour, material and transportation
rates stimulate a continuing need to minimise the costs of
engineering projects. While notable successes have been
achieved through the developments of new materials,
computer-aided production, and improved constructional
techniques, it is unfortunate, to say the least, that
resulting economies should frequently have attracted a "low
cost" tag: For it remains a fact of life that just as a
dog may be doomed by a bad name so too can "low cost" come
to be interpreted as "low grade" or synonimous with "cut
price" or "second best! or worse.

13. In reality a '“low cost" project is any which seeks

. to maximise the efficient installation of a minimum amount

of economic material which is capable of performing a speci-
fied function; and in the field of erosion control a sound
"low cost" case is surely emerging for a very close assoc-
iation between flexible integrated armour and carefully
selected types of geotextiles, both of which are intrin-
sically "low cost" but certainly neither "low grade" or
"second best". '

14. An absolute justification of any inovation will always
be difficult for the very simple reason that newness is
always difficult to justify. Certainly any attempted
comparison between recently developed flexible revetments
and earlier, more widely proven rigid or non-rigid -
alternatives can only be invidious since both must necess-—
arily be related to past effectiveness, maintenance and
eventual replacement costs. :

15. Nevertheless the following do seem to provide signi-
ficant present day economic arguments in favour of typical
single-layer flexible revetments:-

a) U.K. installation rates of the order of £20-£30/m’
for embankment protection against 1-1.5m surface wave
attack. .

b) Installation teams of 4-5 men, having only relatively
simple handling procedures to follow and whose most ‘
skilled member is a crane operator.

c) Revetment laying rates of up to 75 m’ per hour
which are primarily influenced by site preparation and
access and material deliveries.

d) The reduction to a minimum, or in some situations the
total elimination, of diving effort for revetment installa-
tion below tidal ranges.

e) The recovery, for future re-use, of components of a
revetment in the event of accidental damage to the structure
or unforseen distress in its underlying earth mass.
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DEVELOPMENT CONCEPTS

16. The attributes of non-rigid armouring systems have
generally been claimed under the following headings:-

a) Production standardisation of armouring units under
controlled conditions.

b) The simplicity of their bulk handling and/or assembly
into easily transportable loads.

c) A variety of available installation technigues to
suit differing site conditions.

- d) Accurate underwater laying and anchoring of pre-
fabricated assemblies.

e) The facility to retrieve and to re-use non-rigid
panels in the event of accidental damage to the protected
earth mass.

f) The ease with which geotextiles may be laid in
associlation with non-rigid armour, particularly in under-
water situations.

17. While the above attributes are also endemic to
flexible revetment systems the following additional
factors, introduced by integration, merit further consider-
ation:-

g) The ease with which variably contoured and plano-
metrically curved ground surfaces may be armoured without
an attendant risk of subsequent individual armour displace-
ment especially from vertical convex underwater surfaces.

h) An improved stability of armour units resulting from
their integration.

i) Means by which pre-assembled panels of armour units
may, themselves, be inter-connected and pre-tensioned to

provide integration of an entire revetment.

j) Finite determination of continuous long-term
anchoring restraint.

COMPONENTS OF FLEXIBLE REVETMENTS

18. A schedule of the components of an armoured flexible
revetment, including its handling and installation equip-
ment, is a quite modest one amounting to no more than:-

a) Precast concrete armour units.

b) Anti-abrasive liners.

c) Cables, having anti-abrasion sheaths.
d) Cable connectors and associated tools.
e) Geotextile filters.

f) Handling equipments.

g) Anchors.

AR
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Armour Blocks or Units

19. Of flexible revetment components the armour block is
certainly the simplest, and therefore probably requires the
least said about it.

20. Generally, but not necessarily, blocks are cast with
a cellular configurafion; in each there are at least two
cable tunnels, penetrating the block and connecting opposing
sides, in mutually transverse directions. Preferably the
tunnels are sleeved with anti-abrasion liners to provide
a second-line of defence for the anti-abrasion sheaths of
the cables themselves, which are free to move within the
liners. )

21. There is a wide range of block-making machinery,
incorporating computerised batch monitoring censors, and
which are therefore capable of production rates, with
multiple moulds, of up to 180-200 blocks per hour, each with

an assured 28 day strength of not less than SON/mm’ .

Cables

22. The degree of stability of an armoured flexible
revetment is necessarily closely related to the durability
of its intergrating cabling mesh. Of the several types of
cable employed in the past to inter-connect armour units,
among the earliest were high-tensile steel aircraft tendons,
used in revetment projects in the Southern States of
America. Within the draw-down range of waters having high
chemical concentrations, surface corrosion of the cables
became evident after 5-<7 years, followed by initial strand
failure at 10-12 years: In cable zones, adjacent to connec-
tions, the rates of corrosion were, of course, frequently
accelerated. Stainless steel cables have also been tried;
but their cost, allied to a comparative inflexibility and
considerable handling difficulties, make their future
general use appear somewhat unlikely.

23. During recent years there have been very significant
developments in the production of cables from extruded
plastic filaments, prominent among which are parallel-laid
cables of high-tensile polyester filaments, contained within
braided sheaths. In the absence of severe ultra-violet.
light such filaments are inert and seemingly resistant to
almost all forms of degenerative attack within wide
temperature ranges; while cable sheaths, in addition to
providing high abrasion resistance alsoc act as UVL shields.
In accordance with normal practice, manufacturers of
synthetic fibre cables provide Guaranteed Minimum Breaking
Loads (GMBL) for new cables: And while strength fall-off,
with time, is notoriously difficult to predict owing to the
several factors detailed at paragraphs 28-31 it seems that
a working life in excess of half a century is quite
realistic.
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Principal Quantifiable Cable Properties

26. Table 1. sets out Average Breaking Strengths, and
Guaranteed Minimum Breaking Loads (GMBL) for typical overall
cable diameters when measured at BS 5053 check loading; also
included are corresponding Safe Working Loads (SWL) for
Factors of Safety (FS) of 3, 4 and 5, given by:-

SWL = (GMBL x M x K) = FS
where M is a "mode of 1lift" factor being 1.4 for angled

slings; and K, a splicing factor of 0.85 for continuous
slings.

Table 1
Cable Diameter 8.5mm (5/16") 12.0mm (J}%")
Tonnes 1bs. Tonnes |lbs.
Av. Break Strength 3.2 7053 . 6.7 14,777
GMBL 2.9 6392 6.0 13,224
SWL for....FS=3 2535 5246
(MK=1.19) =4 1901 3934
=5 1522 3147

27. The total stretch of any cable, under load, is made
up of an immediate elastic stretch, a delayed elastic
stretch and creep. As Table 2. illustrates, on repeated
cyclic loading some delayed elastic stretch and creep
are taken out of the cable which is then said to have
become "harder" or to have acquired a state of lower
stretch.

Table 2
Cable Diameter 8.5m; 12.0mm
Cycle 1 Loading .
Stretch from check load to 10% GMAL | 1.6% 1.6%
25% GMBL | 3.2% 3.2%
30% GMBL }| 5.0% 5.0%
Cycles 2-5 Loadings to 50% GMBL,
followed by a one hour rest,
followed by:-—
Cycle 6 Loading: ..... . to 10% GMBL | 1.2% 1.2%
. 25% GMBL 2.6% 2.6%
30% GMBL | 4.0% 4.0%
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Fatigue

28. Cable fatigue conditions may involve a combined
variable loading and deflections of the longitudinal axis
of the cable. In general it seems unlikely that a cyclic
cable loading due, for instance to wave or draw-down condi-
tions, will exceed 20% of the cable GMBL (equivalent to '
a panel-handling Factor of Safety of 5). At such low loads
it is believed that fatigue-free life should exceed 1jp
cycles, or 25 years at maximum wave frequency, before any
appreciable strength fall-off occurs.

29. If the solid angle through which the longitudinal
axis of the cable may deflect during this cyclic-time does
not exceed 3° the mutually sliding capability of the
parallel cable fibres will accommodate an infinitesimal
cable transverse deformation without reduction of full-
strength cable life.

Exposure to UVL

30.- A completely clean and unsheathed cable, exposed to
sunlight, in European latitudes, for one average month per
year would lose 19% of its initial strength after 20 years;
although it is highly unlikely in practice either that the
cable would be unsheathed, or remain clean enough for this
fall-off rate to proceed.

Unquantifiable Cable Properties

31. The following are among the hostile modes of cable
attack which are either difficult or impossible to
quantify:- i

a) Chemical: This is dependent upon concentration and
water temperature. Although some alkaline build-up could
occur adjacent to revetment concrete components, experience
suggests a maximum cable deterioration of 3%-5% in 10 years

b) Micro Biological: Is negligible on polyester.

c) Fish Bite: Limited to unprotected cables in tropical
waters or to attack by warm water Gribbon who live in power
station effluent.

d) Abrasion: Although abrasion cannot -be quantified,
the rate at which it occurs can be rigorously inhibited;
for example by a passive flexibility of cable sheaths
working in bell-mouth soft-skin liners.

e) Vandalism: What one man is seen to build another
will always be able to demolish; and there is little doubt
that the best defence against a determined vandalism lies
in revetment cable concealment either beneath established
vegetation or within the revetment itself. At the same
time, as with all social ills, the symptoms of vandalism
may be exaggerated out of all proportion to the complaint.
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Cable Connection

32. Following the installation of separate flexible
panels, the cables threading together the panel armour
units, must themselves be inter-connected both laterally
and longitudinally by cable connections to form an inte-
grated revetment structure. Such cable connections may
either be "static", which type includes all forms of
sleeves, permanently crimped onto cable ends; or '"dynamic®,
and capable of responding to increasing cable loading by
a progressively firmer grip upon the connected cables.

33. Because '"static connectors' cannot counter an
inevitable small, but progressive, cable "wasting" with
increasing load, they are, as a type, structurally inferior
to their dynamic alternative. However, the cost and
comparative complexity of the latter type have lead to
telling arguments in favour of well-known knots in conjunc—
tion with simple tensioning tools; notwithstanding that
such knots cause an approximate 50% reduction of unbroken
cable strength, unless techniques, involving friction
devices, are employed to minimise such strength reduction.

GEOTEXTILES

34. Nothing can be added in this Paper to the already
fully documented characteristics of geotextile filters
whose effectiveness is widely established and whose uses
are very well ‘known. However it may not be inappropriate
to pay tribute to the professional advisory service,
provided by manufacturers, concerning the correct
geotextiles for specific applications.

35. 1In calm-weather conditions the handling and laying
of geotextiles above water, well in advance of covering
armour, presents no particular problem. However because
of low specific gravity, the fabrics usually require either
pre-weighting or similar restraint when laid, alone, below
tidal ranges; and particularly sc when wave or current con-
ditions prevail. This may entail added expensive diving
effort and it has been found advantageous in several under-
water revetment projects to pre-attach the geotextile
underlay, having a leading valence or skirt, to the under-
side of a flexible armour panel with the skirt temporarily
secured to its upper surface, and to thereafter install
the combined revetment unit in a single operation; follow-
ing which the leading edge of the skirt may be automa-
tically detached from the upper surface of the panel and
be temporarily restrained on the earth bed pending the
placing of the following revetment unit. )

36. Fig. 1 illustrates one such assembly suspended from
a spreader beam prior to its installation in deep tidal
water.

WisE

Fig. 1

HANDLING EQUIPMENTS
37.° Generous handling safety factors maKe it feasible

to crane-lift flexible revetment panels from one end; and
to thereafter install them simply by an outward lowering

of the crane jib. However there are advantages in suspend-
ing a flexible panel by its opposing ends from the cross-

heads of elther a fixed or variable-length spreader beam.

Apart from requiring a lower safety factor, and a shorter
crane jib, a spreader beam facilitates a remote release

of the panel following its underwater installation.

38. Fig. 1 also shows one form of fixed spreader beam
having cross-heads with fixed bollards arcund which the
panel cable slings are looped to lie upon a horizontal gate
at the base.of the bollards. Following the installation
of the panel, the gate is free to be raised, by remote
means, and to disengage the untensioned slings from their
bollards.

39. Equipments for use with fixed spreader beams and on
restricted sites are shown at Figs. 2 & 3 respectively.

40. Finally space limitations permit only a passing
reference to flotation méthods of panel installation,
currently under investigation.
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ANCHORAGE

41. The history of earth anchorage is both brief and
recent, and accordingly descriptions of revetment anchors
have generally lacked depth. Even today, methods available
for insitu testing of multiple earth layers admit no pre-
diction of their joint behaviour under variable physical
conditions.

42. Nevertheless recent field tests have shown that
anchoring mechanisms, driven less than 2m through wide
spectrums of soils, can develop displacement resistances
which exceed 3 tonnes at extractive angles of less than
45°, While further investigation of anchor behaviour is
necessary, enough is known to identify basic requirements
and to include Figs. 4-7 of mechanical anchors which embody
principles of minimum cohesive disturbance and variable
resistive surfaces.

43. WLlle flexible revetments are frequently anchored
by burying their upper or lower ends in trenches, a precast
anchoring and panel-connecting block has been developed
for one flexible revetment system for use, either as an
alternative to trenching, or at intermediate points on an
armoured surface. The block is restrained by appropriate
anchors and is shown in Fig. 8.

PR P 0o 2 o oy
\\%/ X frr 1.. s_I - Flg. 8

M H g

e T e F R Ratd

T did | L

> ‘. - — - ..——-’._.. -f-- __.T. lv-—

i A ] A ]

M /I g S POt _Jl 7t ﬂ v

RS SNy xx e gtie | M ) o Hij
== ~T —h...._, Ul

r
r
P
\g
1
\d .
5=
O -~

WISE

DESIGN ASPECTS OF FLEXIBLE REVETMENTS

44, It has been said that engineering developments, borne
in theory, often die in practice. This certainly cannot
be true of all non-rigid revetment systems, many of which
seem to have evolved primarily from precedence and with
only slight technical justification. A glance at non-
dimensional Stability Coefficient (Kd) values, in the well
known Hudson Equation, for weight determination of
irregular rock armour, will support this view.

45, The mean values of all Kd Coefficients, published

in 1975 for "breaking" and ''non-breaking" wave conditions,
are 5.6 and 6.3 respectively. Since then an increasing
use of precast non-rigid armour has introduced a trend
towards much higher Kd values: In 1981, for example, a
suggested value of 42.5 was published for one such system;
more recently the concept of total armour integration, as
a possible prime factor of revetment, prompted Kd guide-
line values of 80+, subject, ‘of course, to test verifica-

. tion. Finally initial notification of full-scale hydraulic

tests carried out in America on integrated flexible armour
in 1983 include references to modified Kd values of 230.
Some time must necessarily elapse, however, before such
early suggestions can be substantiated. In the meantime,
since fully integrated flexible revetments exist further
consideration of them seems necessary now.

46. To this end, since a GMBL, and therefore an SWL, is
assignable to any cable size, and because armour blocks
weighing up to 800 lbs.' (360 Kgs.) can be economically
produced, it is proposed, in the first instance, to relate
SWL's to block weights, by considering an arbitary square
panel of side "1", comprising 1’ unit-sized blocks each
weighing W and integrated by lateral and longitudinal
cables, freely passing through "n" orthognally arrariged
tunnels in each block, and having their ends secured at
the periphery of the panel. Then if the panel, as a single
flexible revetment component, be suspended by the one block
at its centre, the maximum value of W will be given by:-

. 'n(SWL) = W (12-1)
and W = n{SWL)/(1*-1):-

or for any assigned SWL, a maximum block weight will vary
directly with the number of cables and inversely as the
square of the. panel side.

47. By way of example, since the permissable road trans-
portable width of a revetment panel is 8ft. (2.44m), then
an 8' x 8' square panel, of unit-sized blocks, integrated
by a 1/1 mode of 12.0mm cables, each having a SWL of 3147
1bs. (vide. Table 1), results in a maximum block weight
W =2 x 3147/63 = 100 1lbs. (45 Kgs.).

48. If the panel corners were to be anchored, or other-
wise restrained, it will be evident that for a constant
value of "1", other cable modes such as 2/1 or 2/2 would
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Fig. © Fig. 10

permit proportionately differing maximum block weights.

49. The concept of a flexible revetment component ABCD

is pursued in Fig. 9, when chored either at its corners,
or at mid-points EFGH, through a porous earth surface at 0
to the horizontal; and subject to a hydraulic max. pressure
"p" normal to that surface, induced by a periodic water-
level draw-down H: Then if "w'" be the unit weight of
water, p will tend towards (wl Sin 8 ) as the earth inter-
granular pressure falls, with a corresponding increase in
the hydraulic gradient, towards its.critical, or '"quick"
state at final earth-surface collapse.

50. Considering the equilibrium of the row of blocks
EF in Fig.10, restrained by cables in the two planes EF
and GH (Fig.9), each with a maximum deflection angle = and
tension T: The weight W of each block will have a resolved
component Wn normal to the surface of

(W Cos © ) and when subject to an instantaneous mean
hydraulic pressure of (wl Sin 6 /2), the net upward force
on the row or column becomes:-

(wl Sin 8 /2)=((W Cos 8)+(T tan<+ nT tan %/2))

51. It is interesting to note that since < is small, and
if p/2 be considered as uniform over 1, the cable, if dis-
placed, would approximate to a parabola, having "0" as
origin. Hence if "s" were the maximum rise of the cable
at times of extreme embankment distress:

let R= total Restraint over length 1,
Wnl + T tan = + 1t tan = /2
and P= total instantaneous pressure uplift
p/2 x 1 Sin 6
Then net unit uplift = R-P
1

Considering the cable stability of a length "x" (Fig.10)}

MP= (R-P)x/1 and  MN=T

Then MP=(R-P)x and this = 2y
MN 1T 4

n
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WISE

or y=(R-P)x’ /21T.
When y= s, then x= 1/2

and  s=(R-P)1
8T

52. As an extension of the generalised example at
Para. 47:-
For 1= 8; 8 = 19°(1/3 approx.); « = 2°
W= 100; T= 1000 (% SWL) and
Tt= Max. transverse cable normal
component
Then H= 8 Sin 19° = 2.6°
p/2= 64 x 1.3 = 831bs./ft
and P= 83 x 8 = 664 (lbs./ft. width of
) panel)
Wn= 100 Cos 19° = 951bs.
Tt= 1000 tan 2° 351bs.
.« R= {8 x 95)+(8 x 35)/2 = 900 approx.
and s= (900-664)8 = 0.326° or 2.8"{(71mm)
8x1000

53. It is not envisaged that the armour unit displacement
discussed in paragraph 49-52, however small and contained
such movement may be, should in fact occur when a reveted
surface is subject only to predicted attack, and in the
absence of sub-surface failure: Neither is it suggested
that the stability of a flexible revetment should depend
only upon its anchorage. Nevertheless it is evident that
an anchored integrated revetment may be rationalised and
designed to provide increased structural stability in the
event of extreme distress. :

CONCLUSIONS

S4. a) Single-layer flexible armour integration will
result in improved structural stability with increased
economic benefits.

b) Much experimental and observational effort
remains to be undertaken in order to prove recent develop-
ments in flexible revetment techniques,

c) As with much engineering progress, there is a
latent danger of market forces exerting powerful
influences, upon early technical developments. Were such
influences to operate it could well be that a cutting of
commercial corners would contribute to premature revetment
failures either of non-rigid or flexible revetment systems.

THE WAY AHEAD

55. 1If the above conclusions are acceptable in principle
then there are seemingly good reasons for further research
into the whole concept of anchored flexible revetments for
incorporation into a Code of Practice.




Technical and economical design of modern
7 revetments :

Dipling. H.-U. ABROMEIT and Dr Ing. H.-C.'KNIESS, Bundesanstalt fdr
Wasserbau, Karlsruhe, West Germany

SYNOPSIS. By the investigation of the rentability of perme-
able revetments in inland waterways the probability design
is useful in which the main forces are determined in cate-
gory, intensity and frequency. The main determining forces

" are indicated as spectra which yield the dimensions and out

of these the prospective total costs of investment and main-
tenance as a function of the design level and finally an op-
timization of the design in technical and economical way.
The most benefits result from bonded and flexible covering
layers on geotextiles.

Prefaces

1. The revetments of the nearly 5000 km waterways of
W.Germany represent an important capital of investment and
maintenance. A lot of investigations resulted that the deter-
mining values of design, investment and maintenance of per-
meable revetments of inland waterways are correlated with the
intensity and frequency of the interaction between sailing
ship and waterway. The design engineer becomes more and more
involved with the economic decision problem in which the be-
nefits of a higher design criterion must be welghted against
the total costs. The present paper glves statements and cri-
teria for the optimization of the total costs involved based
on the inland canal with the cross-section of the European
category no., IV. - Ref. 1.

Historical review

1. When the inland shipping was determined by tugboats and
dumb barges the attack of the banks and beds of- waterways
was modest so that even easy revetments were sufficient. The
increasing dimensions and engine power of ships increased the
loadings since the late fifties and caused damages which ma-
de former proofed constructions of no use. To improve the
stability of bank protections various constructions of fixed
ripraps bonded with asphalt or concrete, concrete slabs and
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Fig. 1 : Stern transverse wave, Mittelland-Canal,
W.-Germany

.

some mats or pavements were developed. Thes constructions
became stable in technical way, but even more and more ex-
pensive.

Forces .

1. A sailing ship causes in a waterway with limited
width and depth forces by return flow and water-level de-
pression as primary waves and stern transverse waves as se-
condary waves. The essential forces are determined as pro-
bability values in the first step. Based on results of mea-
surements in nature the forces F are indicated as spectra of
return flow, water-level depression and secondary ship waves.
The spectra correlate the intensity and the frequency of in-
teractions with the level BL of interacting forces. Fig. 2
shows the procedure.

2. PReturn flow. The return flow is marked by the current
velocity V_ and the water-level depression z_ . Both parame-
ters are determined and combined as spectra in height and
frequency in Fig. 3.
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Return flow Propeller jet Waves
1. Theoxry 1. Free jet 1. Bow waves
2. Measurements| [2. Limited jet 2. Stern transverse
3. Sailing con-| theories waves
ditions nmeasurement 3. Rolling breaker
4. Frequency 3. Frequency 4. Measurement
: 5. Frequency

g 7 — 1

-|Loading spectral |Loading spectra| {Loading spectra

v v z

R X,y X,y H
av/dt|=£(BL) av/dt|= £(8L) z_ | = £(BL)
2 ddp e

A

Fig. 2 : Procedure to state loading spectra
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Fig. 3 : Spectra for loadings by return flow
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3. Propeller race. In accordance with investigations in
theory and model-tests measurements in the Mittellandcanal
showed that the propeller yet hits the bottom of a canal on-
ly if a ship starts and accelerates out of the normal sai-

ling. The bottom-loading decreases with increasing sailing
velocity.

4. Secondary waves. By reaching and exceeding a certain
relation of the sailing velocity Vs to the wave-velocity
vV ofv /VC = 0.5 the secondary waves increase to breaking
stern transverse waves which cause a violant loading like a
rolling breaker with high turbulence. Long-time measurements
gave a good statistical relation between the water-level de-

pression 2, and the wave height H with H = l.S-zA.

Dimensioning

1. In the following second step statements for the main
dimensions B of permeable revetments are developed as func-
tions of the interacting forces F which have been discribed
in spectra before.

2. The basic assumptions of the further pfbcedure are :

1. The bank is stable in the case of soil mechanics

2. The soil of bank and bottom consists of a_silty
fine sand with a permeability of k = 6°10 2 m/s

Current Water depression Waves
1. soil 1. Soil . 1.Spektrum
2. Surface layer i =£f(z_) 2.H
D_=£(V,V) p A s
x ' 2. Layers 3 .HUDSON
g =£(v,V) ip=f(g) 4 .Direction
I ] |
Dimensions Dimensions Dimensions
b R
r
a j=£f(v,v g =f(ZA) Dr =f(Hs)
g
= f(BL)
> ;
= f(BL,constrxuction}
Fig. 4 Procedure of dimensioning permeable revetments
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Fig. 5 : Seepage pressure induced by a quick
’ water-level depression

3. Loading by current and waves. For the loading condi-
tion “current” the representative sice of rubbles D_-and the
weight per unit area g of bonded layers are developed and ob-
tained from known and adapted solutions considerxing drag,
1ift and even inertial forces. :

For the loading condition "waves" the criterion of HUDSON is
well sufficient if the sloping direction is considered.

4. Water-level depression. The quick water-level depres-
sion z_ causes a pressure gradient and a seepage pressure i
inside soil and permeable revetment on slope and bottom
which vary with depth z and time. As the permissible seepage
pressure can be developed from stability conditions at the
critical time the necessary weight per unit area g can be

calculated as a function of the water-level depression zy

5. Standard values. The three procedures discribed above
result in technical necessary standard values D_ and g of
permeable revetments. As the intensity of the forces F de-.
pends on the frequency level which is eqgual the intensity
level or the design level BL the standard values depend on
the design level BL, too - Fig, 6 + 7.
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design level BL (%)

99,9

%9 . /’ 4”"

95 . -1 bottom protection
2 revetments ( suspending

84
3 revetment ( supporting)
4 revetment ( drag )

50 | | ] | !

(¢} 2 4 6 8 5 10
g unit weight per area (kN/m")
Fig. 6 : Necessary unit weight per area of

permeable revetments

design level BL (%)
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Fig. 7 : Necessary size of rubbles of unbonded
ripraps
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parts of construction constructions
riprap ©00000
surface |riprap part.grouted 000000
layer riprap tot. grouted 000000
concrete slabs 000000
pavements/mats - 000000
filter |unbond.grain filterfo o © o o o o o o ©
layer bonded grain filterj o o o o 0 0o o © o o©
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drag 000 000 00O 000 000
tatics |support 000 [eloe} 000 000
r~ suspending 000 000
|selected constructions co oo o0O0 o o

Fig. 8 : Possible constructions of permeable
revetments

Constructions :

1. Permeable revetments can be built up with a lot of proo
fed constructions above and under water during still going
shipping. Including the statical features fig. 8 shows a
matrix of today used, proofed and appropriated constructions.

Reritability - :
1. In the third step the prospective costs of investment

and maintenance of eight selected constructions are calcu-
‘lated with the discounting method within an estimated period
of 50 years. The interdependence between dimensions B and the
design level BL on the one hand and between dimensions B

and total costs C on the other hand yields to an interdepen-
dence between total costs C and the design level BL, too.

.2.The costs of investment of the eight selected construc-
tions are calculated with mean cost-values of 1981/82 from
watexways in W.Germany. The costs of the prospective mainte-
nance are calculated with statistical mean values of the
usual effort of maintenance together with assumed strategy
models demonstrating the sequence and the quantity of main-
tenance-work. The strategy-model in fig. 9 shows that the
quantity of maintenance of unbonded riprap layers depends
essentially on the thickness of the surface layer and on the
frequency of ship passages. Bonded surface layers let expect
less maintenance and a longer period of using but in all the
same tendency of wearing ont.
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4 ﬁl(thickness 4 of surface layer i design level BL (%)
= function value of revetment ) : 23,9 AT y vt >
I Fim ui - 1] é 77
do b 1{22 E;I /if ;;7
t:_*r/ A W
Ny o=l N\ N 7
f{» N "55.__ \\\ E
N N T a2 AN \ﬂ
% ~—\[ 1
2 . - i
gl = local wear an
g2 = total wear éE"?
I = repair ' 95 - 2
E = renewal . ‘ un
o [ 7 _] ¥ ¥ time ¢t > : .| 'R unbonded ripraps
™ 84 ; f?V‘
o, : 2 bonded ripraps
Fig. 9 : Strategy-model for usual maintenance : 3 mats/pavements
3. optimization. To get the optimal design level BL the 50 i »~ E '
in technical way necessary dimensions (D, g) and the corres-— v
ponding total costs C can be calculated now. Fig. 10 shows ° 1000 2000 3000
the simplified results of the investigated constructions. : total costs C (DM/m bank )
The best rentabilities could be expected by design levels bet-
wéen 50 and 90 percent. This demonstrates that not the con- Fig. 10: Total costs of bank protection as a
struction will be the best one which is dimensioned for the function of design level BL
-strongest loading but that one which ist dimensioned fir
lower loadings. )
The results show further on that the most benefits can be
expected today from constructions with bonded layers of n
rubbles grouted with partial filling by concrete and with ] $ 4.20m o
geotextiles as filter layer. But it must be remarked that C) water-filled cushions
these constructions are only satisfactory if the bonded la- Lo rr"‘ IABOIH'——*W sandbed
yer is either flexible or the bank let expect no worth min- )

tioning setteling.

Property test A . -
1. To get a mostly objective knowledge about the specific

properties of bonded revetment constructions with different
materials of grouting we make property tests nowadays that
enclosure three main measurements :

- flexibility test
- permeability test
-~ stability of grouting Fig. 11: Equipment for testing the flexibilty

of revetments
Fig. 11 shows the equipment to test the flexibility with

water filled cushions which can be changed in pressure to
simulate the support conditions.
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y  Stability of Armorflex-revetment system
8 under wave attack

ir. C. van den BERG, Nicolon 8V, and Ir. }. LINDENBERG, Delft Soil
Mechanics Laboratory

SYNOPSIS. For a safe application of Armorflex con-
crete block slope protection mats it is mecessary
to know the stability under wave attack. For this
reason 31 scale tests were done in the Delta Flume

.of the Delft Hydraulies Laboratory. The 1:3 slope

consisted of a sandcore covered by 30 cm coarse
gravel and was protected against wave attack by an
Armorflex 180 concrete block system. The weight of
the Armorflex system was about 180 kg/m2, the height
of the blocks 11,5 cm., The system had an open area
of 17%Z.

The Armorflex system and the Delta Flume test
program including the results are described.

INTRODUCTION

! In July 1982 Nicolon B.V. commissioned the Delft
Hydraulics Laboratory to carry out a research pro-
gram on the stability of Armorflex comcrete block
slope protection mats under wave attack (ref. 1).
2. To determine the stability under wave attack the
research program involved model tests in the Delta
Flume of the Delft Hydraulics Laboratory, and the
Delft Soil Mechanics Laboratoery, including the exe-
cution of a number of measurements.

3. The objective of the Delta Flume investigation
primarily was the determination of the maximum
hydraulic conditions during which the Armorflex
revetment system with a realistic structure, incli-
nation 1:3, and subsoil cam be applied without
damage.

4. Following a preliminary analysis it appeared
that the dimensions and capabilities of the Delta
Flume wereé suitable to carry out the investigation
at "actual size", i.e. by using a prototype Armor-
flex 180 concrete block mat.

DESCRIPTION ARMORFLEX
5. The prefabricated Armorflex revetment system is
constructed of interlocking concrete blocks with

Flexibie Amoured Revetments, Thomas Telford Lid, London, 1984 109
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Armortigx block , type open block 180 kg/m2

Armorflex slope protection mat

ARMORFLEX BLOCK AND ARMORFLEX MAT
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specific hydraulic properties (fig. 1). The Armor-
flex mat as such is assembled by connecting blocks
by means of cables. The blocks are placed in
stretcher bond. The cables run through special
ducts in each.block.

6. Block heights vary from 0,10 - 0,25 m for blocks
with holes as well as for blocks without holes in
the middle. Even blocks of 0,60 m are considered at
the moment. The maximum length of an Armorflex mat
is in principle determined by the available hand-
ling equipment. - .

7. The Armorflex mat system can be used for pro-
tection against various types of hydraulic loads
along sea, river and harbour slope defences, e.g.
storm wave loads, ship waves, river currents and
ice flow.

DEFINITION STABILITY

. 8. As a lower limit the Armorflex revetment system

is considered to be stable under wave attack as
long as all the single blocks, of which the system
is assembled, are stable.

9. In general the concrete block-cable systems or
concrete block-geotextile systems need a certain
vertical movement over a distance "d" before the
dead weight of the surrounding blocks will be
mobilised. This distance "d" may be more than 2 cm
and is depending a.o. on the diameter of the ducts
through which the cables run, the cable diameter
and stiffness and the elongation of the geotextile
to which the blocks are attached. Although, depen-
ding on sublayer properties (e.g. grain size) a
vertical movement of this order of magnitude is
often not acceptable for normal design circumstances.
However, under exeptional hydraulic conditions this
might be acceptable. In such cases the cables can

-be introduced as an additional safety. If a certain

movement is accepted serious attention must be given
to the stability of the sublayer material underneath
the slope protection.

10. A previous model study on Armorflex mats on a
1:10 scale showed these mat uplift phenomena very
clearly (ref. 2). This model study was carried out
some years ago for Nicolon by Tetra Tech Inc.,
California, as a first evaluation of the behaviour
of Armorflex concrete block mats when exposed to a
range of wave conditions. In these tests the cables-
were not removed and could act as a reinforcement.. -
Parts of the mat consisting of several blocks were
lifted up and down under wave action apparently
heavier than could be withstood by loose blocks.-
During a number of these tests deformation of the
sublayer as a result of erosion could be observed.
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MODEL BOUNDARY CONDITIONS

11. The model layout has mainly been determined

based on the next 4 items.

a. Permeability of the slope protection system.
From previous research (ref. 3 and 4) it was
known that the permeability of the slope pro-
tection system is an important parameter for
the stability under wave attack. The more per-
meable the protection system the higher the
wave height at which damage occurs. For this
reason an open Armorflex block and a very per-—
meable filter fabric, placed between the Armor-
flex system and the sublayer, were chosen. The
open area of the chosen Armorflex revetment, .
block thickness 11,5 cm, system was 17%Z. The
filter fabric was Nicoclon 66447.

b. Permeability of the sublayer. |
Further it was known that the permeability of
the subgrade material is also an important para- ‘
meter. The more permeable the subgrade material »
the lower the wave height at which damage occurs }
(ref. 4 and 5). Because a lower limit for the i
equilibrium conditions of the Armorflex blocks
was wanted by Nicolon, a very permeable subgrade’
material (silex) was used. This material has a
D50 of 37 mm and is suffic¢iently resistant to
internal erosion. '

¢c. Definition stability.

As explained before for the stability of the
Armorflex revetment system the stability of the
single Armorflex blocks, mot comnnected by cables,
is considered. So in the area where damage could
be exptected loose blocks were placed on the
slope.
d. Slope inclination in practice.
A slope of 1:3 was chosen because this is a
reasonable average of the slopes on which Armor- -
flex revetment systems are used. The parameter
analysis makes it possible to convert the re-
sults to other slope inclinations within a range
122 - 1:4. .

12. Figure 2 presents 2 longitudinal sections of

the model layout in the Delta Flume, scale 1:1000

and scale 1:200 respectively. The slope inclination

1:3 was present over a vertical height of 8.75 m.

About 5.5 m of this height was protected by 3

Armorflex mats with a total length along the slope

of 18 m. During the tests the mean water level was

kept at 5 m above the flume bottom.

