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1 Flexible revetments-theory and practice 

C. T. BROWN. BSc(Eng). MICE, MIEAust. Tillotson B.rown and Partners. and 
Seabee Deve!opments, Australia . 

SYNOPSIS. Flexible revetments are defined as revetments 
that maintain an intimate contact with the underlying Boil 
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 into 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 similarities 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 in coastal 
engineering. 

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

4. In considering flexible revetments, the 
considers this term to include all revetment systems 
elements can maintain intimate contact with settling 
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layera without rendering the revetment unstable or allowing 
erosion to occur. 

5. F l e x i b l e revetments include r i p - r a p , dry laid 
blocks as w e l l as gabions and t i e d block systems and asphal-
t i c concrete layers. Impervious concrete slab systems do 
not f a l l w i t h i n this category. 

6. Failure Modes. Ty p i c a l l y , revetments may f a l l by 
one or more of the f o l l o w i n g : 

1. Vandalism, t h e f t and f a u l t y construction. 
11 Abrasion, weathering and chemical decomposition. 
111. Environmental hazard. 
i v . S t r u c t u r a l f a i l u r e . 
V . Scour at the edges or toe. 
v i . Understreaming and loss of underlayer m a t e r i a l . . 
v i i . E x t raction or u p l i f t of the armour layer by 

currents or waves. 
v i l l . S l i d i n g of the revetment face. 
I x . Slope f a i l u r e . 

7. Failure mode 1. i s hard to prevent and revetment 
systems should i d e a l l y be r e s i s t a n t to p a r t i a l vandalism yet 
c l e a r l y demonstrate t h a t such has occurred, so that the need 
for repairs Is obvious. Faulty construction i s t h i a category. 

8. Failure mode l l . Is a r e s u l t of Inappropriate 
materials and/or expectations, and I t s avoidance requires 
the exercise of sound engineering judgement based on 
experience and experiment. I n A u s t r a l i a we have found that 
resistance to s a l t c r y s t a l growth, thermal shock and t r a n s i t 
of boats and t r a i l e r s are the main agents of weathering and 
abrasion. 

9 . A revetment may also f a l l by being an environmen
t a l hazard, by harbouring noxious vermin or by being decep
t i v e l y safe. Poorly f i n i s h e d gabions I n a back beach 
revetment may be present a face of r u s t i n g wire-ends which 
can cause harmful cuts. Rip-rap and other large voided 
revetments may harbour r a t s . Other systems nfay become very 
slip p e r y and dangerous to walk on. 

10. S t r u c t u r a l f a i l u r e of i n d i v i d u a l elements i s most 
frequently found where other c r i t e r i a , p a r t i c u l a r l y 
hydraulic performance, have been c a r r i e d too f a r and l a most 
usually associated wi t h slender non-redundant elements. The 
Ideal element i s one that can f a l l s t r u c t u r a l l y and e i t h e r 
s t i l l f u n c t i o n I n the revetment or disappear completely, 
without damaging the adjacent elements or rendering them 
unstable. 
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11. Many revetments f a l l due to scour a t the edges or 
at the toe, and d e t a i l design of these parts i s of the 
utmost Importance. The a b i l i t y to accommodate peripheral 
scour i s one of the chief advantages of t e n s i l e f l e x i b l e 
revetments such as gabions. However, t h i s t e n s i l e capacity 
needs to be an ultimate capacity, as otherwise the revetment 
may span over sublayer scour holes without much sign of 
d i s t r e s s , vhen early i n d i c a t i o n would allow an early remedy. 

12. The d i r e c t r e s u l t of loss of contact between the 
revetment system and i t s underlayers i s understreaming which 
allows and causes the regrading of the underlayer material 
to a p r o f i l e other than that designed. This w i l l usually 

ft r e s u l t i n progressive readjustment of the slope and possibly 
a serious slope f a i l u r e . 

13. Similar r e s u l t s can occur w i t h loss of underlayer 
material due to i n c o r r e c t design or construction. 

14. Although the modern use of f i l t e r f a b r i c s has 
overcome the problems associated w i t h m u l t i l a y e r gravel 
f i l t e r s , other problems associated w i t h the f a b r i c s can 
ocur, namely unseen damage i n construction; inadequate 
lapping; d e t e r i o r a t i o n due to U.V. l i g h t ; abrasion by sand; 
and f a t i g u e due to working by wave action when I n s t a l l e d too 
close to the surface of the revetment. Figure 1 shows a 
revetment under wave attack. The f i g u r e shows the d i f f e r e n 
t i a l pumping t h a t can occur a t the face of the f i l t e r c l o t h 
at the phreatic l e v e l . 

15. Apart from the s t r u c t u r a l strength of the u n i t , 
the l a s t two f a i l u r e cases are the only two cases, usually 
analysed mathematically, although a l l the derivations to 
date have required empirical c a l i b r a t i o n of the c o e f f i c i e n t s 
i n the r e s u l t i n g equations. 

THEORY 

16. The strong s i m i l a r i t i e s between the derivations 
f o r current and wave erosion (ShleldsClJ, I r r l b a r r e n [ 2 ] and 
Hudson[3]) are due to the common basic forces, the d i s t u r b 
ing force being derived from the momentum of the water flow 
vi a the dra.'j and l i f t forces, w h i l s t the r e s t o r i n g forces 
are e s s e n t i a l l y those due to the weight of an armour 
element, although some have included the e f f e c t of i n t e r -
u n i t forces such as f r i c t o n , tension and shear. 

17. The I r r i b a r r e n and Hudson derivations f o r the 
e f f e c t of waves s t a r t w i t h the water v e l o c i t y I n the break
ing wave, transforming t h i s t o an equivalent wave height, 
the simpler and more usual design parameter. I t should be 
remembered th a t i t ts t h i s s i m p l i f i c a t i o n t h a t causes the 
eff e c t s of wave period to be l o s t . 
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18. The relationships compare as follows: 

Shields: Fa - U»/(Sr-l)gD -to/1f(Sr-l)D 

Irribarren: W « KTH*/(Sf-l)* (iiCo8«̂  Sin"? - Cy.yO* 

Hudson: W - TrH'/KoiSr-D* Cot« - Cv-'TD* 

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 - Ui/Fg.CSr-Dg 

Irribarren: D - H/CCy/K)^^ (Sr-l)(uCoa« - Sin-) 

- VVCi.(Sr-l).g.(|JCoa« - Sln«) 

Hudson: D » H / ( C V / K D ) ^ ^ * . (Sr-l)Cot «''̂  

- V»/CH(Sr-l).g.(Cot-''» ) 

Al l equations are of the form: 

— = C.(Sr-l).(Cot-='> ) 
gD 

20. In 1978,79 Brown (4,5,6) reworked the momentum 
rflux derivation as a vector problem, allowing the j e t to 
rotate on an element of a revetment. The basic forces are 
:the disturbing force: 

Fj, -pAV 

«nd the restoring force: 

Fj^ - W + S + T 

21. The directionality of these forces was s p e c i f i c a l 
ly considered and then resolved for two cases - u p l i f t 
movement and sliding movement - to give the following 
results: 

Uplift: R(l-p) > ^ Cos*(6-B)/C(Sr-l)Sln6 
2g 

Sliding: R(l-p) > — {Ki Sin 2(«+B)+K2Sln* («+B)-[f!llï]l 
2g gPwA 

(Sr-l)(uCos« ±Sln«) 
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By suitable assumptions, these derivations may be converted 
to either the Hudson or the I r r i b a r r e n equation. 

negative = downwash 
po s i t i v e = upwash 

22. Ignoring the shear and t e n s i l e forces i n the 
revetment, the envolopes of these t h e o r e t i c a l equations are 
i n close agreement w i t h the empirical forms derived from 
laboratory t e s t a . 

U p l i f t : J 

R(l-p) > - I /CBu(Sr-l)Cot ' 

Downsliding: ^ 

R(l-p) > J- I Cgg(Sr-l)Cot « 

23. I t can be seen that these formulae have isol a t e d 
the plan shape of a revetment element from the s t a b i l i t y 
equations. This enables suitable revetment elements to be 
designed f o r production and placement economy without a f f e c 
t i n g revetment s t a b i l i t y . They have also introduced the 
porosity of the revetment as an independent v a r i a b l e . 

24. The values of these c o e f f i c i e n t s have been deter
mined by experiment f o r the cases of gabions and Seabees 
exposed to wave j e t s . 

TABLE 1 
STABILITY COEFFICIENTS FOR BLANKET REVETMENTS 

For H=W2g Gabions Seabees 

U p l i f t 4 5 - 6.5 

Sliding 7 U p l i f t 
dominates 

25. The membrane and shear forces have been ignored on 
the basis that the area of concern i s larger than an 
in d i v i d u a l element and tha t the forces do not come i n t o play 
In preventing i n s t a b i l i t y of the revetment layers. However, 
they are mobilised during the f a i l u r e process and may serve 
to l i m i t the amount or co n t r o l the rate of deformation of 
the revetment. 
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TABLE 2 

TESTER HANSEN & KEATS PAGE 

GRADING Fine Graded 1mm 2mm Poorly Well 
Sand Sand Sand Sand Graded Graded 

•̂ 15 0.24 0.29 0,59 1,22 0.28 0.26 
PARAMETER d^^ 0.32 0.47 0.71 I 1.55 0.30 0.51 

0.41 1.55 0.98 1.82 0.41 1.10 

L 
D 

Stage A B C E F 

0 1 <.21 <.22 <.27 <.37 <.21 

1 .35 .45 .51 .56 .32 .44 
0.8 2 .49 .55 .67 ,75 .49 .52 

3 .60 .70 .82 1.19 .61 .67 

1 .48 .63 ,66 .81 .44 
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 .74 .88 1.01 1.34 .75 .88 

3 .80 .97 1.20 >1.4 .85 .90 

1 .73 .89 .95 1.33 .67 
2.0 2 .93 1.07 1,13 >1.4 .92 

3 1.03 1.17 1.32 ,99 

1 .74 .98 
2.4 2 i 

3 

1 1.36 1.23 1,27 >1.0 
1 

4.0 2 >1.40 
3 1 

RECENT WORK 

26. Recent laboratory work has Investigated the 
behaviour of underlayers under current a c t i o n . Two series 
of flume tests by Page and Hansen & Keats (7, 8) have been 
undertaken to examine the e f f e c t upon the entrainment of a 
natural sand bed under a porous revetment without an i n t e r 
mediate f i l t e r layer. 

27. For the most p a r t , the p o r o s i t y was normal to the 
bed but i n one experiment a zig-zag h o r i z o n t a l porosity was 
provided by using two staggered layers of armour. i 
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Stage ID 

1-4 

1-2 

1-0 

0-8 

i 1 1 1 1 t- J 

0-5 0-8 1 0 1-2 1-6 2-0 2 4 4-0 

UD 

Fig. 2 Mean Velocity vs Cell Aspect Ratio 

O 

O^b-^-a^A 0-6 0-8 10 Vb 

•'SO 

Fig. 3 Relationship between Ĉ^ and Median Grain Size 

28. The apparatus consisted of a t i l t i n g glass flume 
w i t h a raised f a l s e f l o o r containing the sediment bed pro
tected by the armour layer and a sediment tr a p . 

29. Three d i s t i n c t phases of motion of the sediment 
were observed before s i g n i f i c a n t entrainment of sediment 
occurred. These were: 

Stage 0 - No movement. 
Stage 1 - Hemispherical depression ocurs under 

void c e l l , but no sediment entrained. 
Stage 2a - Lighter p a r t i c l e s suspended i n lowest 

vortex In void c e l l . 

B R O W N 

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

Stage 3 - Vortices in c e l l r i s e above top surface 
of armour layer and entrained particles 
are lost from individual c e l l s . Rate of 
loss increases with increased flow. 

Stage 4 - Unidirectional flow occurs in void 
c e l l s , uplifting 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 c e l l and the 
gradng of the sand. The actual height of the armour layer 
does not appear to affect the s t a b i l i t y of the unfiltered 
bed material. The results obtained are shown in Table 2. 

31. An empirical relationship of the form: 

V = Ci(L/D)^ 

was found best to describe the relationship. Cl was found 
to depend on the grading curve of the bed material with a 
relationship: 

Typical graphs are shown in Figures 2 & 3. 

32- The f i n a l equation for the stages of motion were 
found to be: 

Stage I : V = 0-63 dJ^O (L^O.S 

Stage I I : V = 0.82 d^J^S (L)0.75 

Stage I I I : V = 1.08 d^'^ (i)°-' 

At t h i s time the second dlmensionless parameter containing d 
has not been properly I d e n t i f i e d and the numerical coef
f i c i e n t has the dimensions: 

T-l 

3 3 . The occurrence of macro turbulence or obstructions 
at the bed Increases the l o c a l v e l o c i t i e s so decreasing the 
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scout p r o t e c t i o n provided. The hótlzöhtal porosity also 
decreases the bed s t a b i l i t y . Although v e l o c i t i e s approach
ing 1.5 m/sec were achieved, 5 gm and 10 gm armour elements 
were not entrained i n the flow, even adjacent to collapsing 
scour holes due to bed obstructions. 

34. For p r a c t i c a l purposes, the onset of Stage I I I Is 
the important case and an adequate f a c t o r of safety must be 
provided against i t . Stage I I may be important when con
sidering abrasion of an Intermediate f i l t e r c l o t h . 

35. I t i s hoped that work may proceed . to consider 
cases where the armour layer can be rendered -unstable before 
the underlayers, ( i . e . by using very coarse material i n the 
underlayer) but t h i s w i l l require s u b s t a n t i a l l y improved 
water flows compared t o those presently a v a i l a b l e . 

PRACTICAL APPLICATIONS 

36. I n A u s t r a l i a , approximately 1.3 km of revetments 
using gabions have been designed i n accordance w i t h the 
blanket theories o u t l i n e d here and described i n d e t a i l i n 
r e f . 5. 

37. The Seabee armour u n i t , the progenitor of a l l t h i s 
thought, has been taken through successive stages of 
development form model 10, 28 and 85 gram unit s to prototype 
ceramic u n i t s of 10 to 20 kg, and prototype concrete u n i t s 
f o r 0.5 to 4.0 tonnes mass. This armour u n i t allows the use 
of variable porosity both normal and p a r a l l e l to the plane 
of the revetment as w e l l as mass range i n the order of 40:1 
f o r any p a r t i c u l a r i n s t a l l a t i o n . I t can also survive 
extremely poor q u a l i t y c o n t r o l , providing a 'tough' design 
is u t i l i s e d . The p r a c t i c a l applications of t h i s system are 
described i n r e f . 8 and some examples shown i n the plates. 

CONCLUSION 

38. The great s i m i l a r i t y between the elements of 
theories of i n c i p i e n t motion due to current and wave action 
are seen to derive from the common des c r i p t i o n of the active 
forces. What differences there are i n nature are s t i l l 
locked up i n our c o e f f i c i e n t s . Nevertheless, by exercising 
a degree of o b j e c t i v i t y i t i s possible to gain more co n t r o l 
of the multitude of variables involved i n the design of 
coastal works. 

39. I t i s hoped t h a t , wheress i t was usual to deter
mine the size of rocks to be obtained ( i f possible) from the 
quarry, i t Is now quite fe a s i b l e to manufacture revetment 
protection i n any suitable size according to production and 
construction c r i t e r i a , without s a c r i f i c i n g material economy. 
I t i s also possible to design various service c r i t e r i a at 

BfeOWN 

thë öamè time, but I would recommend that we err on the side 
of s t r u c t u r a l I n t e g r i t y rather than hydraulic excellence, i f 
err we must. 

REFERENCES 

1. STREETER V.L, Handbook of Fluid Mechanics, Section 
18.7, McGraw H i l l , London, 1961i 

2. HUDSON R.y„ Stability of Rubble-mound Breakwaters, 
W.E.S. Vicksburg, T.M. 2-365, June 1953. 

3. HUDSON R,Y, Rubble-mound Breakwaters, Laboratory 
Investigations of Proc. ASCE, Waterways 
& Harbours Division, Vol. 85, No. WW3, 
Sept. 1959. 

4. BROWN C.T. Blanket Theory and Low Cost Revetments. 
Chap. 151, 16th ICCE, Hamburg 1978. 

5. BROWN C.T. Armour-Units, Random-mass or disciplined 
Array? ASCE Specialty Conference, 
Coastal Structures 79, Alexandria 
Virginia, March, 1979. 

6. BROWN C.T. Gabion Report. The Water Research 
Laboratory of the U n i v r s i t y of New South 
Wales, Research Report No. 156, Oct 1979 

7- PAGE R. Erosion Control using Seabees. Under
graduate Thesis, N.S.W, I n s t i t u t e of 
Technology, Jan. 1983. 

8. HANSEN S, Inv e s t i g a t i o n of Seabees as an Erosion 
& KEATS J. Control Structure - Undergraduate 

theses, N.S.W. I n s t i t u t e of Technology, 
Dec. 1983-

9. BROWN C.T. Seabees i n Service. ASCE Specialty . 
Conference Coastal Structures '83, 
Washington D.C, March 1983. 

NOTATIONS 

A Area of element 

C Coef f i c i e n t ^ " 
b - exponent 

C Volume Co e f f i c i e n t 
V 

Cj,Cjj Volumetric c o e f f i c i e n t s f o r I r r i b a r r e n and Hudson 
transformations 
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Loads on beds and banks caused by ship 
propulsion systems 

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

SYNOPSIS, Using l a t e s t r e s u l t s from investigations concern
ing the v e l o c i t y d i s t r i b u t i o n i n propeller j e t s with and 
without v e l o c i t y head an attempt i s made t o deduct also loads 
to be expected from ship propulsion systems l i k e water j e t s 
and propeller j e t s acting on beds and embankments of p o r t s , 
channels and r i v e r s . 

INTRODUCTIOH 
1. One of the most important presuppositions f o r the e s t i 

mation of the degree of destruction of beds, embankments and 
revetments i n harbours, channels and r i v e r s caused by ma-
noeuvrihg or c r u i s i n g vessels, except that from c o l l i s i o n , 
i s the mathematical description of those currents which act 
as carriers of the essential and responsible k i n e t i c energy. 
There are two sources f o r such energy c a r r i e r s , i . e . the p r i 
mary wave system of any vessel as well as the induced secon
dary wake f i e l d , and the propulsion j e t as product o f the ne
cessary impulse system t o push the vessel i n the desired d i 
r e c t i o n , including bow thrusters and s i m i l a r propulsion sy
stems. 