TEST PROGRAM
13. A test programme was planned, with which the
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stability of both non-gravel filled concrete blocks

and mats with gravel filled narrow tapered joints

between and holes in the blocks, could be deter-
mined. The sequence of the test program was as
follows:

a. Regular waves and non-gravel filled blocks.
Determination of damage wave height for 3 wave
periods, T=3 s, 4 s and 5 s respectively.

b. Irregular waves and non-gravel filled blocks.
Determination of damage wave height for the
critical wave period T=T_, found in phase a. mﬁw

O

na
L

c. Irregular waves m:a.mﬂm<mw filled blocks.
Determination of "damage wave height for a wave "

period Hv equal to the one in phase b. i . :m
14, During the wave action, the wave height was ! ﬁ

e o g z

|
Eg,l 2

o

o
]

damage curve

regulor

increased in steps, until the first damage could

be observed visually. A summary of the test program
including the most important boundary conditions - -
and results is given in table 1. o
15. For the test phases a and b with non-gravel = @

filled blocks only data for 2 wave heights for each 2 ——
wave period are included in table 1, viz. the
highest wave at which no damage took place and the
wave height at which no damage was observed. During
the tests with gravel filled revetment and irregu-
lar waves no damage could be obtained in the flume.
For these tests, 57 and 58 in table I, only the
data for the 2 highest waves are presented. Tests
48, 50, 52 and 54 carried out immediately after the
holes in the mats were filled with gravel, were
added during the model investigation and meant to
achieve a better distribution of the filling mate-
rial without damage. The regular wave tests with
period 6 s and non-gravel filled blocks were added
because of the very irregular wave pattern that
originated in the flume during the tests with wave -
period 5 s. For T=5 s no relevant damage could
therefore be obtained.

16. In each test the generated wave height was
maintained for a given period. When damage did not
occur, the duration of-the test was 20 minutes
minimum, and 40 minutes maximum (during test 58).
The wave generator was stopped immediately, once
damage was observed.
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TEST RESULTS

17. In this chapter only a summary is given of the .
mecwnm obtained from the full scale model inves~—
tigation. A much more comprehensive description of o
the test results is presented in ref. 1. . : pv
18. Damage wave. *H
In figure 3a and 3b the dimensionless significant
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Summary of boundary conditions .and test results

1.

Table

van den BERG and LINDENBERG

wave height H_/ad for the irréegular waves has been
plotted as a mcznnwos.om the breaker parameter
wpuua%mmmw (see table 1). In figure 3a the results
from the tests with non-gravel filled blocks are
shown. The assumed damage line for the regular wave
test series for wave periods 3, 4 and 6 s is added.
Damage tests are indicated by an arrow (}). The
damage lime clearly illustrates the relatively
great stability of the blocks at T=6 s compared
with those at the smaller wave periods of 3 s and

4 s, Based on the results of the tests with regular
waves and a mon-gravel filled slope, the average
period T _=3.75 s was selected for the tests with
%Hﬁmwa#ww waves. It was decided not to use the
period of 3 8 {smallest H/ad at which damage occur-
red) for this test, as it was expected that wave
breaking would too soon impose a limitation, during
increasing of the wave height. The damage point

"for the test with irregular waves and non-gravel

filled slope lies below the damage line for regular

waves., Figure 3b shows the results of the three
tests with irregular waves, after that the holes in
and between the stones were filled with gravel. The
damage line of the tests with regular waves and
non—gravel filled slope based upon H and L_has
been added in this figure too. In th8?%ase of8a

gravel filled slope damage was not observed. In
the last test 58 at mm = }.22 m, much wave breaking
occurred between the wave generator and the foot
of the slope. This means that the physical bounda-
ries with irregular waves have been reached at
T = 3.75 8. A further increase of the wave gene-
r8tor capacity then will not lead to an increase
of H . The significant wave height H_ = 1.22'm in
s . X T s .
test 58 has been maintained during approximately
40 minutes. In this test the wave height exceeded
by 1Z of the total number of waves, was approxi-
mately 1.80 m.
19. Damage location. .
Damage of the revetment was found at the end of 4
tests with non-gravel filled blocks. As expected,’
in each case damage occurred at a level below the
mean water level in the flume.
The Armorflex investigation confirmed the findings
from previous research on various slope revetment
systems that first damage takes place in a zone
between the mean water level and the level corre~
sponding with one wave height below the mean water
level (see table 1).
20. Maximum wave runup. . -
In figure 4 the dimensionsless wave runup Z/H
is plotted as a function of both breaker mwamﬁmmmn
Eg.max for all tests with regular waves. A compari-
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———— according to Hunt Eo max.® tan &
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@ = 3 sec. non-gravel-filled @ = 3 sec. gravel- filled
x = 4 sec. non-gravel-filled & = 4 sec. gravel- tilled
v = 5 sec. non-gravel-filled A = 5 sec. gravel-filled
o = 6 sec. non-gravel-filled 0 = 6 sec. gravel-filled -
DIMENSIONLESS WAVE RUNUP REGULAR WAVES
Fig. 4 '

P?oto l. Breaking wave on Armorflex slope protec-
tion system.
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son with the wave runup relation according te

Hunt (1) shows that the measured wave runup at the
relatively low waves, lies below the line of Hunt.
This particularly applies to the greater wave
periods T = 5 and T = 6 s. At higher wave heights,
the measured runup is about the same as that accor-
ding to Hunt,

In figure 5 a distinction is made between wave
runup for a non-gravel filled and a gravel filled
slope. In general the dimensionless wave runup for
the gravel filled slope is slightly higher thanm
for the non-gravel filled slope. However, the data
are rather scattered, so a consistant conclusion
could not be drawn.

21. Wave reflection from the slope.

For regular waves the reflection from the slope is

determined according to:

- Hmax _ Hmin = 100%

e
max min

in which H is the through-crest value of the
wave heigh??xat that point in the flume, where this
is greatest, H . Trepresents the smallest through-
crest. A comparlison between the reflection percen-
tage for a non-gravel filled and a gravel filled
slope shows that there is no clear difference. -
Filling the holes in and between the Armorflex
blocks with gravel hence does not cause an increase
in reflection. For irregular waves the incident
and the reflected wave spectrum are determined
from the registrations of two pressure sensors on
the bottom of the Delta Flume via a correlation
of the measuring signal of a wave height gauge
directly above one of the pressure sensors.
22. During the full scale tests only minor settle-
ment and deformation of the slope took place
(maximum settlement approximately 0.03 m). It was
concluded that this settlement did not influence
the performance of the slope revetment during the
tests.

23. Behaviour of block filling material during
wave action. After completion of test 46, the

holes in the concrete blocks and the narrow

tapered openings between the blocks were filled
with a mixture of concrete gravel and fine gravel.
In practice normally fine gravel, D50 = 3 to 6 mm, -
is used. All openings were filled completely.

After wave action it appears that almost half of
the gravel material has disappeared from the holes
in the heavily loaded zone. This material was
deposited at the bottom of the slope. In the

narrow tapered seams between the blocks fine gravel
was still present. The observed greater stability

- .~
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of the gravel filled concrete block mats was most
likely caused by this material.

CONCLUSION .

24, For the circumstances during the investigation,
the following conclusions can be formulated, on

the basis of observations during the tests.

1.

For the damage wave parameters, as in a pre-
vious research, the dimensionless quantities
H/Ad and g = %7“% were selected.

The smallest damage wave height found during the
tests with regular waves and non-gravel filled
Armorflex concrete block mats, without steel
cables, occurred at a wave pexiod T = 3 s and
also the lowest E ~value took place. The damage
wave height of the block mat in tests with

T = 6 s was substantially larger than that at

T =3 s and T = 4 s (Hi = 1,44 m, compared with
1.02 m and 1.06 m).

During the damage test with irregular waves,

T = 3.75 s, and non-gravel filled mats Hs
appeared to be slightly smaller than the inci-
dent damage wave height, derived from the tests
with regular waves and the corresponding wave
steepness parameter [ . :

During the tests with irregular waves,

T = 3.75 s, with the holes filled with gravel,
dgmage could not be brought about. A greater
wave height than H_ = 1.22 m (maintained during
40 min.), could not be realized in the Delta
Flume, because of the breaking of the waves at
this T_ and H .

The stgbilitysof the Armorflex concrete block
mats with gravel filled holes and tapered joints
between the mats, is considerably larger than
that of the non-gravel filled mats.

Filling of the holes in and between the Armor-
flex blocks with gravel results in much erosion
during wave action. After a total of approxi-
mately 5 hours of wave action, about half of
the gravel turned out te be eroded from these
holes, over a total length of 4 m, measured
along the slope. . :

After completion of the tests, most of the
finer material (coarse sand and fine gravel)
which was present in the narrow tapered joints
between the blocks, appeared to be adhered. It
can reasonably be assumed that the adhesion and
interlocking effect of this material has led to
a greater stability of the gravel filled block
mat.

The stability of separate, non-gravel filled
blocks on a slope being submitted to wave

vani dei BERG and LINDENBERG

attack, depends on a great tumber of para<
meters. Amongst other factors, permeability of
the mat and filter layer, the relative perme-
ability of the mat and the dynamic and quasi-~
static wave boundary conditions, play their
part, The stability of the non-gravel filled
Armorflex block mats appeared to be rather
large during the Delta Flume research, e.g. -
larger than that of a slope protection comnsis-
ting of cleosed square blocks, as found during

a previous survey. This was probably caused by
the relatively larger water permeability of the
Armorflex block mats and of the interlocking of
the blocks.

The results of the full scale model investiga-
tion can be used to determine the lower limit
stability of the Armorflex slope revetment sys-
tem. As mentioned before, under certain condi-
tions, additional safety as a result of inte-
grate mat behaviour, might be taken into account.
In these cases the results of the earlier 1:10
scale model test (ref. 2) can be used to deter-
mine the total mat stability. - :
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LIST OF SYMBOLS AND PARAMETERS

Test number (chronologicsl)
LB (m) = vavelength in flume, according to linear wave theory

Hi (m) = waveheight of the incident wave

H +H .
max min

2
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“m (w) ~ maximum trough-crest vglue of a combined standing and
progressive wave

a({rsd) = slope inclinarion

tana
(-) = —
6 max n
omax g
r () = reflection coefficient
"mx ~ Main
- - - 1001
max min
T (s) = wave period (with irregular waves 'l‘p)
P~ P
A ) s v
D\l

, (kg/m")~ specific mass of block

o, (kg/m?)= specific mass of water

d (m) = thickness of block

max - . . -

7d (-) = dimensionless height of the maximum wave

spectrum shape: B = Pierson Moskovicz spectrum

occurrence of damage + ~ yes
(or visible movement)- =« no
ares in wvhich dmmage occurs (m), messured vertically i.r.o.
flume bocttom, limited by the centre of the upper surface of

the highélt and the lowest damage block

wave runup, meassured along slope (m)

Z (-) = wave runup (m), measured vertically i.r.o. mean vaterlevel

z - -
' {(~) = dimensionless wave runup
max




9 Tubular gabions

C. D. HALL, MSc, MICE, MCIT, Netlon Ltd, Blackburn

SYNOPSIS. This paper describes the use of tubular gabions
as a flexible armoured revetment. A design method is pres-
ented vhich enables the selection of a tubular gabion dia-
meter for a specified bow wave height and current velocity.

* The design method is put into context by outlining the

scape of its applicability in waterways. Two roles for
geotextiles are discussed, an open textured grid for the
gabion material and e filter fabric underlayer. A con-
struction method appropriate to waterway working is
described.

INTRODUCT ION .

1. A tubular gabion revetment comprises a battery of
stone filled polymer grid tubes, forming a flexible armour-
ing to the bank of a waterway,

2. The open textured, large aperture grids are members of
the geotextile family (ref.l) ensuring contajnment of the
stone whilst maintaining the revetment's porosity -~ a feat-
ure which is vital to the dissipation of wave and current
energy and hence the protection of the bank from erosion.

3. Extruded polyethylene grids have been used in civil
engineering for nearly 20 years with most of the early work
undertaken in Japan (refs.2,3). These applicstions were
mainly geotechnical in nature wvhere the grid, in sheet form,
was incorporated in weak soils as a reinforcing element.

An exceptional case was the installation of rock-filled
tubes providing a coastal defence on the island of Kyushu.
This application revived the earliest use of gabion baskets
when cylindrical wire mesh forms were used in breach
repairs on the Reno River, Italy in 1894 (ref.4).

4. This paper takes a fresh look at tubular gabions by
considering the features of interest to Engineers, namely a
basis faor the design of a tubular gabion revetment and the
scope for geotextiles in providing a flexible armoured
revetment suited to navigable waterways.

Flexible Armoured Revetments, Thomas Telford Ltd, London, 1984 123




FLEXIBLE ARMOURED REVETMENTS INCORPORATING GEOTEXTILES

Stone fill Sr, p

Polymer grid, aperture A
/ Tubular gabion

Braiding system

" Toetrench

Polymer grid specliiication (typical)
Material: high density polyethylene
Characteristic tenslle strength: 5.8 KN/M
Diameter D: 0.63m

Aperture A: 27mm x 27mm

Rib thickness: Smm

Weight: 660 g/m?

fig.1 Characteristics of tubular gabions

DESCRIPTION

5. Polymer grids are extruded from circular counter-
rotating dies with the consequence that the tubular gabion
is manufactured in a continuous form with no seams or joints.
The variables in manufacture are the tube diameter, the
grid aperture size and the rib thickness. The length is
determined by the requirements of the site. Extrusion
through counter-rotating dies offers the opportunity to
produce complex rib/aperture configurations, but for tub-
ular gabions, a simple rectangle is satisfactory for the
retention of stone.

6. The characteristics of tubular gabions and a typ-
ical material specification are given in fig.l.

DESIGN . :

7. A feature of tubular gabions that is pertinent to
design is that the stone fill can be expected to migrate
down the tube under current and wave action. To cater for
this, a generous reservoir of stone is provided at the
shoulder serving to 'top-up' the body of the gabion in
these circumstances. Settlement of the gabion onto the
slope can also be expected, such that the initial diameter
{D) tends to a rectangle (Fig.2). The resulting thickness
of revetment (t) is related to (D) by

t = 0.60D (N
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Fig.2. Ultimate settlement of gabions

_B. The essential design of a tubular gabion revetment is
to derive a diameter which ensures that a battery of gab-
ions is stable when exposed to waves and currents. In
vaterway engineering, the design must cater for the hyd-
raulic effects of vessels in passage, namely bow waves and
return currents.

WAVES
- 9. For- an analysis of porous revetments subjected to

. vave attack, the work of Brown (ref.5) is referred to here.

This work provides a theoretical treatment of wave impact

on a porous slope. It considers that the wave is in trans-
lation (i.e. physical propagation of the wave mass) and that
its impact on the slope is akin to jet impulse. In such
circumstances, the porosity and density of the revetment

are of fundamental importance along with the slope's gradient.
Two failure modes apply to tubular gabions - uplift (uhere
the gabion is lifted from the slope) and buckling (where

the gabion deforms locally). A third form of revetment
failure, wholesale sliding, is caonsidered not to apply due
to the anchored shoulder and toe arrangements, as shown in
Fig.l. The design criteria for the two failure modes are

as follows.

-‘;l' ‘< Cbu (Sr-1)(1-p) cot®x (2)
Cbu is an empirically derived coef-
ficient with a value of 7.0 obtained
from scaled laboratory testing.

Using equation (1), the uplift criterion becomes:

i Uplift

—g— < 4.2 (Sr-1)(1-p) cot >t (3)
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.. L S ’
ii  Buckling D ) 35 (4)

This relationship is arbitrary at present: it ensures

that the revetment does not become too slender when
designing for mild exposures.

CURRENT .

168. For an analysis of current action along the bank of a
waterway, the expressions presented by Stephenson {(ref.4)
are used here to derive a gabion diameter. An expression
for stable stone size to be contained in a gabion subjected
to current is:

K}.r.i

d> (5r-1)(1-p) cosex Atan*¢d - tan®x )
JSran*g

(5)

vhere K, is a coefficient with a value of 8 (approx),
r’is the hydraulic radius of the waterway,
i is the hydraulic gradient and
V?'n2
1= ;273 in Manning‘’s equation.

If the hydraulic radius r is taken to approximate to the
average vater depth y in a ‘vide' waterway and the value of
Manning's n taken as 0.030, equation(5)becomes:

d > D.OO7V2
D VU

> 2 2 (6)
y’(5r-1)(1-p) coscﬁJktan B - tan"ox )

11. A condition to be satisfied by the fill material is
that individual stones are neither too large, which may
cause difficulty during filling, nor too small such that
they become excited by current action. Assuming, typically,
that.d=0.25¢t (7) then equations (1), (6) and (7) combine to
give: .

\I2 % 2 2
b} < 21y>(Sr-1)(1-p) coquQtan B ~ tan‘p ) (8)

DESIGN SCOPE

12. For outline design purposes, the parameters in design
criteria equations (3), (4) and (8) can adopt the following
typical values.

Sr = 2.6
p = 40%
p = 35° - 4g°

13. The scope for these design criteria is greatly depen-
dent on the slope of the waterway bank. For in-situ filling
methods, the bank slope needs to be sufficiently steep to
permit gravity feed of stone into the body of the gabion.

Py
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The range of bank gradients considered to be suitable for
this application is:

(1:2.0) < X < (1:1.0) (9)

Shallower than this range will require the adoption of a
filling method other than that described in this paper.
Steeper slopes limit the tolerable vave and current exposure
somewhat .and also requires the shoulder anchorage to come
into permanent effect as the angle of repose of the fill
material is exceeded. An examination of forces at the anchor
suggests that slope length S should hot exceed approximately
12 metres. With a maximum tubular gabion diameter of
approximately 0.6 metres, the design criteria suggest that

a revetment can be formed to withstand wave heights up to

2 metres and current velocities up to 3 metres/second.

_ BANK TREATMENT

14, Naturally, the geotechnical considerations of slope
stability need to be satisfied as the tubular gabions revet-
ment is purely a means of erosion control and contributes
little to stability in limit equilibrium analyses for the
slope. .

15. The site preparation of the bank requires that a
reasonably plane slope is provided with, preferably, a toe
trench and a8 slightly rounded shoulder. A drag line excav-
ator is highly suitable for this work.

16. To control erosion of the bank, the revetment must be
sufficiently thick to dampen the energy of the water that is
in motion in waves and currents. Tubular gabions are porous,
however, and intersticial water turbulence in the proxim-
ity of the slope surface may cause erosion. For many vater-
ways, and particularly those with the steeper slopes
required of tubular gabions, the indigenous or imported
bank lining material is a stiff, homogeneous clay. To
reduce the vulnerability.of such banks to erosion through
the revetment, the remedies include the introduction of a
stone underlayer or lining the slope with a geotextile to
serve as a filter membrane tc protect and retain bank
material.

17. The observed performance of mattress linings to water-
ways provides some empirical rules on a minimum thickness
required to prevent bank and bed erosion under the action of
currents (ref.6). For clay linings, a tubular gabion dia-
meter of 500mm provides protection for current velocities
up to approximately 3.0 metres/second; a value mentioned
earlier as a likely upper limit for tubular gabion revet-
ments.

18. A similar set of empirical revetment thicknesses crit-
eria for wave action does not appear to have been formulated.
The effect of waves is potentially more damaging than cur-
rents as first the bow wave crest and then, particularly,
the wave trough passes along the revetment. The water level
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dravdown associated with the presence of a wave trough on
the revetment is the instant when erosion of bank material
takes place. To overcome this problem, recourse is made to
the Terzaghi filter criteria for the introduction of a fil-
ter medium to protect the bank. In these circumstances, a
geotextile filter membrane is appropriate, the associated
design and geotextile selection are well documented (ref.l).

CONSTRUCTION :

19. An attribute of tubular gabions is that there is a
choice of construction methods - the most suitable being
site specific and commensurate with the technology available
to the constructor. The following description applies to
most waterway work, however. :

i An ‘'A-frame' is erected on shore within which the
tubular gabion is suspended and partially pre-filled with
stone (Fig.3)

Fig.3. Pre-fill in ‘'A-frame' -

ii The gabion is transported to site and lifted into
position, the toe being keyed into a prepared trench (Fig.4)

Fig.4 Lift in part filled gabion

128

HALL

iii The gabion is then filled with stone by the most
appropriate method (Fig. 5)

Fig.5. In-situ fill

iv  The neck of the gabion is then closed using polyeth-
ylene braid and suitably anchored to the shoulder. -

v As further gabion placement takes place alongside,
polyethylene braid is interlaced to create a coherent bat-
tery of gabions for alongslope integrity (Fig. 6)

Fig.6. Braiding detail

20. Low technology filling methods have been used to dste,
as exemplified by the lining of Ulcinj-Solana reservoir in
Yugoslavia, where stone filling took place manually. Here,
the neck of the gabion was supported in a timber trestle
and filled with hand implements. At a pre-construction
trial for the lining of the Euphrates River, the tubular
gabions were suspended by the neck with one crane whilst a
second supplied stone from a hopper. The crane supporting
the gabion laid it on the slope as stone filling proceeded.
Ultimately, the most sophisticated and economical methods
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may employ hydraulic fill using locally dredged gravels.

21. The wide range of site methods that may be adopted
allows tubular gabion work to make a rational use of local
plant and manpower resources - with high technology being
confined to the factory production line in the manufacture
of the geotextiles.
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NOTATION
tubular gabion diameter = (m)
ultimate revetment thickness  (m)
slope length  (m)
grid aperture size  (mm)
wave height  (m)
current velocity (m/s)
r relative density aof stone
porosity of stone fill
vater depth  (m)
representative stone size  (m)
bu coefficient

OO T VS IT > Ner O

slope gradient
angle of friction for stone fill
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Geotextiles for bank protection in relation
1 O to causes of erosion

F. G. CHARLTON, BSc(Eng.), MICE, FIWES, MASCE, Hydraulics Research
Station Ltd

SYNOPSIS. Channel banks erode in different ways due to
various causes. The type and cause of failure should be
established before selecting a method of protection and the
materials of construction. The paper summarises the methods
of bank protection suitable for different situations and the
forms of geotextiles available for use in river engineering
works.

INTRODUCTION

1. The banks of natural and artificial channels which are
unprotected many erode, and it 1s sometimes necessary to
prevent the continuing loss of soil by comstructing suitable
works. There are different methods of protection and
materials for construction, but no single method or material
offers a sound, technical and economic solution to every
erosion problem.

2. Banks erode in different ways for various reasons. It
is essentlal therefore, to establish both the type and cause
of the loss of bank material before choosing a method and
materials for protection, 1f the result 1s to be economic and
successful.

3. The use of geotextiles, particularly those which have
come onto the market in various forms in recent years, makes
protection cheaper and simpler in some cases. More
attention, however, needs to be given to the potential of
these materials, to their performance, to the problems of
maintenance and to the difficulcties which may arise when
using them in the construction of bank protection works.

TYPES OF EROSION
4. The banks of natural and artificial channels erode in
two ways (Ref 1,2):
(a) abrasion, or the removal of material from the
surface of the bank; and
(b) slip, or the collapse of a mass of soll into the
channel.
5. Abrasion may be caused by men and animals walking on the
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face of a bank. The condition 1s often aggravated by rain~-
water flowing down the worn paths and washing soil into the
channel. More usually, however, abrasion 1s caused by the
movement of water In the channel, and is affected by high
velocities, currents, local-eddies, waves and boat wash.
6. Slip is caused by a reduction in the internal soil
strength or by an increase in the forces tending to cause the
movement. The mass of soll which slips into the channel,
breaks up and 1s carried away in suspension or as bed load.
Factors producing a slip are seepage of water, cracking of
the soil on drying followed by the entry of water along the
potential surface of faillure, or an increase in the load on
the top of the bank.
PRINCIPLES OF PROTECTION
7. A careful examination of the bank, the morphology of the
river and the flow characteristics in the channel should
reveal both the mode of failure and its cause (Ref
3,4,5,6,7). The methods of protection which are technically
sound may then be deduced and a solution developed which
takes account of funds available, the extent of the eroded
bank, the effect on the river upstream and downstream of any
remedial works, the availability of labour and materials
locally, and difficulties in obtaining manufactured materials
(Ref 8,2,1).
8. Methods of protecting a river bank from the loss of
material may be classified under two main headings depending
on the type of failure.

{a) Protection against abrasion:

(1) Armour face of bank.

(11) Retard the flow within the channel or near
the bank.

(111) Deflect the flow away from the eroding
bank.

{(b) Prevention of bank slip:

(1) Reduce seepage through the soil mass to
increase intergranular pressure and decrease
the forces causing failure.

(11) Drain the soil mass away from the face of
the bank.

(1i1) Protect against surface cracking which
allows the entry of moisture and the
development of a lubricated potential slip
surface.

(iv) Increase the strength of the soil mass.

(v) Reduce the external forces tending to cause

sliding.

FORMS OF GEOTEXTILES
9. There 1s a great range of materials available for river
training and bank protection. Those used in the past
include:

Leaves (usually woven intoc mats)
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, Bamboe

Timber (piles, fences or woven)

Clay

Stone (loose, in crates or bonded with mortar)

Brick (loose, 1in crates or bonded with mortar)

Soll cement

Cement mortar

Concrete {precast slabs or pavements)

Bitumen

Rubber (natural and artificial)

Resine (for impregnating petmeable soils)

Car tyres

Steel sheet (sheet piles and sheet from oil drums)

Asbestos sheet (sheet piles)
10. More recently engineers have begun to make greater use
of the various geotextiles available (Ref 9,10). Without
sub-dividing these into types of material (polyamide,
polyester, polyvinyl chloride, polyolefine, etc), methods of
processing (melted, woven, knitted) or the physical
properties (tensile strength, resistance to ultra-violet
light, etc), geotextiles are available in the forms listed in
Table 1, some of which have been specially designed for use
in river and coastal protection.

Table 1. Forms of Geotextile

Permeability
Form of finished
works

Condition of Use

Sheet Impermeable (1) Plain membrane {(Plate 1)

: (11) Membrane with felt laminate
uppermost onto which cement
mortar is sprayed

(111) Woven jute, reinforced with
wire and coated with a
synthetic rubber (Plate I
and IV)

Cloth Permeable (1) Filter fabric (needle

punched, welded, knitted or
woven) (Plate I and II)

(11) Filter fabric with concrete
blocks attached

Netting  Permeable (1) Plain net (plastic or jute)

(Plate III)
(11) Mats, deep openwork usually
formed by welded threads.
(Plate IIX)
(1i1) Mats with a filter fabric

backing (Plate IV)
Impermeable (1) Net coated with asphaltic

concrete
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(1i) Mat fileld wirh asphaltic
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concrete (Plate IV)
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Plate I

s

. Basic Materials
(jute netting, impermeable sheet and filter cloth)
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When methods of bank protection which appear to offer a

solution for a particular erosion problem have been selected,
the choice must he narrqwed by an examination of available

11

) Filter Cloth
(Needle punched, woven and welded)
Plate II
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Netting
(Openwork mat, woven and wire reinforced jute netting)
Plate IIX

Composite Materials
(Openwork mat with filter cloth, jute net with
synthetic rubber and openwork mat with asphalt)
Plate IV
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materials. The factors to be considered include:
(a) Cost of materials and whether they have to be
imported, '
{b) transportation of materials to the site and whether
this requires new roads, unusval or excessive quantities
of tramsport, and
{c) construction which should take account of the type
of equipment required, skill and cost of labour and
particular difficulties in handling the materials.
12. When materials available locally are suitable there is
often little justification for using items which may need
particular skills or transport facilities. When construction
and repair work could provide additional income for local
inhabitants materials which need imported skilled labour
should usually be avoided.
13. When it has been established that geotextiles are
necessary the physical form (sheet, cloth net, etc) and its
reslstance to attack by ultra-violet 1light, insects, abrasion
and heat should be carefully considered (Ref 10,9).

USE OF GEOTEXTILES IN BANK PROTECTION
Protection against Abrasion

14. Bank Armouring. A bank may be protected against the
loss of material due to abrasion by armouring the sloping
face, using:

(a) rigid revetments, or

{b) flexible revetments.
15. Rigid revetments are mainly impermeable being
constructed of concrete (plain, reinforced or precast slabs),
cement mortar, s8oll cement, sheet piles (steel, asbestos or
timber), brickwork or stone and mortar. There 1s generally
little scope for geotextiles here unless drainage through the
reverment 1s provided when a filter fabric instead of a
reverse filter, may be used to prevent the loss of bank
material, and slabs may be laid on a filter fabric to
minimise the loss of material through the joints. To
increase the stability of a pre-cast block revetment, the
blocks may be cast with longitudinal or lateral holes. When
laid the blocks are linked together by ropes of polyester
filaments to form an articulated mat.
16. Flexible impermeable revetments may be constructed of
sheet (polyethylene, material or artificial rubber), webbing
backed by impermeable sheet (polyesters and polyethylene),
clay, bitumen, and asphaltic concrete (plain or reinforced by
polypropylene netting). The impermeable revetments which are
light in weight {sheet and webbing) must be secured to the
bank either by concrete slabs or by staples into the bank.
Generally, when sheeting is used in rivers and canals, it
should be considered as a backing to reduce permeability
rather than as a facing to protect against abrasion. It has
insufficient structural strength and mass te resist the
forces of flowing water and pressures due to seepage.
17. Flexible permeable revetments may be comstructed of
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Strands
(Cable and bundle of filaments)
Plate V

brushwood or woven willow mattress, fibreglass and resin
(sometimes in conjunction with vegetation), vegetation
(protected by a layer of jute, wire or plastic netting),
dumped or placed stone, gabions formed of stone in baskets of
wire or plastic netting, bricks protected by a layer of wire
or plastic netting, precast concrete blocks (sometimes bonded
to a filter fabric (Ref 11), cloth with pockets to contain
stones or panels into which cement mortar may be pumped, jute
bags containing cement and sand, and plastic bags of sand.
18. Jute does not have a long life and soon decays. When
used with veegetation its main purpose is to provide
protection during the early stages of growth. Plastic or
wire netting or jute netting reinforced with wire, may be
used to protect vegetation for longer periods.

19. Gabions have usually been constructed of baskets made of
wire mesh (Ref 12,13), woven willow, bamboo or timber.
Plastic netting has, however, been used successfully and
provided it is resistant to ultra-violet light, should give
satisfactory service.

20. A relatively new method of revetment construction has
emerged with the use of a permeable cloth to which pockets
have been added. Those pockets are filled with stone or
stone and mortar to give stability. Another variation is a
cloth with panels into which cement mortar is pumped (Ref
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14). This provides a stronger but less flexible revetment,
but both have the advantage that they act as a filter and
prevent loss of bank material.
21. Jute bags filled with cement and sand have long been
used to form revetments; now bags formed of impermeable
plastic sheet or permeable plastic cloth, and filled with
sand may be used. (Ref 15). :
22. Finally, except where tlie materials form an adequate
filter membrane to prevent the loss of bank material due to
seepage out of the embankment, the above revetments should be
backed by a filter membrane of the required mesh size to
protect the soil in the bank.
23. Flow Retardation. Methods of reducing the speed of flow
near a channel bank may be achieved in three ways:

(a) Instal traiing fences

(b) By-pass the area under attack

(c) Ralse water levels.
24. Training fences to reduce flow speeds may be constructed
by driving into the bed closely spaced piles in rows ruaning
out at right angles from the bank; the piles may be of
timber, bamboo, concrete, plastics, etc. Other methods
include netting (steel, plastic or woven willow, bamboo or
timber) attached to plles and projecting into the steam, or
steel jacks linked to one another by wire or plastic cables,
or bundles of filamentss attached to the bed. The prinecipal
object is to provide a set of closely spaced obstacles which
retard the flow. Geotextiles which can be used for such
works. are jute, polyethylene netting polyester-polyethylene
cables, and polypropylene filaments.
25. By-passing the area under attack by the excavation of a
cut—off channel is not within the scope of this conference.
26. Ralsing water levels is not normally an economic
solution to this type of problem as the cost of a welr, dam
or barrage would probably be excessive. In sowme cases,
however, a specially tailored plastic bag anchored in
position across the channel and which could be filled with
water as required to raise the crest level is a possibility
(Ref 16).
27. Flow Deflection. Currents which impinge on a bank or
flow at speeds sufficient to dislodge surface particles may
be deflected away from the bank thus eliminating erosion by
abrasion. There are three basic systems, although the first
two are similar differing only in their height relative to
the depth of flow:

(a) Spur or groyne

(b) s111

(¢) Vanes
28. A single spur or groups of spurs set at carefully chosen’
distances along a channel bank are often used. Rigid and
impermeable spurs are constructed of steel, asbestos or
timber sheet pile, reinforced concrete or stone and mortar.
There is little scope for the use of geotextiles in such
structures as they must be strong and rigid. Sills whose
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crest is below water level are of similar construction (Ref
17).

29. Spurs required to be impermeable but flexible may be
constructed of clay with a stone facing to protect the core
from erosion. Plastic sheet or a filter cloth should be latd
between the core and facing to preveent fines being washed
through the stone.

30. Permeable and flexible spurs can also be comstructed of
brushwood, wbven mats of locally available materials attached
to plles, dumped or placed stone, concrete blocks, or gabions
with baskets of woven bamboo, steel or plastic netting.

There 1s considerable scope for using geotextiles in such
structures. Mats may also be made of woven jute, plastic
netting or plastic webbing, and they may be attached to piles
of timber or plastic. Concrete blocks may be linked together
by cables of plastic and plastic netting may be used for
gablon baskets.

31. Finally, vanes to generate secondary currents which
affect the positions at which scour and accretion occur in a
channel may be constructed of timber, concrete, steel or
plastic webbing with timber beams and struts.

Protection against bank slip

32. Reduction of Seepage. Erosion due to the seepage of
water through the mass of soil in the bank may be reduced
by:

(a) Controlling rate of drawdown in channel.

(b) Reducing permeability of bank.
33. The rate of drawdown may be controlled by constructing a
dam, barrage or weir. This 1s not normally a practical
approach unless the structures have a second purpose also.
Such structures would normally be of concrete, brickwork,
stone, gabiong or earth, but an inflatale plastic bag
tailored to suit the dimensions of the channel is a
possibility for small rivers (Ref 16).
34. The permeability of the bank may be reduced by a cut—off
wall of steel, concrete or plastic sheet. Reductions could
also be achieved by injecting cement grout or resin to fill
the pores of the soil mass. i
35. Drainage. ' Improved dralnage to reduce the quantity of
water available to pass through the bank may be achieved by
constructing a drain to lower the water table in the bank or
by improving surface runoff. Subsoil drains constructed of
gtone surrounded by a filter cloth should be considered.
36. Protection against Surface Cracking. When the top
surface of a bank containing clay is subjected alternately to
wetting and drying, cracking may occur. The cracks weaken
the bank and allow water to enter which aggravates the
condition. Vegetation, bitumens and asphaltic concrete may
be used to protect the top surface of the bank.
37. Increase of Soil Strength. The overall strength of a
soil may be increased in two ways:

(a) 1Injection.