2. I t i s obvious that wave and wake f i e l d s as r e s u l t from 
the surmounting of the blockage resistance of the water body 
against i t s displacement by the moving ship are therefore 
causally connected with the displacement speed of the vessel 
r e l a t i v e t o the surrounding water body (not r e l a t i v e t o the 
bed!) and are the more s i g n i f i c a n t the higher the speed or 
the blockage e f f e c t are. Under normal c r u i s i n g conditions 
the influences.from these currents exceed th a t from the pro
pulsion system by f a r . Unfortunately universal solutions f o r 
the loads t o be expected have not been found, y e t , although 
these e f f e c t s have been subject t o diverse investigations 
( r e f . 1). . . 
3. Basically the degree of destruction due t o the i n f l u 

ence from propulsion systems i s the more d i s t i n c t the heavier 
t h i s propulsion system i s loaded ( i . e . the greater the im
pulse of the system i s ) , the easier the revetments can be r e 
moved by the impact of the j e t and. the longer the time of 
attack i s , i . e. the lower the ship speed r e l a t i v e to the 
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attacked area i s . Indeed the greatest destructions occur at 
those places, where vessels are standing, s t a r t i n g or ma
noeuvring wi t h low speed, i . e . i n f r o n t of p i e r s , i n basins, 
at t u r n i n g basins, at outer harbours i n f r o n t of locks and 
docks, etc. That they can reach enormous dimensions has been 
demonstrated by a t e s t with an inland ship accomplished by 
the Bundesanstalt f i i r Wasserbau, Karlsruhe, i n a deserted 
channel ( r e f . 2) (see Fig. l ) . 

.Fig. 1 Scour induced by inland ship 

PHYSICAL BACKGROUND OF PROPULSION SYSTEMS 
h. Physically seen the propulsion system's task i s t o 

accellerate a i r or water i n such manner th a t an impulse of d i 
s t i n c t force and d i r e c t i o n i s produced, which from modern pro 
pulsion systems generally w i l l be a j e t from e i t h e r submerged 
nozzles or from p r o p e l l e r s . Due t o i n t e r n a l f r i c t i o n between 
t h i s j e t and the surrounding f l u i d w i t h increasing distance 
from the o r i f i c e the diameter of the j e t i s increasing too, 
a c c e l l e r a t i n g parts of the surrounding f l u i d , at the same 
time consuming k i n e t i c energy from the core v e l o c i t y of the 
j e t , r e s u l t i n g i n a decrease of the maximum v e l o c i t y . Due t o 
t h i s spreading the j e t eventually reaches the water surface 
and/or the bed and walls of the basin, where the j e t dissolve 
t r a n s f e r r i n g i t s k i n e t i c energy t o the boundary. Loads from 
these energies are therefore d i r e c t l y connected with the ac
t u a l a x i a l and t a n g e n t i a l v e l o c i t i e s nx,y,z a-nd yx,y,z at the 
l o c a t i o n x,y,z i n the i n t e r f a c e . I n r o t a t i o n a l symmetrical 
j e t s y^ + = r ^ . The determination of the v e l o c i t y d i s t r i 
bution i n a plane or c i r c u l a r water j e t and a pr o p e l l e r j e t 
w i t h and without v e l o c i t y head (which represents the current 
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o f the f l u i d or the t r a n s i t i o n speed of the ship) w i l l there
fore be the f i r s t step towards the d e f i n i t i o n o f the actual 
loads from propulsion systems. 

5. Velocity d i s t r i b u t i o n i n j e t s without v e l o c i t y head. 
From investigations by Kraatz ( r e f . 3) and Wiegel ( r e f . h) 
we know th a t generally the v e l o c i t y d i s t r i b u t i o n i n j e t s f o l 
lows GauB's law of the normal d i s t r i b u t i o n of errors of ob
servation ( r e f . 5). This law 

fix) =-rj==:' e x p [ - ^ ( | ) ' j (1) 

can be transformed w i t h f ( x ) = u , = u and x = r ' 
(see Fig. 2) t o ""'̂  C5 ̂ 2 ^ '̂ '̂̂  

r 1 r' -̂1 
u = u • exp - — ("TF-) , (2) 
x,r max 2 J ' ^ ' 

which i s v a l i d f o r a l l kinds of j e t s and also f o r a l l sorts 
of v e l o c i t y heads a f t e r d e f i n i t i o n and adjustment of the main 
parameters 

\ a x ' ^0' ^''^ = ^('^O' 

according t o the i n d i v i d u a l flow conditions of the f l u i d . 

Fig. 2 Schematic outlay of the v e l o c i t y d i s t r i b u t i o n 
i n a p r o p e l l e r j e t 
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By extensive t e s t s i n the VWS, B e r l i n , these parameters have 
been defined e m p i r i c a l l y and lead t o the equations 

u„ _ = e x p [ - - ( ) J ( 3 ) 
x,r 0 

0 

f o r the c i r c u l a r water j e t and 

r - [ 0 . 3 B,- (f-)-°-^J 

U = 'O-n' S X p 

x,r 0 ^ 

r _ l ( 0 ) ' ] (h) 

f o r the prop e l l e r j e t i n the zone o f establishment (O-^-X.<£.XQ; 
Xp = 2 DQ; see Fig. 2 ) , as w e l l as 

n = — exp - ̂ (^r ) (5) 
2 [ | 0 + 0.0807(X - X Q ) J 2 | O + 0 . 0 8 0 7 ( X - X Q ) ^ 

f o r the c i r c u l a r water j e t and 

, ^ ,x , - 0 . 6 

r 1 , ° ( 6 ) 

• exp - -X ;: „ _n 
^ ^ ^ 1 0 + 0 . 0 8 7 5 ( X - X Q ) - [ 0 . 3 D Q ( ^ ) ° - ^ ] - ' 

f o r the prop e l l e r j e t i n the zone of d i f f u s i o n [x^^ x .cco ). 
The parameter Do represents the free nozzle o u t l e t at c i r c u 
l a r water j e t s or equals 

DQ = 2 ( 0 . 6 7 Rp + Rjj) ( T ) 

at p r o p e l l e r j e t s , the parameter Ug represents the maximum 
core v e l o c i t y i n the zone of establishment. I t can be com
puted according to pipe flow approaches i n the case of water 
j e t s and according t o Isay ( r e f . 6 ) or Lerbs ( r e f . 7 ) i n case 
of propellers. For the l a t t e r one computer programs are a v a i l 
able. Comparisons of computed and measvired data f o r c i r c u l a r 
water j e t s (see Fig. 3 ) and pr o p e l l e r j e t s (see Fig. k) show 
the a p p l i c a b i l i t y of the equations ( 3 ) t o ( 6 ) . 

6 . Velocity d i s t r i b u t i o n i n j e t s w i t h v e l o c i t y head. Here 
only experiences wi t h p r o p e l l e r j e t s are available. But i f 
the vessels are s a i l i n g at low speeds V Q = 0 . 5 k t s , the equa
tions ( 3 ) and ( 5 ) may be used f o r c i r c u l a r water j e t s w i t h 
v e l o c i t y head, too, without causing too great e r r o r s . From the 
l a t e s t investigations the v e l o c i t y d i s t r i b u t i o n i n a pro p e l l e r 
j e t with v e l o c i t y head can be w r i t t e n according t o equation 
(2) 
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Fig. 3 Computed versus measured v e l o c i t i e s i n a c i r c u l a r 
water j e t without v e l o c i t y head 

T • I I I I I B I '• I I I I I t I I I ' B 

0,5 1.0 1,5 — ^ U j , 2.0 m/s 

Fig. It Computed versus measured v e l o c i t i e s i n a prope l l e r 
j e t without v e l o c i t y head 

17 
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r - - ( x ) 2. 
r 1 2' 

^ , r . = "0- L-2 ^ D . D , ^ ) J 
(8) 

fo - | ( x ) 

i n the zone of establishment ( O / ^ X Z X Q ) w i t h 

xp = 2 • D; . exp [1.265 (9) 

and 

\ n o ^-0.3 (10) 
- ( x ) = 0.3 D Q ( P ^ ) , 

DQ being 

= 1.15 • • u^°55 („) 

According t o equation (2) the v e l o c i t y d i s t r i b u t i o n i n the 
zone of d i f f u s i o n (XQ.<̂  x.<i°o) follows the basic law 

f- . r - f ( x ) 2 

wit h 

-max= ^-5 • -0 ' (13) 

fi being 

= 0.6 • exp [- 1.2 ^ ] (lU) 

the diameter of the core zone (zone of hub v o r t i c e s ) equiva
l e n t t o equation (10), the geometric p o s i t i o n of the points 
of i n f l e c t i o n of the Gaufi-curve 

<5j^ = |o - §(x) + O . O T (x - X Q ) (15) 

and x^according t o equ. (9). A comparison of computed and 
measured v e l o c i t y d i s t r i b u t i o n with v e l o c i t y head i s given 
i n Fig. 5. 

LOADS ON BEDS AND EMBANKMENTS 
T. There are three modes of t r a n s f e r of k i n e t i c energy t o 

beds and embankments, i . e . by shear stress i n case of the 
axis of the j e t being p a r a l l e l t o the surface of the bounda
r i e s , by mixed forces from shear stress and v e r t i c a l dynamic 
pressure (and percolation force i n form of drag force and v i s 
cous skin f r i c t i o n ) i n cases where the axis of the j e t s i s i n 
clin e d t o the embankments(per d e f i n i t i o n t h i s does not or 
very seldom occur at the beds) and by mere hydrodynamic pres
sure (and percolation forces) i n cases where the axis of the 
j e t acts normally to the embankments (see Fig. 6). 
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0 , U m -
r _ 

luga£0,25 m / s 

1 - O m e a s u r e d 

1 

0 ,10 -
0,75 m/s 

u „ = 1.0 m/s V computed 

- u ^ 0 , 5 m / s 

I. 

\ « n P r o p - N o . 1187 
^ 5 ^ x = 0 4 5 m , np=.1000 1/min 

0 / )5 -
<a:^rop.No.1119 ^ ^ ^ ' * ' * < < : > „ 

^=QS^X30 i30m ^ X ^ ^ 0 / )5 -

• P r o p . - N a I I B T A 
xaOlSOm y j 

np«500 Wmir^Xr j cf h A x « 0 , 1 5 m 

< ^ " " " " 

—I—»—1—1—1—1—i— 
0.5 

1,0 1,5 — ~ U x 2,0 m / s 

Fig. 5 Computed versus measured v e l o c i t i e s i n a pro p e l l e r 
j e t w i t h v e l o c i t y head 

Fig. 6 Schematic presentation of the v e l o c i t y f i e l d s i n 
w a l l j e t s , i n c l i n e d and impinging j e t s 
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Loads induced by p a r a l l e l j e t s 
8. The determination of the sought a f t e r shear stress en

sues from c u t t i n g the j e t w i t h the surface area i n the given 
i n d i v i d u a l distance of the j e t from the surface of the bed or 
embankment p a r a l l e l l y t o the axis of the j e t . I n t h i s case the 
s a t i s f a c t i o n of the boundary conditions requires t h a t the sy
stem has t o be r e f l e c t e d at the boundaries. As moveable boun
daries - except the water surface - behave l i k e r i g i d walls 
under the influence of shear stresses(ref. 5), a t o t a l r e f l e c 
t i o n of the currents can be expected, here, r e s u l t i n g i n a 
doubling of the v e l o c i t y i n the r e f l e c t i o n plane. Therefore 
the determined l o c a l v e l o c i t i e s i n the c u t t i n g plane have t o 
be increased by a fa c t o r 2, and so have the shear v e l o c i t i e s 
U j j . Wall shear stress and f i c t i v e shear v e l o c i t y are combined 
by ( r e f . 8) 

To = ^ J. • u| . (16) 

For rough boundaries the shear v e l o c i t y and the l o c a l ve
l o c i t y U/ ; are combined by a logarithmic t r a n s i t i o n law of 
the form^'''''^ 

u, V 2.3 r„ 
_ k ^ = _ _ , o , ( _ ) . B ( I T ) 
* s 

with k = Karman constant = 0,k, ~ mean roughness diameter ~ 
D 5 0 , k = Nikuradse roughness ~ 0 . 5 -D C Q and B = 8.5 f o r com
p l e t e l y rough boundaries, u^ substituted by equ. (16) then 
follows to 

'̂ 0 = ^ F • < x , r ) - (5.75 l o g (^) . 8.5)-' . (18) 
s 

I f the c r i t i c a l w a l l shear stress f o r the erosion of a boun
dary i s known, equ. ( i T ) can be reduced t o 

- ( x , r ) c r i t = " * c r i t - l o g ( ^ ) . 8.5 (19) 

w i t h u ^ ^ ^ . ^ = ( T ^ ^ . ^ / ^ F ) ^ ^ ^ - Equs. ( 3 ) , ( M , (5) or (6) r e -
duced t o r and u, substituted by u/ >̂ ^ ^ ^ r e s u l t i n the 
geometric p o s i t i o n ' o f c r i t i c a l w a l l sheaf Stress along the 
j e t axis. 

Loads induced by i n c l i n e d j e t s 
9. The loads from i n c l i n e d j e t s a c t i n g on beds and embank

ments r e s u l t from two hydrodynamically d i f f e r e n t procedures 
which can be described as impingement and as w a l l j e t e f f e c t . 
Whereas i n the w a l l j e t zone again only loads from shear 
stresses occur, i n the impingement area the loads upon the 
boundary surface are dominated by dynamic pressure ( F i g . 6). 
The ef f e c t s i n the impingement zone are the same as from j e t s 
acting normal t o walls due t o the f a c t , t h a t the axis of i n 
clined j e t s seems t o bend t o di r e c t i o n s normal t o the boundary 

2 0 

surface ( F i g , 6), Beltaos ( r e f . 11) found a r e l a t i o n s h i p bet
ween the maximum pressure and a r e s u l t i n g w a l l shear stress 
due t o the d e f l e c t i o n of the v e r t i c a l current t o be 

"̂ Omax = • Ps • '^^'^ (20) 

w i t h c^ = 0 . 1 6 6 , t = angle of i n c l i n a t i o n and p = the mo
mentum, due t o the center v e l o c i t y of the j e t , a c t i n g on an 
area w i t h the diameter D , which i s defined hy DQ at free wa
t e r j e t s and D, , at propellers i n the distance H from the 
o r i f i c e 

<2,F JT. 2 
= _ _ . _ _ . ^ ^ ^ ^ . ( 2 1 ) 

The maximum actual shear stress i n the impingement zone then 
follows t o 

T „ = 0,166 • . u' • s i n t . (22) 
Omax F h xmax 

10. As from experiments i t has been found t h a t f o r angles 
greater than ^ = the erosion i n the impingement zone i s 
s i g n i f i c a n t l y greater than i n the w a l l j e t zone, f o r estima
t i o n s concerning loads from propellers only equ, (22) should 
be used. I n a l l cases where }5° ^ ^ h5°\ the w a l l shear 
stress T^^^ should be computed according t o Beltaos ( r e f . l l ) : 

V x • ° - 0 9 8 R ; ° - ' , ( 2 3 ) 

'̂ max the maximum r e f l e c t e d v e l o c i t y at the p o s i t i o n x', 
equal t o the center v e l o c i t y of the j e t at the distance x from 
the o r i f i c e , and R ^ being the Reynolds number at the o r i f i c e 

Loads induced by impinging j e t s 
11. Erosions by j e t s acting normally t o the boundary sur

face r e s u l t from two e f f e c t s which have t o be superponed (see 
Fig. 6), i . e . an impingement impact due t o dynamic pressure 
only and a shear e f f e c t from the d e f l e c t i o n o f v e r t i c a l t o 
r a d i a l v e l o c i t i e s . While the impingement e f f e c t i s strongly 
dependent on the r e l a t i v e distance o f the o r i f i c e from the 
boundary H / D Q , the shear e f f e c t i s only dependent from the 
development of the v e l o c i t i e s p a r a l l e l t o the boundary sur
face and reaches i t s maximum at the r e l a t i v e o r i f i c e Z (see 
f i g u r e 6) i n the distance r^. from the stagnation point S. 

12. The dynamic pressure i n the impingement area has been -
described by Kobus, Leister and Westrich ( r e f . 12) by 

Ps = S • -^r/ • 5T exp [- l i l t (£-)2] (25) 

21 
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and I Q r e s u l t i n g from 

= • = 0.07 • P3 (26) 

The shear stress i n the w a l l j e t region, s t a r t i n g at the 
stagnation p o i n t , i s described by Beltaos ( r e f . 11) 

(27) 

w i t h r being the diameter of the j e t at the distance x from 
the o r i f i c e . 

£ i s a function of the r e a c t i o n time Tg 

c r i t i c a l shear v e l o c i t y u,^^^^^ and 

^•^'S of the o r i f i c e from the boundary'^surface. 

SCOURING 
13. The erosion 

the v e l o c i t y u, 
the distance r ^ 
Fig. 7 gives an example f o r the development of scours as func
t i o n i f these parameters. I t can be seen th a t about 50 % of 
the f i n a l erosion depth i s reached w i t h i n h a l f an hour, a 
r e l a t i v e l y long time compared w i t h the r e a l reaction time. 
This means that the r i s k of damages i n regions of low density 
of t r a f f i c i s low, but extremely high i n areas which are very 
near t o the propulsion system or where the sequence of i n d i 
v i d u a l events i s very short thus provoking long term e f f e c t s . 

0,15m 

em 

0.10 i 

0.051 

Fig. 7 Erosion depth £ as function of reaction time Tr m c 
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CONCLUSION 
1I4 . The equations mentioned above are dimensionally correct 

and generally p h y s i c a l l y based but have t o be regarded at as 
rough estimations of the loads t o be expected. The formulae 
do not s a t i s f y high standards, because they represent i n near
l y a l l cases s i m p l i f i c a t i o n s f o r p r a c t i c a l reasons. Those i n 
terested i n more d e t a i l s are k i n d l y r e f e r r e d t o the o r i g i n a l 
papers. 

15. The developed equations enable the engineer t o e s t i 
mate damages at beds, embankments and revetments from propul
sion systems although the d e f i n i t i o n of the c r i t i c a l shear 
stresses f o r the beginning of erosion w i l l be d i f f i c u l t i n 
many cases. They are known p r a c t i c a l l y only f o r loose sedim-
ments. 
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Proposals of flexible toe design of 
revetments 

Dr Ing. G. HEERTEN, Naue Fasertechnik, Espelkamp and 
Dipl.lng. W. MÜHRING, Neubauamt Mittellandkanal. Osnabrück, 
West Germany 

SrNOPSIS. Revetments are frequently damaged by scour a t 
revetment toe. I f they are constructed by t r a d i t i o n a l 
methode, scour at the toe i n e v i t a b l e r e s u l t s I n l o s s 
of s t a b i l i t y . Scour i s n a t u r a l l y more l i k e l y to occur 
at the t r a n s i t i o n between the protected and unprotected 
part of the canal bed. 
Consequently, adequate toe protection i s highly important 
f o r the e n t i r e revetment. This paper w i l l provide the 
information on the fundamentals of revetment toe design, 
the findings of t e s t s on d i f f e r e n t types of f l e x i b l e 
toe construction on the M i t t e l l a n d Canal i n Germany, 
and new recommended toe constructions. 

INTRODUCa?ION 
1. One the construction of canals i n Category IV, 

the Conference of European Transport M i n i s t e r s recom
mends a waterway c r o s s - s e c t i o n a l area a t l e a s t ^ times 
the c r o s s - s e c t i o n a l area of a f u l l y loaded t y p i c a l 
v e s s e l . Depending on l o c a l conditions, construction i s 
c a r r i e d out i n three t y p i c a l c r o s s - s e c t i o n s f o r t e c h n i 
c a l and economical reasons (see F i g . 1 ) . 
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BAM PfiOTECTION 
Bevetment construction 

2. The p r i n c i p l e s used i n the design and construction 
of revetments i n expansion work on canals are based on 
experiences accumulated i n p r a c t i c e . I n the course of 
expansion, d i f f i c u l t i e s arose because i t was accompanied 
by a structural change i n inland shipping brought about 
by the replacement of the old towed barges by s e l f -
propelled ships which increased the s t r e s s on revetments 
and had unforseeable e f f e c t s on t h e i r d u r a b i l i t y . 

3. Growing experience acquired during many years 
of work on the Mittelland Canal, f o r example, l e d to 
the development of standard revetment construction 
methods which guaranteed f a r longer l i f e f o r aprons 
and s i m i l a r bank protection constructions. This work 
had to be done without disrupting shipping and involved 
placement of a lo n g - l a s t i n g f i l t e r l a y e r covered by an 
apron that protected the revetment against the erosive 
e f f e c t of shipping and water. 

4 . Tears of p r a c t i c a l development work, f o r eyample, 
have shown that heavy mul t i - l a y e r geotextile f i l t e r s 
covered by bonded rip-rap or f l a t composite materials 
ensure adequate protection (see P i g . 2 ) . 

Fig.2 
Rem^eoble revefment 

5 . Without going into the d e t a i l s of these geotex
t i l e f i l t e r s and the protective rip-rap l a y e r , i t can 
be s a i d that t h i s method of placing permeable r e v e t 
ments has reached a standard that promisee l o n g - l i f e 
d u r a b i l i t y . 

DESIGN OP HEVENTMENT TOE 
General exrieriences 

6. During the develpoment of t h i s new type of 
revetment, attention was focussed f o r a long time on 
the construction of the elements on the actual slope. 
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Although I t was generally r e a l i s e d that " a revetment i s 
only as good as i t s toe", no s p e c i f i c consideration was 
given to i t s design. 

7 . I n i t i a l l y , t h i s was unnecessary anyway,as the 
need f o r a new approach i n revetment construction 
arose automatically as a r e s u l t of negative experiences 
i n bank protection, 
8. The need to give c l o s e r a t t e n t i o n to the design 

of the toes i n revetment construction only became 
acute a f t e r the revetment on the slope had reached an 
acceptable standard. There were two reasons f o r t h i s . 

9 . P i r s t l y , scour had previously been delayed or 
l e f t undiscovered because the toe was normally over-
covered by stones s l i d i n g down the slope from unbonded 
rip-ra p . 

1 0 . Underwater excavation i s t done mainly with suc
t i o n cutter-dredgers. Depending on the proportion of 
f i n e s i n the s o i l , part of the s p o i l i s held i n sus
pension and c a r r i e d away from the workpit by the 
current from shipping into stirrounding areas. I t 
subsequently s e t t l e s a t the break point between the 
b£tnk and canal bed, covering the stone p i t c h i n g of 
the toe. 

1 1 . This sediment i s transported f u r t h e r by canal 
currents and the wash from shipping u n t i l i t reaches 
areas, l i k e turning points or wider stretches of the 
waterway, where the lower v e l o c i t y of the current 
allows the suspended matter to s e t t l e permanantly. As 
soon as t h i s sediment reaches a c r i t i c a l height, i t i s 
excavated. 

1 2 . After s e v e r a l years the trough p r o f i l e formed 
by the settlement of suspended matter again becomes 
a trapezoidal p r o f i l e . 

1 5 . Under fur t h e r s t r e s s from currents i n the water
way, eroded channels and scotir occur on the caneQ. bed, 
and especiauLly at the t r a n s i t i o n from the stone pitching 
of the toe to the unprotected se c t i o n of the bed 
(see Pig,5 &• 4 ) . 
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Length of scour 

Fig. A 
Measured profile in canal bed 
Longitudinal section at the toe 

1 4 . Pig. 4 shows the t y p i c a l trapezoidal p r o f i l e of 
an eroded hed with i r r e g u l a r channels at the sides and 
sediment i n the centre. 

1 5 . The situation becomes c r i t i c a l f o r the toe and, 
indeed, the e n t i r e revetment when scour spreads beneath 
the toe i n the d i r e c t i o n of i t s break point with the 
bank. When the scour reaches a length, such as that 
described i n P i g . ' 4 . the inadequate design of the toes 
causes i t s end to cave i n . Subsequent damage i s 
i n e v i t a b l e whenever the material from the collapsed toe-
end f a i l s to f i l l completely the depression created 
by scour i n the canal bed. And t h i s i s normally the 
case, since the design of the toe (depending on t h i c k 
ness, weigth and type of bonding) generally causes 
collapsing material to break away i n clumps, which 
often encourage fu r t h e r scour. 

16. The higher the bending moment of the toe apron, 
the greater i s the hazard to the whole revetment be
cause the scour can then reach as f a r as the break 
point of the bank, causing parts of the revetment to 
collapse along with the toe. 

1 7 . Repair work on the damaged revetment and i t s toe 
i s not only troublesome but also expensive. 

Conclusions 
18. Up to now f i e l d conditions have made i t too 

d i f f i c u l t to obtain an acc\irate description of currents 
i n the area of eroded beds, so there has been no way 
of c a l c u l a t i n g the expected depth and development of 
scour as a b a s i s f o r design of toe approns. 

1 9 . Moreover, i n s t a l l a t i o n of a toe apron causes 

v a r i a t i o n s i n the f r i c t i o n and s t a b i l i t y c o e f f i c i e n t s 
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of the canal bed, which unfavourable influence bed 
deformation, e s p e c i a l l y i n the area of the toe apron. 
Unlike 'conventional' scour, the oncoming flow d i r e c t s 
i t s angle of attack not v e r t i c a l l y but p a r a l l e l to the 
protected end of the revetment, which acts as a b a f f l e . 

2 0 . The only way of finding a solution to these 
problems, therefore, i s to assess the degree of erosion 
unter a s p e c i f i c volume of shipping over a given time 
and u t i l i s e these parameters as empirical guidelines 
i n design work. 

2 1 . One importent point that should be noted i n 
t h i s case i s that on waterways with the crossectional 
are^ of the Mittelland Canal, f o r example, i t has 
been established that bed deformation i s caused more 
by current, i . e . the wash from shipping, than i t i s 
by the action of ship' propellers. These f i n d l i n g s 
have been confirmed by measurements c a r r i e d out by the 
Bundesanstalt f i i r Wasserbau i n Karlsruhe ( I ) . 
This finding applies only to the open waterway and not, 
of course, to mooring areas where the action of ships' 
propellers i s an e s s e n t i a l f a c t o r i n the design of 
aprons on canal beds. 

2 2 . Another point that needs c l a r i f y i n g i s whether 
the sediment i n these areas i s merely d i s t r i b u t e d or 
whether i t i s c a r r i e d away by the current and causes 
permanent depressions i n the waterway bed. I n the 
l a t t e r case, e i t h e r the entire bed should be paved 
or the waterway cro s s - s e c t i o n a l area should be 
increased considerably. 

2 3 . Consequently, i t i s e s s e n t i a l to ensure that 
there i s no longitudinal movement of suspended matter 
when the canal bed i s not protected against erosion. 

2 4 . When constiruction work i s done 'in the dry', 
the problem i s e a s i e r to solve, e i t h e r by extending 
the revetment along i t s a x i s into the canal bed to 
the extent of the assumed depression (see P i g . 5 ) . 

•1.00m 

( Composite materal 1 

Fig. 5 
Embedment in canal bed 
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• 1.00 m 

( Composite material) 

Fig. 6 
Protection wift\ a vertical wall 

or by constructing a sheet p i l e w a l l , f o r example, at 
the break point of the slope or below i t (see P i g , 6 ) . 

2 5 . I f construction i s c a r r i e d out underwater, the 
revetment csinnot be extended into the canal bed, 
because there i s no way of adequately keeping an exca
vated hollow or depression open f o r placing the toe. 
Construction of a v e r t i c a l r e t a i n i n g wall a t the toe 
i s prohibited on grounds^ of cost. But more about t h i s 
solution l a t e r . 

2 6 . Consequently, a s a t i s f a c t o r y solution on under
water construction of a revetment toe e n t a i l s meeting 
the following requirements: 
The toe mat must extend to a point i n the canal bed 
that ensures that any erosion down to the deepest point 
remains covered, thus preventing any scour beneath the 
end. 

2 7 . I n order to meet t h i s requirement, the toe mat 
must possess the necessary degree of f l e x i b i l i t y . 

28. P l e x i b i l i t y , i n t h i s case, means the a b i l i t y of 
the toe to adapt to any deformation i n the sub-base 
while r e t a i n i n g i t s function. I n contrast, therefore, 
to the r i g i d construction of the bank revetment with 
i t s f i l t e r and ri p - r a p , the toe should always remain 
e l a s t i c . 

2 9 . This need f o r f l e x i b i l i t y has been underlined 
by previous experience with r i g i d l y designed revetment 
toes. 

5 0 . Since a l l revetment toes on the Mittelland Canal 
have, up to now, a l l been of a r i g i d design (including 
rip-rap bonded with a bituminous mass), a ' t e s t pro
gramme was formulated to e s t a b l i s h ways of meeting 
these new requirements. 
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Testa 
5 1 . i n I 9 8 I , 5 short t e s t stretches were integrated 

i n normal construction work on the Mittelland Canal and 
exposed to maximum s t r e s s from passing v e s s e l s . 

3 2 . On these t e s t s t r e t c h e s , the toe mat was a l t e r 
nately 3 m or 5 m long and was given a multi-layer 
f i l t e r of geotextile composite material. 

3 5 . A l l used geotextile f i l t e r mats have to f u l f i l l 
the strong requirements on geotextiles f o r hydraulic 
engineering of the Pederal I n s t i t u t i o n of Waterways 
Engineering (BAW), Karls3T\ihe, Germany. That means f o r 
the given l o c a l s o i l s that the geotextile has to proof 
e.g. i t s f i l t e r i n g e f f i c i e n c y i n s p e c i a l t e s t s and i t s 
penetration r e s i s t a n c e i n a t e s t with a dynamic load 
of 600 Nm corresponding to a 300 N stone f a l l i n g down 
from a heigt of 2 , 0 m, 

3 4 . Apart from i t s f i l t e r properties, t h i s geotextile 
f i l t e r also absorbs any t e n s i l e forces and thus ensures 
that the toe mat i s not severed from the revetment on 
the bank whenever settlement occurs at the toe end, 
i . e . i t guarantees retention of the revetment 
function. 

3 5 . To meet the need f o r f l e x i b i l i t y , three of the 
t e s t stretches were given a top course of unbonded r i p 
rap stones of d i f f e r i n g u n i t weight. I n order to pre
vent any stones r o l l i n g off the mat a f t e r settlement 
of the toe end, the end was secured by a geotextile 
sack f i l l e d with "engineering" cl a y (see Pig.7 )» 

Rip - rap 
bonded not bonded 

AO cm rip-rap Cl.H 

Geotextile filter/ 
( Composite material 1 

Fig. 7 
Revetment with flexible toe mat 

with a geotextile sack filled with engineering cloy 

Mot/sock 
joint 

3 6 . This engineering clay i s made from chemophysical 
materials. I f i s permanently c l a s t i c and r e s i s t a n t to 
erosion. 
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3 7 . I n order to prevent the sack being displaced by-
even extensive settlement, i t i s t i e d at the rear to 
secure i t i n position. 

38. On another of the t e s t sections, the rip-rap was 
bonded by a small amount of pervious concrete whose 
quantity and strength was c a r e f u l l y selected to ensure 
the toe mat remained f l e x i b l e . 

3 9 . On the f i f t h and f i n a l t e s t s t r e t c h , the top of 
the f i l t e r mat was covered with a very permeable, rough 
f i b r e l a y e r . This f i l t e r l a y e r was weighted down with 
a b a l l a s t of porous concrete and helped i n t e r l o c k the 
stucture (see Pi.8) 

4 0 . Porous concrete i s a material, whose mechanical 
and hydraulic f i l t e r a b i l i t y mat'ohes that of the i n - s i t u 
s o i l and whose consistency i s such as to allow the manu
facture of weighting cones. With sui t a b l e a d d i t i v e s , 
porous concrete can also be poured i n a f r e e - f a l l i n 
water without segregation. 

4 1 . Naturally, impermeable concrete can also be 
used f o r the weighting cones. But i n t h i s case, i t 
i s absolutely e s s e n t i a l to adhere to the consistency 
l i m i t s as otherwise the concrete would tend c o l l e c t 
at the base of the cones and lead to clogging. And this, 
- of course, has to be avoided at a l l costs. A l l t h i s 
applies to construction underwater. I f the work i s 
done " i n the dry", the cones can be made from imper
meable concrete without any d i f f i c u l t y at a l l . 
Checking and controls present no problem e i t h e r . 

4 2 . These revetment toes are then exposed to 
st r e s s e s by radioing passing v e s s e l s , asking them to-
traverse the t e s t s t r e t c h at f u l l speed e i t h e r i n the 
centre of the canal or as near as possible to the bank. 
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The speeds of these passing v e s s e l s are recorded, and the 
str e s s e s from currents and pressure changes are measured 
at three points near the canal bed with the help of 
current and pressure pick-off meters. Stresses from 
propeller action were also assessed i n stationary t e s t s . 

4 3 . The f i n d l i n g s from these t e s t s provided suitable 
evidence that the bas i s idea of constructing a f l e x i b l e 
toe mat from a geotextile f i l t e r connected to the bank 
revetment and a geotextile sack at the toe end to secure 
s l i d i n g stones was correct. Tinder heavj^ s t r e s s from 
propeller action i n the stationary t e s t s , the rip-rap 
stones were considerably displaced, even i n 25 cm-thick 
l a y e r s with u n i t weight of 5 i 5 - 3»7 kg/dm'̂ . The 
best r e s i s t a n c e to propeller s t r e s s e s was forthcoming 
on t e s t s t r e t c h 4 , where the rip-rap was bonded with 
porous concrete. I n the stationary t e s t , the ship was 
positioned with i t s longitudinal a x i s over the toe end 
(sack), so that the forces from the propeller were 
directed f u l l - b l a s t at the t r a n s i t i o n zone between toe 
end and canal bed. I t turned out, however,that the 
ve s s e l could not always be held stationary i n t h i s 
p osition because when the engine speed was increased, 
the propeller revs generated v i b r a t i o n s i n the mooring 
cable and these, i n turn, caused s l i g h t changes i n the 
ship's position. Pressumable, i t was t h i s that also 
caused scour varying i n depth from o , 5 to 1 ,25 m i n 
front of the sack. A l l i n a l l , however, the sack was 
s u f f i c i e n t l y f l e x i b l e to adapt to any scour that 
occurres, i r r e s p e c t i v e of whether or not the rip-rap 
stayed i n po s i t i o n on the geotextile f i l t e r . 

4 4 - 5Phe t e s t s generally showed that the afore
mentioned toe mats did not adequately withstand 
s t r e s s e s generated by ship propellers. 

4 5 . However, by s t r e s s i n g the toe mat sometimes 
to point of collapse,important findings were obtained 
on the behaviour of d i f f e r e n t solutions, e s p e c i a l l y as 
regards f l e x i b i l i t y . I n no instance, f o r example, 
even at the deepest scour of 1 ,25 m, was the sack 
f i l l e d with engineering clay destroyed. Thanks to i t s 
f l e x i b i l i t y , the sack adapted to any hollowing-out 
caused i n the canal bed by erosion and thus prevented 
scour beneath the toe end. 

4 6 . The multilayer, needle-punched geotextile f i l t e r 
dovetailed the movements of the sack, and adequately 
sealed-off and protected the s u b - s o i l . But i n areas, 
where propeller action caused considerable d i s p l a c e 
ment of rip-rap, abrasion r e s i s t a n c e was not e n t i r e l y 
s a t i s f a c t o r y . Damage also occurred on the top cottrse 
i n Test No. 5 (see P i g . 8 ) , because the rupture strength 
on t h i s type of protective mat was too low and, 
consequently the b a l l a s t elements at the toe end were 
dislodged. 