(b) Earth reinforcement.
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38. Cemeént grout or resin and hardener (Ref "18) may be
injected to stremgthen a bank of permeable soil. This is an
expensive method and would normally be reserved for short
lengths of bank or for sites where the high cost could be
Justified {(e.g. im urban areas) (Ref 19).
39. Reinforcement of the earth embankment may be achieved by
laying ropes or high tensile strength plastic cloth across
the bank at different elevations. Where the rope or cloth
emerges on the face of the bank it 1s linked to a facing of
metal, timber or plastic webbing.
40. Reduction of Sliding Force. The force tending to cause
a soll mass to slide into a channel may be reduced by:

(2) Reducing an overburden.

(b) Increasing the load on the face of the bank.

(c) Reducing the slope of the face of the bank.

(d) Railsing the water level in the channel,

. 41. Loading the face of the bank by the construction of

revetments has been discussed above.

42. Reducing an overburden or the slope of the bank face are
problems in earthwork, and the construction of a dam, barrage
or welr to control water levels has been discussed above
also.

CONCLUSIONS
43. Unprotected banks erode by abrasion and slip due to a
variety of causes. . . .
44.. There are many systems of bank protection; a choice
should only be made after the method and cause of failure
have been established and suitable materials selected.
45. Systems of protection against erosion by abrasion
include:
(1) revetments,
(1i) flow retardation, and
(i11) flow deflection.
46. Systems of protectiom agalnst erosionm by bank slip
include:
(i) reduction of seepage,
(11) drainage,
(111) protection against surface cracking,
(iv) 1increase of scil strength, and
(v) reduction of sliding force.
47. Geotextiles are available in the form of:
(1) 1impermeable sheet,
(11) permeable cloth,
(1i1) ’netting,
(1v) cables,
(v) strands.
48. In addition there are many items fabricated from these
geotextiles and used for river engineerimg. They include:
(1) webbing,
(i1) cloth with panels,
(i111) Dbaskets,
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(iv) netting and mat coated or filled with asphaltic
concrete.
(v) Dbags of impermeable or permeable sheet.
49. Geotextiles are used in various ways:

(a) Impermeable sheet to prevent séepage. Used
behind structural defence formed of concrete
slabs, stones, gabions, cement mortar, etc.

(b) Permeable filter cloth to permit seepage but
prevent loss of soil. Used behind structural
defence formed of concrete slabs, stones,
gablons, etc.

(c) Reinforcement to protect vegetation, to
strengthen soil (earh reinforcement), to
strengthen blocks (cables).

(d) Container to hold a heavier material which when
confined forms the defence. This includes

. pocketed and panelled cloth, baskets for stone,
bags for sand and cement mortar, netting and mat
filled with asphaltic concrete.

(e) Structural defence in form of webbing, netting,
or mat on the face of a bank or between piles.
(£) Flow retarding system in form of netting or

bundles of strands.
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Experience with a flexible interlocking
1 1 revetment system at the Mittellandkanal
in Germany since 1973

Dr Ing. G. HEERTEN, Naue Fasertechnik, Espelkamp, Dipl.ing. H. MEYER,
Wasser und Schiffahrtsdirektion Mitte, and Dipl.ing. W. MUHRING,
Neubauamt Mittellandkanal, Osnabriick, West Germany

SYNOPSIS. The experience with a flexible interlocking revet-
ment system which has been used at the Mittellandkanal in Ger-
many since 1973 is reported. Technical informations about the
special designed needlepunched nonwoven geotextile being the
revetment filter layer and the interlocking concrete blocks
with pegs, peg holes and anchering wires being the revetment
armour layer are given. Results of an official investigation
and controlling program, measuring the pull in the anchor wires
and six years of profile soundings, verify the very gooad ex-
perience with the terrafix-revetment system which shows the
additional advantage of excellent greening.

INTRODUCTION

1. The design of bank protection structures has always
played a major rele in constructing and maintaining waterways.
In the early 1960's there was a demand for new technical solu-
tions for revetment design after significant damage to river
and canal embankments became apparent as a result of the
change from towed trains of barges to self-propelled motor
vessels. In building and improving ship canals investment in
bank protection accounts for a considerable percentage of total
cost.

.2. Whilst in the past it was mainly the search for low-cost,
durable materials which stimulated progress, in the last 10
years it is the expenditure on manpower and equipment which
has been the deciding factor. Nowadays in addition we have to
consider a most favourable revetment design which will allow
the system to blend into the natural surroundings in promoting
the development of vegetation and providing a habitat for small
aquatic life.

3. Taking these aspects inte account, the design of a bank
protection structure has to fulfil the following requirements:

e optimum technical layout for long-term use and for mini-

mizing the manufacturing and maintenance cost

® approved installation technique for quick and safe in-

. stallation in the dry and underwater ,
® most favourable layout considering environmental aspects.
4. In the light of this development the application of inter-
locking concrete blocks has gained specisl significance in the
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field of bank protection. In 1973 the terrafix revetment

system was used for the first time on a large scale for
developing the Mittellandkanal in Germany, thus providing
hydraulic engineering with a new economical method of construc-
tion. In the meantime about 500,000 m® of this type of bank
protection have been placed in several european and overseas
countries.

5. This report will be dealing with the results obtained
from field measurements which have been carried out on this
method of construction on the Mittellandkanal, giving a 10
years experience report.

THE MITTELLANDKANAL DEVELOPMENT SCHEME

6. The Mittelland Canal is being developed according to a
skeleton draft drawn up in 1965 based on know-how available
at that time. Set criteria for development were as follows:

Standard vessel:

1350 t motor vessel (Waterway Class 1IV)
Permissible speed:

10 to 12 km/h .
Cross-sectional ratio (canal/ship):

n=7

7. Owing to technical and economic considerations, three
standard cross-sections were developed:
'@ trapezoid cross-section with 53 m width at water level
1:3 slopes on both sides and 4,0 m water depth
® rectangular cross-sectionwith 42 m width at water level
and 4,0 m water depth (sheet piling cross-section)
® rectangular/trapezoid cross-section with 47 m width at
water level with 1:3 slope on one side and vertical wall
(sheet piling) at the other side, water depth 4,0 m.

FUNDAMENTALS FOR REVETMENT DESIGN
8. To secure sloping embankments one endeavoured to design
revetments which could be regarded as having sufficient
strength to withstand the forces exerted by shipping traffic.
This resulted in the formulation of two basic requirements:
® Construction of an effective, erosion-prosf high per-
meable filter layer below and above water with traffic
passing constantly. This could only be achieved by placing
geotextile filters, the development of which was consider-
ably influenced by the Mittellandkanal project.
® The armour layer protecting the filter layer against the
attack of waves, currents, ice and damage by ships should
be made of bonded but sufficiently permeable structures,
as flexible as possible. On the one hand there was the
possibility of riprap layers with a partial grouting of
bituminously or hydraulically bonded grouting material
and concrete interlocking blocks.
9. It was particularly the last method which offered a
series of advantages over conventional methods which had
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essentially originated in the use of precast construction
elements to ensure maximum adaptation to local conditions,
not only during placement but also in subsequent operation.

10. The filter layer of a revetment structure has to stabi-
lize the subsoil with a sufficient soil tightness and permea-
bility to water. Layers of sand, gravel or bushy twigs are
traditionally used but normally failed after a short service
time caused by unsufficient installation technique or filtra-
tion properties, especially if underwater installation is
necessary.

11. An important improvement in revetment construction
could be observed in using synthetic filter fabrics (geotex-
tiles) for underwater installation. Nowadays, numerous synthe-
tic filter fabrics are available which meet current design
criteria in regard to filtering capability and permeability
both normal and parallel to the filter plane for a wide range
of soil types. These filter fabrics offer the advantage of
continuous underwater installation without interrupting the
shipping traffic.

12. We have to distinguish woven and nonwoven geotextiles.
The properties of fabrics are very different, influenced by
the polymer properties and by the manufacturing process. for

woven fabries we have.to distinguish e.g. the kinds of the
threads, the kind of weaving, the used polymer and the fabric

finish. Nonwoven fabrics also are produced by different poly-
mers and we have to distinguish the method to obtain the
cohesion of the fibres or filaments.

13. Because of its high resistance against ultra-violet
irradiation, high specific strength and specific gravity the
use of geotextiles produced from polyester fibres is advanta-
geous especially for under water installations.

14. The long-term behaviour of a revetment structure mainly
depends on the filtration properties of the filter fabric after
geotextile and armour layer being carefully installed:

15. The traditionally used filter materials like sand and
gravel are dimensioned after the well known filtration rules
e.g. from Terzaghi or the U.S. Corps of Engineers. By this a
coordination between the diameters of the soil particles of
the subsoil and the filter layer is given. In many cases the
filter on fine soils has to be built up from two or more sepa-
rate filter layers. Limited by the accuracy of installation
technique the thickness of these filter layers has to be 0.2m
minimum. This minimum thickness is not given by the filtration
rules mentioned above but is given by experience of construc-
tion work.The literature showed that the filter layer thickness
also is very important for its working. Many of the filter
layers designed by the given filtration rules would fail having
not the thickness or "filtration length" of about 20 cm mini-
mum. A filter layer of soil particles is not working as a thin
sieve but is working as a filtration body with a given pore
size distribution built up from all the soil particles of the
filter layer and the incorporated sub soil particles. The in-
teraction of the original sub soil and the soil particles of
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the filter layer is very important for forming a stable, long-
term working filter layer. With an increasing filtration length
an increasing probability is given for a subsoil partical mig-
rating through the filter layer being stopped by a smaller
pore.

16. Discussing the filtration properties of geotextiles we
have to distinguish the properties of woven and nonwoven
fabrics. The filtration properties of woven fabrics are given
by the mesh size or the fabric openings. The woven geotextile
is acting as a thin sieve. The filter conditions could be
stable with nearly all soil particles being larger than the
mesh size or unstable with nearly all soil particles being
smaller than the mesh size. This unstable conditions often are
given on sub soils in the range from silty sands to clay.

17. The filtration properties of nonwoven geotextiles are
influenced by the fibre size, the fabric weight and thickness.
Thermal bonded nonwoven fabrics are relatively thin and they
would act nearly as a woven fabric with irragular openings.
Needle-punched nonwoven fabrics are considerable thicker than
all other types of geotextiles. Caused by the needle-punching
process the voids volume of needle-punched geotextiles is about
85 % or more. The filter conditions are comparable to soil-
filter conditions. The interaction of fibres and soil particles
is forming a stable, long-term working filter layer. Investiga-
tions on dug up fabrics have confirmed these conditions. In
Fig. 1 some data of virgin nonwoven fabrics (porosity n, per-
meability k ) and of the dug up fabrics (pore space clogged by
soil, remaiﬂing porosity n', remaining permeability kn') are
given. The estimated permeability of the clogged geotextiles
is 5 to 12 times higher as the measured soil permeability,
which is in the range of k~1,0 to 5,0 10-> m/s. The remain-
ing porosity of n' = 0,32 to 0,74 guarantees a sufficient long-
term permeability. In contrast to these results for most of the
investigated woven fabrics a lower permeability as given by the
soil was estimated. The relation of the permeability of the
woven geotextiles and the permeability of the soils was in the
range of 0,16 to 1,8.

18. Based on the given difference in filtéring and on bad
experience in using grain filters and woven filters the appli-
cation of heavy needlepunched nonwoven geotextiles really is a
standard in revetment construction on waterways in Germany for
about 15 years. Special guiding rules of the Bundesanstalt fir
Wasserbau (BAW, Federal Institute for Waterways Engineering),
Karlsruhe, have ta be considered for geotextile application

(1.

THE TERRAFIX REVETMENT SYSTEM

19. The terrafix revetment system consists of two components
complementing each other functionally: heavy needlepunched non-
woven geotextiles being the revetment filter layer and inter-
locking concrete blacks being the revetment armour layer.

20. Relating to the subsoil requirements or given guiding
rules differenttypes of fabrics are available. But all terrafix
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Clogging of voids volume and permeability decrease of dug up
needlepunched nonwavens

geotextiles are made from synthetic fibres building single-or
multilayer needlepunched nonwoven geotextiles. To meet the
strong guiding rules of the BAW for revetments on class IV
waterways for 1350 t motor vessels on steep slopes (steeper
than 1:4) of silty sands or finer soils the fabrics e.g. are
composed of a fine' and coarser filterlayer with a minimum thick-
ness of 4.5 or 6.0 mm and a very coarse roughness layer for
stabilizing the boundary layer between geotextile and subsoil-
with a minimum thickness of 10 mm (Fig. 2). These heavy multi-.
layer fabrics with overall thicknesses of more than 15 mm and
a weight up to 1800 g/m? are giving best properties for a safe
installation without damage and for long-term filtering.

21. The interlocking concrete blocks are trapezoid-shaped
with moulded-on conical pegs at the front and matching holes
at the rear. The blocks protect and fix the geotextile filter

RERES
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Fig. 2~ .
Cross section of a heavy multilayer terrafix geotextile

layer of the revetment system. Pegs and peg holes ensure an

. optimum interlock in horizontal and vertical direction per-
mitting tilt and rotation movements of the blocks (Fig. 3).
The flexibility provides for a good adaptation to the installa-
tion level as well as the compensation of possible settlements.
The distance between the blocks as dictated by the interlocking
elements and the special shape of the blocks guarantee the
necessary permeability to water, greenability and wave dampening
effect. On account of the interlock the weight per unit area
of the revetment system can be reduced considerably as compared
with e.g. riprap revetments. Weights of approx. 1300 to
2500 N/m? have proved very successful even in the case of
highly stressed waterways. At high and steep slopes, with
danger of toe scouring or with bad subsoil conditions the hang-
ing terrafix revetment constitutes a safe and proven solution.
Wires passed through special holes in the interlocking concrete
blocks permit a transmission of longitudinal forces from the
toe of the embankment to its upper edge and thus a safe force
distribution within the hanging revetment.

THE MITTELLANDKANAL EXAMPLE
Construction

22. In the years 1974 and 1975 about 75.000 m? terrafix re-
vetment system have been installed at the Mittellandkanal from
km 79,6 to km B5,7. In this area the canal embankments mainly

180

Fig. 3
Interlocking concrete blocks of the terrafix revetment system

consist of silty fine to medium sand for which the following
average characteristic values were assumed:

Permeability kK = 6-107° m/s
Angle of friction = 32,5 °
Cohesion c' = 0 ’

Specific gravity 2,0 kN/m> =10 KN/m?>
23, Below the concrete blocks a terrafix 800 NSK geotextile
was placed whose properties had been previously matched to the
in-situ embankment soil. The characteristic data of the terra-
fix BOO NSK is as follows:
Thickness of filter layers 6.0 mm (4,5 + 1,5 mm)
Thickness of roughness layer 31 mm
Weight 1005 g/m?
Tensile strength (DIN 53858) length 2710 N/width 2590 N
Elongation (DIN 53858) length 90 % /width 80 %
Permeability to water 9.2 -+10-3 m/s
BAW-test soil type 3 (silty sand)
a) soil tightness 2.0 g/34_h
b) permeability to soil type 3 4.3 103 n/s
24. The interlocking blocks were of the type NV 12 with the
fallowing characteristic values:
length/width/height
block weight

660/140/120 mm
G =230N, G' = 140 N
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blocks per area 9,1 m.2
area weight g=2130 N/m*, g'=1230 N/m?*

G' and g' are giving the weight under water consideringbuscyancy.
25. For terrafix revetment construction at the Mittelland-
kanal the NV 12 interlocking blocks were assembled to revetment
sections of 14.0 m in length and 5,60 m in width on & moveable
pallet of a special designed floating barge (Fig. 4). Anchor

Fig. &4
Floating barge for underwater installation of the terrafix
revetment system

wires 5 mm in diameter, hot-dip galvanized and plastic jacketed
were inserted at the lower edge. The anchor wires were attached
to a wooden toe beam and the wooden anchor stakes (bongossi) at
the top of the embankment without preloading. By retracting

and tipping the pallet of the floating barge the section hang-
ing from the anchor wires was gradually lowered onto the slope
upon which the heavy needlepunched nonwoven geotextile type
terrafix 800 NSK had just been laid. Fig. 5 is showing the
construction sequence. When the concrete block sections had
been placed, the upper part of the embankment was fixed. The
joints between the revetment sections were filled with hydrau-
lically bonded grouting material. As a result of development
the joints are not grouted today but half blocks are used at
the edges of the revetment sections forming a flexible close
section joint.
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Fig. 5
Construction sequence installing the terrafix revetment system
at the Mittellandkanal

Field measurements

26. The amount of load placed on the anchor wires of the
terrafix revetment system was to be subjected to both individual
and continuous measurements in the field, first of all upon
placement and then during subsequent operation, together with
the relevant loads exerted by the passage of shipping traffic.
To measure the tensile forces in the wires special tensile
force probes were installed above the revetment sections
having a measuring range up to 8000 N.

27. 1In order to measure the water level changes when vessels
pass, thus serving as a representative characteristic quantity
of load being exerted on the revetment, special pressure trans-
ducers were installed 2 m-below water level.They were used for
both, continuous and individual measurements and were designed
to cover a measuring range of 7,5 m water column.

28. At the Mittellandkanal measurements began during instal-
lation of the pre-assembled revetment sections in 1975 and-
ended in November 1980.

Results during revetment construction

29. The tensile force probes were fitted shortly before the
sections were submerged. As a rough check on the behaviour of
the anchor stakes, unstressed control stakes were placed at
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intervals of 50 cm behind the stakes for the measuring wires.
Whilst the sections were being laid the tensile forces in the
wires fitted with tensile force transducers were measured and
recorded with analogue results. '

30. The anchor wires are preloaded during laying and are

evidently subjected to their maximum load when the laying plat-

form below the revetment section suspended from eight anchor
wires is drawn away. At the end of laying the tensile forces
in the anchor wires are reduced again. The maximum tensile
forces measured when laying the sections gave a safety factor
of 2.0 as the minimum sectien safety with regard to the wire
breaking load. Based on the measurements the relative coeffi-
cient of friction between the concrete blocks and the barge
assembling platform could be calculated to tan ¥ = 0,17.
Fig. 6 is showing an example of measured tensile forces in
three anchor wires during laying operation.

“m“";y"“’:z“"“".:'“ Change in tensile forces during ship passing
m = .
section ot km 85.393 on 2.7, 1975 Z Locotion: Measuring section No.3 ot km 85.393
probe 8 probe probe 11 Ry tensile force probes No.9, 10 and 11
970N 940N '5'.?,0" « Measurement: on 21. 1. 1976, 3rd run
AT 4 A g Vessel: Tug from WSA Minden
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Tensile forces in the revetment anchor wires during installa-
tion and ship passing

Results after revetment completion

31. After completion in additional measurments the beha-
viour of the anchor wires fitted with tensile force probes
was registered from time to time and in addition soundings
were taken on the profiles of the slopes.

32. However, the measurements were affected by disturbances
which were not completely clarified. Most of the tensile force
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probes experienced a zero point movement into the pressure
zone so the values measured can merely be assessed accordlng
to their tendency.

33. The tensile forces were constantly reduced in all mea-
suring zones, which would seem to indicate a sufficient shear
strength between the subsoil .and the geotextile and between
the geotextile and the concrete blocks. These results are con-
firmed by soundings on the slope profiles which have, all in
all, shown no significant changes since completion of the
revetment during the 6 years of measurement.

Behaviour during 93531ng of ships

34. The effect of the rapid lowering of the water level,
caused by the passing of motor ships, on the tensile forces
acting in the anchor wires was measured in 1976 and 1980.

35. The passage of ships produces a strong current from
bow to stern with a lowering of the water level at the side
of the ship, the intensity of which is dependent on speed,
the shape of the vessel, the cross-sectional ratio canal/ship
and the distance of the vessel from the bank. On the one hand,
the reduction in water level causes a reduction in effective
buoyancy in the bank protection and on the other hand a current
in the ground water running perpendicular to the slopes with
a relativ high hydraulic head. From the data cobtained on the
passage of vessels, it can be concluded that the forces acting
on the revetment structure can be absorbed under safe condi-
tions without any problems. As also shown in Fig. 6 the changes
in tensile force in the anchor wires are minimal in relation
to wire breaking loads.

36. To investigate the actual load on the revetment struc-
ture caused by normal ship traffic conditions continuous
measurements were carried out at the Mittellandkanal in a
developed cross-section with a cross-sectional ratioc of n = 7.
Over a period of seven weeks the lowering of the water level
caused by passing ships was recorded. The evaluation included
all the lowering values which were equal to or greater than
10 cm. for smaller water level changes there is no clear sepa-
ration from wind-generated waves. Based on these investiga-
tions with an average traffic density of 75 ships per day it
can be shown that only 40 % of all ships produce any signifi-
cant loads and only about 10 % produce loads whicir have any
substantiasl effect on revetment design with lowering values
of about 30 cm and more (Fig. 7).

THE TERRAFIX REVETMENT DEVELOPMENT

37. Since the first test sections at the Mittellandkanal
in 1973 and the first big job in 1974/75 described above
the terrafix revetment has been used on different hydraulic
structures in several european and overseas countries. It has
been used mainly for bank protection purposes on rivers and
canals but also as revetment and bottom protection on big

culverts and spillwaqs with design current velocities of
about 5 w/s.
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38. Besides the underwater installation method using a
special floating barge the installation of terrafix revetment
sections by crane using special traverses has been developed.
Traverses for vertical hanging concrete block sections and -
horizontal hanging block sections are available for different
installation purposes. (Fig. 8)

39. Additional investigations and model studies at the .
National Water Research Institute, Hydraulics Research Division . -
Toronto, Canada and the LeichtweiB-Institut fur Wasserbau of
the Technical University of Braunschweig, Germany were carried
out to investigate the resistance of the revetment system
against high current velocities and wave attack. The model
studies showed that the interlocking blocks type NV12 could
withstand current velocities up to v = 8 m/s and that rectan-
gular shaped blocks 15 cm thick showed no damage under 20 ‘hour
wave attack with a significant wave hight of Hg = 1,6 m .

40. In the last years the requirement for a most favourable
layout of revetment structures considering environmental .
aspects became more and more important. Therefore it is a big Fig. 9

advantage of the terrafix revetment system that only a few terrafix revetment greened over
vegetation periods are necessary to green over the revetment :
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(Fig. 9). Caused by the large pore volume and the movability
of the fibres in the fibre labyrinth of the needlepunched
nonwoven fabric and the special joints between the concrete
blocks aquatic growth generally developes above and below
the water level, also encouraging the development of small
marine life.

CONCLUSION

41. The measurements and profile soundings carried out on
the Mittellandkanal confirm the overall positive experience to
date involved in using bank protection structures made of the
terrafix revetment system for about 10 years. The terrafix
revetment system is an important example for modern revetment
design performing all actual requirements - minimizing in-
stallation and maintenance costs, quick and safe installation -
in the dry and underwater, environmental friendly. The actual
experience is based on more than 500.000 m*® terrafix revetment
being installed in european and cverseas countries. .
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T2 The ACZ-DELTA mat

ing. J. C. DORR, ir. A. H. M. BARTELS and Ing. P. SCHUIT, ACZ Marine
Contractors, Gorinchem, The Netherlands

SYNOPSIS. ACZ Marine Contractors B.V. has developed a
concrete mattress especially for use in slope protection
works: the ACZ-DELTA mat. The prefabricated ACZ-DELTA mat
comprises a polypropylene filter fabric to which concrete
blocks are firmly connected. Thorough research of the
relevant parameters based upon many years of experience and
extensive studies carried out by the Delft Hydrauliecs Labo-
ratory and the Delft Soil Mechanics Laboratory during the
last decade have led to the design of the ACZ-DELTA mat.
This paper presents a description of the mattress and its
properties in relation to its unique blockform and pattern.

INTRODUCTION

Over the years the Dutch have made many in-depth studies of
river—- and canalbank protection and with an ever increasing
knowledge of the mechanics of the forces acting on banks it
was found that the constructions made in the past either
required high maintenance or were not dimensioned to handle
modern ship traffic.

During the last twe decades much research has been
carried out inte the different types of shore protection.
This has led to a tendency to choose slope protection
rather than vertical sheetpiling. ACZ has, therefore,
developed its existing concrete blockmattress which is used
over very large areas (4.4 million m2) as bottom protection
against scouring in the Eastern Scheldt Storm Surge Barrier
Project, a part of the Deltaworks, to form the ACZ-DELTA
mat.

DESCRIPTION OF THE MATTRESS
The prefabricated ACZ-DELTA mat comprises a filter fabric
to which concrete blocks are firmly connected. The mat is
made on a production plant, transported to the site and
placed on the slopes with the aid of a crane and spreader.
The construction of the mat can be divided into three
items: the fabric, the concrete blocks and the connection
between concrete blocks and fabric.
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The fabric

The fabric which is used serves both as a filter for the
subsoil and as a connector between the concrete blocks.
Therefore, the choice of the fabric depends on the local
circumstances and the required dimensions. The properties
of the slope that has to be protected determine the filter-
qualities of the fabric: sand, tightness must be guaranteed,
but the waterpermeability must be as high as possible to
prevent overpressures underneath the revetment. The
required tensile strength and elongation properties depend
on the unit weight of the mattress and the dimensions in
connection with the transport and placing method.

In any case a fabric can be chosen tailormade for the
purpose. Normally a polypropylene fabric in the range of
400 to 800 gr/m2 is used.

P L L L L

RIGHT SIDE-VIEW

dimensions in_millimeiers.

The concrete blocks

To meet all the requirements concrete blocks have been -
developed with roughly a sloping parallelepiped form.
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The bottom dimensions are 245 x 335 mm. The height can be : j/;;;ﬁ’/_—
varied between 80 mm and 240 mm, permitting the LI < > i
construction of the ideal mattress for every application. utle :
(Fig. 2). The spacing between the blocks at the bottom is ' ” g:grzino _ ACZ DELTA-MAT BLOCK
25 mm, which results in 10.3 blocks per square metre, contractors bw. drewn : PS prof. v :
corresponding with a degree of occupation of 84%. The 16% ! gorinchem holland ::rf;c'%a :ﬁ:”f
open space has proved to be enough for permeability. : = —
The wedge-shape of the gaps between the blocks is such that Fig.2. ACZ-DELTA mat block
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once the mattress has been laid the gaps can be filled
with crushed gravel. By the clenching action of the fill
material a substantial increase of the overall stability
is achieved. The quality of the concrete meets all the
requirements for concrete in hydraulic applications.

The connection between blocks and fabric
The connection 1s not only of great value during
transport and placing operations, but is also important to
improve the stability of the blocks under wave-attack.
Therefore, a strong and abrasion-resistant connection is
required. The connection consists of polyamide cords woven
in in the warp of the fabric and forming loops on the spots -
where the concrete blocks are situated. The loops are
raised before the concret§ is poured and on curing a strong
and slipproof connectionﬁgi}guaranteed.
Y 4 .
PROPERTIES OF THE ACZ-DELTX;MAT
An ideal revetment mat shdiyld fulfil the following more or
less important design critetia.
a. The mat must be strong and stable.
b. Energy absorbtion should be as high as possible to 1
reduce wave run-up. . ‘
|
|
|

c. Preferably no concentration of waterflows due to the
presence of vertical or horizontal.successive openings
between the blocks.

d. Flexibility is required.

e. The filter fabric should be protected against direct
ultra violet light.

f. Possible vandalism should be reduced to a minimum.

g. The materials used in the mat must be ecologically
harmless. Development of vegetation must be possible if
required. .

h. The mat should be passable for human beings and
animals.

i. Aesthetically pleasing. -

j. Possibility to replace and repair.

k. Useful in all types of design revetment.

1. Cheap.

Ad a

The stability of a structure generally depends on the
loads, where and when they occur, on one hand, and on the
strength of the structure on the other hand. A slope
revetment is subject to loads from the free water, waves
and currents, and to loads from the subsoil. The loads
from the subsoil can be quasi-static and dynamic and are
generated by the wave~action on the slope in several ways.

1. Due to the fact that seepage through the revetment
into the subsoil takes place over a larger area than
seepage out of the revetment the result of cumulative waves
is an elevation of the mean phreatic level and so an
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increase of quasi-static pressures underneath the revet-
ment.

2. VWhen a wave approaches a slope an increase of
pressures below the wave crest can be transmitted under
the slope revetment, thus causing uplift pressures over a
limited area just in front of the wave top only.

3. Depending on the surf simularity parameter

;= tana/ Y/ H/Lo

wave breaking may occur, where:
a = slope of the revetment
H = wave height
Lo = wave length (deep water)

Strong increases of pressure due to wave breaking may
propagate under the slope revetment, resulting in short
duration uplift pressures.

4. Afcer breaking a strong reduction of ‘pressures above
the revetment may occur, intensifying the pressure gradient
over the revetment.

If an individual block of a slope revetment has been
raised by uplift forces, wave run-up and run-down can cause
dragforces, inertia forces and additional 1lift forces and
so cause further collaps of the construction.

The Delft Hydraulics Laboratory (DHL) and the Delft Soil
Mechanics Laboratory (DSML) in the Netherlands, have
developed a numerical model, called °*STEENZET' with which
the uplift forces on blocks of a revetment can be
determined as a function of the block dimensions, permea-
bilities of the subsoil and of the revetment and the wave
properties. The model has been calibrated with measure-~
ments in large scale modeltests. An important number for
the determination of the quasi-static pressures underneath
the revetment is the leach length, defined as
k

A = sina bd L

& = slope of the revetment
b = thickness of the filter~layer underneath the
revetment

d = thickness of the revetment
k = permeability of the filter-layer
k' = overall permeability of the revetment

It proved that the pore pressures are smaller if the
revetment is more permeable. Therefore, a rather open
construction such as the ACZ-DELTA mat with its wide
openings between the blocks is a favourable revetment.

With the knowledge of the phenomena which can cause
damage to a revetment the design of the ACZ-DELTA mat has
been optimised.
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1. A permeable construction with wide openings between
the blocks has been chosen, resulting in relatively low
uplift pressures underneath the revetment.

2. Uplifting of individual blocks is prevented by the
‘weight and by the special shape of the blocks resulting in 30
an interlocking of the blocks and cooperation of adjacent
blocks. Stability of the blocks is increased by the use of 1
crushed stone in the openings between the blocks, where the Slope - 1:4
wedge-shape of the openings and the dimensions of the fill 1 © = 2300 kg/m3
material concur. ]

3. The connection with the underlaying filter fabric $=09 §=24
gives an additional safety against uplifting. 25

In the summer of 1983 prototype tests on a number of
revetment constructions have been dome in the Hartel Canal,
the Netherlands, by the Public Works Department (Rijks-—
waterstaat). With help of the results further optimisation |
of the block form has taken place. : 1

By order of ACZ the Delft Soil Mechanics Laboratory in A : 20 !
connection with the Delft Hydraulics Laboratory in the
Netherlands have made a study of the stability of the ACZ- 1 |
DELTA mat under wave~attack. Using the mentioned DSML/DHL
numerical model 'STEENZET' first the stability in terms of

maximum uplift force on one block and on an area of three €

blocks was considered. For the computation of these forces £

pressure peaks with a duration shorter than 0.1 seconds £ 15 t=47
were neglected. Comparison of the maximum force on one /’
block and on three blocks gives an idea of the effect of a T /
mattress—structure on the stability of the slope /
protection: the blockweight, necessary to counteract the /

uplift forces, can be lowered. Additionally, when using an \\7-w.3m”@mﬁ
engineered fill material (crushed stone) in the spaces w =290 qg/m?
between the blocks, the stability of the ACZ-DELTA mat can . 10 w275 kgl m?

be heightened with at least 50Z. The construction of the
ACZ-~DELTA mat and the orientation of the blocks is such
that it is not likely that washing out of material will
occur. The ultimate result of this study is a, rather . . T
conservative, relation between wave properties, wave height
and wave period and the required mattress weight, presented

‘\?; w260 kg fm?
wx240 kg/m2
2
\_/ w:l215 kg/m
w 190 kg fm?

I
wx 165 kg /m?

N\

s 05 d
in fig. 3 and 4. 7
ACZ is currently preparing large scale modeltests (1:2 or .
1:1) in the DHL Delta-flume in order to test the influence i i
of the connection filtermat - blocks and to obtain the
ultimate damage wave height of the complete system and to !
improve the conservative approach used now.-
0
Ad b : : (] 10 15 s 20
The herring-bone pattern of blocks and the filling of the ——Tin s

openings between the blocks with crushed stones give the
revetment a relative rough surface. This results in a

relatively low wave run—up, which can be compared with an : Fig.3.
at random placed stone revetment.
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30

Slope 1:3
€ = 2300 kg/m3

20

Steepness  [imip

W\

F s
w = 290 kg/m?
w275 kglm?
I~ w=260 kg/m?
~ wx 240 kgim2
jw= 215 kg/m?

w= 190 kglm2

i
w= 165 kg/m?

Fig.4.
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Ad ¢

When the strength of a slope protection increases, other
parts of the structure may become the weakest link.
A concentration of waterflow during run~down of breaking
waves can result in sandtransport under the filter fabric
and can so cause erosion or settlements. The herring-bone
pattern overcomes the problem of waterflow concentration
so erosion under the mat and resulting settlements are
minimized. '

Ad d -
The "herring-bone pattern and the special block shape used
in the ACZ-DELTA mat make an extremely flexible

- construction. This means that the mattress will follow

settlements exactly. Thus contact with the underlaying
soil is always guaranteed and the overall filter
construction remains intact despite the possibility of
localised breakdowns. It is possible to continue the
mattress beyond the slope onto a berm, since the mat
permits a change of direction of up to 70 degrees.

Ad e . .

The shape of the concrete blocks and the pattern in which
they are laid form a major part in the protection of the
fabric against U.V.-light. It is well-known that even
stabilised polypropylene loses some of its strength with
prolongate exposure to the U.V.-component of sunlight.

The blocks have, therefore, been designed to give maximum
shade to the whole mat including the joints and thus to
minimize damage by U.V.-light. If the voids between the
blocks are filled with gravel mo exposure will occur. .

Ad £

Human damage to the existing revetment systems usually
takes one of the following forms :

- removal of elements (blocks or stones)

- knife cuts in the fabric

- pushing objects such as fishing rods between the blocks

and thereby damaging the fabric.

Pulling out blocks of the ACZ-DELTA mat is impossible
since the blocks are firmly fixed to the fabric. Damage
due to cuts is minimized due to the block shape and the
pattern, Similarly the angle that the block faces make
with the slope make it unattractive for anglers to place
their rods in the gaps. In both cases damage.is further
minimized by placing crushed gravel between the blocks.

Ad g

Providing ne toxins are used in the manufacture of the
concrete the mattress is harmless to the enviromment.
If for envirommental or aesthetical reasons it is required
that the slope is able to support plant life it is possible
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to fill the inter-block voids with soil instead of gravel.
In due course the indigenous plant life will return and the
slope protection will blend in entirely with the )
surroundings. If necessary extra holes can be formed in
the blocks to increase the soil area.

Ad h
Even on steep slopes the mat is easy to walk on (by human
beings as well as animals).

Ad i :

Although peoples' thoughts about aesthetical aspects of
concrete mattresses may vary the ACZ-DELTA mat has great
advantages. The herring-bone lay-out makes a pleasant
surface pattern without the need for horizontal and
vertical lines.