3 3 
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PDRTHER APPLICATIONS 
41. I n 1 9 8 5 , r e p a i r work had to be c a r r i e d out on an 

i n f l e x i b l e revetment toe of the type shown i n Fig. 2 , 
because scour beneath the toe apron had reached the 
break or buckling point of the bank revetment. 

4 8 . U t i l i s i n g the t e s t findj^'ings and the knowledge 
that c r u c i a l s t r e s s e s a r i s e only from the wash of 
passing v e s s e l s and not from propeller action, i t was 
suggested that the toe be repaired by using a solution 
s i m i l a r to that i n F i g . 9 a . 

a 

b 

c 

Fig. 9 Q.b.c 
Revetment with flexible toes 

49 A Heavyweight, needle-punched non-woven f a b r i c 
( 1 1 0 0 g /m2) was used as a f i l t e r and t h i s was covered 
by a 40 cm l a y e r of rip-rap ( a r r i s length 1 5 - 2 5 cm). 
The toe end consisted of a sack (about 40 x 60 cm) 
f i l l e d with engineering cl a y . 
I n order to obtain f u r t h e r findyings from a l t e r n a t i v e 
solutions f o r countering s t r e s s e s from wash, additional 
t e s t stretches were constructed on t h i s s t r e t c h (No.4) . 
The f i r s t of these involved a solution l i k e that shown 
i n F i g . 6 . The sheet p i l i n g at the toe i s 3 . 5 metres 
long. Special care was taken to ensure that the j o i n t 
between sheet wall and bank revetment remained 
f i l t e r a b l e . For t h i s purpose, the rip-ra-n l a y e r was 
f u l l y grouted with porous concrete a f t e r i n s t a l l a t i o n 
of the f i l t e r mat. 

5 0 . On s t r e t c h No.2 (see F i g . gb), t h i s rip-rap was 
p a r t i a l l y bonded with only 80 l/m^ of porous concrete. 
The aim here was to increase the in d i v i d u a l weight of 
the stones through pointwise bonding with neighbouring 
stones, but without reducing the f l e x i b i l i t y of the 
entire structure. On s t r e t c h No.3 (see F i g . 9 c ) , the 
rip-rap l a y e r was p a r t i a l l y f i l l e d with engineering 
clay (80 l/m^) to bond each stone as firm]- as possible, 
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while r e t a i n i n g the permeability of the toe mat, I h 
these applications, the eng_neering cl a y had to feature 
adequate f l e x i b i l i t y combined with l a s t i n g r e s i s t a n c e 
to erosion. As there i s not yet any methodical way of 
determining these contradictory requirements f o r 
engineering clayo they were gauged e m p i r i c a l l y . On 
st r e t c h Ho.4, the solution again was s i m i l a r to that 
i n Pig, 8 , 

5 1 . I n order to prevent the b a l l a s t elements being 
torn off, a geotextile material l i k e that i n Fig.1 0 
was chosen, 

5 2 . I n addition to these protective measures on 
revetment.toes i n the Mittelland Canal, s i m i l a r work 
has been done an the Hiver Weser. 

5 5 . With the increase i n the s i z e of ships many 
estuaries up to the important ports have been deepened. 
As well as the increased use of large scale dredging, 
r i v e r works to control flow and t i d a l range such as 
groins and t r a i n i n g w a l l s have been erected, 

5 4 . Several groins are under construction, to s t a 
b i l i z e the shipping chaimel and to minimize the increase 
of the t i d a l range which was mainly expressed as a 
sinking of the t i d a l low water. 

5 5 . I n a large r i v e r program 100 groins w i l l be b u i l t , 
using a new construction method with geotextiles i n the 
groin section down to t i d a l low water. I n the under-
watersection the conventional construction method 
using a willow f a s c i n e mattress f o r the groin founda
ti o n i s used. I n s t a b i l i t y problems caused by scouring 
at the sides i n the past lead to c r e s t sinking and 
damage of the groins, 

5 6 . F i g . 10 i s showing the groin cross-section with 
the foundation base above t i d a l low water using the new 
construction method; 
On a heavy weight needlepunched nonwoven f a b r i c 
( 1 1 0 0 g/m^) the riprap body of the groin i s dumped. 
With an overlap of approx. 500 mm on both sides of 
the groin t h i s s p e c i a l scour protection mat i s i n 
s t a l l e d . 

5 7 . This scour j r o t e c t i o n mat i s composed of four 
parts 

- woven or nonwoven f i l t e r l a y e r 
s o i l - t i g h t n e s s , permeability and ac t i n g load 
have to be considered. 

- sedimentation l a y e r 
approx. 5 cm thick made of needlepunched and 
chemically bonded curled coarse f i b r e s 
i t reduces the drag forces i n the boundary l a y e r 
of the sea bed so that sedimentation takes place 
inc r e a s i n g the weight and s t a b i l i t y of the structure 

- reinforcement f a b r i c 
by meajis of wide meshes (approx. 20 mm) and very 
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T H W Grouted surface. 

Heavy needle punched fabric -
Detail (lerrafw 1103 R 1100g/m2 ) 

-100 Rip-rap-

1. BollasI elements 
2. Reinforcement woven fabric 
of high strength 

3 Sedimentotion layer 
t. Filter layer Scour protection of a groin 
( woven or nonwoven 1 

Fig. 10 
1 2 3 <• 

high t e n s i l e strength the f a b r i c combines and r e i n 
forces the b a l l a s t elements securely, providing a 
high degree of f l e x i b i l i t y and a d a p t a b i l i t y with 
plenty of strength i n reserve. 

- b a l l a s t elements 
approx. 0.5 m i n diameter and 0.1 m i n hight with 
a minimum distance of approx. 0.2 m between the rims 
of the elements they s t a b i l i z e the scour protection 
mattress during the sedimentation phase. 

58. Pig. 11 i s showing a groin under construction. Q?he 
nonwoven geotextile and the scour protecl/tion are 
i n s t a l l e d . The geotextile i s f i x e d on the seabed by a 
f i r s t l a y e r of stones. The s p e c i a l concrete v e s s e l i s 
s t i l l anchoring a f t e r b a l l a s t i n g the mat at the s i t e . 

SÜMMASY 
59. Toe mats are designed to protect revetments 

against unden/ash and scour. They form a t r a n s i t i o n 
zone between the unpaved canal bed and the b a f f l e or 
energy d i s s i p a t o r i n a flow system. I n s t a l l a t i o n of 
a revetment toe presupposes that the non-erosionproof 
s o i l i n the construction area i s only r e - d i s t r i b u t e d 
and not transported elsev/here by the current. 
Revetment toes must be f l e x i b l e , i . e . they must adapt 
to scour while r e t a i n i n g t h e i r function, and feature 
as steady a t r a n s i t i o n as possible into the hydraulic 
boundary areas (roughness, geometry). 
Although design and development work on the construction 
of f l e x i b l e revetment toes with geotextile f i l t e r has 
not yet been completed, there are already signs that 
t h i s approach w i l l produce a s a t i s f a c t o r y solution 
to the problem. 
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Pig. 11 
Groin under construction 
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Design of banl< protection of inland 
navigation fairv\/ays 

H . G . B L A A U W a n d M . T . d e C R O O T , D e l f t S o i l M e c h a n i c s L a b o r a t o r y , 

F. C . M . v a n d e r K N A A P , D e l f t H y d r a u l i c s L a b o r a t o r y , a n d K. W . P I L A R C Z Y K , 

H y d r a u l i c s D i v i s i o n , R i j k s w a t e r s t a a t 

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 t e s t s . Transport r e l a t i o n s 
and design c r i t e r i a f o r s u b s o i l , f i l t e r l a y e r s , and protec
t i o n layera consisting of r i p rap or blocks are formulated 
and v e r i f i e d , as f a r as they are at present. 

INTRODUCTION 
1. Ships s a i l i n g in^Inland navigation fairways, produce a 

water motion which attacks the bottom and banks. During 
recent years power and ship size has Increased considerably, 
r e s u l t i n g i n more intensive attacks of fairway boundaries 
and, thus, to high maintenance and construction costs. Due to 
these reasons, the Dutch Public Works has charged the D e l f t 
Hydraulics Laboratory (DHL) w i t h a long-term I n v e s t i g a t i o n to 
develop design rules f o r bank and bottom p r o t e c t i o n . 
2. A protection layer should r e s i s t the hydraulic attack 

and at the same time prevent the movement of subsoil and/or 
f i l t e r material through the construction. Also, s l i d i n g of 
the subsoil or parts of the construction must be prevented. 
Both hydraulic and geotechnlcal aspects are thus of 
Importance, and therefore, the i n v e s t i g a t i o n s are being 
carried out i n close cooperation w i t h the D e l f t S o i l 
Mechanics Laboratory (DSML). 

3. Two basic design approaches can be i d e n t i f i e d : the 
deter m i n i s t i c and the p r o b a b i l i s t i c . I n the d e t e r m i n i s t i c 
approach a dominant design condition i s selected. On the 
basis of t h i s c o n d i t i o n the dimensions of the p r o t e c t i o n 
layer and f i l t e r are determined f o r the c r i t e r i o n of 
' i n i t i a t i o n of iqotion' ( 1 , no (or s l i g h t ) displacement of 
i n d i v i d u a l stones of a r i p rap top layer can be accepted; 2. 
l i f t i n g of I n d i v i d u a l blocks of a block revetment by pressure 
forces perpendicular to the slope cannot be accepted). The-
p r o b a b i l i s t i c approach aims a t a c a l c u l a t i o n of the t o t a l 
damage of the construction on, f o r instance, a time (year) 
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base. The transmission functions required f o r t h i s type of 
ca l c u l a t i o n are determined by means of deter m i n i s t i c t e s t s . 
The present paper i s therefore r e s t r i c t e d to deterministic 
design r u l e s . The transport r e l a t i o n s , required f o r a 
p r o b a b i l i s t i c approach, w i l l be presented as far as they are, 
at present, a v a i l a b l e . 

4. The investigations carried out, i n the prototype and 
also at a reduced scale, mainly concern push-tow canals, bank 
slope 1:4, a ri p - r a p protection and a ge o t e x t i l e or granular 
f i l t e r . Studies i n t o the behaviour of block revetments have 
started recently, and some i n i t i a l r e s u l t s are discussed. 

DESIGN PROCESS 
5. The design process, as presented 

basis of the design technique adopted. 

Zl-

_ l 

rE 
3 

3 

n n o n c m 

1 

i L 

i n Fig.'1, forms the 

The ship-induced 
water motion and the 
corresponding ship 
speed are calculated 
(Blocks 1 through 7) 
using known ship 
dimensions, fairway 
c r o s s - p r o f i l e , and 
applied engine power. 

6. The ship-
induced water motion 
can be s p l i t up i n t o 
screw race, primary 
wave and secondary 
waves (Blocks 5, 6, 
7) . The primary wave 
components are: 

r e t u r n current, 
water-level depression, f r o n t wave, transversal stern wave 
(Blocks 8, 10, II).The secondary waves are composed of 
diverging and t r a n s l a t i n g waves which together form the w e l l -
known interference peaks. These waves are indicated I n Blocks 
9 and 12. 
7. The various components of the ship-induced water motion 

are indicated schematically I n Fig. 2. 
8. The ship-induced 

IraU-UtlujiT BUtO 

Fig. 1: Design process 

in* 
i 1 

u !• 
I: 

Fig. 2: Review of water motion 
components 

water motion attacks the 
fairway boundaries. 
Basically the areas under 
attack, see Fig. 3, are: 
(a) unprotected bottom and 
part of the banks, (b) 
lower protected area, and 
(c) upper part of 
revetment. The retu r n 
current (and screw race) 
are important, f o r Areas a. 
and b., whereas secondary 
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waves and/or transversal stem wave dominate In Area c. 

Fig. 3: Areas i n the canal 
cross-section and dominant 
component of the water 
motion 

9. The external loads 
(transversal stern wave, 
secondary waves, r e t u r n 

current) exert f r i c t i o n and pressure forces on the protective 
layer and are of prime importance f o r the determination of 
dimensions of t h i s layer. I n the subsoil the pore pressures 
respond to external v a r i a t i o n s of the water-level ( f r o n t 
wave, water-level depression, secondary waves). The r e s u l t i n g 
forces determine the design requirements f o r the f i l t e r . 

HYDRAULIC LOAD 
General 
10. Detailed calculations of the ship-induced water motion, 

based on the given geometry of a fairway c r o s s - p r o f l i e , the 
ship and the applied engine power are elaborated i n t h i s 
chapter. 
11. I n addit i o n to the ship-induced water motion other 

hydraulic phenomena occur such as wind waves and t i d a l 
current. I n the fairways considered i n the present studies 
ship-induced waves are more important than wind-induced 
waves. Therefore the wind-induced waves have not been taken 
i n t o account p a r t i c u l a r l y i n case of a de t e r m i n i s t i c design. 
The ef f e c t s of both ship-induced currents and natu r a l 
currents are discussed. 

Speed pred i c t i o n 
12. Frequently vessel speed pre d i c t i o n calculations are not 

required since the v e l o c i t i e s of various types of ships are 
w e l l known. For instance i n case of the renewal of an 
exi s t i n g protection (or large- scale maintenance) the design 
can be based on the e x i s t i n g conditions. However these 
calculations are indispenslble, f o r new fairway design and/or 
in t r o d u c t i o n of new vessel shapes or more hi g h l y powered 
ships. 

Fig. 4: Relation between shaft-horse 
-power and ship speed 

13. Speed pr e d i c t i o n c a l c u l a t i o n s 
are based on the equ i l i b r i u m of the 
t o t a l required power, on the one 
hand, and part of the shaft 
horsepower, representing the thrust 
power, on the other, v i z : 

(V^ + u p (1) 
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In r e f . 1 t h i s r e l a t i o n Is extensively elaborated for pushing 
convoys. 
14. Measurements of resistance and propulsion were carried 

out during the f i r s t series of tests on the Hartel-cahal i n 
1981 f o r several configurations of pushing convoys. I t 
follows t h a t j f o r loaded convoys! TI » 0.85 . The r e l a t i o n 
between shaft-horse power and ship speed f o r investigated 
types of convoys, are given i n Fig. 4. 
I t c l e a r l y follows, that the speed tend to l i m i t i n g values 
f o r higher applied powers. 
General ship-induced water motion 
15. The c a l c u l a t i o n of the ship-induced water motion i s 

very complicated and due to the f u l l form of most of the ship 
types the presence of bottom and banks, and the free water 
l e v e l a three-dimensional c a l c u l a t i o n i s necessary. This type 
of c a l c u l a t i o n has not been f u l l y developed yet and for the 
presentpaper only a series of (most) one dimensional calcu
l a t i o n methods are discussed. 

Fig. 5; Survey of r e s u l t s 

16. Generally, three main 
approaches can be distinguished, 
based om conservation of 
energy, or momentum (one-
dimensional; two-dimensional 
slender body theory; empirics. 
To get i n s i g h t I n t o the 
a p p l i c a b i l i t y of these methods, 
a thorough i n v e s t i g a t i o n was 
car r i e d out, at the DHL, to 
determine which c a l c u l a t i o n 
method can best be used as 
function of width r e s t r i c t i o n of 
the fairway and ship type. These 
inve s t i g a t i o n s are reported i n 
r e f . 2. The methods were 
v e r i f i e d with respect to t h e i r 

a p p l i c a b i l i t y to predict water-level depression, slnkage and, 
i f possible, squat. 
17. The re s u l t s presented i n r e f . 2 were recently extended 

with r e s u l t s of prototype measurements ( r e f . 3 ) . A survey of 
re s u l t s i s given i n Fig. 5. 
For the c a l c u l a t i o n of areas of water-level depression i t 
follows t h a t , f o r pushing u n i t s , the method of Sharp and 
Fenton gives r e l a t i v e l y good r e s u l t s , while f o r other ship 
types ( i n c l u d i n g VLCC) the method of Bouwmeester proved to be 
s a t i s f a c t o r y . 

Detailed ship-Induced water motion 
18. Return current. The maximum ret u r n current (0^.) and the 

simultaneously occurring maximum shear stress ( t ) are 
descisive f o r the s t a b i l i t y of a bank or bottom prot e c t i o n . 
During the conditions observed the r e t u r n current had a more 

42 

or less uniform distribution outside the boundary layete of • 
ship and bottom, and banks. The current direction coincided 
approximately with the direction of the fairway axis ( r e f . 5 ) . 
19. The shear stress can be calculated according tot 

Cjj.i p u^ in which c^^ (2.87 + 1.58 log | - ) - 2 * ^ (2) 
s 

according to the Schlichting Formula f o r rough plates. 
In t h i s formula x I s the distance over which a water p a r t i c l e 
near the embankment has moved due to the r e t u r n current when 
a c e r t a i n part of the ship-length (X) has passed, x I s given 
by: 

r s 
The maximum value f o r üj. occurs at a distance of 0.25 to 0.35 
L Q ^ from the bow. 

Fig. 6: Relation between 
extreme and average r e t u r n 
current 

The value f o r the bottom 
roughness ( k g ) . I ncluding 
e f f e c t s of unevenness, had 
quite a spread, A value of kg " 

:HL> ^ " D J Q i s an acceptable average 
value. 

In Fig, 6 the value of 0,-, re l a t e d to Gj. f o r a c e r t a i n ship 
speed, can be taken as function of rate of " e c c e n t r i c i t y " ( y ) , 
20. When a natural current p r e v a i l s . I n the fairway, the 

shear stress due to the return current ant the n a t u r a l 
current can be calculated, according to r e f . 4; 

^ «̂ fc ̂ "c 

-F 2 

- ~ i n which C j ^ - 0.05 {log -^f -fc ' 8 (4) 

21. Transversal stern wave.The p r i n c i p a l c h a r a c t e r i s t i c s of 

Fig. 7; P r i n c i p a l characters of 
transversal stern wave 

the transversal stem wave and 
rel a t e d l o c a l current v e l o c i t i e s at the side slopes are 
indicated i n the sketch presented i n Fig. 7, 
22. The steepness of the transversal stern wave has been 

determined at both model and prototype scales. I t follows 
from 

(5) 

The steepness has a l i m i t i n g value of i^g.^^ - 0 , 1 to 0.15. 
The f a c t o r , Z j j , can be calculated according: 
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= 0 . 0 4 .158 I (6) 
Fig. 8: Relation between 
transversal stern wave height 
and average water-level 
depression. 

Taking Into account the e f f e c t 
of "eccentric" navigation ( y / b ) . 
The maximum value of the height 
of the transversal stern wave 
relat e d to the r e s u l t s of the 

one-dimensional c a l c i i l a t l o n s ( Ah ) , including the e f f e c t of 
"eccentric" navigation, i s given i n Fig. 8. 
23. The maximum current v e l o c i t i e s occurring i n the 

transversal stern wave can be estimated as: 

• • 

• 

u == 0.1 to 0.2 V , i f Ah/A.D,„ < 1 and 
max A „ " 

50 
"max = ^1 - - ^ ) 

50 

V^, i f Ah/A.DgQ > 1 
(7) 

Ah 
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 i n t e r e s t i n 
r e l a t i o n to bank attack. Secondary, waves are elaborated 
thoroughly i n r e f . 7 . A r e l a t i o n has been derived to determine 
the height of the interference peaks using the method of 
Gates and Herbich ( r e f . 8 ) : 

f 
r S ^ - ° • " 

(8) 

From DHL prototype and model experiments i t follows t h a t : a 
= 0.80, pushing u n i t (loaded); = 0.35, pushing u n i t 
(empty), tugboat; a = 0.25, conventional inland motorvessel. 
The wave length of the Interference peaks can be described, 
r e f . 7, as: 

L , = 0.67 . . V ̂  
wl e s 

(9) 

25. Screw race. The v e l o c i t i e s occurring i n the screw race 
f o r ships manoeuvring and underway are extensively dealt with 
I n r e f . 9 and r e f . 10. For a manoeuvring ship the v e l o c i t i e s 
behind the propeller can be calculated according: 

x,r 
2.8 D 

exp [-15.4 — ' 

with : D Q = 0 . 7 1 Dp ( p r o p e l l e r ) ; D Q 
DQ = 0 . 8 5 Dp (p r o p e l l e r i n tunnel). 
The l i m i t e d outflow v e l o c i t y I s 

1.60 
p TP 

(10) 

Dp (ducted p r o p e l l e r ) ; 

(11) 
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The influence of forward ship speed, presence of rudders and 
the consequences of thfe operation of more than one propeller 
are discussed I n ( r e f . 1 0 ) . 
26. Front wave. On the basis of the r e s u l t s of prototype 

and model experiments, the steepness of the f r o n t wave at the 
bank slope can be obtained from: 

1^ = c(y) . Ah^ i n which 

c(y) - 4.06 . l d ~ ^ . y + 1.79 10 r 2 (m 1) 

(12) 

Fig. 9: Relation between f r o n t 
wave height and average water 
l e v e l depression 

I I I I I .."l^.^i^K^T I I Tbe height of the f r o n t wave, 
rel a t e d to the calculated water 
l e v e l depression, i s presented 
as fvmction of the rate of 

• '" • "eccentric" navigation (y/b) i n 
Fig.9. The f r o n t wave i s Important f o r the determination of 
the p r e v a i l i n g pressure gradients i n the s u b s o i l . 

1 1 

• 

,V 

INTERNAL LOAD 
27. Ship-induced waves i n a channel c o n s t i t u t e a d i r e c t 

external hydraulic load on the embankment but also b r i n g 
about, i n d i r e c t l y , an I n t e r n a l load. Fluctuations i n the 
water l e v e l due to passing ships a f f e c t pore water pressures 
under the top layer of the bank protection and i n the 
subsoil. The Influence of the f l u c t u a t i o n s depends on wave 
frequency and amplitude and also on design c h a r a c t e r i s t i c s , 
such as geometry of f i l t e r layers and on the permeability, 
density and s t i f f n e s s parameters of the subsoil. 
28. Wave-induced pore pressures under the revetment layer 

and i n the subsoil constitute the I n t e r n a l load on the bank 
protection s t r u c t u r e . The r e l a t i o n between external and 
In t e r n a l loads plays an essential r o l e when considering the 
strength of the bank protection, and the s t a b i l i t y of bank 
protection can only be determined s a t i s f a c t o r i l y by 
considering the top layer and subsoil simultaneously. 
Optimizing a design only with respect t o , say, maxlmirai 
strength of the top layer against the external load, can give 
r i s e to loss of i n t e r n a l s t a b i l i t y and thus lead to erosion. 
Meeting the requirements f o r external s t a b i l i t y does not 
automatically Imply i n t e r n a l s t a b i l i t y or vice versa. I n some 
cases a compromise has to be found see, f o r example, section 
35. 
29. Hydraulic boundary condition. Only f l u c t u a t i o n s of the 

water-level w i l l form the representative hydraulic boundary 
condition f o r the i n t e r n a l load. Both amplitude and speed of 
these f l u c t u a t i o n s have an impact on the Induced groundwater 
flow. 
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30. Response subsoil, tn general thé tèsponse I h the 
subsoil to channel water-level f l u c t u a t i o n s can be described 
as follows. The phreatic l e v e l i n the f i l t e r layer(s) ëannot 
immediately f o l l o w a sudden lowering of the channel l e v e l . 

Fig. 10: Wave-induced I n t e r n a l 
load factors 

Under the top layer of the 
protection there remains an 

excess pore pressure, which r e s u l t s I n hydraulic gradients I n 
three main d i r e c t i o n s : (a) a hydraulic gradients-, 1^, i n the 
l o n g i t u d i n a l d i r e c t i o n of the waterway, (b) a hydraulic 
gradient, i , i n the transverse d i r e c t i o n of the waterway i n 
the plane of the slope, and (c) a hydraulic gradient, i j , . I n 
the d i r e c t i o n perpendicular to the slope. Furthermore, u p l i f t 
pressures, Ap ^ against the slope revetment occur, when there 

are less permeable top layers, see Fig. 10. 
31. Prototype measurements. An.attempt has been made to 

establish a r e l a t i o n between he external hydraulic load and 
the induced i n t e r n a l load factors using a t h e o r e t i c a l 
approach ( a n a l y t i c a l , numerical), see section 62, a scale 
model approach, see r e f , 6, and prototype measurements. 
Prototype measurements have been carried out i n the Hartel-
canal i n the harbour area of Rotterdam i n 1981 and also very 
recently i n 1983. External and i n t e r n a l loads Induced by 
pushing uni t s have been thoroughly investigated; several 
types of bank protection served as test sections f o r the 
experiments, see r e f , 11. 
32. Relation between external and i n t e r n a l load. Both the 

leading l i m i t s of the water-level depression ( f r o n t wave) and 
i t s gradient with respect to time are representative f o r the 
i n t e r n a l load. Results of prototype measurements show, that 
the product of the f r o n t wave height Ah^ and the speed, with 
which the water l e v e l depression comes about i s a s a t i s f a c 
tory p r a c t i c a l measure f o r the i n t e r n a l hydraulic gradients. 
Note, that the ship's speed V , i s i m p l i c i t l y represented by 

öh 

the quantity ^b^. v i z . : 

A i _ Sh öh ÖX , „ 
Ah^ . - r — = Ah, . T — . T T = Ah^ . 1,, . V . (13) 

f öt f ÖX at f f s 
33. The hydraulic gradient, l^^.tn the l o n g i t u d i n a l x-

d l r e c t i o n , proved to be only of minor importance I n the 
r e l a t i o n between I n t e r n a l load and strength-. Any grain 
transport i n t h i s d i r e c t i o n can be e i t h e r p o s i t i v e or 
negative depending on the navigation d i r e c t i o n . Generally the 
net grain transport i n the x - d l r e c t i o n can therefore be 
neglected. On the other hand. I n the transverse d i r e c t i o n , 
the i n t e r n a l response to the external load I s of p a r t i c u l a r 
I n t e r e s t . 
34. Figures 11, 12 and 13 show, for three types of 

prot e c t i o n , the measured transverse hydraulic gradient, i„. 
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dli:tectiy uttdet tlie g e o t e x t l i e 36 a fUnctioti bf the compound 

hydtëullc boundary condition, Ah^ . I t f o l l o w s , that 

a p p l i c a t i o n of a r e l a t i v e l y 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 
geot e x t i l e Into the f i l t e r layer, thus reducing flow under 
the g e o t e x t i l e towards the toe of the slope. Figures 11, 12 
and 13 show a more or less l i n e a r increase of tbe transverse 

hydraulic gradient, l y , w i t h Ah^ . -̂ ^ up to a value 

of Ah^ , -g^ i n the range 0.01 to 0.02 mVs; above t h i s value 

almost no f u r t h e r increase i n l y was measured. Maximum values 
fo r i y , i n the order of 0,5, were recorded f o r concrete 
blocks without an underlying gravel layer. This maximum value 
was attained at.the lowest outcrop point of the groundwater. 
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Fig 11 Test section of placed 
block revetment upon gravel 
layer 

Fig. 12 Test section of 
placed block revetment 
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follo w i n g a water-level 
depression. Since, i n general, 
the amount of pore water i n a 
slope i s large w i t h respect to 
the flow discharge i n t o the 
channel during a water-level 
depression, the transverse 

hydraulic gradient,1 , w i l l continue to be operative as long 
ae the passage of the ship. 
35. Hydraulic gradients, 1,^, measured perpendicular to the 

slope, were very s i m i l a r f o r the d i f f e r e n t t e s t sections. The 
value of i , averaged over the upper f i r s t h a l f a meter 
perpendicular to the slope was about 0.15. These u p l i f t 
gradients occurred during the channel water depression, t h a t -
i s , simultaneously w i t h the transverse gradient, l y . Ref. 12 
shows that t h i s combination of "blowing" ( f l o w i n an upward 
d i r e c t i o n ) with flow p a r a l l e l to the surface i s more c r i t i c a l 
f o r grain s t a b i l i t y than suction with flow p a r a l l e l to the 
surface. Although blowing reduces the e f f e c t of the drag 
force exerted by the p a r a l l e l flow, the reduction of the 
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e f f e c t i v e grain weight Is the p r i n c i p l e unfavourable factor 
c o n t r i b u t i n g to loss of grain s t a b i l i t y . 
36. U p l i f t pressures under the top la y e r , as a consequence 

of a f a l l i n the water-level, are to be expected i n the case 
of revetments which are only s l i g h t l y permeable, for example,, 
concrete blocks l a i d w i t h very narrow Jo i n t s . Such a 

• 
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Fig. 14: U p l i f t pressures 
under block revetment 

pr o t e c t i o n , w i t h j o i n t width 
smaller than 0.5 mm, has been 
examined i n the Hartel-canal 
prototype measurements. 
U p l i f t pressures, Ap are 
shown i n Fig. 14. 

Here there i s a c o n f l i c t between the design f o r external 
s t a b i l i t y and the design f o r i n t e r n a l s t a b i l i t y . Application 
of a gravel layer under the revetment increases u p l i f t 
pressures but reduces transverse hydraulic gradients d i r e c t l y 
under the g e o t e x t i l e . Making therevetment more permeable, 
w i t h i n l i m i t s , by enlarglngthe j o i n t s can possibly balance 
these c o n f l i c t i n g design requirements. 
37. The pr e v a i l i n g question about whether the magnitude of 

i n t e r n a l hydraulic gradients and u p l i f t pressures w i l l lead 
to loss of i n t e r n a l s t a b i l i t y i s connected with the r e l a t i o n 
between I n t e r n a l loads versus strength of the p r o t e c t i o n . 
Although complete answers cannot yet be given some aspects 
are discussed below i n section 38 and fo l l o w i n g . 

STRENGTH OF BANK CONSTRUCTION 
Technical requirements 
38. The technical requirements can be described b r i e f l y as 

follows: a good construction must be s u f f i c i e n t l y stable, 
f l e x i b l e and durable. S t a b i l i t y means that no part of the 
construction can be displaced (see I n t r o d u c t i o n ) ; 
f l e x i b i l i t y , on the other hand, means that the construction 
(or part of i t ) can deform to a l i m i t e d extent without losing 
mutual connection. Durablity concerns the resistance of the 
materials to weathering of any kind. 

I n t e r n a l f a i l u r e mechanisms 
39. The s t a b i l i t y of bank protection can be endangered by 

external forces, and by the induced i n t e r n a l forces. I t i s 
desirable to determine c r i t i c a l values f o r t y p i c a l i n t e r n a l 
load f a c t o r s , which, i n t u r n , depend on the external 
hydraulic load. The c r i t e r i o n f o r auch c r i t i c a l values should 
be, that i n t e r n a l loads exceeding t h i s value lead to erosion 
of whatever kind. The kind of erosion depends to some extent 
on the type of bank prote c t i o n . Questions t h a t arise 
immediately are: what i n t e r n a l load factors can be taken as 
t y p i c a l ; what f a i l u r e mechanism, brought about by the t y p i c a l 
i n t e r n a l load, does one have i n mind; how can one provide 
against possible i n t e r n a l erosion. Formulation of such 
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t r l t l c a l values for i n t e t n a i load factors provides an 
essential t o o l f o r developing design c r i t e r i a f o r bank 
protection. 
40. I n the case of placed block revetments, i n i t i a l l y there 

i s a loss of s t a b i l i t y when induced u p l i f t pressure forces 
exceed the sim» of the weight of single blocks and t h e i r 
mutual f r i c t i o n forces. One or more blocks can be l i f t e d out 
from the revetment and the external hydraulic load can then 
act f r e e l y upon the pr o t e c t i o n , accelerating f a i l u r e . To r e l y 
on uncertain f r i c t i o n forces i s hazardous, since the u p l i f t 
of one single block can lead to extensive damage of the 
protection. With blocks which do not i n t e r l o c k one has to 
take Into consideration that some blocks i n the revetment 
w i l l be badly connected. In a d d i t i o n u p l i f t pressures under 
neighbouring blocks w i l l reduce any f r i c t i o n e f f e c t s 
considerably. Both prototype measurements and a n a l y t i c a l 
models, r e f . 13, 14, and 15, show, that u p l i f t pressures 
increase with the permeability of the subsoil f i l t e r layer 
and decrease wit h the permeability of the top l a y e r . 
41. The s t a b i l i t y of block revetments can also be 

endangered when hydraulic gradients, 1 and 1 , on the 
i n t e r f a c e between top layer and subsoil exceed the c r i t i c a l 
value. Depending on the storage capacity of the subsoil grain 

transport can take place 
I'""""jg -r:;5aa. through the g e o t e x t i l e or 

towards the toe of the 
slope, see Fig. 15. To 
provide against t h i s long-
term f a i l u r e mechanism a 
sandtight g e o t e x t i l e should 
be placed on the su b s o i l . 

Fig. 15: Possible f a i l u r e mecha- The determination of 
nisms by i n t e r n a l load c r i t i c a l values f o r the 

I n t e r n a l load i s being 
studied i n the laboratory. 
42. Design. For a f i l t e r to function properly i t has to 

meet requirements f o r sandtlghtness and water permeability. 
Recent research f o r the storm surge b a r r i e r i n the Eastern 
Scheldt Indicates that v e r t i c a l , p a r a l l e l , c y c l i c and 
stationary flows can be distinguished i n granular f i l t e r s , 
see r e f . 16. C r i t i c a l hydraulic gradients have been found to 
be higher f o r stationary gradients due to the arching of 
grains. Furthermore, the permeability of the f i l t e r layer or 
ge o t e x t i l e should be at least as high as that of the subsoil. 
The percentage of open area of the g e o t e x t i l e s , usually 
defined by the diameter 0^^, Is of s p e c i f i c i n t e r e s t . 
Although there i s no uniformity f o r the l i m i t i n g value of 

95 
t h i s parameter, — < 2 Is considered to be on the safe side, 

90 
see r e f 17. 
S t a b i l i t y and transport p r e d i c t i o n f o r r i p rap top layers 
43. A number of computational models have been developed 

49 
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from Che analysis of experiments In order to predict the 
s t a b i l i t y and the transport of the top layer material under 
attack of the return current (Including natural c u r r e n t s ) , 
the transversal stern wave, the secondary waves and the screw 
race of the top layer. 
44. Return currents and/or natural currents. The s t a b i l i t y 

against currents can be computed I n d i f f e r e n t ways. I f the 
current v e l o c i t y , u^, near the bank i s known a quick estimate 
can be made with the s t a b i l i t y c r i t e r i o n according to ( r e f . 
18) using: 

u 

g.A.D 
^1 

(= a constant) ( 1 4 ) 

From analysts of experiments i t follows that k^ - 1,2 to 1.5 
45. A more accurate estimate of the s t a b i l i t y against 

currents can be made with the c r i t e r i o n of Shields ( r e f . 19). 
In t h i s case the maximum shear stress, T , acting on the r i p 
rap has to be known i n order to compute the flow 
parameter, if , from the f o l l o w i n g : 

p.g.A.D 
50 

\- i n which 
D̂ 

tan^g 

tan^e 
(15) 

D i f f e r e n t values of (|) can be taken depending on the requ i r e 
ments, v i z . : 4< < 0.03 - p r a c t i c a l l y no transport of r i p rap; 
0.03 < if < 0.06 - small transport of r i p rap; if > 0.06 -
rap i d l y Increasing transport i n t e n s i t i e s . 
46. I n some s i t u a t i o n s some transport of m a t e r i a l , caused 

by extreme loads, can be accepted. Such transports can be 
qua n t i f i e d w i t h a modified version of the transport formula 
according to Paintal ( r e f . 5): 

4, = 1.64 . lOlO 4-10.86 (16) 

I n which 4) = transport parameter, q^//g.A.D^^j , with qg 
representing the transport of material per u n i t width. 
Equation 16 Is.compared with measured transport data i n Fig, 
16. 