Ad j
If necessary, in the case of a collision for instance,
the mat can be repaired by placing a new one or pouring new

concrete blocks onto the mat.
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Ad k

The ACZ-DELTA mat can be used for the protection of the
banks of rivers and canals, the covering of pipelines,
shore protection and the protection of artificial islands.
By increasing the height of the blocks and thus increasing
the total weight per square metre it is possible to tailor
the mat to fit the hydraulic circumstances of the different
applications.

PRODUCTION AND PLACING METHOD

Although block form and pattern look complicated a
singular mould is sufficient for production. So production
is easy by stretching out the fabric, positioning the mould
and casting concrete. Demoulding takes place after two
hours. .After onme day the concrete is strong enough to pick
up the mat by crane and spreader for stock.

Placing the mat on a slope takes place by crane and
spreader. Overlaps are created by pieces of fabric without
concrete blocks.” The mats fit to each other above the
waterline within the herring-bone bond, so seams are not
visible when the mat is placed accurately.

CONCLUSTON

The design of the ACZ~DELTA mat is an important step
forward in low cost revetments and is an example how, by
the results of independent research combined with decades
of contractors—experience, it is possible to develop a new
product which is universal in its applications and fits all
the requirements principals can aim.
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“US Army Corps of Engineers experience
1 2 with filter fabric for streambank protection
applications

M. P. KEOWN and N. R. OSWALT, US Army Engineer Waterways
Experiment Station, Vicksburg, Mississippi

SYNOPSIS. The major use of filter fabric by the U. S. Army
Corps of Englneers (CE) for streambank protection applica-
tions has been as a filter for riprap blankets; however,
fabric has alsoc been used for placement under articulated
concrete mattresses, gabions, and precast cellular blocks.
Filter fabric was initially used by the CE in Mewphis Dis-
trict as part of a riprap revetment repair project (1962).
Further field experience gained by Memphis District and
fabric testing by the Waterways Experiment Station
resulted in issuance of the first Corps-wide guidelines
for filter fabric placement (1973). A recent survey of
the Corps Districts (1983) indicated that only 10 Dis-
tricts had reported unsuccessful use of filter fabric and,
in most cases, these reports involved one or two projects
in a District.

INTRODUCTION

1. As part of early efforts to stabllize streambanks
with a layer of stone (riprap), U. S. Army Corps of Engi-
neers (CE) .observations indicated that placement of a
granular filter (sand, gravel, crushed rock) between a
riprap blanket and the prepared bank surface resulted in a
measurable improvement of revetment stability at sites
where the soil material was erodible or in a high energy
environment (wave action, eddy currents, prop wash, etc.).
A properly designed granular filter effectively reduced
the amount of soil being eroded through the riprap blan-
ket, provided a bedding layer for the riprap, and still
allowed for natural drainage from the streambank (ref.l)}.
Without the filter, the integrity of the structure could
have been seriously compromised as more and more material
was removed from the bank slope through the riprap. Dur-
ing the 1960's fabric materials were introduced as a
revetment filter (Fig.l) for projects where suitable
granular materials were not readily available or were not
cost-effective due to transportation, quality control, or
manpower constraimts. Although use of granular filters is
still considered as part of the "traditional® approach for
revetment design and construction, filter fabric 1s being
used for many projects,
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Fig. 1. Placement of riprap on filter
fabric

2. The initial use of filter fabric for hydraulic
applications can be traced to projects placed by Dutch
engineers in 1956. However, in the ensuing years, filter
fabric did not find widespread acceptance In the American
engineering community. As late as 1967, there were only
two domestic sources of fabric, although the use of fabric
as a filter under an interlocking block revetment had been
reported as early as 1958 in Florida.

3. Prior to 1970, no site-specific cost comparisons for
using filter fabric as a substitute for granular filters
were readily available. The initial economic case study
of record was conducted by the U. S. Army FEngineer Dis-
trict, Memphis, in 1966. Results of this study indicated
that filter fabric could be placed under articulated con-
crete mattresses (ACM) for $9.71/square (100 £t“) as
opposed to $8.03/square for a 4~in.-thick granular filter
(ref.2). However, a factor not considered in this com—
parison was the cost to repailr undermined ACM, which com-
prises a large percentage of upper bank repairs along the
Lower Mississippi River. The repairs through this reach
were reviewed to determine what cost reductions could have
been realized by the use of adequate filter material.
Although 1t was not possible to identify all repairs
attributable to the loss of granular filter and subgrade
material through the mattresses, costs compiled from many
construction sites through fiscal years 1967, 1968, and
1969 indicated that the repair cost for undermined ACM was
$1.73/square. During the period 1967 to 1969, no repairs
wvere needed where filter fabric had been placed under the
mattresses by Memphis District. Thus, on a short-term
basis, fabric was directly competitive with granular
filters through this reach of the Lower Mississippi River.

172

KEOWN and OSWALT

4. As the utility of filter fabric became apparent, the
Office, Chief of Engineers (OCE), directed the U. S. Army
Engineer Waterways Experiment Station (WES) to conduct a
study to determine the exteat and diversity of use of this
material by CE Divisions and Districts. The findings of
the study (ref.3) indicated that although there was wide
and varied use of filter fabrics by the CE, a test program
was needed to define the engineering properties of the
fabrics when used for filter and drainage applications.
This initial study became the first phase of a broader
program conducted at WES (1967-1972). As part of this
program, several filter fabrics (six woven and one non-
woven) were evaluated by chemical, physical, and filtra-
tion testing. Additional work by the Memphis District
provided needed information on the large-scale field
application of filter fabric. From the results of the WES
program (ref.4 and 5) and CE project experience, OCE guide
specifications were developed for field use of filter
fabric (ref.6).

5. When nonwoven or raandom fiber fabrics became avail~-
able, additional examination of fabrics and methods of
evaluating their engineering properties was considered
necessary, Laboratory testing was conducted at WES during
1974-1976 to refine existing test methods for woven fabrics
and to develop new methods for the evaluation of nonwoven
fabrics. The results of this effort -and further field
experience provided the basis for new CE guidelines (ref.7)
for the field use of woven and nonwoven filter fabrics.

6. In recognition of the serious economic losses occur-
ring throughout the nation due to streambank erosion, the
U. S. Congress passed the Streambank Erosion Control Eval-
uation and Demonstration Act of 1974, which became known
as the Section 32 Program. Under this program (1975-1982),
Filter fabric performance at 25 streambank protection
projects was monitored; in addition, hydraulic research
was conducted at WES to evaluate the performance of riprap
in combination with filter fabric under wave attack and
under various seepage and rapid drawdown conditions. The
findings of the WES research and the results of monitoring

‘at the 25 projects were published as part of the program's

Report to Congress (ref.8). WES also conducted a survey
of Corps filter fabric usage as part of the Section 32 -
Program. This survey (ref.9) indicated that 29 of the

38 Districts had used fabric for streambank protection
purposes. A later survey compilation by WES in 1983
(ref.10) indicated that only 10 Districts had reported
unsuccessful use of filter fabric and, in most cases,
these reports involved only ome or two projects im a Dis~-
trict. Specific details of this survey are discussed
later in this paper.

FILTER FABRIC PLACEMENT
7. Under current CE design guidance (ref.7), three fac~-
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tors must be evaluated during the selection of filter
fabric for a specific project application:

a. Filtration. The fabric must act as a filter;
i.e., the flow path through the fabric mesh must
be fine enough to prevent continuous infiltration
and passing of soil, yet large enough to allow
water to pass freely, .

b. Chemical and physical properties. The fabric's
chemical composition must be such that it will
resist deterioration from climatic conditions and
from chemicals found in the soil and water, and
must possess sufficient strength so that 1t will
not be torn, punctured, or otherwise damaged dur-
ing placement and through continued use.

c. Acceptance of mill certificates and compliance
testing. The fabric must meet Government stan-
dards for acceptance of mill certificates and
compliance testing.

8. Due to possible damage resulting from ultraviolet
radiation or improper handling, the fabric should be
wrapped in a heavy-duty protective covering such as burlap
during shipment and storage. In additiom, the fabric must
be protected from mud, dust, and debris and from tempera-~
tures in excess of 140°F. Prior to fabric placement, the
streambank soil surface should be graded to a relatively
smooth plane, free of obstructions, depressions, and soft
pockets of material. Depressions or holes in the soil
should be filled before the fabric is spread since the
fabric could bridge such depressions and be torn when the
revetment materials are placed.

9. After bank preparation is completed, the fabric can
be removed from the protective covering used for shipment
and spread on the bank (Fig.2). Overlapping fabric edges
should be joined by sewing (Fig.3) or bonding with cement
or heat. After the fabric is joined, securing pins should
be inserted through both strips of fabric along a line
through the midpoint of the overlap. The pin spacing
specifications for pins placed through the seams and over
the remainder of the filter (Fig.4) are 2 ft for slopes
steeper than 1V on 3H; 3 ft for slopes of 1V on 3H to 1V
on 4H; and 5 ft for slopes flatter than 1V on 4H (ref.7).
As reported in ref.4, several U. S. Army Engineer Dis-
tricts have experienced tearing of fllter fabric at the
seams and pins due to stone sliding down 1V-on-2H slopes
(Fig.5). This problem was minimized in the Divide Cut
Section of the Tennessee-Tombigbee Waterway by placing the
fabric loosely over the prepared bank and using only enough
pins to hold the fabric in position prior to placing the
stone (Fig.6). After placement, the stone moved toward
its permanent resting position; as this occurred, the
loosely placed fabric was allowed to move with the stone,
thus avoiding the pin and seam tears that often occur on
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Fig. 2. Filter fabric being spread on prepared bank
(photograph courtesy of E. I. Dupont de Nemours and
i Co., Inc.)

steep slopes where many pins are used.

10. TFabric strips should be placed on a prepared bank
surface with the longer dimension parallel to the current,
when used along streams where currents acting parallel to-
the bank are the principal means of attack (Fig.7a). The
upper strip of fabric should overlap the lower strip (as
roofing shingles are commonly placed), and the upstream
strip should overlap the downstream strip. To avoid long
sections of continuous overlap, the overlaps at the ends
of the strips should be staggered at least 5 ft as shown
in Fig.7a. The revetment and fabric should extend below
mean low water to minimize erosion at the toe. When the
revetment materials and fabric are subject to wave attack,
the customary comstruction practice is to place the fabric
strips vertically down the slope of the bank (Fig.7b).

The upper vertical strip should overlap the lower strip.
The fabric usually needs to be keyed at the toe to prevent
uplift or undermining.

11. When filter fabric is selected for a projett, the
placement of revetment materials on the fabric must be
conducted in such a manner that the fabric is not torm or
punctured. The most common material placed on fabric for
streambank protection applications is stone riprap. Heavy
and angular stone dropped from heights of even less than
1 ft can damage filter fabric. Displacement and settling
of stone after placement could also result in ultimate
failure. Various precautions have been taken in previous
applicatioms to prevent damage of fabric, such as a cush-
ioning layer between the fabric and riprap (Fig.8). How-
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g t e . S
W s e ST e e .
Fig. 3. Filter fabric sections being
sewn together

Lt [

ever, care should be taken to ensure that any cushioning
layer does not form a low permeability layer between the
stone and fabric.

RECENT CE EXPERIENCE WITH FILTER FABRIC

12. In March 1982 OCE sent a letter of inquiry to the
CE Divisions and WES requesting descriptive information on
those streambank protection projects where either failure
or less than satisfactory performance had occurred that
could be specifically attributed to the use of filter
fabric. The survey responses (ref.10) not only identified
problem areas, but also provided timely guidance, in the
form of recommendations and cautions, for dealing with
these problems. The problem areas that were identified, as
discussed below, reflect the current spectrum of CE experi-
ence with filter fabrie.

a. Erosion under the fabric. Small voids and loose
f1ll areas are generally bridged by filter
fabric, providing a site for potential erosion.

As, surface runoff moves downslope between the
fabric and bank material, soil loss may occur.
Si1t, silty sand, and sand banks are particu-
larly susceptible to this problem.

Slope failures. This was a widely reported
problem. A typical sign that a failure has
occurred is a bulge in the fabric near the bank
toe and a depression upslope above the bulge.
Although not a slope failure, a similar phenome-
non may result when erosion occurs under the
fabric and material 1s transported to the toe of
the bank, which in turn clogs the fabric. Some
survey responses indicated that failures could
also occur on a saturated slope during rapid
drawdown or due to the inability of the fabric
to pass flow quickly enough to relieve pore
pressure from groundwater flow.

lor
N
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Bt
Fig. 4. Filter fabric being pinned in

place (photograph courtesy of Carthage
Mills)

Tearing/puncture of the fabric. This problem
may lead to entry of large volumes of water or
exit of eroded soil.

Slippage of revetment material. This type of
failure occurs primarily due to poor support at
the bank toe or placement of the fabric on a
steep slope (greater than 1V on 3H).
Ultraviolet light. Fabric exposed to sunlight
for long periods during storage, construction,
or maintenance can suffer a significant loss of
strength.

- Vandalism. Fire can destroy fabric. Designers

should be aware of this problem, especially when
placing revetments in recreation areas.

The following recommendations and cautions were

offered through the. survey comments:

a.

Erosion under the fabric. During construction,
strong emphasis should be placed on maintaining
close contact between the filter fabric and bank
slope. This can be accomplished by considering
several design features:

(1) The bank slope should be smooth. Fill areas
should be properly compacted so that settling
does not occur after revetment placement.

(2) Fabric should not be placed in tension so
that fabric/soil contact can be maintained.

(3) The fabric should be keyed in at top bank
with an earth-fi1l trench. ‘

(4) Overbank drainage should be minimized by
routing flow parallel with top bank to a
controlled discharge point.
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Fig. 7. Coxrect fabric placement for current acting
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(5) If seepage from the bank slope is occurring
or grading of the slope could result in sur-
face erosion, then the filter fabric and
revetment may need to be placed immediately

B , after preparing the slope. Excessive seepage

or piping during grading may require place-
ment of granular filters before placement of
the filter fabric. *

*b. Tearing/puncture of the fabric. After placement
is completed, fabric temsion should be only
enough to hold the material gently in place and
prevent bridging of any depressions on the slope.
Excessive tension increases vulanerability to

. puncture and tears in the fabric. Because of
the many variables influencing tearing/puncture,
designers should consider preparing performance
specificatiouns that require placement of the
fabric and revetment by the contractor om a test

Fig. 6. Loosely placed filter fabric slope in order to qualify for a particular
on the Divide Cut Section of the Ten-— project. Project specifications should identify
nessee-Tombigbee Waterway : i test sections where revetment could be removed
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shortly after placement to determine the fabric

condition.
c. Slippage of revetment. In high current or wave
environments, the designer should consider that
the fabric does not interlock with the revet-
ment, particularly riprap, as a granular material
would. The revetment—fabric interface may form
a slippage plane. Since very little experience
has been documented regarding this aspect of fil-
ter fabric slope protection performance, model
studies may be needed for critical installationms.
Ultraviolet light. Filter fabric material should
not be exposed to sunlight (UV) for very long
time periods. Resistance to UV degradation i1s
dependent on the fabric's chemical composition
and the UV inhibitors used in manufacturing and
is thus highly variable.

=%
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CONVERSION FACTORS

U. S. customary units of measurement used in this report
can be converted to metric (SI) units as follows:

Multiply By To Obtain
Fahrenheit degrees 5/9 Celsius degrees or Kelvins#
feet 0.3048 metres
square feet 0.09290304 square metres
inches 25.4 millimetres

* To obtain Celsius (C) temperature readings from Fahren-
heit (F) readings, use the following formula: C = (5/9)
(F - 32). To obtain Kelvin (K) readings, use: K = (5/9)
(F - 32) + 273.15. :
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] 3 Prototype tests of slope protection systems

K. W. PILARCZYK, MSc{Eng), Deita Department, The Netherlands

SYNOPSIS:In the past decade a rapid development in design and
construction of artificial block and bituminous revetments
has taken place. The fact that design rules are still limited
in quantity has stimulated investigations in this area. The
prototype tests are of great importance for verifying the
results of desk and model studies. In this paper the scope
and organisation of the prototype measurements as done
actually in the Netherlands (1981-1983) are discussed. In
addition a short review is presented of the protection
systems involved in these prototype tests.

INTRODUCTION.

1. Numerous types of revetments have been developed in the
past for shore and bank protection against erosion by waves
and currents {i.e. rip-rap, blocks, asphalt, etc.}. On the
other hand, continued demand for relatively low-cost
protection in estuwaries and along the shores and navigation
channels has stimulated investigations in the area of
artificial block and bituminous revetments(ref.1,8,9,10,11,
12) as well, in the area of geotextiles (ref. 3,4,5). The
reason for this is the increase of the problem in respect to
the defence of the shores and banks of navigation channels as
well as the high cost and shortage of matural materials in
some geographical regions. This demand has resulted, in inter
alia, the rapid development of a great variety of artificial
block-units and in the wider application of asphalt and
geotextiles. At the same time, the quality of concrete blocks
was gradually improving due to the improvements in the
manufacturing process and the cost which diminished due to
mechanical placing so that, as a result, concrete blocks of
various sizes and shape are used satisfactorily in coastal

" protection and the protection of navigation channel banks
under a variety of conditions.

2.For countries with their own sources of stones,dumped quar-
ry stone is usually the cheapest material per ton,which can
be used for revetments. However,dumped stone has a lower sta-
bility per unit weight against wave and current attack than
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the most concrete armour units. Because of these characteris-
tics dumped quarrystone can serve as a reference by which the
stability and cost of other revetments may be judged(ref.2).

3. The design of most of these revetments is still based more
on rather vague experience than on the generally valid calcu-
lation methods. Therefore, however limited the existing know-
ledge on this subject may be,it is useful to systematize this
knowledge and to make it available to designers (ref. 3,7).

4. In this paper, the actual research philosophy leading to
the preparation of design guidelines on bank protection is
briefly discussed (ref. 7, 8, 9). Next, a review of the
organisation of the prototype measurements being a part of
the total research programme, is also presented. Special
attention is paid to the protective systems used in the
prototype tests in the Netherlands (rip-rap, placed blocks,
block-mats, gabions, sand-mattresses and open stone-asphalt).
The advantages and disadvantages of the different types of
revetments are compared and suggestions made regarding their
practical application.

SCOPE OF THE RESEARCH PROGRAMME.

5. The developments in inland shipping in the Netherlands
during the past decades are particularly related to the
increasing number of high-power vessels and push-tow barges.
Many problems arise from these developments, among them ero-
sion of the banks. Depending on the local situation, ship-
induced water motion or water motions generated by other me-
chanisms, e.q., wind, waves and currents may be decisive for
the design of the bank protection. The design of bank protec-
tions is complicated and has no proper theoretical foundation
yet. Consequently, at the Delft Hydraulics Laboratory, an ex-
tensive, fundamental research programme on ship-induced water
motions and related design of bank protections and filter-
layers (incl. geotextiles) is carried out by the commission
of the Dutch Public Works Department (Rijkswaterstaat). This
research is known as the M1115-research (ref. 8).

6. During the research programme hydraulic model studies have
been carried out to a scale of 1:25. At this scale however,
only very limited information on the stability of top-layers
(especially regarding block-revetments) can be obtained. In
addition, some scale effects may be involved in reproduction
of the ship-induced watermotions. Therefore, it was decided
to set up an extensive series of prototype-measurements
(OEBES-project) to get better insight in the phenomena
involved and to determine the scale effects by comparing the*
results of the prototype measurements with corresponding
hydraulic model tests (ref. 6,7). The prototype measurements
took place in the Hartel Canal (see figure 1) situated within
an area of the Rotterdam-harbour (the first series in 1981
573 the second one in 1983). The tests have been carried out
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in close cooperation with the Delft Hydraulics Laboratory the
Laboratory of Soil Mechanics,the Rotterdam Port Authority and
the Ministry of Transport and Public Works.

7. The results of the prototype measurements, in combination
with the model results and the calculation methods developed
in the framework of the systematic research (M1115) on bank -
protection and systematic research (M1795) on dike protection
extended with knowledge gained from practical experience,will
lead to preparation of guidelines for reliable bank protec-
tion designs. The aim of the total research programme is to
develop such design criteria that the amount of maintenance
and construction costs of new revetments is minimized.

DESCRIPTION OF PROTOTYPE TESTS.

Location and test embankments.

8. The Hartel Canal proved to be a good location for
prototype tests. The canal satisfies the set criteria: it
has a straight fairway with a restricted width (bottom width
~75m, depth ~7m), continuous slopes of homogeneous subsoil,

" and little disturbance by shipping.

During the ist series of measurmeents (1981) the Hartel Canal
was closed by a lock navigation (i.e. constant water level
was present). During the 2nd series (1983) the Hartel Canal
was in an open connection-through tidal river Oude Maas -
with North Sea (i.e. tidal flow fluctuation was present).
For the first series of measurements eight different 40m long
testsections (slope 1:4) were constructed. Five others were
added by different contractors in 1983,
The following test embankments, equipped with geotextile
filter, were purposely constructed on slope 1 to 4 for the
measurements campaigns (see figure 3):
Series 1981 and 1983. Only 2nd series (1983).
1. rip-rap (5-40kg) on clay 9. basalton (0.12m) on
2. blocks(0.15m height) on clay. silex/sand.
3. blocks on a layer of gravel, 10.fixtone(0.15m) on sand
on sand. asphalt on sand.

4. blocks on sand. 11.sand-mattresses(0.20m)
5. basalton (0.15m) on sand. on gravel/sand.
6. rip-rap(5-40kg) on sand. 12.armorflex-mats(0.11m)
7. coarse gravel (80-200mm) on sand. on gravel/sand.
8. fine gravel (30-80mm) on sand, 13.PVC-Reno mattresses

) (0.17m) on sand

14.ACZ Delta block-mats (0.16m) on gravel/sand.

Structure and organisation.

9. The test embankments (top-layer and subsoil), test-ships
and wet cross-section of the test location were equipped with
various instruments. The measurements were centrally directed
from a shore-based "central®™ cabin(see figure 1). Just before
entering the test-section of the canal by a test-ship, all
instruments started operating simultaneously on a command
given in the central cabin. Processing of the data followed
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immediately resulting in plots of the selected signals. By
analyzing the plotted information in conjunction with erosion
measurements,a well balanced selection of the next required
test conditions could be made.

10. The extent of the measuring campaign required much of
organisation. During the measurements the following groups
were in charge: 1°) central cabin (data acquisition, signal
handling and analysis group), 2°) test ship group, 3°) ships’'
position group, and 4°) erosion group, including a diving and
two "Stereo-pictures” teams, -

Next, a number of additionally required ships were in situ,
viz.: 1°) a tug to assist the test-ship when manoeuvring, 2°)
a barge~tug combination to assist the erosion-group, 3°) a
liaison ship to collect the ship borne data after each run
and to deliver the data to the central cabin, and 4°) a
traffic control vessel. ' .

During the execution of the measurements one universal
frequency for communication was used.

Fig. 4. Ship-waves attack on test embankments,

Pest-snips, test-runs and induced watermotion.

11. During the 1st series of measurements the following

test~ships were used: .

First series (1981): -small vessel for management .

~ pushing unit, 4500 hp, with barges (length each barge
76.5m, width 11.8m and draught 3,0m); four loaded barges
in 2x2 formation, (see fig. 5), four empty barges and
six loaded barges in 3x2 and 2x3 formation.

- tug, 700 hp.
puring the 2nd series of measurements (1983) the following
test~ships were used:
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- pushing-unit, 5400 hp, four loaded barges in 2x2 formation
{one test-run was also done with four empty barges).

- motor-vessel, 800 hp (B0 x 9.5 x 2.5).

- tug, 1120 hp.

12. The number of test-runs with each test ship and the max.
values of watermotion-components induced by test-ships are
summar ized below. .

Test ship Pogition no. Vg IZ lH I
turns (m/s)] (m) (m)
1981 .
2x2, loaded centerline 19 1.27 |0.75 | 0.40 )
2x2, loaded toe of slope 21 2.02 0.85 0.40
2x2, empty toe of slope 7 0.85 0.73 0.86

2x3, loaded toe of slope 4 1.52 0.84 0.21

2x3, loaded centerline 4 1.35 0.67 0.20 -
3x2, loaded toe of slope 3 1.12 0.56 0.30

3x2, loaded centerline 6 1.06 0.45 0.27

tug toe of slope 2

1983

2x2, loaded toe of slope 34

2x2, empty toe of slope 1

motor~vessel toe of slope |[. 16

tug 38

Vg ™ velocity of return flow, Z=max. water-level
depression, H= height of secundary waves.

Instrumentation. .

13. Hydro instruments. To obtain a thorough insight into
ship~induced water-motion, detailed measurements of wave

heights, velocities and turbulence were carried out. Wave

height meters, flow velocity meters and flow direction

indicators were fixed to the measurement jetty(see figure 2). -
A wave run-up device was installed on the slope. Moreover,
some other hydro measurements were carried out, viz.:
measurements of pressures along the slope, measurements of
vertical flow distribution (to determine development of the

boundary layer)}, measurement of turbulence rate in the l
immediate vicinity of the rip~rap, and measurement of rate r
and direction of velocity, pressure and vertical distance to

the ship (by means of echo-sounder) in the line of the

ship-path.

14. Soil mechanical instruments. A number of water-pressure
gauges were placed into the subsoil before the filter cloth
and top-layers were put into place. These gauges were situa-
ted in such a manner that both horizontal and vertical gra-
dients were measured. Beforehand, 6 concrete blocks and 3 ba-
salton blocks had also been provided with pressure gauges on
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Fig. 5. Loaded pushing unit at test location.

both sides of blocks which made it possible to determine the
absolute pressure and the pressure difference exerted on the
protection blocks when attacked by ship-induced waves. All
hydro-, and soil mechanical instruments were directly connec-
ted to the central date-acquisition system.

15. A number of preparations and devices were applied to
determine the beginning of motion and/or erosion of protecti-
ve materials. These were: coloured sections of gravel and rip
rap, flat cylindrical gravel-traps (to catch the gravel) and
jack-up for stereo-pictures at rip-rap locations. When the
ship had passed divers immediately inspected the embankments
under the waterline, collected eroded rip~rap and surveyed
the four gravel-traps. All trapped material was carefully
analysed. From time to time the erosion holes were filled
with the aid of a barge-tug combination.

16. On board of the test-ships the following variables were
recorded: course and rudder-angle, trim of the barges, and
torque and number of revolutions of the shafts. A gyrocompass
was used to determine the course. Rll signals were recorded
as a function of time. Transfer to a function of place is
only possible when a very accurate position system is used.
Data recorded on board during a run were directly collected
by a liaison-boat and taken to the central cabin.
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17. Positioning system. In the prolongation of the Hartel
Canal leading lights were placed to show which course the
test-ships have to maintain (centerline or toe of slope). The
exact position of the test-ship was determined with a Minilir
system in conjunction with an automatically operating
distance-meter (Aga-120). The Minilir-system follows a lamp
mounted on board of the ship (see figure 1.). In fact, the
Minilir determines two angles: horizontally, which gives a
bearing of the lamp and vertically, which gives the sinkage
of the lamp. The accuracy of the Minilir is 0.5 x 10-5 rad.
Through the continuous registration of the horizontal angle
and the distance to the ship, the ship's position can be
accurately determined. The position of the lamp in the fair-
way in combination with the location of the lamp on board and
the momentaneous course of ship determines the position of
the ship in the fairway. The sinkage of the lamp in combina-
tion with the trim indication of the barges determines the
total sinkage and trim of the barges. These data were stored
in the cassette and added to the central-acquisition system
immediately after each test-run.

ANALYSIS.

18. With the results obtained, the insight in to hydraulic
load- and damage mechanisms related to revetments when
attacked by ship-induced water motion can be obtained (see
figure 4). This will result in more reliable and universally
applicable design rules for protection systems, The results
of the first series of prototype measurements (1981),restric-
ted mainly to the hydraulic load and stability of rip-rap,are
partly published in ref.6 and 7. The results of the analysis
of the 2nd series of prototype measurements (1983) will be
available at the end of 1984,

BEHAVIOUR OF TEST EMBANKMENTS (see fig. 6).

Loose materials

19. Gravel on geotextile and sandy subsoil. Two gravel
embankments, one with 30-80mm gravel and the other with
80-200mm gravel, were applied to verify the model relations
describing the beginning of movement and transport of loose
materials under ship-induced water motions. High gravel
transports were only observed when push-tows and tugs sailed
at high speed near the bank. In general, calculation methods
based on model results give a proper approximation of the
prototype values, It is interesting to note, that during the
period between the twe series of prototype measurements
(October 1981-May 1983) an unexpectedly high transport of
fine gravel took place as a result of a normal (rather low)
shipping-intensity in the Hartel Canal. The probable
explanation could be, that more vessels {particulary small
vessels and tug-boats) are sailing nearer the bank than it
was expected at the first sight. It also emphasizes the
necessity of sufficient statistical data on behaviour of
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ships in navigation channels to be able to properly predict a
long-term transport balance.

20. Rip-rap 5-40 kg on geotextile. For this class of rip-rap
the beginning of movement was rather exceptional. It has been
observed to occur mainly due to secondary waves induced by
empty barges and tugs sailing very close to the bank (i.e. at
the toe of the slope). It can be concluded that in the most
practical cases this, or a little higher class of rip-rap
would be satisfactory for the normal inland fairways. In the
Netherlands the stone classes used normally for bank protec-
tion of channels with high shipping-~intensity (incl.push-tow
are of the 10-60kg and/or 60-300kg types. Detailed analyse of
design procedures of rip-rap for bank protection can be found
in ref. 7 and 8.

Placed (free) blocks.

21. In the Netherlands, concrete blocks are frequently used
for the revetments of dikes, dams and banks. In general, no
reliable design criteria are as yet available for these (and
also for interlocked) revetments. In all these cases, the
type of sublayer (permeable/impermeable) and the rate of
permeability of the blocks are very important factors for the
stability of these revetments. Sometimes, these blocks are
threaded with cables or connected to geotextile by nails or
nylon nooses (or even glued) forming a flexible and
structurally integrated mat-system {(ref. 3).

22, For prototype tests, 0.3 x 0.2m and 0.15m thick concrete
blocks were used. Both sand and clay were used to form a sub-
soil. No failure of revetment has been observed (e.g. no up-
lifting of blocks). However, limited settlement and thus
.deformation of revetment has been observes at various places
where underlayer consisted of sand and geotextile. )

The analyse of the registrations of the preséure gauges below
the blocks has indicated that the hydraulic gradients at the
inter-surface of sandy subsoil and geotextile often exceeded
the critical values for the beginning of erosion. Because of
the geotextile the vertical transport was limited and the
main transport took place probably along the slope. Some
amount of sand could get lost due to lack of adequate sand-
tightness at the transition from the block-revetment into

the rip-rap toe-protection.

More detailed information hereabout will be available after
completion of the hydraulic and geotechnical analysis. Stabi-
lity of placed blocks under wind~wave attack is summari-

zed in ref. 1 and 3 where the recent large~scale results from
the Dutch Delta-Flume are also mentioned.

Flexible interlocked block revetments.

23. Three types of flexible interlocked revetments with three
different principles of interlocking were used for the proto-
type tests, namely: grouted basalton blocks, cabled and grou-
ted Armorflex-mats and noosed Delta-block mats (ACZ).
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Fig. 7. Loaded pushing unit: 2x3 formation.

24, Grouted Basalton blocks (prisms). The excellent experien-
ce the Netherlands has had with natural basalt revétment
{stone pitching) in conjunction with the high cost and shor-
tage of natural basalt, have resulted in the development of
artificial concrete prisms based on the shape of the natural
basalt (patented as "Basalton®). This system is characterized
by a polygon connection and consists of various shapes and
different dimensions of prisms which allow even the construc--
tion of a random-shaped revetment. The blocks are produced in
various sizes and with various densities. Lately they are al-
so available as Basalton-mats. The area of the inter-block
space equals about 20% of the total surface area (ungrou-
ted). The blocks are slightly tapered vertically. Because of
this, the prisms may sink lower if there is any settlement of
the soil-body or erosion of the sublayer,which is immediately
evident. Moreover, because of its tapered shape, the prisms
have a firm position in the slope. The interstices between
the blocks are filled with, for instance, graded broken stone
silex or copper-slag (size 1-50mm). As a result the possibi-
lity of upward movement of the blocks is strongly reduced. In
the Netherlands, the underlayer normally consists of graded
broken stone or silex-stone (a waste product of the cement
industry) of 0-60mm and about 30cm thick (i.e. for sea-dikes)
It is also possible to place Basalton-blocks on sand-soil
with a geotextile and broken stone in between. Recently full-
scale tests on this type of revetment were performed in the
large Delta-Flume of the Delft Hydraulics Laboratory (ref.12)
As a result of grouting (= flexible interlocking) the
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strength of the construction may increases up o Hg/e D ~10
{slope 1:3) where Hs=significant wave height, & =relative
density of block and D=block height. With such strong slope
revetments,the stability of the filter-layer can become more
critical.

25. The behaviour of the grouted Basalton revetment, used in
the prototype tests in the Hartel Canal, was very satisfacto-
ry. During the first series of measurements (1981) only 15cm
thick blocks were used. During the 2nd series (1983) 12cm
high blocks were also applied. In both cases no stability
problems occurred. The washing-out of the grouting material
was, on average, restricted to a few centimetres in depth. As
the inter-block space varies very little with the height of
the block, the relative depth of washing-out (scour depth re-
lated to block height) increases in proportion to the decrea-
sing of the block height. This means that, despite the high
stability value, the height of the block must not be less
than about 10cm to retain its stability performance.

26. Armorflex block mats. The purpose-shaped. interlocking ar-
morflex blocks are threaded with steel or nylon cables and
bounded together, thus forming a flexible mat-system. A geo-
textile and/or graded filter are first spread over the slope
to be protected, and than overlaid by the block-mat. Additio-
nally, grouting material may be applied to the inter-block
spaces to rigidify the mat once it is in place. Because of
cabling, this system maintains its integrity in the event of
subgrade deformation or severe dynamic loading upon a given
exceedance of the design conditions for free blocks. The ar-
morflex mat-system has been investigated extensively with re-
spect to wave attack (ref. 11).

27. For prototype test embankments in the Hartel Canal the
full and cellular type blocks of 0.11m height were used. Both
systems were grouted with fine gravel. The performance of
these systems was very satisfactory. Against expectation the
washing-out of the grouting material was rather limited.

when placing these mats special attention should be paid to
the connection of the adjoining mats.