Fig. 16: Transport caused by 
ret u r n current 

47. Transversal stern wave. 
The s t a 5 l l i t y of r i p rap on a 
slope 1:4 against the action of 
the transversal stern wave 

~* * caused by a push Cow u n i t 
s a i l i n g near to the bank has been determined. I n Fig. 17 the 
measured number of transported stones (n ) has been 

me as 
p l o t t e d versus the c h a r a c t e r i s t i c stern wave 
parameter Ah/A,D .Clearly i t can be seen that r i p rap did 
not move when: 

Ah 
A,D 

< 2,3 (17) 
50 

50 
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Fig. 17: Measured transport versus 
stem wave parameter 

48. Two methods have been developed 
to predict the transport caused by 
the transversal s t e m wave of a push 
tow u n i t . The f i r s t method i s the 
most simple and has been based on 
measurements of shear stresses caused 
by a s o l i t a r y wave. From the 

« measurements of Naheer ( r e f . 20) i t 
can be shown t h a t : 

c^^ - 0.62 (18) 

The flow parameter ij>^ can be determined from Equations (7) 
and ( 1 6 ) , as follows; 

•fw* 
•̂w 2.g.A.D5Q 

The model tests show, 
regression, t h a t ; 

- 6.86 
n - 7.2 . 10^ (|i 

( 1 9 ) 

see Fig. 18, using the method of l i n e a r 

(20) 

Fig. 18: Transport related t o the flow 
parameter 4"^ 

From Fig. 18 i t can be seen that Equation 
(20) gives a good p r e d i c t i o n of the measured 
transport i n the prototype. 
49. I f a push tow u n i t i s s a i l i n g some 

distance from the bank, the transport 
predicted with Equation (20) i s o v e r e s t i 
mated. In these cases a second method i s 
recommended which has been extensively 
described In r e f . 6. This method i s more 
complicated and has been based on the 
ca l c u l a t i o n of the shear stress d i s t r i b u t i o n 
occurring under the stern wave. Using the 
transport r e l a t i o n of Paintal ( r e f . 21) and 

assuming a constant e f f e c t i v e transport width, B^, the t o t a l 
transport can be determined by i n t e g r a t i o n over the stern 
wave length, L: 

j6 

It 

1 IT' 
3 
50_ 

* dx (21) 

50. I n practice Equation (21) cannot be applied e a s i l y and 
i t has been s i m p l i f i e d therefore by using the i n t e g r a l value 

of iji dx - (t . L with « 
0̂  

representing the maximum 
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transport parameter and the e f f e c t i v e transport length 
depending on the length L. The Important parameters have been 
computed as follows: 

2 5 
* = 13 (|> * ( P a i n t a l ) (22) 
max max 

Ah 
• A.D, 

50 
* ^max ̂ ^max- see Equation ( 5 ) ) 

- 4 - i - ^ y (^<\< 1) 

g.Ah Ah 

2Vf A.D5o^2 

(23) 

(2A) 

The following expressions were derived, from the transports 
measured i n the model, to determine Bg and L^: 

=0.23 z (see also Equation (6)) 
o 

(25) 

Fig. 19: Computed transport versus 
measured transport 

The data from the prototype 
experiments, see Fig. 19, show that 
the method presented gives good 
r e s u l t s . 
51. A formula has been derived, by 

measuring the lowest l e v e l of 
—•"m.o. transport below the undisturbed water 

l e v e l . With t h i s formula i t i s possible to determine the 
lowest l e v e l of the upper part of the protection construc
t i o n , see Fig. 3. This formula has the following form: 

The a p p l i c a b i l i t y of t h i s formula, i n practice, i s determined 
by the requirement that the lower part of the protection 
construction which i s subject to the attack of return 
currents, see Fig. 3, must be stable against the stern wave 
attack. So, I f the D̂ . of the protection material on the 
lower part and Ah , the maximum water l e v e l depression caused 
by the st e m wave, are known, the lowest l e v e l , y', of the 
upper part below the undisturbed water l e v e l can be computed. 
52. Secondary waves. A s t a r t has now been made to 

investigate the s t a b i l i t y and transport re l a t e d to ship - I n 
duced secondary waves, see r e f . 7 . . There i s considerable 
Information i n l i t e r a t u r e about the s t a b i l i t y of r i p rap 
against the attack of waves perpendicular to the slope. In 
t h i s context use has been made of the Hudson Formula 
( r e f . 2 2 ) : 

H . ^ 3 / 3 (27) 

A value of 2.2 i s given f o r Y.^^ i n circumstances of b^^nklng 

ST 
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waves with heigths less then 1.5 m. Assuming the value of 
%R' ^ ^ l i ^ the secondary waves, Equation (27) Indicates 
that s t a b i l i t y i n the prototype and model (cotga - 4, Sf -
0.65) i s guaranteed I f H/A.D < 1.8 . However i n the t e s t s , 
see Fig. 20, i t was found that no material was transported 
f o r values o f: 

H 
A D < 3.0 

50 

I f . . . . . . . . 

i4 -

(28) 

Fig. 20: Transport versus secondary wave 
parameter 

53. The difference between pre d i c t i o n and 
experiment may be due to several f a c t o r s 
including the influence of wave length, h^, 
on the s t a b i l i t y or the d i f f e r e n t wave 
propagation d i r e c t i o n . I n t h i s respect use 
has been made of the work of Pilarczyk 
( r e f . 23), i n which the follo w i n g s t a b i l i t y 
c r i t e r i o n f o r perpendicular wave attack was 
presented: 

A.D 
50 

wi t h : » 0.54 kg (|-)-0.25^ ( f o r f - < 0.05 tga) 

(29) 

(30) 

0.5 , H 0.25 H 
N. » 2.25 (cotga) [f-] , ( f o r |-

w w 
8 

tge cosa + sina 

> 0.05 tga) (31) 

(32) 

In Equation (32) e i s the natural angle of repose and can be 
taken at 45° f o r natural quarry stones, see r e f . 23. From the 
tests i t was observed t h a t , i n the c r i t i c a l s i t u a t i o n -
characterized by H/A.D_- » 3 i n Fig. 20 and Equation (28) -
H/L,, had a value of 0.08. This means, with cotgo - 4, that 

Ng.Sf - 2.5, which i s less than the value of 3.0 given i n 

Equation (28). 
54. I t can be assumed that t h i s small difference i s due to 

the d i r e c t i o n of wave propagation, 9 » 54° . I t i s 
recommended that in^such cases the wave height should be 

reduced t o H.(co8e) . Substitution of t h i s reduced value 
of H In Equation (29) gives: 

H 
A.D 

50 
< N . S, . (cose)-0'5 (33) 

In the c r i t i c a l s i t u a t i o n mentioned above the s t a b i l i t y value 
for H/A.D w i l l now Increase to 3.3, which i s i n good 
agreement with the experimental value, see Equation (28). 
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55• AP j.n the case öf the stern wav; an expression to 
determine the lowest l e v e l of the protection zone against the 
secondary waves, below the undisturbed water surface, has 
been derived from the measured transport^ see Fig. 21: 

50 
3.0 1,5) (34) 

50 
Fig. 21: Lowest l e v e l of transport by 
secondary waves 

The a p p l i c a b i l i t y of Equation (34) i s 
determined by the requirement that no 
damage may occur I n the lower 
protection zone, see Equation ( 2 6 ) . 
56. The upper boundary of the 

protection zone wit h respect to the 
undisturbed water surface, can be 
determined with the wave run-up formula 

R 
-jp = 2 Cg(^)-°-5 tga =• 2 Cg C ( f o r C < 3) 

w 
w i t h Ry = wave run-up and Cg = 0,6 f o r r i p rap 

57. Screw race. S t a b i l i t y of bottom and bank protection 
against the screw race attack i s Important when ships are 
manoeuvring near locks and berths.. . 

(35) 

.1 

Fig. 22: Transport caused by screw race 

For these s i t u a t i o n s model and prototype 
experiments indicate that: 

(g.A.D )0.5 
:h V 

< c (36) 

i n which Ujj J. represents screw-induced current 
v e l o c i t i e s computed wit h Equation (10) and c 

, „ u „ ^g ^ constant. From Fig, 22 i t can be seen 
t h a t , according to the experiments ( r e f . 10): 

c =• 0.55 (no t r a n s p o r t ) ; c = 0.70 (small t r a n s p o r t ) . 
58. The area I n which the transport occurs i s characterized 

by, see r e f . 10,: 0.05 < z^/x^ < 0.35 and -0.2 < y^/x^ < 0.2, 
y. and i n which Xg, 

centre of the screw 

g, -g , ^ Js' "s 
are ordlnates with the o r i g i n i n the 

Experimental model for the s t a b i l i t y of block revetments 
59. A slope revetment consisting of loose blocks derives 

i t s strength from the mass of each i n d i v i d u a l block. F r i c t i o n 
between i n d i v i d u a l blocks Increases the strength of the slope 
revetment. Other factors also may contribute to the strength 
of a slope revetment, f o r example, i n t e r l o c k i n g between 
blocks, clenching of the blocks, etc. A slope revetment may 
also derive i t s strength from the sublayer. In the case of an 
Impermeable sublayer, f o r example, "good" c l a y , the pressure 
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underneath thë blocks cannot build-up as e a s i l y as i n the 
case oL pehaerible sublayer and t h i s r e s u l t s i n a higher 
revetment stceitgth. However, when erosion of the clay occurs, 
for example, "poor" clay, the strength of the slope revetment 
i s reduced. In t h i s case, therefore, the strength of the 
clay, that i s , resistance against erosion, i s the weakest 
l i n k . 
60.. For wave attack (wind waves or ship waves) the 

downsurge stage i s mostly decisive f o r the possible l l f t l n g -
up of blocks, that i s , the combination of pressure due to the 
high l e v e l of phreatic l i n e and pressure due to Che oncoming 
wave f r o n t , A s i m p l i s t i c equilibrium analysis of the 
s t a b i l i t y of blocks placed on a permeable sublayer leads to 
the following strength equation: 

H cosa 
(37) 

A,D^ K 
D 

where K i s an empirical constant (or function) depending on 
•revetment type ( f r i c t i o n / i n t e r l o c k between blocks and 
porosity of revetment) and cooperation with blocks l y i n g 
above. 
61. In 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 f o r free blocks and 0,15 
for grouted revetments. However, i n the l a t t e r case, the 
s t a b i l i t y of the f i l t e r and/or sublayer may be more c r i t i c a l . 
The absolute height of a block must not be less, than about 
0.10 m f o r i t to r e t a i n i t s s t a b i l i t y . More exact r e l a t i o n 
ships on the aspects w i l l probably be available when the 
recent prototype data have been compiled and evaluated. 
62. The upper boundary of a block revetment wi t h respect t o 

the undisturbed water surface i s d i r e c t l y r e l a t e d to the wave 
run-up, wlch can be computed wit h Equation (35) taking i n t o 
account a value of 1.0 f o r the constant c . 

3 

Mathematical model f o r the s t a b i l i t y of block revetments 
63. A mathematical model has been developed by the DSML f o r 

the c a l c u l a t i o n of pore pressures i n the layer underneath a 
block revetment, r e f . 15 and 24, The model i s based on the 
so l u t i o n of the equation f o r groundwater flow i n the layer 
underneath the blocks, with leach terms to Include the 
seepage through the revetment. The v a r i a t i o n of the phreatic 
l i n e w i t h i n the f i l t e r layer i s included by a simultaneous 
solution of the mass balance equation f o r the flow to and 
from the phreatic surface. By using a f i n i t e difference code 
a r e a l i s t i c representation of the revetment as an a l t e r n a t i o n 
of blocks and j o i n t s i s possible. The permeability may be a 
function of the l o c a l hydraulic gradient, thus allowing f o r 
turbulent or semi-turbulent flow. Formulae f o r flow i n narrow 
j o i n t s have been derived from special permeability t e s t s . The 
geometry of the protection may be rather a r b i t r a r y I n the 
model; a succession of d i f f e r e n t slopes i s possible. The 
hydraulic boundary conditions may also be a r b i t r a r y , f o r 
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example, I t I s possible to use a tape wit h measured wave 
pressures as input f o r the programme^ The programme 
calculates both pora pressures and the phreatic l e v e l as a 
function of time and place. The following conclusions can be 
derived from the c a l c u l a t i o n study: a. The r i s k of damage to 
the surface layer decreases w i t h : more permeable revetments 
and wi t h less permeable or thinner Cor even completely 
absent) underlying ( f i l t e r ) layers; b. The elevation of the 
mean l e v e l of the phreatic surface above I t s o r i g i n a l l e v e l 
increases the more permeable the revetment; however, the pore 
pressures are then smaller; c. An Important parameter f o r the 
determination of the qu a s i - s t a t i c pressures underneath the 
revetment i s the leach length, defined as \ = sina /bdk/k'", 
where a i s the slope of the dam, b i s the thickness of the 
( f i l t e r ) layer underneath Che revetment, d i s the thickness 
of the revetment and k' and k are the permeability of the 
revetment and of the f i l t e r layer respectively. 

Fig. 23 U p l i f t pressure under revetment 

A pressure-difference curve i s given i n 
Fig. 23 based on a ho r i z o n t a l free water 
surface, which varies s i n u s o l d a l l y I n 
time, with amplitude H. 

RECOMMENDATIONS 
64. The design r u l e s , presented i n t h i s paper, concern the 

subsoi l , the f i l t e r l a y e r s , the bottom and bank protection 
constructions of fairways. As input the predicted values of 
the water motion near the banks and bottom are needed. U n t i l 
now both the pr e d i c t i o n of the water motion and the developed 
design rules are mainly based on re s u l t s of measurements with 
pushing u n i t s . To give wider a p p l i c a b i l i t y to the design 
rules presented i t i s recommended t o : (a) make a v e r i f i c a t i o n 
f o r more varied circumstances as d i f f e r e n t ship types, 
channel cross-sections, subsoils; (b) take the influence of 
more ships at a cross p r o f i l e i n t o account as well as a 
v e r i f i c a t i o n of the e f f e c t of natu r a l currents; (c) elaborate 
and adapt the formulas given f o r speed pr e d i c t i o n ; (d) study 
the long term e f f e c t s on the behaviour of the protections and 
subsoil; (e) check and possibly improve the r e l a t i o n s to 
determine the dimensions of block revetment; ( f ) develop 
c r i t i c a l values f o r i n t e r n a l hydraulic gradients; (g) develop 
a 3-dlmenslonal model to calculate the ship Induced water 
motion, especially near to the bottom and banks. 
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HOTATIOH 
e f f e c t i v e t r a n s p o r t w i d t h n 

b w a t e r l i n e w i d t h of c h a n n e l n 
C £ ^ , C j ^ , s h e a r s t r e s s c o e f f i c i e n t s 

« f̂w 
c - p o r o s i t y c o e f f i c i e n t _j 

c ( y ) f r o n t wave c o e f f i c i e n t m" 
Cy s h a p e parameCer -
Dj, b l o c k h e i g h t n 
D„ n o m i n a l d i a m e t e r m 

e f f e c t i v e o u t f l o w d i a m e t e r m 
Dp p r o p e l l e r d i a m e t e r n 
Djg .d^Q c h a r a c t e r i s t i c d i a m e t e r s o f g r a d e d m a t e r i a l m 
g g r a v i t a t i o n a c c e l e r a t i o n ms" ' ' 
H wave h e i g h t m 

h e i g h t o f i n t e r f e r e n c e peak m 
h w a t e r d e p t h a 

Ah a v e r a g e w a t e r l e v e l d e p r e s s i o n m 
^ t r a n s v e r s a l s t e m wave h e i g h t n 
Ah^ f r o n t wave h e i g h t m 
if f r o n t wave s t e e p n e s s 1 
^max maximum s t e r n wave s t e e p n e s s 
l ^ . l y . i j , h y d r a u l i c g r a d i e n t s 
K[ig s t a b i l i t y f a c t o r 
K.JP t h r u s t c o e f f i c i e n t o f p r o p e l l e r 
k Q . k g c o e f f i c i e n t s 

kg r o u g h n e s s "> 
L s t e m wave l e n g t h m 

e f f e c t i v e t r a n s p o r t l e n g t h m 

L Q ^ l e n g t h o v e r a l l m 
l e n g t h o f I n t e r f e r e n c e peak m 

Ng s t a b i l i t y c o e f f i c i e n t -
n number o f t r a n s p o r t e d s t o n e s • -
n number o f r e v o l u t i o n s - -
O95 c h a r a c t e r i s t i c open a r e a I n g e o t e x t i l e m 

i n s t a l l e d e n g i n e power W 
t o t a l r e s i s t a n c e N 

R„ wave r u n - u p m 
r r a d i a l d i s t a n c e to s c r e w c e n t r e m 
S d i s t a n c e to s h i p ' s s i d e m 
S j s h a p e f a c t o r 

Ug c u r r e n t v e l o c i t y ms^ 
"max maximum c u r r e n t v e l o c i t y I n t r a n s v e r s a l s t e r n wave ms~ 
Uj, a v e r a g e r e t u r n c u r r e n t v e l o c i t y ms" 
üj. maximum r e t u r n c u r r e n t v e l o c i t y ms~ 
Ujj J. s c r e w - i n d u c e d c u r r e n t v e l o c i t i e s ms" 
U(j ' o u t f l o w v e l o c i t y ms" 

Vg s h i p ' s speed ms" 
X d i s t a n c e from s h i p ' s bow m 
Xg d i s t a n c e from s c r e w c e n t r e m 
y e c c e n t r i c d i s t a n c e from c a n a l a x i s m 
y ' l o w e s t l e v e l of t r a n s p o r t m 

s t e r n wave c o e f f i c i e n t m 
o s l o p e a n g l e d e g r e e s 

c o e f f i c i e n t f o r I n t e r f e r e n c e p e a k s -

a c o e f f i c i e n t f o r t r a n s v e r s a l s t e r n wave -'' 
A • r e l a t i v e d e n s i t y 

e f f i c i e n c y — 
e n a t u r a l a n g l e of r e p o s e d e g r e e s 
9 a n g l e o f wave p r o p a g a t i o n d e g r e e s 
T , T s h e a r s t r e s s e s Nm~2 

t r a n s p o r t p a r a m e t e r s 
^^^max s h e a r s t r e s s p a r a m e t e r s -
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Geotextiles as filters beneath revetments 

T. S. INGOLD, BSC, MSc, PhD, DIG, FIGE. FIHE, FASGE, MSociS (France), 
FCS, Ground Engineering Division, Laing Design and Development Centre 

SYNOPSIS. I n the design o f g e o t e x t i l e f i l t e r s t o prevent 
excessive loss o f s o i l fines under conditions o f a l t e r n a t i n g 
t u r b u l e n t flow there are two schools o f thought. The f i r s t 
prescribes the p o s i t i v e r e t e n t i o n o f the smallest p a r t i c l e 
size by the g e o t e x t i l e while the second a t t r i b u t e s the s o i l 
w i t h a s e l f - f i l t e r i n g c a p a b i l i t y . This implies t h a t only 
the l a r g e r size s o i l p a r t i c l e s need be retained. These de
sign concepts are explored and f i l t e r design c r i t e r i a are 
developed. I n a d d i t i o n t o the problem o f erosion and s u f f u 
sion caused by flow o f water through the bank s o i l there i s 
the hazard o f pumping which may be induced i n the bank s o i l 
through dynamic hydraulic loading o f the revetment. This 
problem i s defined and the r e s u l t s o f recent research work 
are presented. 

IHTRODUCTION 
To give adequate p r o t e c t i o n t o banks i n s o i l s suscept

i b l e t o erosion, i t i s v i t a l t h a t the revetment incorporates 
a s u i t a b l e f i l t e r system. T r a d i t i o n a l l y such f i l t e r s have 
been constructed using aggregates w i t h s p e c i f i c gradings. 
For problem s o i l s i t i s o f t e n necessary t o employ a m u l t i 
layer f i l t e r system. Over the l a s t decade aggregate f i l t e r 
systems have been l a r g e l y superseded by g e o t e x t i l e f i l t e r s . 
Although the mechanism and design o f g e o t e x t i l e f i l t e r s under 
steady-state flow conditions i s w e l l researched and docu
mented, there i s a dearth o f information r e l a t i n g t o geotex
t i l e f i l t e r performance under the a l t e r n a t i n g and t u r b u l e n t 
flow conditions o f t e n p r e v a i l i n g beneath a revetment. F i l t e r 
requirements are i n v e s t i g a t e d and a theory i s developed t o 
r e l a t e bank s o i l grading and c o e f f i c i e n t o f u n i f o r m i t y , U, t o 
the g e o t e x t i l e pore size Ogo. 

DESIGN CONCEPTS 
When geotexti l e s are employed beneath revetments they must 
operate as e f f e c t i v e f i l t e r s under conditions o f a l t e r n a t i n g 
or t u r b u l e n t flow caused by vessel wash and p r o p e l l e r a c t i o n . 
One school o f thought prescribes t o the notion t h a t even under 
severe hydraulic conditions i t i s adequate t o r e t a i n only the 
coarse s o i l f r a c t i o n and t h a t t h i s w i l l then act i n association 
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w i t i i the g e o t e x t i l e t o r e t a i n f i n e r p a r t i c l e s i n the main body 
of the s o i l mass. A second school maintains t h a t complete 
r e t e n t i o n of s o i l fines can only be achieved i f the g e o t e x t i l e 
pores are f i n e enough t o r e t a i n the smallest p a r t i c l e s of the 
s o i l t o be protected. Both concepts can be qua n t i f i e d by de
termining the r e l a t i o n between the c h a r a c t e r i s t i c pore size of 
the g e o t e x t i l e , defined as Ogo, and other p a r t i c l e sizes of 

the s o i l defined as d . 
n • • • 

FIG.1 Idealized p a r t i c l e size d i s t r i b u t i o n . 

%' 

n 

C 
loge ( d n ) (>im) 

As an i d e a l i s a t i o n the p a r t i c l e size d i s t r i b u t i o n curve 
of a s o i l can be considered as a p l o t o f percentage passing, 
n, on an arithmetic scale against p a r t i c l e size djj on a logar
ithmic scale. I n the simplest form a p a r t i c l e size d i s t r i b u 
t i o n may be taken t o be a s t r a i g h t l i n e . I f i t i s assumed 
tha t t h i s l i n e has a slope m and an intercept c, Fi g . 1 , then 
the equation o f the s i m p l i f i e d p a r t i c l e d i s t r i b u t i o n i s 

n = m I n (d^) + c (1) 

The slope m can be defined i n terms o f increments o f n and I n 

m = An/Aln (d ) 
n 

Taking An from n = 10? t o n = 605! gives An = 50? . S i m i l a r l y , 
taking Aln (d^) from I n ( d i o ) t o I n (dgo) gives Aln (d^) = 
I n (deo/dio) which by d e f i n i t i o n equals I n (U) where U i s the 
conventional c o e f f i c i e n t o f un i f o r m i t y . From t h i s i t follows 
t h a t m = 50/ln(U) whence equation ( l ) becomes:-

n = 501n(d^)/ln(U) + c . . . . . ( 2 ) 

60 

The constant c may be evaluated by s u b s t i t u t i n g a value o f n. 
In t h i s case take n = 50. On evaluating the intercept con
stant c and reeirranging equation ( 2 ) , an expression i s ob
tained f o r d . 

n 

= exp [ ( n / 5 0 - l ) l n ( U ) + l n ( d s o ) l ' .....(3) 

THE NOTION OF POSITIVE RETENTION 
Now t o constrain a c e r t a i n p a r t i c l e size d^ i t has been 

suggested, ( 1 ) , t h a t the p a r t i c l e should be la r g e r than the 
c h a r a c t e r i s t i c pore size gf the geotextile,. O90. Expressed 
i n mathematical'terms djj = O 9 0 . I n the l i m i t i n g case the 
p a r t i c l e size t o be retained would be equal t o the pore s i z e , 
dn = O90» This pore size can be r e l a t e d t o the djo of the 
s o i l t o define a c o e f f i c i e n t Ojo/dso which can be expressed 
i n general terms by using equation ( 3 ) . 

090/dso = (dso) exp [(n/50-1)ln(U)+ln(d5o)) .....C») 

The v a r i a t i o n o f Ogo/dso w i t h the c o e f f i c i e n t o f u n i f o r m i t y U 
i s shown i n Fig.2 f o r a range o f values o f p a r t i c l e s i z e , d^, 
by Teindl [1] during h i s i n v e s t i g a t i o n o f a l t e r n a t i n g t u r b u 
l e n t flow. . - , • 

FIG.2. Positive r e t e n t i o n c r i t e r i a . ' .' , 

0̂ 1 1 1 
I 2 3 

Coef f ic ient of Uniformity ( U ) 
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As can be seen use o f the c r i t e r i a i n Fig . 2 i s very onerous 
from two points of view. F i r s t i t leaves the designer t o 
select what p a r t i c l e sizé i s t o be retained. Secondly, i t 
i s found t h a t u n r e a l i s t i c O 9 0 sizes are obtained. There i s 
some guidance on the f i r s t point from Ogink [ 2 ] who recommends 
O 9 0 ^ d i s . So suppose, f o r example, th a t a s i l t w i t h dso = 
10(im and U = 3 i s t o be protected such t h a t the dis p a r t i c l e 
size i s t o be p o s i t i v e l y retained. Reference t o Fig . 2 gives 
Ogo/dso = 0.1i6 hence O 9 0 =U.6jim. I n practice the smallest 
O 9 0 available i s at least an order o f magnitude higher than 
t h i s value. A d d i t i o n a l l y , a g e o t e x t i l e w i t h such a low O 9 0 
i s l i k e l y t o have a low permeability which would allow des
t r u c t i v e hydraulic over pressures t o generate. 

I t i s apparent t h a t i n the formulation o f such a theory 
of p o s i t i v e r e s t r a i n t the c o e f f i c i e n t o f u n i f o r m i t y i s used 
as a mathematical ploy and does not represent the l i k e l y 
behaviour o f the s o i l . This i s borne out by inspection of 
Fig . 2 which implies t h a t as a s o i l becomes more w e l l graded, 
th a t i s as U increases, there i s need f o r a smaller O 9 0 t o 
r e t a i n a given d^ when d^ < dso. Although i t i s t r u e , accord
ing t o the mathematical model, based on a given dso the abso
l u t e value o f d j j , (dn < dso), w i l l become smaller as U 
increases, the s e l f - f i l t e r i n g c a p a b i l i t y o f the s o i l w i l l 
also increase. What i s thought t o be a more r e a l i s t i c assess
ment comes from a l t e r n a t i n g turbulent flow research on s l o t t e d 
and g e o t e x t i l e w e l l screens carried out at Ground Engineering 
Limited, [ 3 , h]. This indicates t h a t as the c o e f f i c i e n t o f 
un i f o r m i t y increases the maximum p a r t i c l e size t o be p o s i t i v e 
l y retained also increases. I t was found t h a t s i g n i f i c a n t 
loss of f i n e r s o i l p a r t i c l e s was prevented by v i r t u e o f the 
i n t e r n a l f i l t e r i n g c a p a b i l i t y o f the s o i l which also increases 
with increasing c o e f f i c i e n t o f u n i f o r m i t y . 

A PRACTICAL FILTRATION CRITERION ' -
There are very few p r a c t i c a l design c r i t e r i a published 

f o r dynamic flow conditions and those t h a t are available tend 
t o be conservative. A less conservative but nonetheless safe 
approach can be extended from the r e s u l t s obtained f o r w e l l 
screens where the hydraulic conditions are l i k e l y t o be more 
severe than those encountered i n inland waterways. The crux 
of the approach stems from the idea t h a t the maximum p a r t i c l e 
size t o be retained, d^, can be r e l a t e d t o the c o e f f i c i e n t o f 
u n i f o r m i t y and dso by equation ( 5 ) . 

d^ = 2 dso U ^ " / 5 0 - l ) ^ ^ ( 5 ^ ) 

where 

n = 100 ( 1 - 1 / /2U) . . . . ( 5 b ) 

Combination o f equations ( 5 ) leads t o equation ( 6 ) . 

dn - 2 dso U ( 6 ) 
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Now i f djj i s the taaximum p a r t i c l e size t o iae r e t a i n e d , then 
O 9 0 which leads t o equation ( 7 ) . 

n /H - P It «̂ /̂U) 
O s o / d s o = 2 U . . . ( 7 ) 

As always w i t h any s o i l r e t e n t i o n problem a check must be made 
on the r e l a t i o n s h i p between the O 9 0 pore size and a large 
p a r t i c l e size such as dgo. I n t h i s case the r e l a t i o n s h i p 
between G 3 0 and dgo can be expressed i n the form o f equation 
( 8 ) . 

^ _ (0.2 - /2/U) 
Ogo/dso = 2U 

. ( 8 ) 

Equation ( 8 ) i s v a l i d f o r U>5 and the r e s u l t i n g v a r i a t i o n o f 
09o /d90 w i t h U i s shown i n Fig.3. For U<5 the value o f . 
Oso/dgo i s taken t o be nominally u n i t y . For cohesionless 
s o i l s containing more than 50^ by weight o f s i l t the O90 value 
i s l i m i t e d t o 200(im as .prescribed by Calhoxm ( 5 ] . • 

V a r i a t i o n o f Ogo/dgo w i t h U 

10 TS 20 23 i5 3^ 4b 

Coefficient of Uniformity (U) ~" 

9 0 

COMPARISON OF FILTER CRITERIA ,. ,̂., 
The f i l t e r c r i t e r i a published by Heerten (6) state t h a t 

for cohesive s o i l s 

O 9 0 10 d so ...(9a) 
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£ind 

, O 9 0 S dso (9b) 

and 

O 9 0 = lOOtxm . , . . ( 9 c ) 

C r i t e r i a 9a and 9b can be represented by equation (10). 

09o/d50 = Û '̂  ....(10) 

This i s p l o t t e d i n broken l i n e i n Fig.1* up t o the c u t - o f f o f 
090/dso ^ 10. Without t h i s r e s t r i c t i o n Ogo/dso would i n 
crease as depicted by the dotted l i n e . The corresponding 
r e l a t i o n s h i p defined by equation (?) i s shown i n s o l i d l i n e 
i n Fig.U. Concerning the l i m i t a t i o n imposed by c r i t e r i o n 
9b, t h a t i s Ogo/dgo > 1, i t can be seen from Fig.3 t h a t t h i s 
l i m i t a t i o n i s exceeded by the proposed c r i t e r i o n represented 
by equation ( 8 ) . 

FIG.lt. Variations o f Ogo/dso w i t h U 

SOT 

i-f^ . , . , 1 
I 10 20 3 0 4 0 5 0 

Coeff ic ient of Uniformity ( U ) 

To compare the c r i t e r i a defined by equations (?) and (9) 
i t i s useful t o p l o t out O90 against U f o r a s p e c i f i c value 
of dso. This i s shown i n Fig.5 f o r dso = lOum. As can be 
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seen Heerten prescribed smaller values o f O90 than equation 
(7) w i t h there being a c u t - o f f at 090= lOOnm. Equation C7) 
renders much higher values o f O90 which increase s t e a d i l y 
u n t i l U = 50 which i s a c u t - o f f p o i n t . This follows from 
l i m i t i n g Ogo/dgj tO 2 which i s a value consistent w i t h minimal 
loss o f f i n e s . As such t h i s i s twice the value prescribed 
by Heerten. However, a l i m i t i n g value o f 09o/d9o=,2 i s 
prescribed by the Nederlandse Vereniging Kust-en Oeverwerken 
(Netherlands Coastal Works Association) f o r hank p r o t e c t i o n 
works, A l i m i t i n g value o f 09o/d9o = 2 has also been recom
mended by Tan et a l [ 7 l who have suggested t h a t the U.S. Army 
Corps o f Engineers adopt t h i s value i n l i e u o f the more con
servative value o f u n i t y c u r r e n t l y employed. I f t h i s 
l i m i t a t i o n i s applied; t o equation (8) i t i s found t h a t f o r 
Ogo/dgo = 2 the c o e f f i c i e n t o f i m i f o r m i t y must take a value 
of 50. When t h i s value o f U i s substituted i n equation (5b) 
i t confirms t h a t the p a r t i c l e size t o be retained i s indeed 
dso- Also t h i s l i m i t i n g value of U indicates t h a t Ojo/dso 
from equation (7) must be l i m i t e d t o a value o f 1*5. 

FIG,5. V a r i a t i o n o f 0«o w i t h U f o r djo = lOjim, • 
5 0 0 T — • • — 1 • • ' 

Coef f i c ien t of Uniformity (U) j 
SUMMARY OF FILTER CRITERIA | 

The suggested f i l t e r c r i t e r i a can be summarised as 
follo w s : - i 

(a) For 1 ̂ U ^ 5 0 (^.^^/U) 

09o/dso= 2 U 
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but 

09o/d5o;> 1*5 

(b) For U<5 

Oso/dsoi' 1 

(c) For U>5 
„ _ 5 (0.2- /2/U) 
Ogo/dgo = 2 U 

but ; 

09o /d9o 1-2 

(d) For non-cohesive s o i l s containing more than 
50? by veight o f s i l t . ' 

O90 1' 200jim 

PUMPING 
The phenomenon of pumping occurs when erodible s o i l i n 

contact wi t h free water i s subject t o c y l i c loading which can 
induce hydraulic shock. This hydraulic shock can produce 
rapid flow of water charged w i t h s o i l p a r t i c l e s . I f t h i s 
water can escape the s o i l f i l t e r s !and the revetment f a c i n g , 
s o i l p a r t i c l e s are l o s t and the bank may be progressively 
eroded. Classic examples of pumping include the contamina
t i o n o f railway b a l l a s t by formation s o i l displaced through 
dynamic sleeper loading and loss o f fines at open j o i n t s i n 

FIG.6. Effects of O90 on contamination. 
4i 
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concrete pavements due tO dynamic wheel loading. Clearly 
t h i s phenomenon could be o f importance i n f l e x i b l e revetment 
design where s i g n i f i c a n t loss o f fines could lead t o d i s t r e s s 
i n the armour. The r o l e o f geótextilès i n reducing loss' o f 
s o i l fines from cohesive formations through pumping i s cur
r e n t l y a t o p i c o f research at the Queen's Unive r s i t y o f 
Belfast. A series o f t e s t s have been c a r r i e d out i n v o l d i n g 
the a p p l i c a t i o n of a c y c l i c load t o a bed o f coarse sub-base 
aggregate over a bed o f cohesive s o i l w i t h the aggregate 
underlain by a g e o t e x t i l e f i l t e r . The l a t e s t r e s u l t s pub
li s h e d indicate t h a t , f o r a given applied load frequency and 
i n t e n s i t y , s o i l loss increases as the Ogo size increases, 
( 7 ) . This i s depicted i n Fig.6, which shows the e f f e c t o f 

O 9 0 on clay contamination passing through the g e o t e x t i l e and 
suggests t h a t the nature o f the g e o t e x t i l e , t h a t i s whether 
i t i s woven or non-woven, has no marked e f f e c t oh the r e t e n 
t i o n a b i l i t y . Work at Birmingham University by Hoare [9] 
suggests t h a t loss o f fines increases as t h e . c y c l i c stress 
l e v e l increases and as the number of applied loading cycles 
increases. The frequency o f applied loading seemed t o have 
l i t t l e e f f e c t i n the range 2.5 to. 10 Hz. 

Although the mechanism of pumping i s not w e l l understood 
i t appears t h a t under c e r t a i n circumstances i t may involve 
rapid extrusion o f cohesive s o i l . This notion follows from 
the r e s u l t s o f the work at the Queen's Un i v e r s i t y where i n the 
case of woven geotextiles there appears t o be some abatement 
i n the quantity o f s o i l fines passing the g e o t e x t i l e as the 
open area r a t i o o f the g e o t e x t i l e i s reduced. Research work 
at Ground Engineering Limited [10] showed t h a t as the open 
area r a t i o of woven f a b r i c decreased the s t a t i c pressure, P, 
required t o extrude clay through the f a b r i c increased. The 
r e s u l t s obtained are p l o t t e d i n Fig.7 w i t h the extrusion 
pressure p l o t t e d i n the dlmensionless form P/2Cu where Cu.is 

FIG.7. P/2Cu versus Open Area Ratio. 
41 \ '• 1 
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FIG.8. Effects of moisture content on contamination. 

23 24 

Moisture Content 

25 26 

the undrained shear strength o f the s o i l . Since i t i s the 
quotient P/2Cu tha t governs extrusion, i t follows that f o r a 
fab r i c of a given open area r a t i o extnisi-on w i l l occur at a 
progressively lower pressure as the undrained shear strength 
of the s o i l decreases. 