28. ACZ-Delta block mats. The system is characterized by a
diagonal block-distribution and consists of rectangular pur-
pose-shaped blocks (blocks 0.20x0.40m-underneath and
0.155x0,.355m~outer surface). The blocks are poured onto the
geotextile. The connection between blocks and geotextile is
realized by four nylon nooses connected to the geotextile.
The space between the blocks was about four centimetres wide.
The block-mats (blocks 0.16m height) were placed on gravel
and grouted with coarse gravel. The short term performance of
this mat did not immediately lead to instability problems.
However, due to the large interspaces, the grouting material
was soon washed-out and the external hydraulic load was ac-
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ting through the geotextile directly on the sand-sublayer. In
the long-rum it will léad to erdsion of the sublayer and
deformation of the revetment. Some settlement of the test re-
vetment was already observed during the tests., Some improve-
ment of this system is neededbefore it can be used in
practice.

In general, the weak point of the block mats is how to repair
them when the sublayer erodes and the underwater connection
of the adjcining mats fails.

Sand-sausage mattresses (Profix).

29, Zinkom BV, a Dutch company specialized in bank and slope
protection works, has developed a flexible erosion control
system composed of filter-cloths and granular f£ill material,
known as the Profix-system. Profix is a fast and relatively
cheap method. Two tightly woven polypropylene mats are
stitched together at regular intervals to give the design
weight of at least 200kg/m? when filled with sand. Both
filter-cloths must be sand tight. Moreover the outer cloth
is stabilized against ultra violet radiation. It is provided
with a felt layer to promote and develop vegetation providing
extra protection against u.v. radiation. The cloths allow
plant roots to penetrate into the subsoil thus providing
extra stability to the construction. The required strength of
the filter-cloths depends on the exerted loads, for instance,
the design of slopes, the method of construction, the
thickness and weight of the fill material. Sand and/or gravel
are very suitabel as fill material, possibly mixed with
cohesive additives., Mixing the fill with seeds can promote
vegetation. The empty mattress is spreaded out at the top of
the revetment and pulled out in stages, as they are filled,
into the river or channel.Dry sand is blown through rubber

~hoses threaded in turn into flap covered openings every 5 to

10m along each tube of the mattresses.

These mattresses are actually used on a large scale for bank
protection works in the Nigerian Delta area (since 1981).
Special attention has to be paid to the risk of vandalism
i.e. the mats may be cut away on purpose or damaged by pins
through them. However, this has not been experienced. For
areas which are not so densely populated (i.e. outside a
serious risk of vandalism) this system may offer a good
alternative bank protection.

30. The Profix mattress at the test embankment had an average
thickness of 0.20m containing medium to coarse sand, between
a flat laying filter cloth sticked together at intervals of
0.40m.. The direction of the tubes was up and down the slope.
The experience with this system obtained through the tests in
the Hartel Canal showed the high importance of a sufficient
degree of density (compaction) of the sand inside the
mattress. Due to the breakdowns of the filling equipment this
degree, unfortunately, was not obtained and migration

of sand grains inside the tubes downward the slope could take
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Fig. 8. Loaded pushing unit: 3x2 formation.

place. This as a result of the water movements caused by
tidal action and passing ships. Consequently, the part of the
mattress below the maximum water level was densified
affecting the filling degree of the upper part. After
refilling this part of the mattress the performance of the
construction appeared to remain more satisfactory(during the
1st three months of observations).Future observations at this
test location will supply additional informations regarding
the behaviour of the Profix-mattresses under ship-induced
load,

PVC Reno mattresses (Maccaferri Gabions).

31. Gabion is a large wire mesh basket coated with zinc or
PVC (polyvinyl chloride) to ensure long life under adverse
conditions. It is rectangular in shape, variable in size with
diaphragms at certain intervals. These baskets, filled with
relatively small rocks, are widely used in bank stabilisation
and river training structures. The inherent flexibility of
the gabions -the ability to bend without breaking- seems to
be primary reason for their succes. Other important
advantages are its permeability, stability, easy repair and
relatively economy.

32. Mattresses used in the prototype tests were PVC-coated
baskets 1.0 x 4.0m and 0.17m thick, filled with coarse gravel
70-130mm and placed on a geotextile on sand. The short-term
performance was satisfactory. However, the placement was done
with more than normal care. After the tests only a slight
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swelling of the individual cells was observed. Also, only a
limited number of stones has escaped throughout the wire-mesh
of the mattress-baskets. Although the long-term performance
has to give the final answer on the applicability of this
system, it seems that gabions are a good protective alterna-
tive for these locations where vandalism is not a problem,

Fixtone (Bitumarin B.V.

33. Fixtone (open stone asphalt) is a new development in the
construction of permeable asphalt revetment. Fixtone is
prepared by mixing about 82% stones (16-56mm) with about 18%
pre-mixed sand mastic (i.e. 64% sand, 16% filter and 20%
bitumen 80/100), giving a material in which the stones are
fixed firmly and form.a stable, flexible and permeable (voids
content 25% or more, pores up to 10mm) construction material.
The lining generally consists of a layer of 15 to 20cm Fixto-
ne on a filter layer. A more economical construction has
recently been obtained with a layer of Fixtone on top of a
fibre cloth which acts as a sand barrier. It is also produced
in the form of Fixtone.mats. Fixtone surface is resistant to
currents up to 6m/s and waves up to 2m in height at least.
Due to the complicated visco-elastic behaviour of asphalt
mixes, which cannot be scaled down, the assessment of resis-
tance to wave attack can only be carried out on actual scale.
In order to provide a design tool for designers, the experien
ce from several projects has been compiled into a "rule of
thumb®, reading:

)

D = C.Hg

in which: D = thickness of Fixtone layer, Hg = significant
wave height and C = coefficient value being 1/6 in the case
of Fixtone on filter cloth, and 1/10 on a sand bitumen filter
This rule is also supported by the large-scale check-tests in
the Delta-Flume of the Delft Hydraulics laboratory (ref. 12}).

34.' The prototype test embankment in the Hartel Canal )
consisted of a 0.15m thick toplayer of Fixtone (stone size
20-40mm) on an average 0.20m thick layer of sand-asphalt.
The short-term peformance of Fixtone was rather satisfactory.
Only a very small number of stones were loosened from the
slope surface. These were small stones which had only single
contact surfaces with the underlying Fixtone and had loosened
because of rocking motions under current and wave attack. Due
to high permeability of the "young™ Fixtone there was no
1ifting of the construction as a result of upward pressure.
However, further information on long-term behaviour of
Fixtone, especially regarding the permeability, is still
lacking. These conclusions are identical with the conclusions
of the large-scale tests in the Delta-Flume where the wind
waves up to Hp,y, = 2,65m were generated (ref. 12). Actually
(October '83) long term abrasion tests are being carried out
in the large stream flume at Lith in the Netherlands. The
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first results indicate that the surface erosion of Fixtone iz

rather limited even after a three weeks of continuous tests
with water—-current of akcut 4n/s.

END REMARKS.,

35, After the completion of the short-term measurementsg in
the Hartel Canal it was decided to keep all these prototype
embankments for further studies on long-time behaviour in the
coming few years. These data combined with the geotechnical
analysis of the data obtained during the short-term prototype
measurements will give more information on the practical
applicability of the different protective systems.

The results of all these studies metioned above will bring
designers closer to the solution of the typical problem of
the choice of protective structure for bank protection works
in respect to design load, the ability of materials, and
desired function of construction.
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Yugoslav experience in constructing
1 4 revetments incorporating geotextiles

M. BOZINOVIC, MSc, M. MILORADOV, PhD and E. CIKIC, BSc, Jaroslav
Cerni Institute for the Development of Water Resources, Belgrade

SYNOPSIS. The paper is a concise presentation of experience
in Yugoslavia with respect to the design and construction of
bank revetments with geotextile on the rivers ahd canals in
Yugoslavia. It also gives some results of investigations
performed on such bank revetments. It is concluded that the
experience has so far been a positive one, but that further
. research is needed for clarifying certain aspects of the use
of geotextiles, especially of their use as filters and
separators. ‘

5

INTRODUCTION
1. Extensive training works were begun on rivers in Yugo-
slavia towards the end of the 19th century and the beginning
of the 20th century. Most of the works were made in order to
improve navigation routes and protect against flooding on the
rivers Danube, Tisza, Drava, Sava and others. However, a lot
still remains to be done in the futureyears both on the con-
- struction of new training works and on the maintenance and
reconstruction of the existing ones. The total length of
rivers in Yugoslavia is about 110.000 km and of canals 900km,
of which about 660 km are navigable.
., ) 2. ©Since bank revetments are the most expensive part of
R ] river training structures, cheap solutions are of a great
B economic interest. With the invention of geotextile, the
possibilities for finding such solutions have been broadened
and especially so since home-made geotextile became available
- in Yugoslavia. )

3. There are at present two factories in Yugoslavia pro-
ducing geotextile for construction purposes. Both factories
produce polyestrous and polypropylene fibres by using the
dry procedure, i.e. the needling method. Table 1 shows the
properties of the two types of Yugoslav geotextlles thet are
most often used for bank revetments.

k., With the beginning of geotextile productlon in Yugo-
slavia, intensive investigation work was conducted in order
to determine its possible application in hydraulic structures,
especially for bank revetments. This investigation included
the following:

- laboratory testing of geotextile fabrics

Y
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Table 1
Properties of "LIO-Filter Plastica" art.7010, type 300
production "LIO" - Osijek and of nonwoven textile

"Politlak-300", production "TOZD-Filc"- Menges
(Ref.1 and ref.2)

No. Characteristices Unit "LIO" filter  "POLITLAK-300"
measure plastica

1 2 3 " 5
1 Type of basic
rav material- - polyester polypropylene
polymer
2 Mass of felt per 2 + +
unit of area g/m 300~ 10% 250- 10%
3 Thickness of felt mm 2.6 3.0
L Width of felt m 2.%0 2.20 and h.Lo
5 Tensile strength
a) according to '
length kN/Sem 75 58
b) acc.to width kN/Scm 50 68
(DIN 53857)
6 Tensile elong.
a) acc. to length % 70 1ko
b) acc. to width % 100 135
T Water permeability

felt (flow of water

vertical to the m/s (1.5-2).1073  (3-4).103
surface of the felt;

pressure on the

felt 22 Pa

8 Absorntion of water
at 21°C and 659% A 0.3 - 0.4 0.01 - 0.1
relative air
humidity
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- field observation of benk revetments where geotextile has
been used
- examination of samples of geotextile taken from bank
revetments
- preparation and publication of standards for the use of
geotextile in bank revetments
5. This paper reports on the results of these investi-
gations and on the experiences in the application of geo-
textile for different types of bank revetments of rivers and
canals in Yugoslavia.

Proposal of standards for the use of geotextile in bank
revetments

. The first proposal has been published under the title:
"Temporary Standards for the Application of Geotextile in
the Construction of Bank Revetments" (ref.3}. In this docu-
ment the principles and techniques developed at BAW-Bundes-
anstalt fir Wasserbau, Karlsruhe, W.Germany, were adopted to
8 great extent (ref,h), The methods and procedures used for
the attestation of geotextile as recommended by the mentioned
Institute provide the designers with the necessary informa-
tion, especially when using geotextile as & protective filter
in the reversible flow of water. )

T. However, a great many problems in this field still
remain to be solved as geotextile is a relatively new material
while the possibilities of its application are very numerous
and different.

Applied techniques for bank revetments with geotextile
8. The following guidelines are recommended for the design

of bank revetments with geotextile: (ref.5,6and T)

~ in a bank revetment geotextile should serve primarily as

' a separator and filter, and if need be, as a drain and
structural reinforcement;

- & bank revetment should be simple and adapted to the local
conditions;work should be mechanized as much as possible

—~ the structure of a bank revetment should resist the
loading and other influences both in the course of its
construction and its use. Speciel attention should also
be paid to the analysis of wave effects and to the washing
out of fine soil particles from the banks,

- when choosing the material for the construction of bank
revetments, the changes that can occur in the material
from the time of its production till the end of the life
span of the structure should also be considered. For
example, in permanent structures, geotextile must be pro-~
tected against the direct effect of sunlight as well as
against other effects which can influence its durability.

- the cost of comnstruction and maintenance of bank revet-
ments with geotextile should be lower than~they would be

~ if classical materials were used for the same purpose.

mnt
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9. Taking all this into consideration, several types of
bank revetments have been designed and built on Yugoslav
rivers and canals. A short description of some of them will
now be given,

10. Fig.l shows a bank revetment on the river Sava exposed
to relatively high waves where geotextile serves both as a
filter and separator. The geotextile that was used was made
in Yugoslavia. It is the so-called "LIO" filter plastica
which is made of non-woven febric made of polyestrous fibres.
The thickness of the geotextile (felt) is 2,6 mm while the
unit mass is 300 gr/m". . .

CONCRETE BEAMS
40x40x30 cm

Fig.l Bank revetment on the left bank of the river Sava at
Barie

11, The revetment shown in Fig.2 was used on the river Drava
for preventing intensive bank erosion (ref.8) and the geo-
textile here serves both as a filter and reinforcement of
the rip rap. This bank revetment is actually a flexible
mattress made of geotextile and fascines places crosswise
and loaded by rip rap. The mattress is anchored to the bank
by plecing the upper end of the fabric in a small trench and
loading it with rip rap and by fixing the fascines with
wooden poles. The mattress is prepared on a fleating platform
while rip rap is placed by using a crane. This type of matt-
ress is also used as a foundation for groynes and other
training structures on river beds consisting of material
prone to settling and erosion. :

12. The type of bank revetment shown in Fig.3 weas used on
the river Tisza (ref.9). The porous geotextile serves for
separating the gravel from the very fine material in the
river bank. The geotextile thus protects the gravel filter
and drain from the intrusion of the very fine particles and
being porous, it also acts as an auxilliary filter.
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SCALE 0 1 2 3m
P S S

WOODEN POLE #5-8cm,1=1.00m
,LﬂO' FILTER PLASTICA TYPE 300
QUARRY STONE (AS A LOADING OF THE MATTRESS)
IN THE BOXES OF THE FASCINE
# ADOPTED WATER LEVEL FOR TRAINING WORKS BELOW SURFACE

OF WATER. :

Fig. 2 Bank revetment on the right bank of the river Drava
at Bistrinac

SCALE’
0 1 2m
| U E—| CONCRETE BEAM

Fig. 3 Revetment on the right bank of the river Tisza at
KanjJiza

13. Fig.3 shows the protection of a slope of a flood
protection dike on the river Kolubara. Since the body of the
dike is made of very fine granular material, geotextile here
too serves as a protective filter as it prevents the removal -
of very fine particles of material from the body of the levee
through the Joints on the lining of the slope of the levee.
Since the floods here occur only rarely and are of a short
duration, only the bottom part of the slope of the levee was
protected by using concrete slabs while the top part was
covered with humus and grass.
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0 1 2 Im
SCALE 1t 1

COVERED WITH GRASS
—FLOOD WATERS OF A 1%/ PROBABILITY 1;00'"

BODY OF THE LEVEE | .
7 SAND FILL w7 Sel

Fig. LI Protection of the slope of the levee on the right
bank of the river Kolubara at the mouth of the river

1k, Geotextile is also used for repair works on demaged
banks of canals and fish ponds. Fig.5 shows repair works on
a canal bank damaged by waves. In this case, geotextile was
used in combination with the "Netlon" net and anchored by
wooden poles. This type of repair works has been used success-
fully on a length of 15 km at canals of the Danube-Tisza-
Danube system. Similar types of bank protection were also
used for some fish ponds where geotextile serves as a filter
and separator while the Netlon net and anchored wooden poles
ensure the static stability of the structure. Although this
protection is of a temporary character, it can be made to
last longer if there is vegetation along the contour of the
bank revetment.

SCALE

ORIGINAL SLOPE OF THE CANAL BANK
SLOPE AFTER REPAIR WORKS (FUTURE STATE)

~ PLANTED TREES

WOODEN POLES & 8cm AT A
DISTANCE OF 0.75m ONE FROM
THE OTHER

[=
)

DEFORMED
SLOPE AN

~
ANCHORS OF WIRE_ .,

#2mm AND WOODEN
POLES

& WATER LEVEL AT WHICH WORK IS

BETLON NET CE 13
DONE BELOW THE WATER SURFACE 1t

,LI0 “FILTER PLASTICA TYPE 300
FILLED PART OF THE PROFILE

Fig.5 Repair works on the deformed slope of the canal Danube-
Tisza-Danube by using LIO filter plastica and Netlon nets
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Experience and Fesults of investigation concerning the use
of geotextile in the construction of bank revetments

15. The fact that geotextile has after a relatively short
period of time been accepted for use in the construction of
bank revetments in Yugoslavia is due to the following reasons:
- Dbesides being relatively cheap, geotextile can in a bank

revetment be used for several different purposes at the

same time (it can serve as a separator, filter,drain and
reinforcement Jthis rarely being the case with other
materials;

- the industrial production of geotextile guarantees a stan-

.-dard quality of the product which makes it possible to
use its mechanical and other characteristics to a greater
extent and this in turn ensures more rational technical
solutions. ‘

16. The relatively small weight of geotextile reduces
transport, storage and menipulation costs, makes the use of
mechanization easy saving thus man-power in comstruction.

17. Geotextile can be successfully applied in bad weather
and is easier and safer for building in under water than is
the case with other materials. For example, it is very diffi-
‘cult to comnstruct a multi-layer filter of gravel under water,
which is not the case with the placing of an underwater
filter made of geotextile.

18. In many cases, geotextile can be used as a substitute
for more expensive materials. It also makes it possible to .
use material available on the spot for the construction of
bank revetments, even if the material is of a poor quality.
And finally, the proper use of geotextile can improve the .
bearing capacity and other characteristics of poor quality
soil.

19. Based on the results of investigation of unused new
samples of geotextile as well as of samples of geotextile
already used on ban revetments, the following can be
concluded:

-~ there is no significant change in the coefficient of fil-
tration on the samples of geotextile taken after 3 to 5
Years from the bank revetments on the river Drava (Fig.6)
(ref.10) . However, the results of laboratory tests(ref.1l)
have shown that the coefficient of filtration can very
quickly and significantly be reduced if the filter is
clogged up by suspended particles. For example, exposed
to the impact of waves of a height of 0,3 m and a concen-
tration of suspended sediment in water of 3,5 gr/l,
geotextile made of polyestrous fibres (250gr/m~) lost
within 12 hours around 50% of the initial value of the
coefficient of filtration.

- the grain size distribution of soil samples taken directly
from under the geotextile ( in the bank revetment on the
river Drava) changed insignificantly over a period of
S years after the bank revetment was constructed. (Fig.T)
(ref.10)
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100

X 1978 (NEW GEOTEXTILE
NOT USED)

© 1980 Y.
A 1982 Y.

010

COEFFICIENT OF FILTRATION K (cm/s)

A \
0.01 - Q e —
— ]
GEOTEXTILE :,L10 FILTER -PLASTICA®
TYPE 300
0001
0 10 20 30 40 50

PRESSURE P{kPa)

Fig. 6 Relation K=f (P) for samples of geotextile taken
from the bank revetment on the river Drava at Bistrinac
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Fig.T Change in the grain size distribution of samples of
the material immediately under the geotextile on the bank
revetment on the river Drava at Bistrinac
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-~ the coefficient of friction between geotextile and the
s0il on which it is placed is relatively high and varies
between 0,4 and 0,8. (ref.10). However, it has been notic-
ed that the friction is greatly reduced if geotextile is
saturated with a slimy and slippery colloidial substance.
This must not be overlooked when designing bank revetments
on sewer canals.. .

- a reduction of 15% of the originsl tensile strength of
geotextile was found after five years of service.

CONCLUSIONS _

20. Althpugh geotextile has been used for bank revetments
in Yugoslavia only since a few years aga, the experience has’
proved to be positive both from the point of view of reducing
the costs and the duration of construction. However, the
lack of detailed specifications, standards and guidelines
negatively influences the wider use of geotextile in
everyday practice.

21. Advences in using geotextiles for bank revetments
and other structures can be expected when more information
on its behaviour in different types of structures and the
results of laboratory investigations become available.The
most important aspects to be investigated are the perfor-
mance of geotextiles as filters and separators in the bank
revetments.

REFERENCES .
1. NOVOTA A. The Application of Fabric Filter Plastics in
Some Fields of the Construction Industry, Symposium on the
Application of Filter Plastica in Hydraulic and Road Construc-
tion, Belgrade, 1979.

2. ZMAVC J., VILHAR M., The Use of Fabric Foundations -
Needless Felt in the Construction Industry, Textile-Ljubljana,
TOZD-Filc-Menges, Institute for Textile Technology and
Yugoacryl-Ljubljana.

3. BOZINOVIC M. Temporary Guidelines and Standards on the
Use of Fabric Filters for Bank Revetments, Institute for.the
Development of Water Resources, Belgrade and"LIO"Textile
Industry, Osijek, 1981.

4. LIST H.J. Woven and Nonwoven Fabric Filters in Waterways
Engineering, Tests and Dimensioning , C.R.Coll, int.Sols
Textiles, Paris 197T7.

5. BOZINOVIC M., M.MILORADOV M. Thée Use of Filter Plastica
for Training Works, Symposium on the Use of Filter Plastica
in Hydraulic and Roadway Construction, Belgrade, 1979.

6. MILORADOV M. BOZINOVIC M . River Training Works, Civil
Engineering Calendar, 1981, Union of Civil Engineers and
Technicians of Yugoslavia, Belgrade, 1981.

7. BOZINOVIC M. On the Use of Nonwoven Fabrics in Hydro
Construction, Journal "Waters of Vojvodina 1983", Novi Sad,
Yugoslavia, 1983. :

207



Theoretical basis and practical experience-
1 5 geotextiles in hydraulic engineering

ing. M. WEWERKA, Chemie Linz AG, Austria

SYNOPSIS. To choose the right filter material in hydraulic
engineering avoids unpleasant surprises and high repairing
costs. To get optimum results, all different stages of the
construction and function have to be analysed in order to’ be
informed about the maximum possible stress, which must be used
for the design of the geotextile, therefore it can be dif-
farent for each project, The following report tries to ana-
lyse these stages exactly, dealing with necessary properties
of the geotextiles and their testing methods in close regard
to practice.

I. INTRODUCTION
For some decades geotextiles have been used in hydraulic en-
gineering. Mainly 3 different types are useds
Mechanical bonded nonwovens
Thermical bonded nonwovens
Rovens
For the majority of the projects their primary task is to act
a8 arosion protection, alternmative for, or part of 2 mineral
filter. Mheoreas during the last years their effectivity has
been discussed, today there is a tendency to create criterias,
which enables the responsible enginesr to choose the materisal
best suitable for certain conditions. Basie for such criterias
is the knowledge,what kind of forces are acting on the geotex-
tile in a project.
Mostly there are three stages of stresss
1. During and after laying the geotextile
2. During piacement of riprap
3. After completion of the revetment ‘
The geotextile must resist each stage, otherwise its function
cannot be guaranteed.

II. LAYING THE GEOTEXTILE
1. Laying under dry conditions

Laying the geotextile under dry conditions is relatively
simple. The material is mainly delivered in rolls on site.
It can be placed by rolling off over the area that hase io be
protected. Jointing may be effected by overlapping 0,50 m -
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1,00 m, depending on subsoil conditions and riprap. It must

be guaranteed that overlapped geotextiles are prevented from
becoming separated during placement of any stiones. This problem
can be avoided by welding (Fig. 1), sewing or by means of
clamps.

1 e e . o o -

Fig. 1. Welding of geotextiles on site

2. Laying under water

Laying under water can cause troubles because of current
and waves. The geotextile can easily be driven out of the
designed position if it is not fixed properly. The hydro-
phobic behaviour of the fibres of geotextiles (polypropylene
(PP) and polyester (PES) are the mainly used raw materials)
makes it difficult for water to penetrate into the pores.
Therefore loading is necessary to achieve sinking, or at
least the end of the layers must be fixed to the ground. The
number of overlaps, which must be made under water, shall be
low, as they are difficult to control. This is the reason
#hy layers as wide as possible (or welded or sewn layers)
shall be used. :
3. Occuring loads

During this stage the geotextile has to take up low tensile
forces (but this is usually no problem) and by UV-rays of the
sun, These UV-rays destroy all geotextiles (5) therefore a
protection is necessary under all circumstances, which is pro-
vided by the riprap and water anyway. The critical period is
between laying the geotextile and placement of stones. Es-
pecially stabilized PP and PES are sufficient stable raw
materials, that can resist usual periods without any problems.
Practice has shown, that the reduction of the strength is de-
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pending on several factors (geographical position, humidity
and dust content of air, growing of plants ...) therefore
exact instructions can hardly be given (Fig. 2).

Xenotest 450 (acc.DIN 54004)
¢ PP-fibre
@) | X PP-fibre (stab.)
+ PES-fibre

-~ --Outdoor expogure (steyr,
~_ Austria, -48" north)
% X nonwoven PP (stab.)

'+ nonwoven PES
\

X
3

Residual strength

1000 3000 5000 (n)
Time )

Fig. 2; Tensile strength retained versus UV-exposure time.,

ITII. PLACEMENT OF RIPRAP
1. General indication and occuring loads

Placement of riprap means firat of all high mechanical
stress to the geotextile. The level of stress is depending
on the type of placing (throwing, hand placing) and shape
and size of stones. Peak values of stress are certainly ob-
tained by throwing stones. The energy of the falling stone
is concentrated on a rather small area, this can easily lead
to damage. To avoid this the geotextile must have mechanical
properties which allow transmission of the energy into subsoil
without ‘damage, or any protection layer has to be placed (e.g.
gravel layer), what of course increases project costs,

In principle it is possible to place stones weighing some
tons directly onto the geotextile, if the puncture resistance
is high and the subsoil consists of sand, silt or clay. In the
reach of wave action, problems may arise if the distances bet-
ween the stones are too big, The geotextile is not fixed to
the ground firmly. The constant to and fro movement caused by
waves looses the texture of fibres in the course of time, which
leads to deteriorated retention behaviour. Geotextiles consise
ting of endless. fibres have advantages compared to those con-
sisting short (staple) fibres, as they cannot be removed com-
pletely out of the texture. In the reach of wave action, stones
bigger than 0,30 m - 0,50 m should therefore be placed indivi-
dual as close together as possible, dumping cannot be recom-
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mended, If this is not possible a compensation layer consisting
of smaller stones or gabions has to be placed beforehand.
2. Tests and properties

Information about the quality of-geotextiles concerning their
puncture resistance under dynamic loads can be obtained by the
testing method of the Technical Research Centre (TRC) of Fin-
land (10). According to that test the diameter of the hole is
measured, which has been punctured by a 1 kg cone falling down
0,50 m on the geotextile which is laying on water. Results of
up to 10 mm are obtained by geotextiles suitable for hydraulic
engineering. A modification of this testing method, replacement
of the cone by a pyramid, should be considered, as this shape
can rather be found in practice and which gives sometimes dif-
ferent results. The advantage of this method is the addition of
a supporting material (water), while this is not the case with
most of other methods,

The necessary puncture resistance is corresponding to a
stress-strain behaviour from which the necessary tensile
strength automatically results, Experience has shown that the
lower limit is between 14 — 15 kN/m (strip tensile test acc,
ASTM D 1682) for mechanical bonded nonwovens, But this is of
course strongly dependent on the type of riprap. Using e.g. ga~
bions the mechanical siress can be rather low, therefore the
geotextile design is primary based on its filter efficiency.

IV. FUNCTION .

After completion of the project the filter efficiency of the
geotextile is of primary importance. The mechanical stress re-
sults from water action and current, which can be taken up by
the geotextile without any problems if the above mentioned re-
commendations are considered.

To provide filter criterias for geotextiles a lot of investi-
gations have been done, but mainly for drainage systems. It has
to be distinguished beiween criterias for laminar flow and al-
ternating turbulent flow. For waterway engineering permeability
under laminar flow and retention capability under turbulent al-
ternating flow is of special interest.

1. Permeabilit

1.1. General observations In isolation, geotextiles have al-
most always higher permeability than the suboil and would there~
fore be suitable in this regard as filter material. However, in
practice, soil particles are deposited at and in the geotextile,
The decrease of permeability arising because of that is depen-
ding on the amount and size of the soil particles., The amount
again is depending on the available space and type of water
flow, Geotextiles pressed tightly onto the subsoil make re-
arrangements of the soil hardly possible, the composition of
subsoil adjacent to the geotextile is changed only slightly
(supposing adequate retention capability of the geotextile).

Testing the filter efficiency the Federal Institute of
Waterway Engineering (BAW — Karlsruhe) uses an equipment that
simulates wave action (4). The conditions of this test are close
to practice, although the interpretation and therefrom deduced
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recommendations are partly not justified. A pot, of which the
bottom is formed by a geotextile, is filled with a certain test
goil., In intervals of 30 seconds it is dipped into water and
pulled out again. Although there is a considerable portion (up
to 304) of grain sizes smaller than the effective pore size
Dy {acc. to Franzius Institut Hannover) of a mechanical bonded
nonwoven only appr. 1,7 % of the test soil passed through it
within 34 hours. Additional the amount passing through is de-
creasing in the course of time. Water permeability of the soil-
geotextile system scarcly changed after a short increase at the
beginning of the test (Fig. 3). Under thie condition clogging
can hardly be expected, as all accumulations of fine particles
are disturbed again and again by the alternating flow (excep-
tion see 22,3,) Therefore the critical area concerning the per-
meability is in the area where water does not change its di-
rection too often (e.g., flow of ground water).

® — Test Soil
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Pig. 3. Haterpermeabilify and passing of soil through the geo-
textile (Dw = 0,1 mm) under turbulent, alternating flow versus
time. '

. 1.2, Existing criterias In different iﬂvestigations (1,2,3,4)

there is a demand for the coefficient of permeability kg of the

geotextile to be 10 - 1000 times higher than the coefficient kg

of the soil. ’ -
ksjks = 10+ 1000 (1)

Especially high values are demanded for woven products to avoid
the blocking effect (blocking of the open area of wovens by
soil particles).
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2. Retention capability
2.1. Existing criterias. While the hydraulic filter efficiency
has to be observed critically under laminar one-directional flow
the retention capability has to be examined primary under turbu-
lent and alternating flow. Different recommandations (1) give a
correlation Bsg between the pore size D of the geotextile and
the grain size dgg of the soil wherein

By = Dfdgy = 044 + 242 (2)

2.2. Theoretical basis for criterias. The test of filter effi-
ciency under turbulent flow as described above (IV.1.1.) showed
almost no passing of soil particles, if there is a direct con-
tact between soil and geotextile and a certain amount of soil
particles is bigger than the effective pore size Dy.

Due to turbulent and alternating flow soil particles which
are smaller than the opening size are passing through the geo-
textile at the very beginning. Consequently there is an accumu-
lation of soil particles bigger than the pore size. On one hand
this accumulation reduces more and more kinetic energy of waves,
on the other hand penetration of finest particles is impeded
and further migration is stopped. A natural filter is formed
founded on the geotextile, The amount of particles passing
through is depending on several factors:

2.2.1. Geotextile. Reduction of kinetic energy is depending on
kg and thickness (3): The pore size is decisive for soil partic-
les, which are retained from the very beginning. With increasing
thickness there is an increasing retention capability because of
the prolonged filtration length (6) and the higher amount of de-
posited soil particles.

2.2.2, Subsoil. Grain size is in close relation to pore size of
the geotextile. The coefficient of uniformity .

Cu= d60-/ 40 (3)
influences the formation of the natural filter; if C, is high
the formation takes more time. At cohesive soils the risk of
erosion is reduced by the amount of cohesion.

2.2.3. Contact geotextile - subsoil. Cavities underneath the
geotextile can lead to increased transportation of fines towards
the geotextile (instable condition under water). Very small pore
sizes and low kinetic energy of water can then form a filter
cake of very low permeability (clogging).

2.2.4. Riprap. The les kinetic energy can pass through, the
lower is the risk of erosion.

2.3. Retention criteria. As there are so many factors influen-
cing the filter efficiency in practice, it is difficult to cre-

ate criterias based on laborator¥ experiments alone, which of
course camnot take all these factors into consideration. Based

on practical experience, different test results and the above
made considerations the relation

D,/ dgy % 1 (4)
seems to be justified as criteria for the retention capability
to cohesion less soils of mechanical bonded geotextiles used in
waterway engineering. With uniform soils (C, 5) a quick for-
mation of a natural filter is possible, passing of fine par-
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ticles through the geotextile will be very limited. For non-
uniform soil (Cy ) 5) with a grein size dgg ¢ 0,06 mm cohesive
forces can start to change their behaviour. The effective pore
size D, of ithe geotextile can be larger-than determined by the
above mentioned relation. In practice good results have been
obtained by

D, £ 0,1 mm (5)

with mechanical bonded nonwovens with a thickness greater than
2 mm (under a pressure of 0,2 N/cm2),

These criterias are not valid for special types of soil
(e.g. dispersive clay, suffosion) and systems where absolut
no passing of soil particles is allowed. :

V. SUMMARY OF CRITERIAS .
The properties of the geotextile, that should be used in
waterway engineering have to be evaluated in steps in accor-
dance with progress of work.
1. Laying
Resistance against UV-rays until to placement of riprap (for
prolonged periods stabilized PP or PES are recommanded).
2. Placement of riprap .
Puncture resistance has to be choosen according to the type
of riprap and its placement.
3. After completion
Tensile strength must be according to the kinetic energy of
water, Permeability (kg) of the geotextile has to be at least
10 times higher than that of the soil., Effective pore size Dy
has to be equal or smaller than dgp of the cohesionless soil.
If there is any cohesion D shall be equal or smaller than
0,1 mm. ’

VI. LONGTERM BEHAVIOUR

Geotextiles are relatively new building materials. It is
difficult to evaluate their behaviour in advance for some de-
cades. But different investigations showed good results (2,8;
9) in this regard, provided that the placement has been done
correctly. High stress occurs during placement and the re
sulting alteration of the mechanical properties must not be too
high in order to have sufficient reserves to act successfully
as filter layer. In any case geotextiles have to be protected
against UV-rays.

VII. PRACTICAL EXAMPLES

The possibilities of placement of geotextile and revetment
is depending on the project itself and the working conditions _.
(availability of building materials, manpower, technical equip-
ment). The following examples are only representative for many
other possibilities,

The geotextiles used in these examples have been mechanical
bonded nonwovens. Other geotextiles could behave different and
cause some problems as reported by F.B. Couch Jr. (7). (When
using woven materials problems concerning the puncture resis-
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tance and filter efficiency arose,)

1, Due to recommendations of BAW a geotextile with especial
good retention capability had to be used for the stabilisation
of the slopes of the Elbe-Liibeck canal in Germany. This require-
ment as well as other necessary properties called for a geotex-
tile weighing more than 700 g/m2o Revetment was continuously
assembled on a pontoon (Fig, 4). When moving the pontoon fore—
ward the revetment (gabions on the geotextile) slided directly
on the slope of the canal,
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Fig. 4. Slope protection assembled on a pontoon.

At the following projects a nonwoven made out of endless
PP-fibres, weighing 240 g/m2 and 280 g/m2 resp., with the trade [
name Polyfelt TS has been used.

2, To avoid erosion due to wave action geotextiles have
been used in the course of the development of the Danube in
Austria. Laying of the geotextile was done under dry condi- .
tions, but was relatively difficult because of the non-cohesive
subsoil and steep slope. Larger widths were prepared before omn
flat ground by welding. Then they were rolled down the slope.

Rather heavy stones were placed as close as possible directly
on the geotextile without any precautions (Fig. 5).

WEWERKA
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Fig. 5. Slope protection in the reach of wave action.

3. For slope protection of the Saone (Prance) the vertically
placed geotextile was fixed by means of steel nails on the upper
and lower end., Jointing of the geotextile was done by fixing the
overlap with steel nails, The riprap consists of non~uniform
stones ensuring good bond and close bedding (Fig. 6).
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Pig. 6. Stabilisation of the banks of the Sacne.
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4., The stabilisation of the Nuberia canal in Egypt was done

under dry conditions after digging a new slope parallel behind
the original bank (Fig. 7). The geotextile was unrolled paral-
lel to the canal and the riprap was hand-placed directly on it.
After completion of the revetment the earth dam was removed
between canal and new slope, -

Fig. 7. Hand-placing of riprap direct onto the geotextile.

REFERENCES

1.

2.

3.

4.

TEINDL H., Filterkriterien von Geotextilien
Bundesministerium fiir Bauten und Technik, StraBenforschung
Heft 153, Wien 1980

HEERTEN G., Geotextilien im Wasserbau, Anwendung, Priifung,
Bewdhrung, Mitteilungen des Franzius-Institutes fiir Wassen-
bau und Kiisteningenieurwesen der Universitdat Hannover

Heft 52 (1981)

GRABE W., Mechanische und hydraulische Eigenschaften von

-Geotextilien. Sonderdruck aus Heft 56 (1983) der Mitteilun-

gen des Pranzius-Institutes fiir Wasserbau und Kiisteningen
nieurwegen der Universitit Hannover.

LIST H.J., Woven and Nonwoven Fabric Filters in Waterway
Engineering — Test and Dimensioning. Intern.Conf.on the
Use of Fabrics in Geotechnics, Paris 1977

50

6.

1.

9-

WEWERKA

HUTTNER G. and SCHNEIDER H., Miissen Geotextilien lichtbe-
stindig sein? Allgemeiner Vliesstoff-Report 6-1982

WITTMANN L., Soil Filtration Phenomena of Geotextiles.
2nd Intern.Conf.on G otextiles, Las Vegas 1982.

COUCH F.B. Jr., Geotextile Applications to Slape Protection
for the Tennessee~Tombigbee Waterway Divide Cut, 2nd Intern.
Conf.on Geotextiles, Las Vegas 1982.

SCHNEIDER H., Die Langzeiibeanspruchung der Geotextilien im
Bauwesen, 8, Nationale Technisch-Wissenschaftliche Leicht-
industrietagung, Bukarest 1981,

SCHNEIDER H., WEMERKA M., Long-Term Behaviour of Geotextiles
Geotex 3/82 . :

10. RATHMAYER H., Experiences with “"VTT-GEO" Classified Non~

Woven Geotextiles for Finnish Road Constructions, 2nd
Intern.Conf.on Geotextiles, Las Vegas 1982,

219



Bidding procedure and placing operation
1 6 - of geotextile filter layers

Dipling. H.-U. ABROMEIT, Bundesanstait fir Wasserbau, Karlsruhe,
West Germany ) :

SYNOPSIS. Geotextliles are used as a special filter

layer for bank revetments of waterways in W.-Ger-

many for more than 15 years. Because of the empiri-

cal values obtained in this period of time Bundes-

- anstalt filr Wasserbau has set up terms of delivery
for geotextiles fixing certain general and specific
demands geotextiles have to satisfy if they are
used for standard constructions of bank revetments.
Besldes it terms of delivery determine the proce-
dure of permission to start the placing operation
of geotextiles and the number of control tests of
deliveries. Details concerning placing operation
and settlement of account of the delivered geotex-
tiles are stated in supplementary technical speci-
ficatons.

Standard constructions for bank revetments

1. The foliowing standard constructions are
applied to bank revetments of waterways of the
European category no. IV (1350-t-ship) or smaller
and to a slope inclination m = 1 : 3. Regarding the
deslagn of geotextile layers we only have to distin-
M guish fundamentally three various construction

| methods: )

’ 2. Rip-rap. The geotextile filter layer lies on

the in-place soil and is covered with a rip-rap
. - layer german stone-classification IX (@ 15 - 25 cm)
or if traffic load is heavy class III (@ 15 - 45 cm),
minimum thickness of rip-rap 0,60 m (Fig. 1). Near-
1y 35 % of stabilized banks of channels and 90 % of
natural waterways are protected in this way. The
qualities of a geotextile filter layer have to be
designed to grain size and to permeabilility to water
of the in-place soil, to the high strain caused by
° casting the stony material and to abrasion caused
{ by movement of stones.

3. Rip-rap sealing compound. The geotextile f£i1-
ter laver is placed on the in-place soil and co-
vered first with rip-rap class II. Afterwards

Flexible Armoured Revetments, Thomas Telford Ltd, London, 1984 221
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Fig. 1. Rip-rap

grouting with sealing compound has to be done. The
thickness of covering layer must be minimum 0,40 m
if rip-rap are partially and 0,35 m if it is
completely grouted (Fig. 2).
Concrete or mastic asphalt are used for sealing
compound.
Nearly 40 % of stabilized banks of channels and
5 % of natural waterways are protected in this wavy.
The qualities of geotextile layer have to be de-
signed to grain size, to permeability to water of
the in~place soil and to the high strain caused by
casting the stony material and also to high tempe-~
ratures to 1709 C in case of hot laying of bitu-
minous material.

4. Permeable, holohedral layers (concrete blocks,
slabs or mattings, etc.). Permeable, holohedral

layvers used for slope surfacing on banks of water-
ways are concrete blocks, mattings or concrete
slabs etc. Concrete blocks are only suitable if
they are vertically and horizontally indented. Suf-
ficient permeability to water has to be proved.
Because of high costs only a small part of stabi-
liZed banks of waterways is protected in this way.

geotextile filter layer

Fig. 2. Rip-rap sealing compound
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geotextite tiller tayer

+— sheetl wall

Fig. 3. Concrete blocks, slabs or mattings etc.

The geotextile laver is placed between ground and.
surface layver (Fig. 3). Forces caused. by placing
operation of covering layer are not worth mention-~
ing. :

Biding procedure of standard revetments

1. The bid documents of standard revetments com-
prise the list of bid items and quantities, and
from now on the terms of delivery and supplementary
technical specifications. Standardized texts can be
used for the list of bid items and quantities. In
the pay item "geotextiles™ the type of so0il must be
designated, The minimum values demanded for the type
of soil and the provided typve of standard revetment
are shown in a table appended to the terms of de-
livery. -

2. The succesful bidder has to prove the gualifi-
cation of the provided geotextile by a valid test-
report,

Terms - of delivery : -

1. General demands. Geotextiles used as a filter
layer have to be oil-, seawater-, frostresistant
and innocuous for ground-water. They must have
enough. long-term behaviour.

The actual exnerience has shown that the following
raw materials: polyacryl (PAC), polyamid (PA),
polvester (PES), polyethylen (PE), polypropylen (PP)
satisfy these general demands. If new raw materials
are used these demands have to be proved by a qua-
lification testreport. -

2. Specific minimum values. The specific minimum
values for geotextile filter layers depend on tyne
of bank revetment and in-place soil.

They are fixed for the aforesaid standard construc-
tions in the following manner:
- thickness of filter layer:

a) d 2 4,5 mm on sand and no abrasion strains
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b) d 2 6,0 mm on cohesive soil or abrasion strains
~ thickness of a supplementary roughness layer

(only demanded on soil endangered to motion of

soil to toe of slove):

d > 10 mm

- tensile strength in longitudinal and transvers
direction and joints:

F2> 1200 N/10 cm

~ efficient size of openings of suoplementary rough-
ness layers:
a) bw = 0,32 - 1,5 mm on cohesive soil
b) Dw = 0,5 - 2,0 mm on sand
.= hydraulic properties (measured on the soil pene~ .
trated geotextile)
a) k >10 x k soil ©R sand
(k = coefficient of Darcy)
b) k >-1O x k__ ., on cohesive soil
- soil-particle re%alning ability to a defined stan-
dard type of soil (Fig. 4).
Permissible total volume of soil penetration in the
course of test >
a) type 1 - 3 : <25 g/34h/225 cm

b) type 4, :<300 g/150 min/225 cm®
The test methods are different for a) und b).
Most of cases the in-place soil can be adjoined to
one of the 4 types of soil, If it is not possible
the test can be done with the in-place soil.
- resistance to rupturing strength
W > 600 Nm (stones class II)
W > 1200 Nm (stones class IIT}
- abrasion resistance:

The minimum values of tensile strength and the

permeability to water have to be preserved after

the abrasion test of geotextile.
- resistance to high temperatures to 1700 C:

After heating the geotextile to 1709 C and the

following cooling down the minimum values of ten-

sile strength and permeability to water have to
be preserved.

3, Control tests. Control tests must be done as
well with the first delivery as with the following
deliveries.,

In this connection must be checked up the minimum
values of

- layer thickness

- tensile strength

- size of openings

and the following characteristic values of the geo-
textile
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- welght

- permeability to water (without soil).

The numbér of control tests done with the further
deliveries depend on quantity of geotextiles. If
there are deliveries of max. 20.000 m2 only one con-
trol test per 5000 m2 has to be executed, in cause
of deliveries of more than 20,000 mZ2 one control
test per 10.000 m2 is necessary. The costs of con-
trol tests are payed by the employer.

4, Starting the placing operation of geotextile
filter layers will only be allowed by employer if
the control test of the first delivery has proved
the identity with the offered material. '

It is necessary that minimum values of layer thick-
ness, tensile strengths and size of openings must
be observed. Besides the following characteristic
values of material must lie inside a certain tole-
rance compared with the raverage value of the gquali-
fication testreport:

weight:

single layer geotextlle: 10 %
multilayer geotextile: + 15 ¢
permeability. to water:s i 50 %

I1f these tolerances will be passed all demanded mi-
nimum values have to be proved. The costs of these
extra controls must be payed by the successful bid-
der., If one of the minimum values is not observed,
the deliveries will be refused. If it happens in
course of the further deliveries the employer keepns
reserve for the demand of removing the geotextiles
already placed or to extend the time of guarantee
according to the size of difference to the minimum
value, Geotextiles which are not yet placed have to
be refused.
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Supnlementary technical specifications

1. The connection of geotextiles is possible in
overlaps or joints. Overlaps or joints have to fol-
low the inclination of slope. Width of overlaps must
be minimum 0,50 m if the geotextile filter layer is
placed ahove water and 1,0 m if it is placed under
water. If the filter layer is placed on slopes part-
ly under water geotextiles have to overlap minimum
1,0 m if the quantity placed under water is greater
than in the air. '

2. Geotextiles must lie smoothly on the ground.
Drivino over with construction equipments or heavy
vehicles must be avoided. If it is not possible a
protective laver of non angular material has to co-
ver the geotextiles.

3. Treatment by ultraviolet radiation for more
than a week should be avoided. If it is not possible
a protective layer must be brought up.

4., Stones may not be thrown down on geotextiles

from a height of more than 2 m.

5. Material properties of geotextiles change for
the worse if temperatures are falling helow the
freezing-pvoint. Therefore placing operation is only
allowed if it is possible without damage of geotex-
tiles.

6. Accounting. Deliveries and placing operation
of geotextiles will be accounted on the base of the
covered area.
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works could continue. During the second summer of the dredging
works the main problem with the geotextile was not the bfeaking
of the fabric but the clogging. The disposal area had filled

up so much that the level of the water in the dam was consecu-
tively above that of the surrounding sea level. This caused

the water to flow in the same direction all the time. The dredg-
ing was slowed down at the end of the summer and in this way

the clogging was kept under control.

RECOMMENDATIONS

1. Based on the experience from the Vaasa project, the use
of geotextiles in the inner slopes of suction dredging disposal
areas should be restricted to conditions where the level of the
water outside the dam varies to such an extent that it is )
occasinally higher than the water level inside the disposal
area,if the grain size of the dredged material is under 0.06 mm.
Also the area of the geotextile should be large enough so that
the velocity of the out flowing water is close to zero. If
these conditions are not met the geotextile will be clogged in
a matter of a few weeks.

2. The Roads and Waterways Administration of Finland made
recommendations for the use of geotextiles in the inner slopes
of dams surrounding disposal areas and in the slopes of navi—
gable canals. In the disposal areas geotextiles mechanically
bonded by needling were recommended. If the geotextile was
produced by heat sealing the manufacturing raw material should
be polyester rather than polypropene or polyetene. The UV-
stability of polyester is better that that of polypropene or
polyetene. From test results obtained from the State Technical
Research Center one could see that geotextiles mechanically
bonded by needling are stronger than heat sealed geotextiles
and keep their durability for a longer period of time. For this
reason geotextiles mechanically bonded by heat sealing were
also recommended for demanding construction sites in the slopes
of navigable canals.




Experiences in the use of geotextiles in the
T3 water construction field in Finland

J. JUVONEN, MSc(Eng), Roads and Waterways Administration, Finland

SYNOPSIS. The effects of ultra-violet light, salt, water,
freezing etc. on geotextiles was studied in a disposal area of
dredging works in Finland. Some tensile strength tests were
carried out with these geotextiles at the Technical University
of Helsinki. From these and other experiences recommendations
were given for the use of geotextiles in the slopes of disposal
area dams and canals in Finland.

INTRODUCTION

1. Geotextiles have been used in Finland in the water
construction fiecld since 1970. In 1981 8 different types of
geotextiles, of which one was domestic, were marketed in Fin-
land. About 5 million m2 of geotextiles were used in the
construction field in 1980.

2. The majority of the geotextiles used in the construction
field are non-woven. The fabrics used in soil and road con-
struction were mainly bonded by heat sealing and those used
in water construction are mechanically bonded by needling.

3. The Roads and Waterways Administration of Finland has
used geotextiles in the water construction field mainly in
the slopes of canals and in the inner slopes of dams sur-
rounding disposal areas of suction dredging works.

THE VAASA PROJECT

1. In Finland the first time a geotextile was used in the
inner slope of a dam surrounding a disposal area of suction
dredging works was in 1979. The project was the deepening of
the incoming channel leading to the port of Vaasa in the Gulf
of Bothnia. -

2. The function of the geotextile was to let the water out
of the disposal area and to keep the dredged material in. The
disposal area, about 2.7 hectares, was surrounded by a dam
constructed of blasted rock. The disposal area has formed a
new island in the Vaasa archipelago.

3. During the dredging works the water flowed in and out
of the disposal area depending on the water level of the sea
outside the dam. This helped to keep the geotextile from clog-
ging., '
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Picture 1. The geotextile was placed on the inner slope of !
the dam surrounding the disposal area

4. The geotextile was a heat sealed, UV-stabilized fabric
weighing about 300 g/m2. During the first summer the strength
of the geotextile seemed to be quite adequate but in the fall
holes begun to appear in the geotextile. The holes were most
frequent around water level and above water level in the area
which had been exposed to ultra-violet rays.

5. 1In september 1979 and March 1980 a series of tests (plane
strain tensile tests) was carried out at the Technical Univer-
sity of Helsinki. The objective of the tests was mainly to
check the influence of ultra-violet rays, sea water and freez-—

ing on the strength of the geotextile. The results obtained . °
from the tests are shown in Table 1.

in seawater for 100 days
ied out with geo?exti_les in the Vaasa project

6. When the test results were analyzed it became apparent
that the sea water had very little effect on the strength of
the fabric (70% polypropene, 307 polyetene) or the heart sea-
ling. The sunlight, inspite of the UV-stabilisation weakened
the breaking point of the fabric with about 10Z. The UV-rays
weakened the fabric also so that after the breaking point of ///h”
the fabric the geotextile broke completely, whilst with the
new fabric the geotextile broke only partly and lost resist-
ance only gradually. The breaking point of the geotextile that
had been in the dam through the winter and had been frozen for
about 3 months had weakened about 30 7 compared to the new
geotextile. Also this geotextile broke completely after the
breaking point.

7. Next spring after the ice had melted the geotextile in
the dam of the disposal area was practically useless. A new
geotextile was installed over the old one so that the dredging

le

ile that had been influenced by sunlight for 100 days

PLANE STRAIN TENSILE TEST

@ Geotextile that had been in the dam over winter (frozen for gbout 3 months)
Results of tests carr

(@ Geotextile that had been

(@) New geotext
® Geotext

G
5

!

FORCE
{N/200mm)
2000
1500
00
00
o]
Table 1.

229




Case histories using filter fabric underneath
1 7 revetments in lower Louisiana

L. E. DEMENT, MS, US Army Engineer District, New Orleans, and ). FOWLER,
PhD, PE, US Army Engineer Waterways Experiment Station

SYNOPSIS. Flexible articulated mattresses used in conjunc-
tion with geotextiles or filter fabrics are a viable method
of erosion protection. However, several case histories in
Louisiana have shown that selection or proper specifications
of filter fabric along with adequate weight of armor unit are
essential factors in achlieving an acceptable design.

INTRODUCTION

1. The objective of this paper is to present the "Louisi-
ana Experience" on several major construction projects along
navigable waterways. The authors will i1llustrate key factors
that should be considered when designing revetments incorpo-
rating geotextiles.

REASONS FOR USING GEO-
TEXTILES OR FILTER FABRICS

2. There are many case historles where filter cloth has
been shown to be a valuable component. Private interests,
state agencles, and the New Orleans District of the Corps of
Engineers have used filter fabric on many projects and on
occasion they have built isolated test sections. Cost esti-
mates show that filter fabric 1s far cheaper than conven-
tional rock filter layers. Control of filter installations,
both underwater and in the dry, is more efficient and cost
effective with filter fabric and it assures positive coverage.
Filters or filter layers should be considered as integral
parts of a typical dike, breakwater, jetty, or revetment
where the dynamic forces of water such as wind-waves, cur-
rents, and ship forces interact on all components of the
structure. The percentage of the cost of the total structure
attributed to filter fabric is small, but the returns or
benefits can be large. There are many filter fabrics on the
market today and the engineer must be careful in writing his
specifications. There are filter fabrics which cost less
than 10 cents a square foot, and_others that cost over one
dollar per square foot (0.0929 m“). Products with tensile
strengths of 200 pounds per inch would not be appropriate to
locations with shear forces of 1000 to 4000-pound per inch
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(179 to 714 kgs/cm) tensile fabric would be suited. The

" engineer should continue to investigate the advantages of
using certain types of filter fabrics and he should challenge
the industry to provide better fabrics that will improve the
performance of structures.

TYPES OF STRUCTURES USED FOR
ARMOR PROTECTION IN FLEXIBLE
REVETMENTS AND STRUCTURES

3. The industry is becoming very competitive and new pro-
ducts have reached the market to help resolve the erosion
problems. A brief 1list of these structures is given below:
Cellular concrete blocks.
Fascine mattresses.
Light weight concrete mattresses.
Articulated cable connected concrete mattresses.
Interlocking concrete block mattresses.
f. Rock used in various.ways with filter fabrics to
form flexible revetments and coastal structures such as break-
waters and jetties.

g. Grout and sand filled flexible structures.

°

*

e join jorim
. . .

LIST OF CASE HISTORIES

4. The following paragraphs give a brief description of
projects where geotextiles have been used. This is not a
comprehensive list of all projects, but it illustrates several
different applications (Fig.1).

5. Mississippi River Outlets (ref.l). In 1979 several test
sections using filter fabric were incorporated in offshore
navigation jetties constructed with shell core and rock armor.
These projects are located 90 river miles (145 kilometers)
south of New Orleans and are described in detail later in
this report.

6. Southwest Pass, Mississippi River. 1In 1981, three
1000-foot-304.8 m-long test sections were built using light-
weight concrete armor mattresses in conjunction with filter
fabric. These structures are revetments or dikes built to
protect the river banks and are located approximately
110 river miles (177 kilometers) south of New Orleans and
are also described later in this report.

7. Mississippi River Gulf Outlet (MRGO). 1In 1982 six re-—
vetments were built along the south bank of the MRGO to
investigate various concepts in flexible revetments including
concrete armor mattresses and conventional rock revetments.
The project is located 20 miles (32 kilometers) east of New
Orleans along a deep water navigation chamnnel. See detailed

- description later in this paper.

8. Grand Isle. Four projects using filter fabric have
been built on this barrier island located approximately
80 road miles (129 kilometers) south of New Orleans.

9. 1In the early sixties the first phase of the east ter-
minal jetty (or groin) was built adjacent to Barataria Pass.
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This rock jetty was built on a lumber mattress to prevent
excessive settlement.

10. In 1970 a 1400-foot (427 meters) rock revetment was
built at the Coast Guard Station on the eastern end of the
island. This revetment replaced a flexible grout filled
revetment. The rock jetty was founded on a shell bedding
and filter fabric. )

11. In 1972 a 3000-foot (914 meters) terminal groin or
jetty was built on the western end of the island. The armor
stone was placed on a rock filter layer which, in turn, was
placed on a shell bedding. Prior to placement of these
layers a filter fabric was placed on the natural bottom.

12. In 1983 a lightweight interlocking concrete block re-
vetment placed on a filter fabric was used to protect the
banks or side slopes of a boat marina known as Pirates Cove.

13. Bayou LaFourche Hurricane Protection Projects. These
projects include two floodgates and associated bank protec-
tion along a shallow depth (9 to 12 feet) (2.7 to 3.7 meters)
navigation channel.

14. The bypass channel at Golden Meadow floodgate was pro-
tected in 1983 with large "jumbo" cellular concrete blocks
weighing 115 pounds (52 kilograms) each, which were placed on
a filter fabric. :

15. 1In 1983 at the La Rose floodgate a 6~inch-thick
(15.2 centimeters) interlocking concrete block was placed on
a filter fabric to protect the banks from waves created by
boat traffic. ) .

16. Belle Pass Jetties. In 1980 extensions of the parallel
jetties were constructed using rock armor over a shell core.
These structures are located 70 road miles (113 kilometers)
south of New Orleans. A filter fabric having a tensile
strength of over 1000 pounds per inch (179 kgs/cm) was placed
on the existing soft foundation prior to placement of the
shell core. These jetties appear to be performing very well.

17. Vermilion Lock. This structure is also located along
the Gulf Intercoastal Waterway (GIWW), 30 miles (48 kilo-
meters) south of Lafayette, Louisiana. In 1984 the approach
channels and the lock chambers will be protected with rock
and filter fabric similar to the Calcasieu Lock protection.

18. Fontainebleau State Park. This project was completed
in 1979 and was part of the National (Section 54) Low Cost
Shoreline Erosion Control Demonstration Project. It is lo-
cated on the north shore of Lake Ponchartrain, 30 miles
(48 kilometers) north of New Orleans. "Filter fabric was used
extensively on this project which included several different
type structures including concrete block revetments and tim-
ber pile used tire breakwaters.

19. Holly Beach (ref.2). This project is located on the
Gulf of Mexico adjacent to Louisiana Highway 82, approxi-
mately 40 miles (64 kilometers) south of Lake Charles, Louisi-
ana. Small concrete blocks were used in conjunction with fil-
ter fabric and performed well for approximately 10 years since
1970. Several recent storms caused severe damage to this
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revetment and a major 3 mile (4.8 kilometers) reconstruction of
this project was begun in 1983. Several new concepts in con-
crete block revetments will be tested at this site. All of
these blocks will be much heavier than the original blocks

and will use filter fabric.

20. East Timbalier and Timbalier Islands. These projects
are located approximately 60 air miles (96 kilometers) south-
east of New Orleans and incorporate the use of filter fabric
with rock armor revetments to protect the shorelines of off-
shore barrier islands.

SELECTED CASE HISTORIES

21. Three of the above mentioned projects using filter
fabrics will be discussed in detail to illustrate lessons
learned. These projects are the Mississippi River Outlets
(Baptiste Collete and Tiger Pass Jetties), Southwest Pass of

the Mississippi River, and the Mississippi River Gulf Outlet
(MRGO) . ‘

Mississippl River Outlets

22. Location and description. This project includes two
minor outlets or distributaries of the Mississippi River
which are known as Baptiste Collette and Tiger Pass. They

235



FLEXIBLE ARMOURED REVETMENTS INCORPORATING GEOTEXTILES

intersect thé iiain stem of the river at Venice, Louisiana,
which is located 90 river miles (145 kilometers) below New
Orleans. At the gulf terminus of both these navigation chan-
nels it was necessary to build twin shell fill and rock
armored jetties in 1979 to assure proper depths to minus

16 feet (4.9 meters) mean low gulf (MLG).

23. Objective. In order to determine the validity of
utilizing filter fabric in the construction of offshore
jetties, several test sectioms were built at each jetty to
test different concepts. Filter cloth with different ten-
sile strengths (200, 400, 1000 pounds per inch (36, 71,

179 kgs/cm)) and physical characteristics such as equivalent
opening size (E0S) (35, 70, 100) were specified for the dif-
ferent test sections. One section was nonwoven, the rest
were woven. Settlement plates were installed along the cen-~
ter line to monitor the effects of filter cloth in reducing
excessive settlement of the jetties.

24, Four test sections (see Fig.2) included placement of
filter cloth on the existing bottom underneath the shell bed-
ding material. This has a twofold purpose, i.e., to prevent
migration of the shell and the rock armor imto the foundation
and to distribute the load of the jetty more evenly. Settle-
ment in poor foundations cannot be completely prevented; how-
ever, filter fabric can reduce the magnitude and provide for
a more uniform settlement. '

25. Several test sections included filter fabric between
the stone armor and the shell foundation or core and on exist-
ing bottom foundation materials. This was done to prevent
loss of the shell core material through the rock armor and to
distribute the load of the rock uniformly over the shell.
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26, Desipn criteria. The desigii wave used for rock armor
was 4.5 feet (1.4 meters) with an associated wave period of
4.5 seconds. . This wave criteria was based on a storm surge
elevation or stillwater line of 4.0 feet (1.4 meters) above
mean low gulf (MLG). Higher storm surges would tend to ride
over the structure and be less critical to the jetty.

27. Soil conditions. Borings taken along the Baptiste Col-
lette Bayou and Tiger Pass Jetty alignments indicate that
marsh deposits, consisting of very soft clays, were encoun-
tered from ground surface to‘approximately elevations -

10 feet (3 meters) and - 20 feet (6.1 meters) NGVD, respec~
tively. These marsh deposits were underlain by interdis-—
tributary deposits of very soft to medium clays with a few
silt layers to the maximum depth of borings.

28, Settlement analysis. Based on the results of consoli-
dation tests performed on undisturbed samples, it was esti-
mated that the total foundation comnsolidation settlement
would be approximately 4 feet (1.2 meters). '

29. Performance of project and lessons learned. Jetty re-
pairs were scheduled for 1983 to rebuild the jetties to de-
sign elevations which were 6 feet (1.8 meters) NGVD on the
most exposed jetties and -~ 3 feet (0.9 meters) NGVD on the
leeward jetties. Although settlement plates were included
along both jetties, it was difficult to assess the total
settlements due to conflicts in survey information. It ap~
pears that jetty settlement since 1979 varied between 1 to
3 feet (0.3 to 0.9 meters). How much is attributable to
regional subsidence and how much is due to comstruction is
questionable. All of lower Louisiana is subject to signifi-
cant subsidence and it is difficult to ascertain the correct
elevations of the benchmarks. Methods of placing the filter
fabric on the existing bottom can be improved. Fascine mat—
tressess (built with filter fabrics and willow chambers) such
as used in Holland can be floated into position and sunk on
site (by using high tensile strength filter fabric and
providing rigidity). This approach should considerably im-
prove the performance of jetty structures--constructed on
soft foundations. Filter fabric can alsc be used to make the
jetties more impervious on the land side to prevent loss of
dredged and natural materials. Decreasing settlement by
using filter fabric needs to be further evaluated by the con-
struction of more detailed test sections.

Southwest Pass, Mississippi River

30. Location and description. Three separate test sec-
tions using lightweight comcrete armor protection in place
of typical rock dikes revetments were built in 1981 along
the middle reaches of Southwest Pass. Southwest Pass is the
major distributary of the lower delta, which connects the
main stem of the Mississippi River with the Gulf of Mexico.
Southwest Pass is located approximately 100 river miles
(161 kilometers) south of New Orleans. The lower delta -is
experiencing major subsidence and losses of approximately
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3000 acres (12,141 square kilometers) per year. The purpose
of the dikes or revetments parallel to the river is to pre-
vent erosion of the banks. The three test sections consist
of a shell core overlain with filter fabric and armored with
three types of concrete block mats.

31. The first section consists of 4-foot-wide (1.2 meters)
mats, 20 feet (6.1 meters) long, attached or glued to a car-
rier strip of filter fabric. The individual concrete blocks
are 8 inches square and 4 inches (10.2 cm) thick and weigh
approximately 13 pounds (5.9 kilograms) each. This revetment
weighs 30 pounds (13.6 kilograms) per square foot and the
blocks have an open area of approximately 20 percent.

32. The second test section consists of a similar cellular
concrete block which i1s attached to a carrier strip of filter
fabric to form 4-foot-wide (1.2 meters) mats, 20 feet
(6.1 meters) long. These blocks are considerably larger,
having dimensions of 24 inches (61 cm) long by 16 inches
(41 cm) wide and 6 inches (15 cm) thick. Each block weighs
approximately 115 pounds and weighs approximately 45 pounds
per square foot (2.2 kilopascals).

33. The third test section consists of 4-foot-wide
(1.2 meters) mats that are fabricated in 25-foot (7.6 meters)
lengths. These mats consist of solld concrete blocks that
are 48 inches (122 cm) long by 14 inches (36 cm) wide by
3-5/8 inches (9.2 cm) thick and weigh approximately 140 pounds
(64 kilograms) each. These blocks weigh approximately
30 pounds per square foot (1.4 kilopascals) and have been
traditionally used by the U. S. Army Corps of Engineers to
form large articulated concrete mattresses for deep under—
water placement. They are usually placed by special barges
that build continuous mats of intercomnected blocks which are
tied together with copper wire. See Fig.3 for typical cross
sections illustrating the three test sections used in South-
west Pass.

34. Objective. Traditionally, rock dikes have been used in
Southwest Pass; however, recapping or rebuilding the dikes
to their original design elevations is often required. This
maintenance can be significant in areas of soft in situ foun-
dations. The purpose of these test sections was to test the
viability of using a light armor revetment in lieu of the
heavy 3-foot-thick (0.9 m) rock armors to reduce the settle-
ment and consequent maintenance costs of the dikes.

35. Design criteria. The critical factor used to design
these revetments was ship waves. The design wave was 4.0 feet
(1.2 m) high which was based on observations and curves for
predicting wave action in navigable waterways.

36. Specifications for filter fabric used in these test
sections were EOS between 30-70 and a minimum tensile strength
of 200 pounds per inch (36 kgs/cm).

37. Soil conditions along Southwest Pass vary; but, they
can generally be described as marsh type soils consisting of
very soft clays. No specific borings were taken at the test
sites. The river stage varies from 1.0 to 4.0 feet (0.3 to
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1.2 m) above NGVD.

38. Performance of project. Shortly after comstruction of
the 13-pound (5.9 kilograms) cellular concrete block revet-
ments, the mats were displaced by ship forces. All of the
test sections were displaced by ship waves; however, the
smaller blocks experienced the most severe damage and the
most displacement. The toes of all three test sections were
constructed to - 3.0 feet (0.9 m) below NGVD. Most of these
test sections experienced uplifting of the toes and whole
mat sections were often overturned. Mats of these types had
often been used successfully along shorelines with waves ap-
proaching 4 feet (1.2 m), therefore other facts must be con-
sidered as having caused the significant damage. The con-
crete articulated Corps mats performed best which was attri-
buted to the positive interconnection of the blocks with
copper wire to form continuous mats above the water line. The
larger cellular block (115 pounds) (52 kgs) performed consid-
erably better than the small cellular blocks (13 pounds)

(5.9 kgs), and this can be attributed to the larger unit
weight. If the mats had been heavier at the toe or had been
extended further below the water line (a minimum of two wave
heights), damage could have been reduced.

Mississippi River Gulf Outlet (MRGO)

39. Location . and description. Six separate revetments were
built in December 1982 (along the south bank of the MRGO) in
St. Bernard Parish approximately 20 miles east of New Orleans
to test different types of armor. Fig.4 for typical cross
sectlions.

40. The first revetment consisted of a 400-foot (122 m)
reach of 36-inch-thick (91 cm) rock armor placed on a minimum
6-inch (15.2 cm) shell bedding layer.

4)l. The second revetment consisted of a 400-foot (122 m)
reach of 36-inch-thick (91 cm) rock armor placed on large pre-
sewn fllter fabric panels 50 feet (15.2 m) wide and 56 feet
(17.1 m) long. The filter fabric had an equivalent open size
(E0S) of 50 and the percent of open area was less than 10 per-
cent. Tensile strengths exceeded 300 pounds per inch
(53.6 kgs/cm).

42, The third revetment consisted of a 500-foot (152 m)
reach of 4-inch-thick (10.2 cm) interlocking blocks placed on
the pre-sewn filter fabrics panels described above.

43. The fourth revetment consisted of a 400-foot (122 m)
reach of 18-inch~thick (45.7 cm) rock armor using Class C
stone or quarry stone gradation varying in weight from 5 to
400 pounds (2.3 to 182 kgs), with 50 percent lighter by

. weight varying between 18 and 100 pounds (8.2 to 45.4 kgs).

This rock armor was placed on a shell bedding layer with a
minimum thickness of 6 inches (15.2 cm).

44. The fifth revetment consisted of a 400-foot (122 m)
reach of 18-inch-thick (45.7 cm) rock (Class C) placed on a
large pre-sewn filter fabric panels. All of the test sections
using filter fabric had the same physical characteristics.
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45. The sixth revetment consisted of a 500-foot (152 m)
reach of 4-inch-thick (10.2 cm) articulated concrete mattress
(ACM) furnished by the Corps of Engineers. This mat is simi-
lar to that placed along the Mississippi River as bank paving
except that at this location it was not placed in a continu-
ous width from the mat laying plant. The mat consisted of
individual 25- by 4-foot (7.6 by 1.2 m) mats connected to-
gether above the water lime. This mat was placed on filter
fabric and was similar to that used on the test sections of
Southwest Pass.

46. Objective. The purpose of the test sectiomns was to
test alternative designs to improve the overall costs of
future wave wash protection for the MRGO. The length of the
future protection project is approximately 20 miles (32 km),
and is located adjacent to the present Chalmette hurricane.
protection levee. Due to soft in situ soils, significant
maintenance costs have been experienced in nearby projects
along the MRGO. The principal reason for high maintenance
costs was attributable to settlement, therefore alternatives
use of lightwelght armor layers required investigation.

47. Design criteria.  The mean tide level along the MRGO
is about 1.0 foot NGVD (0.3 m) with a mean tide range of
approximately 1.2 feet (0.4 m). Northerly winds can depress
the Gulf of Mexico and cause stages as low as ~ 2.0 feet NGVD
(0.6 m), The highest observed stage along the MRGO was in
1965 during Hurricane Betsy when 10 feet NGVD (3 m) was experi-
enced. A recent winter storm on 20 January 1983 resulted in
stages of about 8 feet NGVD (2.4 m) at the test sections. A
design wave height of 4.0 feet (1.2 m) was selected for design-
ing the rock armor and concrete block revetments.

48. Performance of project. Shortly after completion Dec
82 of the test sections, significant damage was experienced on
all of the test sections with the exception of the first two
which were bullt with 36-inch~thick (91 cm) rock armor. Damage
was caused by rapid drawdowns and return flows and ship waves
from large ships navigating the narrow channel. The width from
bank to bank is approximately 1000 feet (305 m) and the channel
is 500 feet (152 m) wide and 40 feet (12 m) deep.

49. The 36-inch (91 cm) rock test sections have performed
well as far as displacement due to ship waves and return flows.
An area of concern, however, is the extent of settlement which
may occur over time. Settlement initially approached 1 foot
(0.3 m) and occurred within two weeks after construction,
indicating settlement intc the soft foundations or loss of
shell £111. The rock revetment appears to be protecting the
immediate shoreline against wave attack. The bank behind the
first two sections is relatively high which may have contrib-
uted to its better performance. Wave reflection and return
flow could eventually cause significant scour of the under-
water toe. TFuture monitoring of comparative cross sections
will determine whether this is significant.

50. The interlocking concrete blocks suffered extensive
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damage and many mats were overturned. The drawdown of ships
caused an upward pressure to "float" the mats and the return
flow allowed a "wall" of water to get underneath the edges of
the mats and filter fabric and to further uplift the mats in
the direction of the fast moving water. The concrete block
revetment had approximately a 20 percent open area; this,
however, could not relieve the uplift pressures due to lack
of permeability of the filter fabric which had an open area
of only 4 to 6 percent. Another major factor was probably
the light unit weight of the blocks. It should be noted that
damage was initiated at the toe of the mats which suggests
the need for extending the toe deeper than - 4.0 feet NGVD
(1.2 m) (recommend 2H below). Mats should be suitably an-
chored along all edges using heavier armor at and below the
water line and a more pervious filter fabric should be used.

51. The 18~inch-thick (45.7 cm) Type C stone revetment
suffered significant damage and this was due to inadequate
thickness of armor layers and insufficient weight of the
rock armor. Rock of this type should not be used where ship
drawdovm and return flows are significant. Drawdown and
return flow were estimated to vary between 3 to 5 feet (0.9
to 1.5 m) and possibly higher. Many rocks in the revetment
were displaced landward from 50 to 100 feet (15.2 to 30.5 m).

52. The 4-inch~thick (10.2 cm) articulated Corps mattress
suffered extensive damage and many mats were overturned at
the water's edge, indicating that uplifting forces initiated
damage at the toe of the- structure or at - 4.0 feet NGVD
(1.2 m). This suggests that the toe should be extended
deeper or that a heavier mat should be used. Mats weighing
50 to 70 pounds per square foot (2.4 to 3.4 kilopascals) are
available and may provide sufficient stability for similar
design conditions. Construction details such as burying the
edges of the mat and anchoring the toe well below the water
line would improve the performance of these structures.

~

SUMMARY

53. This paper briefly discussed case histories in Louisi-
ana in order to examine factors that are important in using
geotextiles in conjunction with flexible revetments. Space
does not permit an exhaustive discussion of all the problems
one encounters in the field. The following is a brief list
of lessons learned on a few projects.

Mississippi River Outlets

54. Measurement of settlement in order to determine the
performance of structures is often difficult in areas where
subsidence and soft soils are common. Detailed monitoring
should take place before, during, and after construction.

55. Fascine mattresses with high tensile strength filter
fabrics should be investigated for supporting jetty structures.
Simply placing filter fabric on soft foundations will not
guarantee success.

56. Filter fabric can be used in conjunction with structures
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(jetties and groins) to interrupt the movement of littoral
material through pervious structures such as rock jetties.
This can be instrumental in reducing maintenance of navigation
channels.

Southwest Pass, Mississippi River

57. Lightweight blocks should not be used where ship draw-
down and return flows are significant (exceed 3 feet) (0.9 m).
Model tests cam be used to determine required weights. It is
estimated that flexible revetments should weigh a minimum of
50 pounds per square foot (2.4 kilopascals).

58. Filter fabric should perform as "filters" and not im-
pervious membranes in revetment designs. Water permeability
should be high. Other ways to achieve this is to specify per-
cent open areas between 15 and 30, and EOS between 20 and 50.

59. Proper instrumentation should be designed to measure
the drawdown and return flow along with waves created by
large ships.

60. Quality control is important to insure that the mats
are properly anchored and can articulate properly with the
design forces encountered. Cables and interlocking methods
should be adequate. )

61. Toes of flexible revetments should extend to two wave
helghts below the water line or to depths that are sufficient
to prevent uplifting of the mats by ship waves and forces or
be anchored properly or use of heavier blecks or rocks along
the toe.

Mississippi River Gulf Outlet

62. Small rock (quarry stome gradation) or thin rock armor
layers do not perform well where ship forces in narrow
channels are significant.

63. Rock designs without filters or filter fabric do not
articulate as mattresses. In soft foundations this can often
cause rock to settle nonuniformly and can destroy the integ-
rity of the revetment, causing large maintenance costs.

64. Experience in 1969 at Holly Beach and other similar
projects demonstrated that filter fabric should have a high
retention for the local soil and that both filter fabric and
armor cover should have a high ratio of open area in relation
to the bank soil material under it; i.e., the percent open
area should exceed the porosity of the bank soil material to
relieve hydrostatic pressures.
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The use of geotextiles impregnated with
1 8 bitumen in situ as bank revetment

completion of a section of the Milano-

Cremona-Po inland waterway

G. DELLA LUNA, Eng., Consorzio Canale Mllano-Cfemona-lPo Cremona,
D. A. CAZZUFFI, Eng,, Research Center for Hydraulics and Structures-ENEL,
Milano, and M. CEPORINA Eng., Geotextiles Group O.R.V,, Padova

SYNOPSIS.' The paper deals with the works made for the bank
revetment completion of a section, about 1,000 m long, of the
Milano-Cremona-Po inland waterway: in this area a particular
geotechnical sitwation involved some specific problems. The
waterproofing and the continuity of the banks revetment are
ensured by a system of geotextiles impregnated with bitumen
"in situ”, by means of a simple equipment purposely arranged.
The construction of the flexible armoured revetment including
geotextile has given some very interesting technical-economic
results.

INTRODUCTION
The inland waterway from the Po river to Milano

1. The city of Milano has been engaged with the de31gn of
a waterway connection with the Po river during all the cen-
turies of its long history. In the ancient times, a communica-
tion was obtained by means of the tributaries of the Po (Adda,
Ticino and Lambro rivers) and of artificial inland waterways
the historical “Navigli", built between the city and the above
rivers.

2. 1In the present time, this design has been undertaken
again and foresees an inland waterway, 63 km long, which ori-
ginates from the Po river just upstream of Cremona and ends
at the South side of Milano. The difference of level between
the Po and the port of Milano is of about 60 m and will be
overcome by means of 8 navigation locks. The inland waterway
has to cross the Adda 18 km from its starting point by a canal-
bridge, which represents the most engaging structure of the
whole design. Construction of ports is planned along the in-
land waterway at Cremona, Pizzighettone, Casalpusterlengo, Lo-
di and Milano.

3. So far, the first 15 km of the inland waterway have been
built or are under completion between the Po and Adda rivers, -
with the first two locks of Cremona and Acquanegra. The port
of Cremona was built too and the port of Pizzighettone is in
progress.

4. The inland waterway waterproofing. One of the most import-
ant characteristics required by the Milano-Cremona-Po inland
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waterway is a complete waterproofing: the design of bank and
bottom protections has always a primary role in the inland
navigation fairways design, in which cost-benefit analysis
plays an important function too (ref. 1).

5. 1In the considered waterway the complete waterproofing
has become necessary for the two following reasons:
a) to reduce water consumption; .
b) to prevent any interference with the surface flow, on which
the production of the richest agricultural land in Italy depends.
In port basins, where the area covered by water is greater,
waterproofing is obtained by means of peripheral concrete seep-
age cutoffs, on which the toe of the bank revetments is connec-
ted. The whole cross-section along the inland waterway is lin-
ed instead with waterproofing revetments.

6. Typical sizes of the waterway cross-section in the two
so far built sections are as follows:

- water level width m 38.50 =+ 41.50
- bottom width m 28.00

~ depth m 3.80

- bank slope 2 2/3 = 1/2

- wet section m- 120 + 128

7. The waterproofing revetment in the first inland water-
way section (about 8 km long) was made of bituminous concrete
(ref.2),spread in three layers consisting of:

- a first layer of pervious mixed bituminous gravel (thickness
0.08 m);

- a second layer of impervious bituminous concrete (thickness
0.05 m);

- a third layer of impervious bituminous concrete (thickness
0.04 m).

The waterway cross—section in the first section and a detail
of the revetment are shown in Fig.l.

The impervious layers content was 8 parts of bitumen on 100
parts of aggregate by weight. The percentage of voids by vol-
ume after compaction was lower than 37.

Many experimental attempts were performed in order to realize
a sealing coat on these revetments. The following processes
were tested specifically:

- treatments with bituminous emulsions;

— treatments with different types of tar mastic and pitch;

— treatments with epoxy resins.

Little encouraging or quite unsatisfiable results were obtain-
ed from all these treatments. Bituminous concrete revetments
have given fairly good results. However, they showed stabil-
ity limits when placed on banks with great slope (2/3) as well
as a very lowered strength to effects due to uplifts.

8. The second section of the inland waterway, about 7 km
long, was built from 1979 to 1983, with geometrical characteris-
tics similar to those of the first section. A different type
of revetment has been used for this second section, because of
the material cost variation occurred after the first section
construction and of experiences made during the said works
(ref.3). Banks were lined with concrete slabs, 0.15 m thick,
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reinforced with electric welded steel meshes,or with prestress~
ed concrete slabs, 0.05 m thick, placed on the concrete base
(see Fig.2). For the bottom waterproofing, a bituminous con-
crete layer, 0.06 m thick, was spread on a compacted gravel
base by means of road finishers.
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Fig.1. The inland waterway cross-section in- the first section
(above) and a detail of the revetment (below).

1. Pervious mixed bituminous gravel (thickness: 0.08m)
2. Impervious bituminous concrete (thickness: 0.05m)
3. Impervious bituminous concrete (thickness: 0.04m)
4. Compacted gravel base (thickness: 0.04m)

5. Pervious mixed bituminous gravel (thickness: 0.08m)
6. Impervious bituminous concrete (thickness: 0.02 m)
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Fig.2.

The inland waterway cross-—section in the second section
(above) and a detail of the revetment (below).

1. Prestressed concrete slabs (thickness: 0.05m)

2. Concrete base (thickness: 0.15m)

3. Compacted gravel base (thickness: 0.15)

4, Impervious bituminous concrete (thickness: 0.06m)
5. Granular material
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THE CONSIDERED INLAND WATERWAY SECTION _

1. The inland watetway section, where the applicatioh of
flexible armoured revetments including geotextiles was made,
is placed just upstream the double lock of Acquanegra, includ-
es the outer port of the same lock and therefore presents cross-
sections with variable width.

2. This section was wholly realized by an embankment from
1968 to 1973. Excavation volumes of the waterway section plac-
ed downstream the double lock of Acquanegra, built during the
same years, were used. Embankment height in respect of courtry
level ranged from 6.00 to 6.50 m at bank level and from 1.00
to 1.50 m at bottom level.

3. During the same period, a part of the bank and bottom
revetment, specifically the first two layers consisting of
bituminous concrete, 0.08 and 0.05 m thick, was built too accon}
ing to the first waterway section (see Fxg.l)

4, The problems causing a delay in completion of the bank
revetment in this section were quite only of a geotechnical na-
ture.

THE GEOTECHNICAL PROBLEMS

1. The comsidered waterway section presents a rather unifam
stratigraphy along a development of 1,000 m. It consists of
the following layers:

a) from the country level to a depth of about 0.50 m: silty
clay, meanly hard, with the presence of organic substances;

b) from 0.50 to 5.50 m: silty peat, very soft;

c) beyond 5.50.m: sand.

Grauridwater level is at a depth of about 0.90 to 1.00 m.

2. TIn the presence of such a stratigraphy, geotechnical prob-
lefs obviously arose because of the settlements due to peat bed
consolidation during the embankment construction.

3. The results obtained from consolidation tests made at the
Geotechnical Laboratory of the Technical Umiversity in Milano,
gave a vertical consolidation coefficient ¢, for peat equal
to:

-7 2

c. = 2.10 "m/s (1)

v

whereas unconfined compression test showed a very low initial
cohesion value equal to:

¢, = 5 kPa : (2)

4, Therefore, it had been necessary to build the embankment
by degrees, in successive layers, so that it was possible to
take advantage from shear streggth development due to peat
consolidation during the previous load increase.

5. The consolidation process of soil bed was speeded up by
means of draimage trenches, 5.00 m distant. In this way, a
drainage of the peat layer was performed towards the outside
too, by trenches connected one another on the upper side by a
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sand bed forming the embankment base.

6. The embankment completion was reached by 5 successive
load increases, at an average interval of about 70 days one
from another (ref.4). This interval corresponds to the theor-
etical time necessary for reaching 50Z of the primary consolid-
ation obtained by applying the well known formula which gives
the time of consolidation ¢t depending on the time factor T,
the half layer height H to be consolidated and the coefficient
of consolidation c¢y:

t = T . — (3)

In the case under examination, since drainage of the peat bed
was possible upwards and downwards (H = 2.50 m), it was found:

2.502
= 0.2, —/—/—— ~72d 4
tsg 0.2 > 10°7 sec >~ 7 ays (4)

7. The first embankment layer was 1.10 m high on the whole
width of the inland waterway. This value corresponds to- the
maximum height of embankment which can be built without caus-
ing cracks on a peat bed of 5.0 m with a cohesion value of
5 kPa, calculated according to the method proposed by Jakobson
(ref.5). The next layers were built according to the follow-
ing progressive heights: 1.80 m, 3.10 m, 4.60 m and 6.00 +
6.50 m.

8. The application of such methods enabled embankments to
be built in their whole height without causing any failure of
the peat bed. During the embankment construction, settlements
were measured. For this purpose, 39 levels (three for each
section), the plates of which was embedded in the embankment
base sand, were placed. A constant survey of settlements made
it possible to find some important differences from one point
to another and to follow the slow course of this phenomenon.

9. After about 300 days from the embankment completion, the
primary settlement of the peat was practically ended. However,
the secondary settlements, exhaustion of which was foreseen
after many years only, were not negligible because of the peat
bed presence.

10. At the end of embankment construction, it was decided
to carry out a soil preload in the middle side of the inland
waterway, so that the most of settlements due to a waterway
filling, planned of 4 m, occurred in advance. In fact, the
preload application, kept for two years (1969-71), made it poss-
ible to obtain the whole primary settlement corresponding to
the further water filling; the secondary settlement effect,
particularly important under the banks, was to-be taken into
account.

THE BANKS FLEXIBLE ARMOURED REVETMENT
1. After the embankment completion and the further preload
application, the construction of bottom and bank revetment was

I3
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started; at the beginning it consisted of three bituminous conc-
rete layers, according to the same design of the first waterway
section (see Fig.l).

2. 1t was prudently decided to postpone the construction of
the last impervious revetment layer to the beginning of water-—
way filling because of the importance of the secondary peat
bed settlements. In fact, it was expected that the develop~
ment of secondary settlements and the presence of differential
settlements at the concrete structure level would have caused
some cracks. )

3. The experimental revetment. At the end of the '70, when
settlement progress had already shown some crack systems, more
important at the points of conjunction to engineering struc-
tures, it was decided to perform an experimental lining.

4. The aims to be reached were defined as follows:

- waterproofing and continuity of the revetment;

- absorption capacity of small tensile stresses to prevent
destructive strains (as for bituminous concrete);

- saving in comstruction and maintenance, specifically concern-
ing yard equipments.

5. Among the various possibilities considered for example
by Gamsky (ref.6), a revetment consisting of geotextile and
bitumen to be carried out "in situ" had been chosen, so that
the bituminous primer was a first sealing treatment for micro-
cracks occurred in the bituminous concrete layers spread ten
years before.

6. Such a revetment was tested in summer 1981 on a bank surf-
ace (1,000 m2) exposed to South. This experimental application,
kept under observation for two years, involving two complete
cycles of max thermal ranges, showed quite positive answers.

7. The completion of the revetment. The revetment already
tested was carried out in summer 1983 as follows:

- Preparation and cleaning of the bank: the bank cleaning was
made by blown compressed air, so that incoherent parts of

the surface were removed and the anchorage of the revetment

was easily made.

- Primer placing: a bituminous primer at low penetration

(40 + 50) of about 1 kg/m2 was hot-sprayed (temperature 180°C

- 200°C) on the surface so prepared, using an equipment purp-

osely arranged, making it possible to act on the whole devel-

opment of the bank (see Fig.3).
- Geotextile laying: nonwoven sheets, 5.50 m width, were plac-
ed on the still hot bituminous surface (see Fig.4). Even if

a horizontal laying would have reduced the total length of

joints, a vertical laying of the sheets was preferred so that

no cuts or folds occurred, because of mixed line development
of banks close to the lock.

~ Finishing of the revetment: further bitumen at low penetra-
tion (40 = 50) of about 3 kg/mZ was sprayed, in order to
obtain the completion of the revetment (see Fig.5). At last
fine dryed sand of about 1.5 kg/m“ was spread so that the

exceeding bitumen was fixed. .
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A machine was used in order to improve impregnation quality
and to reduce construction times. The equipment consists of
a simple pipe provided with nozzles which run through the
whole bank length and enable the bitumen, introduced from
a thermal tank by a volumetric pump, to be uniformly spread.

Fig.4. The laying of a geotextile sheet on the bituminous
primer.
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Fig.5. The completion of the flexible armoured revetment by
hot-spraying of further bitumen.

- Joint construction: in order to ensure a complete waterway

waterproofing the geotextile sheets laid vertically were seal-
ed with bituminous elastomerized membranes (0.30 m width) fire-
revived and overlapped to the joint points already bitum-—-
inized.

Realization of the revetment anchorages to the bank edge and
to the waterway bottom: the geotextile sheets were anchor-
ed to the bank edge in a longitudinal furrow and, after
impregnaticon, were covered with gravel; then, a concrete curb
was built in the furrow so prepared (Fig.6a).

As to the junction between the bank revetment and the water—
way bottom, a finishing layer, consisting of a bituminous
emulsion primer of about 0.8 kg/m? and of a bituminous concr<
ete course (25 mm thick), was overlapped to the geotextile
already impregnated for a section of about 0.25 m (see
Fig.6b). s

~ Realization of the junctions between revetment and structur-

es: a special problem arose from the junctions between the
impervious revetment and the engineering structures.

In the considered section, this problem appeared downstream
at the point where the waterway is connected te the lock
walls and in a middle point where it is underpassed by a .
siphon. Both structures, being founded on piles, were little
affected by secondary settlements of the peat bed.

This fact caused differential settlements between the area
on the concrete structures and the remaining area of the
waterway bottom, made evident by large cracks of the bitum-
inous concrete revetment at the concrete wall level.

Joint construction by a bitumen-rubbef mix suitably designed

2Cc
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would have enabled the waterproofing to be ensured, facing
differential settlements, as shown for a similar case by
Cazzuffi-Puccio~Venesia (ref.7).

As in the Milano-Cremona-Po inland waterway we only had to
make a restoration intervention, we decided to adopt a diff-
erent solution, based on geotextile use: sheets at the
discontinuity line level were folded, according to the
arrangement shown in Fig. 7, and impregnated with bitumen
only on the external face.

A new covering was used on the waterway bottom by the same
bituminous concrete of the impervious layer; one more cover-
ing of the banks was made of the same flexible armoured
revetment incorporating geotextile.

a)

0.025

0.050
[ 0.080

Fig.6. Details of the revetment anchbrages to the bank edge
(above) and to the waterway bottom (below).

1. Compacted gravel base

2. Pervious mixed bituminous gravel

3. Impervious bituminous concrete

4. Flexible armoured revetment incorporating geotextile
5. Concrete curb

6. Granular material
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DETAIL *C,,

Fig.7. CFoss—section of the waterway bottom point affected by
differential settlements (above) and a detail of the
restoration intervention (below).

1. Impervious bituminous concrete

2. Pervious mixed bituminous gravel

3. Sand 4. Country level

5. Concrete structure 6. Piles (length: 6.00m)
7. Crack filling by bituminous concrete

8. Geotextile impregnated with bitumen

9. Impervious bituminous concrete
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8. The role of the geotextile. The geotextile chosen had
to show the following characteristics:
- large diameter fibers for porosity increase in order to
obtain a total and uniform impregnatiom;
- suitable thickness and mass per unit area in order to have
a tensile reinforcement of the revetment;
- suitable raw material in order te resist thermal shock due
to the contact with bitumen at 180°C + 200°C.
All these reasons lead to the choice of a polyester geotextile
(melting point at about 240°C) of a mass per unit area equal
to 400 g/m2, of thickness equal to 3.5 mm (for o0 = 2kPa) and
produced by mechanical needle-punching, using a fiber mix (6
and 15 tex) in prefixed percentages.

CONCLUSIONS

1. At the end of the works (see Fig.8), some positive conclu~
sions can be drawn.

2. The construction of the revetment was simple and quick
(700 - 1,000 m2 a day with a team of 4 workers).

3. The total cost was lower than that of any other kind of
revetment showing comparable characteristics. The price paid
by the Administration of the Consorzio of Mllano Cremona-Po
inland waterway in fact was of It.L. 6, SOO/m (about 4 US Doll~
ars/m2), all included.

4, From a hydraulic point of view, as regards the propag-
ation of waves caused by ship passage, this kind of revetment
is not very different from those already used on the other
sections of this inland waterway: moreover, it gives the advan-
tage of a higher roughness.

Fig.8. A general view of the yard at the end of tihe works
(in particular the mixed line development of the
banks close to the Acquanegra lock may be seen).

DELLA LUNA, CAZZUFFI and CEPORINA

5. From a geotechnical point of view, the flexible armoured
revetment incorporating geotextile will be able to face the
effects due to future secondary settlements, keeping water-
proofing and continuity.

6. As regards maintenance problems, the former experience
makes clear that, whatever restoration occurs, it will be lim-
ited and easy to do.
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be instigated to enable fundamental desian concepts to be
derived with the ceotextile as a qualified component. Such
an approach being more cost effective than merely adding
the geotextile as a solution to a problem that need not
have occured.
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1 ProFix mattresses—an alternative erosion
9 control system

W. H. TUTUARIMA, MSc(Civ.Eng.), Zinkcon International BV, The
Netheriands, and W. van W1}K, MSc(Civ.Eng.), Amoco Fabrics, The
Netherlands

SYNOPSIS, The ProFix mattress is a new and flexible type

of revetment system, developed from experiemce gained at the
Delta—-plan project in the Netherlands. Based on tests,
design criteria are given for the mattress. Moreover filter
criteria ate given for the geotextiles used to construct the
mattress. The first large project executed with this system
is in Nigeria, In total 1.} million m® embankment is planned
to be protected with the ProFix mattress., The project is
described briefly and also the experiences until now.

INTRODUCTION

i. The application of mattresses in bed- and bank
protection works has grown tremendously in the Netherlands
during the last decades. The execution of the Dutch Delta-
plan has been one of the major fields where comprehensive
application took place. Extensive application also took place
in bank protection works of mavigation canals and other
waterways. This led to far-reaching improvements and
mechanization in the manufacturing of classical mattresses
on the one hand, and the development of mew types of mattresses
on the other. The sandfilled mattress is one of the latter
types. The mattress is formed by two layers of polypropylene
filter cloth, sewn together at predetermined intervals,
forming tubes which will be filled on site with e.g. local
available sand. The mesh openings of the geotextile are
carefully matched to the grading of the used sand to emsure
sand tightness. Since the mattress is often filled with sand,
it has a good water permeability and excellent filter
properties. The required strength of the filter used for the
mattress depends on the slope, the exposed loads, method of
construction, the thickness and weight of the fill material.
Moreover- the upper cloth is stabilized against ultra violet
radiation. It is provided with a felt layer to promote and
develop vegetation giving extra protectiom against u.v.-
radiation, The cloths allow plant roots to penetrate into
the subsoil thus providing extra stability to the construction.
The sewn seams of the ProFix mattress are shielded from
mechanical damage due to the strong curving of the cloths.

Flexible Armoured Revetments, Thomas Telford Ltd, London, 1984 259
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The distance between the seams depends on the required height
of the mattress. .
CHARACTERISTICS OF THE PROFIX MATTRESS

2. The requirements of the fabrics of which the ProFix
mattress is constructed depend largely on the design and the
site conditions. For proper functioning of the ProFix mattress
it has to be designed by taking into account the following
properties:
~ filter requirements
- permeability
- tensile strength
- durability
Filter function )

3. The top and bottom fabric of the mattress have to act as
a filter in order to prevent loss of fill material. The wanted
maximum opening size of a fabric can be calculated with the
formulas which are developed through the work of Teindl
(ref.1) and the Franzius Institute (ref.2). This work has led
to the following recommendations.
For cohesive soils:

090 < 10 x D50
and
090 < D90

For uniform mon-cohesive soils (U < 35):

090 < 2,5 x D50
and
090 < DO
For well graded non-cohesive soils (U > 5):

090 < 10 x D50
and
090 < D3O

For soils having little or no cohesion and more than 507% by
weight of silt Calhoun (ref.3) has recommended:

090 < 100 pm

090 = opening size of fabric
L2, . - D60
U = coefficient of uniformity = D10

Investigations in Holland (ref.4) have shown that for the
correlation between 090 and D90 we may take

090 < (1 3 2) D90

Therefore the above mentioned correlation is very
conservative and gives a possibility to be more flexible in
the design of the fabric. :

Permeability requirement

4. The permeability of the soil may be estimated from the
empericism K soil = [%10 mml? x 1072 m/s, or the formula
of Kozény:
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When the permeability of the fabric is in the same order of
magnitude as the fill material or subsoil, then there will be
no problems with the occurance of excessive overpressures
under the mattress.

Durability . » .

5. It is a well-known fact that plastics are all sensitive
to degradation when they are exposed to e.g. u.v.-radiation,
temperature, water and oxygen. Since the ProFix mattress is
constructdd from polypropylene fabrics this is a matter of
concern. Also an important factor is the chemical resistance.
Polypropylene is unaffected by soil chemicals, acids and
alkalies over a pH range of 3 to 12. The life time expectancy
we will divide into two categories, i.e. .

1) u,v.~life time
2) thermo~oxidative life time

6. u.v.-life time. Aging of polymers is caused by the
u.v.-section of the light rays. The rate of aging 1is
determined not only by the intensity of the radiation but also
by temperature and humidity. The intensity of the radiation
is expressed as an annual irradiated energy on the surface of
the earth.” The unit for this is kLy (kiloLangley). 1 kLy is
1 kcal/cm? irradiated energy. In Fig.l. we see the annual
energy distribution in kLy on the earth. In Northern and
Middle Europe there is an annual energy incident of 60-80 kLy
(i.e. 60-80 kcal/cm?/year). In Nigeria e.g. the energy
incident is approximately 140 kLy. This means that it is very
important to know in what area of the world the material will
be used. Polypropylene can be stabilized against u,v.-
degradation to the required degree. Since outdoor exposure
tests would take too much time, weathering devices have been
developed to provide accelerate weathering tests. Several
types of test equipment are available, Amoco Fabrics use a
Xenotest 1200 for their accelerated weathering tests and
the tests are carried out according to the specifications
of ASTM G 26-70. -Although it is very difficult to extra-
polate the test results to outdoor exposure one can say that -
approximately 10-20 hrs in Xenotest 1200 corresponds with
I kLy outdoor exposure. The degradation is generally noticed
as a change in colour and deterioration of properties such as
surface cracking and reduction of tensile strength. The
results of the artificial weathering tests are normally
expressed in time necessary to reduce the tensile strength
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Fig.l. Generalized isolines of global radiation. in kLy
(kcal/cm?/year)- After M.G. Landsberg
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by 50% or by 10Z. Since 10-20 hrs in the Xenotest 1200
corresponds to 1 kLy outdoor exposure it is possible to get
an idea of the life time expectancy in a certain area. The
ProFix mattress has now been used for approximately two years
in Nigeria., Since a good part of the mattress is exposed
permanently, the top fabric has been given an extra protection
against u.v.-radiation, This extra protection is a highly
u,v,~stabilized nonwoven fleece needled onto the top fabric.
The function of this felt layer is also to enhance the start
of vegetatiom. In the felt layer sand dust will be very
easily trapped, this will give again extra u.v.-protection.
After two years exposure in Nigeria until now the fabrics
of the mattresses are still performing satisfactory.

7. Thermo-oxidative life time. For projects that will
have to last lomg periods it is mecessary to be able to give
a life time expectancy of the material. Especially when a
life time expectancy is wanted of over a hundred years it is
necessary to have an accelerated test to determine this
period. For a life time of this length one must be sure that
the material resists oxidation degradation sufficiently.
The normal polypropylene fabrics may well have a life time
expectancy of at least 60-100 years, it is however not yet
possible ta guarantee this because these materials have only
existed 20-25 years. Tests have shown that after burial
polypropylene fabrics can lose 10-247% of their original
strength after 10-14 years (ref.4). To enable us to give a
reliable 1ife time expectancy for a period of 200 years, TNO
has developed a special test (ref.5). The test is carried
out in an oven on 150°C temperature. The oven life test
consists of two parts, one test is carried out on tapes as
they are taken out of a sample. These tapes have to resist
the thermo-oxidative degradation at 1500C temperature for more
than 12 days. Another test is carried out on tapes after they
have been extracted for 7 days in boiling seawater. After
this treatment the tapes have to resist at least 7 days in the
oven at 150°C. When the tapes meet these requirements then
the life time expectancy is put at 200 years. In order to
meet the stringent demands special antioxidant systems have
been developed to fulfil these requirements, This so-called
heatstabilized fabric”is now the basis for the ProFix mattress.

STABILITY TO FLOW AND WAVES
Stability in flow conditions

8. When the shear stress 1p, exerted by the flow, exceeds
the frictional resistance force F of the mattress at the bed,
the stability becomes critical. The force F can be formulated
as:

F=f.,N ’ 1
in which:
f = frictional factor (0.3 < £ < 0.8)
N = submerged weight - average 1lift force due to turbulent
flow — uplift due to ground water pressure. o
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From pressure measurements in a flume, Einstein and El-Sami
(1949) concluded that the average lift force Ap due to
turbulent flow can be related to a reference velocity U,

at some distance above the bed. Taking into account the
relationship between the flow velocity and the shear -stress
Tp, it can be concluded that a reasonable estimation of the
lift force due to the flow can be expressed as:

=5 1p (N/m?) 2)

The uplift of the mattress P due to the ground water pressure
can be estimated from the expression:

K .
P = pw.g.d.E%.. ig (N/m?) 3)
in which:
pw = density of water (kg/m3)
g = gravitational acceleration (m/s2)
d = average height of the mattress (m)

Ks = coefficient of permeability of the subsocil (m/s)
Km = coefficient of permeability of the mattress (m/s)
ig = gradient of the ground water flow (-)

Considering uniform flow and taking the Ch8zy coefficient as
the friction parameter for flow the equations (1), (2) and
(3) together will result in an expression for the critical
average flow velocity U., for the stability of the mattress:

= 0.28 ¢ ¥ A'd (4)

in which: R
C = Chézy coefficient = 18 log 12R/is (md/s)
R = hydraulic radius (m)

ks = roughness length (m)
e Ks - g ()
A A e
A = relative density of the submerged mattress (=)
d = average height of the mattress (m)
25 dz Q1 01502025 m 25 - ds [*}] Qs 02 023 m
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Fig.2. Critical flow velocity as function of waterdepth
and mattress height for ig = 0.
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The design relation (4), in which has been incorporated a
safety factor 2,5 for the frictional factor f = 3, is shown
graphically in F1g.2. for mattresses filled with sand
(ps = 2,650 kg/m3) 1n two conditions: (a) pores filled with
air and (b) all pores filled with water.
Stability overlapping edge

9. At an overlapping mattress the stability of the edge is
determined by the balance between the submerged weight of

the mattress and the negative pressure caused by flow separation
at the edge. .

suction force

stream line

\ 4
submerged weight

Fig.3. Forces upon an averlapping edge

The stability of the dverlapping edge can be expressed in terms
of a critical velocity:

U, = a / ad.g. (m/s) (5)

in which: .

= factor depending on the shape of the edge and the flow
conditions (1.4 < a < 2)

= 2 for favourable flow conditions when the edge is directly
laying on the underlaying mattress

The relation (53) is shown on the next figure for a = 2 and

~ pores filled with air and water: -

O 05 10 15 20 25 30 35 40

+ critical velocity (m/s)
Fig.4. Critical flow velocity for the overlapping edge
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Stability to wave action
General .

10. Wave action causes various hydrodynamic loads on a
slope. A breaking wave (plunging or collapsing) results in
impact forces by the wave tongue hitting the structure.
Following the impact, high current velocities due to the up
and down rush may cause considerable hydraulic loads. Below
the breaking wave sudden changes in the velocity field may
occur and a rapid increase of the pressure inside the structure
can develop. The investigations into the stability of the
ProFix mattress under wave action are not completed, however,
as wave forces acting on the mattress are not quite known but
considered to be almost similar to those acting om a block
type revetment, investigated recently, a review of those wave
forces is shown in Fig.5. When a breaker is formed at the
lowest run-down point large hydrostatic pressures are developed
below the revetment (b) and the rapidly changing velocity field
causes the increase of the forces perpendicular te the slope
{(d). During the impact uplift forces above and below the point - -
of impact (e) are caused by the mass of falling water. Low
pressures due to air entrainment (g) acting together with the
pressures (b) and (f) often result in a critical situation for
the stability of the blocks on the slope. This failure
mechanism is shown in Fig.5.b. Maximum uplift pressures can be ’
expected at the point of maximum down rush which may occur down |
to a level of two times the wave height below the still water
level.

: forces due Lo down-rush
= uplift pressuras due 10 water in lilter

uplift prassures due 1o approaching
wove {ront

= chonge in-valocity field

wave tmpact
uplift pressures du¢ to mass of

o q @ . . water taoling on slope
Stability criterion

11, The stability criterion for revetments is often
described by a so-called stability number H/Ad, in which: ‘
H = design wave height (m) a. WAVE FORCES
A = relative density of the submerged mattress (-)
d = average height of the mattress (m) (or the stome or block ‘ : displatement -~
size of a revetment) '

g: low prassures on slope due to or
entrainmeant

h: forces due 16 up-rush

For sandfilled mattresses the critical H/Ad value can be
related either to the condition when uplift pressure exceeds - N
the submerged weight of the mattress or to the beginning of the
deformation of the subsoil. These mechanisms are probably the
two most important causes for failure. Both are strongly -
related to the permeability of the mattress and the permeability
of the subsoil. From the investigations now undertaken, the A b_ FAILURE MECHANISM
following preliminary conclusions can be drawn regarding the
required height of the ProFix mattresses:

(1) When the permeability of the mattress is smaller than that
of the subsoil, lifting up of the mattress can take place for
stability number H/Ad > 2, Depending on its characteristics
the subsoil may change into a self-adjusted profile.

(2) When the permeability of the mattress equals the |
permeability of the subsoil, the mattress can be lifted up !
over small areas at stability numbers H/Ad = 3-4, the local

stability of the subsoil depends strongly on its semsibility

for the ground water flow.

Fig.5. Hydraulic loads on placed block revetments (ref.7)
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(3) When the permeability of the ProFix mattress is larger
than that of the subsoil, the uplift forces are of minor
importance and other mechanisms may be decisive. Stability
numbers H/Ad = 5 are considered to be safe.

The recommended design philosophy regarding the required
height of the mattress can now be described as follows:

(a) Apply a permeability of the mattress larger than the
permeability of the subsoil.

{b) A safe height of the mattress follows from the stability

-number H/Ad = 5, resulting in:

a=2 @ (5)

54

in which:

d = average height of the mattress’ (m)

H = design wave height (m)

A = relative density of the submerged mattress (-)

Remark: As investigations of stability to waves are still in -
progress, equation (5) is only preliminary.

It

[

PROTOTYPE TESTS

12. Prototype testshave been carried out regarding the
behaviour of the ProFix mattress at a number of different |
locations and site conditions.

Werkendam area .

13, At the Zinkcon yard in Werkendam (the Netherlands) a
number of operational tests have been carried out at full
scale. After completion of the tests the mattresses have been )
left at the location and a natural vegetation developed since -
then (picture 1), At the slope 1:3 of the entrance to the
yard harbour test mattresses have been constructed for long
term observations. Height varies from 0.13 to 0.30 m and the
fill material was either coarse sand or a sand asphalt mixture.
Waterlevel variation of the river is approximately 2 m, maximum
wave height approximately 0.5 m. Where an overlap was omitted
serious erosion of the subsoil could take place, the subsoil
being sandy silt.

Hartel Canal Rotterdam

14, Systematic prototype tests on various slope protection -
systems have been carried out by the Public Works Department of
the Netherlands along a test area at the slope of the Hartel
Canal near Rotterdam. These tests are described by a paper of
Mr. K.W. Palarczyk (Prototype test of slope protection systems).
The mattress was constructed at a slope 1:4 from M.S.L. - 0.4 m
up to M.S.L. + 2.0 m total width 20 m. Tidal waterlevels varied
between M.S.L. - 0.7 m up to M.S.L. + 1.3 m. The existing sub—:
soil was a layer of gravel 30-80 mm, layer thickness average
0.3 m. The ProFix mattress had an average height of 0.20 m.
The mattress was filled with medium to coarse-sand contained by
tubes formed by a flat base filter cloth and a curved top cloth
stitched together at regular intervals of 0.40 m.
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The top cloth was provided with a vesiled polypropylene felt
layer to give extra protection to u.v.-radiation.

Measurements have been carried out regarding the water
movement along the revetments and in the subsoil including the
water pressures as a result of passing ships. Ship waves to a
maximum of approximately | m have been observed and current
velocities up to approximately | m/s on top of the slope. The
results of the measurements were still not available while
preparing this paper, The mattress appeared to maintain its
stability under the test conditions. It was of interest to
experience the high importance of a sufficient degree of sand
density inside the tubes, especially under dynamic load
conditions. Due to breakdowns during filling this degree was
not obtained immediately and as a result of waves and currents
migration of grains could take place downwards the slope,
causing densifying the lower part and affecting the filling
degree of the upper part. The upper part had to be partly
refilled afterwards. Up to now, after 3 months, the mattress
appears to perform satisfactory and a natural vegetation has
started to develop.

Pict. 1 Test mattress
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Pict. 2 ProFix mattress Hartel Canal, Rotterdam

BANK PROTECTION WORKS IN NIGERIA
General

15. On behalf of the Government of Rivers State, Nigeria, a
contract has been awarded to Zinkcon International B.V.,
Papendrecht, the Netherlands, regarding the construction of
erosion and flood protection works at villages located in the
lower Niger delta. The total length of banks envisaged was
18.5 km requiring approximately 1.1 million m? of bank
protection. Most of the villages are located at the outerbend
of the river where an enduring erosion is highly stimulated by
the run~off from 3 m annual rainfall. The inevitable creep of
the river into the banks forced the villages for many years to
replace the few brick and many timber structures as the old
ones fall in. Since there is no rock in the delta available,
the ProFix mattress became attractive because bank protection
could rely mainly on local materials and labour.

Site conditions

16. The steep eroded banks are mainly clay with
stratifications of clay-sand mixtures. The bed material is
coarse sand (300-1000 um) with irregular silt content up to
10%. In July the water rises between 6 and 8 m and the current
increases to a maximum of about 2.5 m/s. In November the
waterlevel drops and ground water leaks out of the banks,
increasing its instability.

Method of construction
17. It was decided to reslope the existing banks by a

TUTUARIMA, and van WijK .

refill of sand from the river to a slope of 1:3 and a height
of | m above the highest known local waterlevel in order to
protect the villages also against floodings. The sand was
dredged at the opposite side of the river and discharged to
the fill area by a floating pipeline. Hydraulic excavators
and dozers were used on the fill. The bank protection was
extended to a part of the riverbed as to secure the stability
of the new slope if erosion at the toe would take place.
Required lengths of mattresses vary from 60 to 90 m.

Stitching of the filter cloth to create a mattress was carried
out in the Netherlands, sewing from the 5 m wide rolls to make
20 m pieces was dome at the yard in Nigeria., The accurately
folded pieces were spread out at the top of the slopes and
pulled in stages out into the river as they are filled. The
filling was. done pneumatically by blowing dry sand through
rubber hoses inte flap covered openings every 5 or 10 m

along each tube of the mattress. A specially designed beam
was clamped into each section of 20 m width and hauled out by
cables running to a barge spudded to the riverbed. Also the
beam was operated pneumatically to pinch the fabric during
towing and allowing for easy release later on when the mattress
has reached its final position.

Situation after 2} years

18. The overall situation of the mattresses after 2} years
is quite satisfactory. The stability to waves and currents
has proven not te be endangered, even during the combined
action of rather high discharges and outcoming ground water
during rapid fall of the riverlevel. Vandalism has not
appeared to be a problem up to now, vegetation has rapidly
developed and there are no signs that the behaviour of the
material in these tropical conditions will cause any concern.

Pict., 3 ProFix bank protection Forcados River, Sagbama, Nigeria
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Some recent developments in the field of
T4 flexible armoured revetments in the
Benelux

J. NOMES, Geotextile Division, NV UCO, Belgium and T. J. LUPTON,
Geotextile Projects Ltd, Hitchin, Herts

SYNOPSIS. It is the intention of the authors to highlight
some typical pew developrments in armoured revetments carried
out in Belgium and the Netherlands. Four different cases

are discussed, 2 are based on the use of geotextiles as
flexible containers for specific materials. The 2 other
cases are based on precast concrete block systems conmbining
flexibility and interlocking features. Each of the develop-
ments are discussed in the context of practical construction
experience. _

THE 'OVOLO MAT' — AN INTEGRATED EMBANKMENT PROTECTION
SYSTEM ON THE RIVER SAMBRE IN BELCGIUM

Introduction

The river Sambre is an important route for commercial traf-
fic between northern France and the industrial regions of
southern Belgium. It was for this reason that Charleroi and
nore specifically the town of Chatelet was the planned site
for a new roro berth. The principal economy of this area
was based on its cocal mining attributes and not suprisinoly
much of the available building land consists of mine waste.
It was therefore calculated that substantial forms of revet-
ment would be required where the mouth of the dock was cut
from the existing embankments.

The design authority proposed cast in place concrete to a
thickness of 600 mm based on a specially formulated plasti-
cised mix. Under normal circumstances this quality of con-
crete can be puwped directly onto subtmerged sloping embank-
ments without separation occuring. However the practical
aspects of preparing the embankment fram the loose mining
shale in the presence of a continual washing action of pas-
sing vessels began to delay the works.

It also became apparent from divers reports that some dif-
ficulty would arise in placing conventional shutters due to
debris on the river bed.
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Approach to design

A new set of design criteria had therefore evolved :

1. A fom of protection was required which could armour the
prepared slope as soon as it was constructed.

2. The revetment should be homogeneous and of substantial
thickness, incorporating relief to hydrostatic pressures
at specefied locations.

3. The shutters should be adaptable in shape and form to
accomodate the broad tolerances required for the em—
bankment construction. Their function should also not
be restricted by the obstructions on the river bed.

Textile based flexible shutters have been used extensively
in projects of this nature however the designers were faced
with a nunber of old unsolved problems. The first of these
was to provide an envelope which was strong enough to con-—
tain a 14 metre colum of liquid concrete on a 45 degree
slope. Past practice was based on the use of small aggrecate
mixes having an unconventionaly high water cement ratio.
The textile envelope being permiable allowed the expulsion
of this free mixing water to occur without loss of important
solids. The rapid compaction which results, immediately
reduces the hydraulic pressure acting on the textile and
therefore diminishes the risk of bursting. The specifiers
of the case in question however demanded the use of plasti-
cised (40 mm aggregate) mix design as originaly called for.
This compounded the second design problem which had been
experienced in other projects. When two layers of fabric
are expanded by a liquid mass between the layers on a slo-
ping plane, extensive ballooning occurs at the lowest level
where pressure and weight are greatest. Elongation in the
textile and sliding of the top layer result in a bulge at
the slope base, so large,

as to pull the whole mass njection
away from the slope.

Selected design

The solution to both pro-
blems was found in a uni-
que modular method of stop fabric
construction. The adja—- restrainer
cent sketch (fig. 1)

illustrates the envelope - .
with its two layers ectvaimee.
joined at regqular inter-—
vals by circular columns -
of fabric. This large s
area of contact minimises
the stresses whexe the
loads are highest.
Helically wound steel
bars are positioned in <77 hefical wound

the colums to prevent steel bars Fig. 1.

filled column open column

" hydrostatic
relief
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sliding and to maintain elongation within defined areas.
The textile used was a polypropylene twisted tape construc-
tion having a tensile strength of 4400 N/5 cm. The sewn
seams in the fabrication equaled the fabric strength and
further reinforced its performance by providing an element
of stiffness. . .

Per formance ,

The matresses were delivered to site in prefabricated sheets
approx. 50 sq.m. in area. They were tailored to correspond
to the planned bank profile on each side of the dock mouth.
After each section of the embankment was graded the sheet
was lifted into its designated position by crane. Filling
of each section followed in sequence bringing the lewvel of
concrete to its highest level in one continuous pour using
a nobile concrete pump. The total surface area of embank-
ment was 2300 sq.m. and this was completed in 12 days.

Some site modification was necessary in those areas where
the planned bank profile could not be achieved. This was
carried out by a simple hand sewing operation as the section
was tailored to the new profile.

Placing of the sheet
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A FLEXTELE AND TOTALLY PERMIABLE CONSTPLICTION QOMEINING A
WOVEN GEOTEXTILE WITH EXPANDED CLAY GRANULES - " ARGEX ".

Description ‘

In this system a dual layer container has been manufactured
from a high strength geotextile and filled with lightweight
granular material for the purpose of providing a substan-
tially thick revetment with a controlled drainage capacity.
The container is constructed as a matress comprising a series
of tubes and laid in the direction of the slope.

Filling can be achieved by air injecting the granules.

Advantage and potential uses .

One of the major advantages in the use of this technique is
the versatility of its shape and form as well as the mate-
rials used. Altough only lightweight materials are used the
nett result of the composition is a hamogeneous revetment of
considerable mass. Eg. unit sizes of 100 sg.mtrs., can easily
be placed thereby creating a total mass of more than 15
tonnes. .

As the argex can withstand excessive compressive loads the
systems designed profile will be maintained throughout the
life of the structure.

The open area within the form is approximately 45 % pro-
viding a high performance wave enerqy dissipator combined
with lateral drainage capacity. The filter function is
controlled in the selection of the geotextiles which form
the container. The opportunity exists to use geotextiles
with different properties as top and bottom layers to pro-
vide added scope to the design. In situations of extreme
ultra-violet attack or abrasive conditions, the construction
can withstand the load imposed by a protective layer of rip
rap.

A case history. The inclusion of the system in the break-
water construction at Zeebrugge harbour in Belgium.

At Zeebrugge on the Belgium coast a major harbour is being
constructed into the open sea. The design features two main
breakwaters about 3 km. in length which form the protection
for the entrance channel to the port installation. A large
area behind the breakwater has been reclaimed using hydrau-
lically placed sand f£ill. The core of the breakwater is
formed from 2/300 kg. stones and protected on the seaward
side by precast blocks of 25,000 kg. The inner face is
protected by a granular fill construction composed of rocks
{1000/3000 kg.), stones (200/300 kg.) seagravel and a
lateral drain. (see fig. 1)

A full investigation has been carried out to determine the
currents and pore water pressures in the section of the
breakwater. These effects are critical on the interface
between the different granular layers.
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16.5 ™ 7.2 W

Fig. 2. Cross section of the breakwater
1 :blocks 25,000 kg
2a :200/300 kg
2b :2/300 kg stones
4 ssand fill

The internal currents in the porous dam in cambination with
the phenamenon of locked air causes increased water levels
within. The resulting high water pressures and gradients
were calculated for different flow lines. This information
was used to ascertain the total stability of the filter
structure for both mechanical and hydraulic failure. It
became apparent fram these studies that the proper functio-
ning of the lateral drain was of the utmost importance to
prevent migration of the hydraulic sand fill into the core
of the dam.

The system described above was adopted to provide a separa-
ting layer between these vital constituents whilst ensuring
dynamic equilibrium.

It was envisaged that settlement in combination with severe
ground loads would continue to act on the system. A field
trial was therefore set up to ascertain the most suitable
geotextile to be used as the container.

Field trial: general view
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On the results of this trial a woven polyester fabric was
chosen.
The mechanical characteristics of this material were :

Tensile strength : lengthwise : 180 kN/m
broadwise : 80 kN/m

Elongation at break : lengthwise : 20 %
broadwise : 15 %

In order to withstand hydraulic loadings the following
equations were applied :
Sandtightness : 090 geotex / Dys sang <

Permeability : 0,1 < Kceotex / Ksand < 100

K : coefficient of permeability.
The selected geotextile has a 'sandtightness bases
0gy = 100 microns, a water flow rate Q =3 1 /sec at

10 . mm head, XK = 2,7 . 10 2 m/sec

The matress was fabricated in lengths of 8 m.
Having a thickness of 250 mm and laid to a sloping embank-
ment. Anchoring flaps were incorporated in the factory
assembled units which were prepared in a width of 15 m.
The final assembly was carried out by sewing on site.
The argex was fed into the T U
tubes through flexible pipes
threaded between the dual
layers which were withdrawn
as the level was brought up.
The method of moving the argex
was carried out using air
pressure directly from the
containing vehicle. A produc~'
tion rate of 200 sq.m. per
hour was achieved . .

2

End of unit

Conclusions '
It can be seen from the case study outlined that the system

would have equal benefits in more conventional revetment
applications.
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Containing vehicle

The adjacent sketch fig. 2 illustrates the principal adopted
for the field trial detailed above. Although expanded clay
appears to offer the most benefits in the studies so far
other lightweight materials could be considered with equal
cost effectivness.

Fig. 3.

: Filter construction

: Tubes
5: Crest and toe of embankment
7: Anchoring flaps

: Embankment

: Rip-rap
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ARTTCULATING BLOCK REVETMENT INCORPORATING A GEOTEXTILE

Description

A number of successful products exists in this range repre-
senting one of the recent advancements in revetment design
incorporating a geotextile. The principal feature of the
design is the linking and interlocking of proprietory
shaped cellular concrete blocks. When in place the blocks
act like rip rap conforming to irregular ground conditions
with the added advantage of continuity over the entire slope
area. The system highlighted in this paper has the unique
method of hinged steel bars for linking the blocks together.
In other systems- this is achieved by various cable lacing
techniques. The key advantage in using a hinge type knuckle
joint is the ease with which a perfect right angle can be
accamodated . The profile and physical-dimensions of the
block units can be selected to meet specific site conditions.
This also applies to the geotextlle Wh.l.Ch can be matched to
a specific fllter function.

Detail of hinge joint

A typical matress could be oonstructed on the following
fommat :

Dimensions of blocks : 0,50 . 1,10 . 0,10 m

Iength : 4 m {up to 20 m)

Weight : 220 kg/m2

Installation

The mats are placed with the use of an adjustable clamp
attached to a spreader bar -on a crane.or dragline. The
matress assembly is firstly placed onto the geotextile and
then the clamp enables both to be lifted into position on
the slope. Anchoring is achieved by creating horizontal
plinths at crest and toe of the embankment or by driven
anchors.

@
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yplications
i special hinge technique makes the system ideal when
neat, clean profiles are required. Only moderate wave attack
can be resisted by the lighter blocks which are more suited
to drainage channels and ditches. These blocks have an open
area of arourd 3,5 percent and a very low friction factor.

Case history
Hazewinkel in Belgium has an important recreation lake

providing water sport facilities to a large population.

In order tc maintain a natural appearance to its shores
revetments were excluded fram the original construction.
Due to regular wind wave attack serious erosion had occured
in one location. The local authority were anxious that any
protection works should not disturb residents or the func-
tioning of the lake. Selection of the funda-mat was made
since the water depth of about 2 m. could easily be accom—
modated from the foreshore. The inbuilt simple anchoring
ability assured rapid and econamic completion of the works.
The adjacent photograph highlights the products pleasing
appearance.

Hazewinkel, Belgiunm

IMPROVED TECHNIQUES IN THE ATTACHMENT OF CONCRETE BLOCKS
TO HIGH STRENGIH GEOTEXTILES

Introduction

Current methods of fabricating concrete blocks with geo-
textile support can be divided into two main categories.
The first being those which are cast directly onto the
fabric. In this method the anchoring devices are driven
through the geotextile on predetermined centres before -the
concrete is poured. The second group rely on adhesives to
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affix precast blocks . The alternative method described.
below was designed to combine the controlled mechanical
advantages of the first group with the versatility of the
second. A company in the Netherlands devised the anchoring
technique which makes use of synthetic nails driven through
the geotextile directly into holes preformed in the block.
The laying up of the geotextile and the fixing method is
fully automated providing an economic and accurate result.
Construction details

1. Concrete blocks (two current designs are discussed)

a)

b)

the B recessed sides of this rectangular block assist
in reducing hydrostatic pressure and serve to break up
wave action and run-off. The sides are tapered to give
flexibility to the mat. The openings between the blocks
are filled after placement with a coarse material such
as gravel or sand, to avoid direct wave action on the
fabric. This assures that flapping and subsequent
failure of the filter function does not occur.

Technical data : weight : 170 kg/m2
dimensions of blocks :
open area : about 10 %
concrete : resistance : > 50 N/mm2

waterabsorption : < 10 %
nails : 3 nails/block .

33.30.9 cm

a cellular block design provides the open areas
necessary to pramote the growth of natural vegetation.
Openings are filled with suitable soil after placement.

Technical data : weight : 165 kg/m2
dimensions of blocks : 40.40.9 cm
open area : about 40 %
nails : 4 nails/block

2. Synthetic nails

The illustration shows the non corrosive polyamide nail »
with its frictional ridges. Extensive tests have been

carried out to qualify the anchoring ability.

Ioads applied to the geotextile in the axis of the nail

yielded results in the order of 2000 N per nail.

2872
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Non corrosive polyawide nail
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3. Geotextile
The normal criteria for selection apply with the added
importance of minimun elongation through the loads im-
posed during the installation. Test results identified a
heavy woven polypropylene geotextile as the most suitable.

Technical data : weight : 500 g/m2
tensile strenght : 75 kN/m
elongation at break : 15-20 %
trapezoidal tear : > 1,40 kN

lications
Type (a) is suitable for most embankment protection schemes
on lakes, rivers and drainage ditches with the exception of
those subject to very severe wave attack (coastal works).
Applications under water are equally facilitated. The com--
pleted surfaces above water are immediately available for
foot and vehicular traffic.

Type (b): placing on embankment

Type (b) is most suited to the upper parts of the embankment
where environmental aspects are of paramount importance. It
is not suitable for regular wave attack but is resistant to
surface erosion and affords adequate protection against
lateral currents.

GENERAL CONCTIUSIONS

The success of each of the topics included in this paper
clearly indicate the suitability of modern ceotextile
products to scour and erosion problems. :

Their economic benefits suggest that further research should
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T Revetment construction at Port of Belawan,
5 indonesia

E. LOEWY, A. C. BURDALL and A. G. PRENTICE, Sir William Halcrow and
Partners

SYNOPSIS, This paper describes the revetments used to
protect a fime sand reclamation situated in the estuwary of
the Belawan river in Indonesia. A substantial length of the
revetment Iis situated under a piled quay where grouted
mattresses have been used to protect the 1:2.3 sand slope.
Significant post construction settlement of the sand slope is
expected and special measures were taken to enable the
mattresses te accommodate differential settlement. The
installation method in difficult environmental conditions and
resulting modifications are presented.

INTRCDUCTION
Background

1. Belawan is situated on the north-east coast of
Sumatra,{See Figure 1). The present port and township is
bounded by the River Belawan to the north and the River Dell
to the south. The rivers share a common estuary but the
main and deeper channel is formed by the Belawan River. The
coastal areas surrounding the estuary are low-lying mangrove
swamps intersected by a network of small creeks.

Port development

INDONESIA
0O 600km

o>

Figure 1. Location map Figure 2. Port layout
for Belawan
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2. The port of Belawan is the third largest port in
Indonesia and currently handles around 5 million tonnes of

cargo annually. To accommodate increasing trade the
facilities for handling dry cargo and container traffic are
being extended. The Ffirst phase of the extension will

provide B850m of additional deepwater quay with associated
access, cargo storage and handling areas. The layout of the
existing port and the planned extension work is shown on
Figure 2.

3. Site Description. The reclamation covers some 30ha
over an area where the existing sea bed was at a depth of up
to 6 m below mean sea level but was largely within the tidal
zone, It is 1located some 15km from the open sea and the
dredged approach channel is maintained to a depth of 8m (see
Photograph 1).

Photograph 1. Aerial view from the north of the reclaimed

area

4. Extensive soils investigations had been carried out
to determine the nature of the compressible clays and the
volcanic ash and sand, which underlie the reclamation. The
clays are highly plastic, lightly over-consolidated and are
soft at the surface becoming firm to stiff at depth.

5. Vertical drains were installed to depths of up to
45mand centres of 1.5 m and 2 m of sand surcharge was placed
over the reclamation to speed up the settlement.
Nevertheless some further 1long term settlement of the
reclamation is anticipated after construction has been
completed.

DESIGN REQUIREMENTS

6. The reclamation was formed using hydraulically placed
fine sand won from the upper reaches of the Belawan River.
Slope protection 1is required to prevent erosion by tidal
current, ship wash and rainfall runoff.

7. The reclamation material is a fine sand with a silt
content typically between 10% and 15%. Hydraulice placing
achieved a relative density of 40% to 50% and along the edge
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of the reclamation to be occupied by the quay, vibroflotation
and dynamic compaction was carried out to achieve a minimum
relative density of 60%.

8. The spring tidal range is 1.0 m and the maximum tidal
currents observed during the varlous hydraulic investigations
were of the order of 1.0 m/sec. Wave action due to winds is
usually negligible but for brief periods with waves of up to
0.5 m are experienced. Bow waves from fast moving vessels
also reach heights of 0.5 m. Underwater visibility was
virtually zero because of the sediment content.

9. Rainfall records indicate six hour maximum rainfall
intensities of 14mm/hour with the highest monthly rainfall
during the monsoon season towards the end of the year.

10. To accommodate the anticipated post construction
settlement the revetment was designed to accept, i

- Up to 500mm general settlement

-~ Up to 200mm more settlement along the rear edge of
the quay compared with the toe of the slope (i.e.
a differential settlement of the top of the slope
relative to the toe)

- a 250mm differential settlement midway between the
pile bents relative to the area adjacent to the
plles (i.e a 'dishing' of the slope between the
piles). .

11. The final revetment had to withstand this movement
whilst retaining its structural integrity and prevent
leaching out of fines from the reclamation material.

,ORIGINAL DESIGN

12. During the design phase consideration was given to
alternative forms of revetment both for under the quay and
elsewhere. For the underquay slopes the selected revetment
was specified to be synthetic filter cloth, overlain by 300mm
of filter rock and 750mm of armour rock. The rock was
required to be angular with B85% of the filter rock being
between 5 and 20kg. Armour rock was to be between 50 and
200kg. Filter cloth was specified as Nicholon 66U475 and was
required to be lapped to adjacent sheets and at piles. The
remainder of the reclamation perimeter was to be protected by
rock filled gabions on Nicholon 66475,

ALTERNATIVE DESIGN

13. Subsequent to the award of the contract, to overcome
the difficulties of obtaining suitable rock, the Contractor
proposed the use of fabriform mattresses filled with concrete
as an alternative to the filter and armour rock on the
underquay slope. No change to the underlying filter fabric
was envisaged (see Figure 3). ’
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Figure 3. A cross-section of the proteéted under quay slope
using fabriform mattress

14, The fabriform mattresses were to be made up from
woven panels of filter fabric connected to the fabric of
adjacent mattresses by means of zip fasteners. Construction
of the mattress would be such that, on filling, a mechanical
Joint would be developed between adjacent panels which takes
the form of continuous "ball and socket" joints. In
addition, a quilt pattern appears on the surface of the panel
caused by fastening together the upper and lower layers of
the envelope at regular intervals. This, apart from acting
as a control on mattress thickness, allows the insertion of a
coarser meshed material to create %“filter points"™ at the
nodes. The arrangement of the mattresses is illustrated in
Figure 4 and on Photograph 2.

15. Filling of the mattresses was to be with a pumpable
small aggregate concrete mix, known as micro concrete, with
excess water being expelled through the fabriform material.
The filling of the mattress results in a reduction in the
length and breadth dimensions of the mattress and this
reduction has been termed "shrinkage". The proposed 100mm
nominal thickness of the mattress gives rise to a
consequential 17% shrinkage which had to be allowed for in
the fabrication of the mattresses.

16. Various panel and collar arrangements were considered
for the underquay works at Belawan to allow the mattresses to
be fitted around the piles, and to provide the necessary
flexibility to accommodate the anticipated settlement.
Initially it was intended that slope protection works would
commence ahead of deck construction and advantage would be
taken of this by lowering the mattress panels onto the slope,
with preformed holes for piles. This arrangement was revised
to include a horizontal joint on one side of each pile to
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Figure 4. Typical fabriform mattress arrangement

Photograph 2. A length of fabriform matiress during
construction
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allow the mattress to be unrolled down the slope and unfolded
to encompass the piles. After the commencement of
construction the mattress arrangement was further revised to
place mattress joints on the bent line as indicated on Figure
y,
17. To secure a

close fit between the )
slope protection and
the pile while per-
mitting mattress move- Top hat_ & .
ment due to shrinkage, \\\
a fabriform collar was

proposed which was Fabriform L
initially intended to mattress [

Drawcord

collar
fill the annulus around \

the pile. However, | =
after further consider- - Nsteel pile
ation of the expected ‘ sleeve
relative settlement of =
mattress relative to
quay the structure, a
steel sleeve and "top
hat" of filter fabric
were proposed with a =g

collar of fabriform ’

laid on top of the Figure 5. Fabriform mattress
mattress and tight to arrangement at a pille

the sleeve as indicated on Figure 5 and shown in Photograph
3. As relative settlement occurs the sleeve was expected to
slide down the pile and the "top hat" to expand, bellow
fashion with a collar for protection.

-~

“ Synthetic
filter cloth

Photograph 3. Fabrirorm collar installation
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18. To glve the mattress more flexibility, crack inducers
were provided within the panels. Crack inducers comprised
lengths of sewn seams jolning upper and lower layers of the
mattresses giving rise to a section weak in bending and these
are indicated on Figure 6.

Flexible Fracture - Ball and socket joint
reinforcement plane with zip fastener
. )
L, - = > - - 4
Fiiter, cloth = Reinforced flexible sheet

Figure 6. Fabrirorm mattress details

19. A concrete filled fabric bolster was proposed for
installation behind the rear beam to accommodate settlement
without loss of material around the beam.

20. The use of a grouted mattress was initially
considered for the river bed, 1n the berthing area where
armouring 1s required to prevent undercutting of the quay
slope due to .ship wash. However, the original design was
retained except that since the area was horizontal, rounded
river boulders were substituted for angular rock.

INSTALLATION PROCEDURES

21. The installation of the mattresses, onto the prepared
slope, was planned to be carried out after pile driving but
before construction of the suspended deck. However, for
various reasons deck construction commenced before mattress
installation and, as a result, approximately one-third of the
underquay slope protection was placed below a framework of
precast beams and some 50 m were installed below the
completed deck (see Photograph U).

Photograph 4. Quay construction .
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22, After excavation of the slope by clamshell grabs sand
pumps and, hand trimming was undertaken by divers using water
jet for removal of surplus material and gravel filled bags
for filling low areas. Care in trimming proved essential to
avoid distortions of the mattress with consequent
unsatisfactory panel joints. Sleeves, previously placed over
the piles were set in position and the slope was finally
checked by divers and sounding before the filter fabric was
unrolled down the slope. The filter fabric was weighted
with bags of gravel to avoid flotation. “Top hats"™ of filter
fabric were placed around the piles and sleeves and secured
with steel pins approximately 500mm long pushed into the sand
slope.

23. The fabriform panels were drawn out from the shore by
divers each new panel being secured to the free end of the
previous panel by a zip fastner.

To hold and control the position of the mattresses
while they were being filled, steel poles were inserted into
sleeves on the mattresses and the poles were held in position
by ropes attached to anchors at the top of the slope. As the
mattresses shrank in plan during filling, the poles were
progressively allowed to move down the slope to allow the
mattresses to attain their designed shape.

Micro concrete was pumped into panels through tubular
inlets set at intervals down each half panel. Several half
panels were filled concurrently, filling commencing at the
toe of the slope and progressing up the slope. The leading
half panel was not filled until the next panel had been
attached.

Subsequently to filling of the main mattresses,
overlaying collars of fabriform were placed round the piles
and pumped full of micro concrete. The fabric "top hat! was
then adjusted to provide slack material which could be taken
up as settlement occurred.

The construction sequence is illustrated in
photographs 3 to 5.

INSTALLATION DIFFICULTIES

24. Difficulties arose when the first mattresses moved
too far down the slope during filling.

25. Initially, the woven filter fabric was laid with the
warp along the slope for reasons of economy. As a result of
the problems with the first mattresses the filter fabric was
rearranged with the warp down the slope as its coefficient of
friction was much greater in this direction.

26. Mattress panel joints were initially placed mid-way
between the pile bents. An advantage of this arrangement was
that the piles would provide additional resistance to the
movement of mattresses down the slope. During the early
stages of the work a seriés of trials were carried out to
check the sliding resistance between the filter fabric and
completed mattress. From the full scale trials it was
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established that there would be adequate resistance even with
the Cfabric¢ laid down the slope. Ways of providing increased
resistance during the -temporary phase when the mattresses
were being filled were devised. From then on the filter
fabric was laid down the slope. Also the panel points were
moved to the pile bent lines so that the shape became a

Photograph 5. Filter fabric and pile sleeves
simple rectangle with semi-circular cut outs for piles on
each long face.

27. During trimming of the underquay slope, a minor
surface slip occurred affecting a 25 m length of slope. The
cause of the failure was not immediately apparent and the
progress of work was disrupted while investigations were
made. It was concluded that failure occurred as a result of
a combination of circumstances the dominant features being
wave action from ships and local areas of silt. A second
slope failure occurred adjacent to the standing edge of
fabriform slope protection. In this case, 12 m of slope were
affected but there was no evidence that the failure extended
under the grouted mattress. No re-design of the permanent
works was considered nteessary. Repairs were effected by
removing the 1loose surplus material and making good the
hollows with gravel fill fabriform protection was then placed
as elsewhere.

PLACING OF ROCK TOE

28. Removal of silt and trimming of the quay trench was
carried out by a 200mm diameter submersible pump suspended
from a barge. Placing of filter fabric and filter rock was
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carried out together. Steel frames 2m x im were placed.izer
rectangles of filter fabric laid on the quay ?eck. i; eg
rock was then placed in the frames to the required dep N an
the filter fabric temporarily secured to the fréme S}des.
Frames were placed on the river bed by crane with dlvegs
assisting in locating frames against those previously plicihé
Lapping of filter fabric was achieved by laying gu o
leading edges. While frames were rgtained on the Eaf ng
edge, others were subsequently retrieved as the wor . ic
advanced. The frame loaded ready for lowering into position

is shown in Photograph 6.
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Photograph 6. Frame loaded with river boulders and ready for
1lifting )
29. Rock armouring was placed by net and levelling

achieved by re-arranging armour using an orange peel grab and
various welghts.

PROGRAMME
30. Underquay slope protection works commenced in

February 1983 and vwere programmed for completion in elevert
months. Production rates for laying the fabriform mat?ress
and grouting averaged two bays per day. Work on fabriform
jnstallation was normally based on an eight hour‘day, working
alternate Sundays. Occasionally, early morning or late
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evening tidal work was carried out to take advantage of slack
water. .

31. Work was normally on only one leading edge although,
for a period, up to three leading edges were being worked.
The only leading edge allowed to stand for a substantial
period of time was at the location where the second minor
slip occurred.

32. Quay trench protection works commenced during July
1983 and seection 1 (the  first 350 m) was effectively
completed by October of that year and work was continuing in
section 2 at the time of writing this paper and was expected
to be completed in early 1984. Placing of frames containing
filter fabric and filter rock peaked at about 16 bays per
week with work alternating between six and seven days each
week. Placing of armour rock and its subsequent trimming to
level generally kept pace with the frames.

CONCLUSIONS

33. This use of grouted mattresses and geotextiles is
believed to be one of the largest yet carried out for

" underquay slope protection and it provided valuable

experience on some of the construction difficulties that can
be met 1in an estuarine situation. While environmental
conditions hampered placing and monitoring, effective
installation proved practicable after modifications had been
made to the panel arrangement.

34, Placing of the slope protection is not yet completed
under the quay but, for the finished areas, no erosion or
instability 1is apparent. The berths have not yet been put
into use and subject to the effects of shipwash. Post
construction settlement to date has been small.
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