This p o s s i b i l i t y i s c l e a r l y r e f l e c t e d i n Fig.8 which shows 
tha t as moisture content increases and, t h e r e f o r e , undrained 
shear strength decreases, there i s an increase i n the r a t e 
at which clay passes the g e o t e x t i l e . 

Clearly i n a revetment i t i s not feasible t o attempt t o 
c o n t r o l the moisture content of the bank s o i l . However, other 
t a c t i c s might be adopted. These are suggested by the obser
vations ( 7 , 8) t h a t the clay s l u r r y tended t o form on the 
surface o f the clay formation at the points of contact o f the 
coarse aggregate. I f s l u r r y i s generated at points of high 
contact stress then the s i t u a t i o n can be improved by spread
ing a blanket o f sand immediately above the g e o t e x t i l e . This 
has three b e n e f i t s . F i r s t l y , high contact stresses are 
spread more evenly onto the formation s o i l and so reduce the 
production o f clay s l u r r y . Secondly, a f i n e t o medium sand 
would have a very small equivalent O 9 0 which would assist the 
g e o t e x t i l e i n r e t a i n i n g any s l u r r y developed. This can be 
observed i n Fig.6 which shows th a t the two granular f i l t e r s 
employed were much more e f f e c t i v e than any g e o t e x t i l e . 
F i n a l l y , the use o f a sand carpet above the g e o t e x t i l e gives 
some p r o t e c t i o n during construction. This i s p a r t i c u l a r l y 
important since an undetected tear i n a geo t e x t i l e over an 
erodible bank s o i l could r e s u l t i n l o c a l erosion leading t o 
slippage i n the bank. 

CONCLUSIOHS 
Two design approaches have been considered. The f i r s t 

requires t h a t a very small p a r t i c l e s i z e , such as the dis 

INGOLD 

size, should be p o s i t i v e l y retained. This can give r i s e t o 
u n r e a l i s t i c a l l y small pore sizes. Although such small pores 
would r e t a i n the s o i l they would be l i k e l y t o be associated 
with low ge o t e x t i l e permeability t h a t could allow the develop
ment of destructive overpressures. I n the second design 
approach which i s considered t o be the more p r a c t i c a l o f the 
two, i t i s assumed that only the larger p a r t i c l e s sizes, such 
as d9 0 s need be p o s i t i v e l y retained. With a reasonable gra
ding bank s o i l s can be w e l l compacted such t h a t a maximum pore 
size equal t o twice dgo can be employed without s i g n i f i c a n t 
loss of s o i l p a r t i c l e s . For uniformly graded s o i l s the s o i l 
p a r t i c l e s , even a f t e r compaction, are not so densly packed 
thus the g e o t e x t i l e pore size defined by O 9 0 shotdd not exceed 
dso. I n addition t o the problem o f erosion or p i p i n g there 
i s the hazard o f pumping which may be induced i n the bank s o i l 
through dynamic hydraulic loading o f the revetment. I t has 
been shown t h a t the magnitude o f . s o i l loss due t o pumping de
creases as the O 9 0 pore size decreases. However, g e o t e x t i l e 
f i l t e r s seem t p be less e f f i c i e n t than granular f i l t e r s i n the 
form o f a sand carpet. I t i s suggested, t h e r e f o r e , t h a t a 
sand carpet be employed i n association w i t h a ge o t e x t i l e since 
as w e l l as enhancing f i l t r a t i o n the sand acts as a pro t e c t i v e 
layer during construction. 
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Influence of the filtration opening size on 
soil retention capacity of geotextiles 

Y. FAURE, J. P. G O U R C , and E. SUNDIAS, Université de Grenoble, France 

SYNOPSIS. Investigations are developped a t the University 
of Grenoble (IRIGM) t o determine f i l t e r c r i t e r i a of woven ana 
non woven g e o t e x t i l e s . The p a r t i c u l e size r e t e n t i o n of the 
ge o t e x t i l e i s obviously depending of i t s f i l t r a t i o n opening 
size Of but also o f s i t e and use conditions. 

Two t e s t i n g procedures were performed f o r "soil-geotex-
t i l e - granular d r a i n " samples : 

- e i t h e r dynamic loading t e s t s , simulation o f s e t t i n g 
on conditions ; 

- or s t a t i c loading t e s t s w i t h steady flow of water 
during 24 hours. 

The laboratory tests r e s u l t s i l l u s t r a t e not only the 
influence of O f / c l ^ r a t i o value (D85 : greatest g r a i n size 
diameter of the s o i l ) but also the s o l i c i t a t i o n e f f e c t (dyna
mic compaction energy, s t a t i c load, flow g r a d i e n t ) . 

INTRODUCTION 

I n c i v i l engineering, granular f i l t e r s are more and more 
often replaced by synthetic f i l t e r s w i t h polymer f i b r e s (geo
t e x t i l e s ) . A f i l t e r has t o s a t i s f y two c r i t e r i a s : a r e t e n t i o n 
c r i t e r i o n and a permeability c r i t e r i o n . I n t h i s paper, we 
l i m i t our study to the f i r s t one. 

FILTRATION PARAMETER Or A GEOTEXTILE 

The determination of a r e t e n t i o n c r i t e r i o n f o r granular 
or f i b r o u s f i l t e r s requires parameters c h a r a c t e r i z i n g the s o i l 
to be f i l t e r e d on the one hand and the f i l t e r on the other 
hand. 

I n the case o f granular f i l t e r s , Terzaghi's r e t e n t i o n 
c r i t e r i o n use the D§5 o f the s o i l ( i n i t i a l l y an uniform s o i l ) 
and designs the f i l t e r by i t s pore mean diameter d : 

d c f a granular medium i s depending of gra i n diameter 
and may be estimated by the r e l a t i o n ; 
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Thus the D 1 5 of a granular f i l t e r : 0 ^ 5 i s given by the 
wellknown r e l a t i o n : 

I n the case of g e o t e x t i l e s , the pore mean diameter i s 
independent of the f i b r e diameter and consequently t h i s l a s t 
one i s not s u f f i c i e n t to characterize the fibrous medium, 
d have to be defined by others s t r u c t u r a l parameters of the 
g e o t e x t i l e . 

1 . Porometry 
R o l l i n ( r e f . 1 } measures, by mean of a quantimeter, 

distances between f i b r e s on cross sections of encapsulated 
geotextiles and obtains the histogram of pore diameter ( f i g . 1 ) . 

% 
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Fig. 1 : pore histogram of a needle-punched non woven obtained 
with a quantimeter under various compression aN 
( R o l l i n , r e f . 1 ) . 

Gourc ( r e f . 2) and R o l l i n using morphometric analysis 
describe the fibrous medium by a porometric curve which agree 
with the previous r e s u l t s ( f i g . 2 ) ; (Note that c a p i l l a r y 
methods give d i f f e r e n t values). 

But the porometric curve i s not enough to characterize 
Che f i l t r a t i o n behavior of a g e o t e x t i l e : i t s thickness w i l l 
modify i t . Indeed, the p r o b a b i l i t y of blocking a s o i l p a r t i c l e 
increases when the pore size decreases but also when increases 
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the length of the way through the g e o t e A t i l * ; 0 1 coiistain; poi-o-
metry. 

Fig. 2 : comparison between t e o r e t i c a l pore d i s t r i b u t i o n and 
measures with quantimeter or c a p i l l a r y method f o r 
a needle-punched non woven. 

2. Fi l t r a t i o n " o p e n i n g size 
For t h i s reason, a sieving experiment would give comple

mentary informations about r e t e n t i o n capacity of g e o t e x t i l e . 
A f i l t r a t i o n opening size Of can be determined by the greatest 
grain size of the passing s o i l through the g e o t e x t i l e : DgQ, 
D95 or D98 according to the authors. 

Vsu-ious sieving methods e x i s t : wet or dry sie v i n g of 
glass beads or of s o i l w i t h uniform or spread grain size d i s 
t r i b u t i o n . The French Comittee of Geotextiles recommends an 
hydrodynamic sieving l i k e t h i s presented by Fayoux ( r e f . 3 ) : 
sieving of a w e l l graded s o i l w i t h a l t e r n a t i n g flows. The f i l 
t r a t i o n opening size i s taken equal t o the D95 o f the passing 
s o i l . This method creates c r i t i c a l conditions with hydraulic 
forces which prevent clogging. 

3 . Retention c r i t e r i o n of geotextiles 
The most elementary r e t e n t i o n c r i t e r i o n could mean th a t 

the g e o t e x t i l e i s able to block the greatest pairticles of the 
s o i l . 

The c r i t e r i a found i n the l i t t e r a t u r e are formulated 
from f i l t r a t i o n opening size Of measured by d i f f e r e n t methods 
and correlate Of to the 0 3 5 or D50 of the s o i l . Few of them 
consider the s o i l uniformity c o e f f i c i e n t Ug , the g e o t e x t i l e 
structure (woven or non woven) aiia the mechanic or hydraulic 
forces. 

73 



FLEXIBLE ARMOURED REVETMENTS I N C O R P O R A T I N G GEOTEXTILES 

The d i v e r s i t y of those c r i t e r i a and some contradictions 
may be noted on the f i g u r e 3 where a synthesis i s presented. 

Fig. 3 : ret e n t i o n c r i t e r i a proposed by various authors f o r 
ge o t e x t i l e s . 

EXPERIMENTAL STUDY 

Investigations are developped a t the I n s t i t u t de Recher
ches I n t e r d i s c i p l i n a i r e s de Géologie et de Mécanique, Univer
s i t y of Grenoble (France) to show o f f the influence of s i t e 
conditions (flow gradient, s t a t i c or dynamic loading) and the 
influence of the g e o t e x t i l e (by i t s f i l t r a t i o n opening size)on 
i t s s o i l r e t a i n i n g a b i l i t y . 

Two t e s t i n g proceduces were performed on "soil-geotex-
t i l e - granular- drain" samples : 

- either s t a t i c loading tes t s with steady flow of water 
during 24 hours ; 
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- or dynamic loading bests to simulate Setting on condi
tions and to i l l u s t r a t e the g e o t e x t i l e f i l t r a t i o n behavior i n 
function of the applied energy. 

- The tested s o i l s are quartz powders (cohesionless s o i l ) 
f i g . 4 : 

. s o i l 1 s 110 um, Û  = 25 
OD S 

. s o i l 2 ; Dgg 105 Pm, Û  = 1,5 

. monoclass s o i l : 6 3 - 8 0 ym, 80 - 100 ym, 100 - 125 un... 

Fig. 4 : Grain size d i s t r i b u t i o n of the s o i l s used f o r f i l t r a 
t i o n t e s t s . 

- The tested geotextiles : 
. a needlepunched non woven : 

BD 280 g/m2 (Bidim U34). 0^ = 108 ym. 
. a spunbonded non woven : 

TP 270 g/m̂  (Typar 3807), 0^ = 40 ym. 
. some wovens, square mesh : (D = f i b r e diameter, 

d = mesh opening) 

t P t 54 g/m2 (Polytrame) D̂ ! = 103 ym, d = 338 ym 
tP t 48 g/m2 (Polytrame) D = 80 ym, d = 169 ym 
tFy 25 g/m2 ( F y l t i s ) D̂" = ' 42 ym, d = 69 ym 

For non wovens 0_ i s determined by hydrodynamic sieving 
(Fayoux, r e f . 3 ) ; f o r wovens. Of i s taken equal to d. 

- The drain : glass beads of 10 ram diameter 

The s t a b i l i t y of the " s o i l - g e o t e x t i l e f i l t e r " sample 
i s characterized by the mass \ip of the passing s o i l through" 
an u n i t surface of ge o t e x t i l e during 24 hours. I n the case 
of wovens, i t i s easy t o calculate the passing s o i l mass y^ per 
u n i t pore surface : 
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For non wovens, the pore surface i s not accessible. I t 
would be possible to estimate by : = Pf/n, n : porosity 
but the volumic porosity do not represent the pore area o f f e 
red to water flow. 

1. S t a t i c t e s t s 
An oedometric c e l l s pecially designed f o r "soil-geotex-

t i l e - drain" sample i s used ( f i g . 5). The compression may 
be up to 1000 kPa. A r e t e n t i o n paper i s placed below the beads 
i n order to recover passing s o i l i n the drain a f t e r a flow 
of 24 hours. 

t 

Fig. 5 : F i l t r a t i o n c e l l f o r s t a t i c loading t e s t s . 

A f i r s t l o t of t e s t s , performed on non wovens, showed 
the influence of the gradient r a t i o i ( f i g . 6) and of the 
compression Cf^ ( f i g . 7 ) . 
- The mass of passing s o i l yjr increases w i t h the flow gradient 
i but not i n great r a t i o : from 50 to 80 g/m2 while i varies 
from 1 to 30 f o r a s o i l w i t h many £ine p a r t i c l e s (50 % < 40 
ym) under 10 kPa. Note that here 0f/D85< 1. 
- S t a t i c loading influence i s more important ( f i g . 7) : the 
passing s o i l decreases a great deal even with a high flow 
gradient r a t i o but the pressure have two roles :. 

. modifies the pore size d i s t r i b u t i o n due to the geotex
t i l e compressibility and also the f i l t r a t i o n opening size ; 

increases s o i l confining pressure and the grains 
f r i c t i o n . 

76 

FAURÈ, G O U R C and SUNDIAS 

/ V ^ ( g/m2) B D 2 8 0 Ü 

• TP 2 7 0 A 

Fig. 6 : S t a t i c t e s t . Influence of flow gradient r a t i o i on 
passing s o i l mass yp. 

• B0280 

* TP 270 

. . . ^ C J ^ ( K P . ) 

loo <oo IOO too 

Fig. 7 : Static t e s t . Influence of compression O 
on mass Pp 
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To i l l u s t r a t e the iniiueiic>; of trie confining 
pressure, we have performed various tes t s with woven t e x t i l e s , 
considered as incompressible ( f i g . 8 ) . Besides, i t was easy 
to vary the r a t i o 0^/Dgg without diarging the g e o t e x t i l e s t r u c 
ture ( f i g . 9 and f i g . 10). 

I t may be concluded : 
. )ip of spread grain size d i s t r i b u t i o n s o i l ( s o i l 1) 

i s influenced by confining pressure whereas r e s u l t s obtained 
with an uniform s o i l ( s o i l 2) do not point out so great v a r i a 
t i o n s . 

. Under s t a t i c loading s o i l i n s t a b i l i t y appears when 
0f/D95 > 2 but, f o r a well graded s o i l under low confining 
pressure, i n s t a b i l i t y may occur i f 0f/Pg5> 1. 

w o v e n s 

\ 
\ 

Fig. 8 : S t a t i c t e s t . Influence of the c o e f f i c i e n t of uniformity 
U and of compression 0^. 
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2. Dynamic tests 
The automatic apparatus, already presented at the 2nd 

In t e r n a t i o n a l Congress at Las Vegas, by Loubinoux ( r e f . 4 ) , 
allows dynamic compaction by c y c l i c f a l l of a weight on the 
" s o i l - g e o t e x t i l e - granular drain" sample : weight of 90 N , 
f a l l height 1 m, number of f a l l s N = 10, 20, 50 or 100 
( f i g . 11). 

m = 8.9kg 

GEOTEXTILE 

f i g . 11 : F i l t r a t i o n c e l l f o r dynamic loading t e s t . 

A f i r s t serie of test s on non wovens indicates ( f i g . 
12) the influence of i n i t i a l water content WQ on passing s o i l 
mass and a comparison between passing s o i l from s o i l 1 or 
s o i l 2 shows the uniformity c o e f f i c i e n t influence ( f i g . 13) : 
s o i l i n s t a b i l i t y increases with WQ and also with U g . 

Fig. 13 : Dynamic t e s t . Role of s o i l uniformity c o e f f i c i e n t U . 
3 
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A second serie of tests wei^e pei-formed oh wovens i n con
t a c t w i t h "mono class" s o i l : 

. Fig. 14 c a r r i e s out that s o i l s t a b i l i t y i s ensured 
when 0f/Dg5 < 2 under low energy N < 20. 

. Passing s o i l mass seems to^ be proportional t o the 
applied energy f o r great r a t i o 0f/D85 (3.5 or 4.4, f i g . 15) 
whereas i t tends to a constant l e v e l , i . e . to a stable s o i l 
structure f o r O^/Dq^ < 2. 

Of/ 

'85 

Fig. 14 : Dynamic t e s t . Influence of r e l a t i v e f i l t r a t i o n 
opening size 0./D^^ and of applied energy (N f a l l s ) 

I ob 
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i g . 15 : Dynamic t e s t . Same results^ascnfig. 14, but wit h 
s o i l i n s t a b i l i t y when Of/D85 equal t o 3.5 or 4.4 
versus compaction energy. 
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CONCLUSION 

. Confining pressure f u r t h e r s s t a b i l i t y of the s o i l t o 
be f i l t r e d . 

. Flo\^ gradient r a t i o increases a l i t t l e the passing 

s o i l i f 0f/D85< 1-
. A spread g r a i n size d i s t r i b u t i o n s o i l i s more unstable 

than a uniform s o i l , p a r t i c u l a r y under a low confining pres
sure. 

. 0f/D85 < 2 ensures s t a b i l i t y of an uniform s o i l under 
the considered conditions : s t a t i c or dynamic. 
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Development parameters for integrated 
flexible revetment systems 

E. C. WISE, Consultant 

SYNOPSIS. The Paper discusses the p r i n c i p a l engineering 
and economic factors which have stimulated the development 
of single-layer armoured revetment s t r u c t u r e s , orthognally 
integrated from pre-assembled f l e x i b l e panels o f castable 
armour blocks. I n association w i t h underlying g e o t e x t i l e s . 
Cost effectiveness of such revetment structures i s reviewed 
i n r e l a t i o n to conservation o f materials, labour, 
i n s t a l l a t i o n time and maintenance; t y p i c a l components and 
t h e i r production methods are described; and design aspects, 
a f f e c t i n g s t a b i l i t y and d u r a b i l i t y are considered 
p a r t i c u l a r l y i n r e l a t i o n to the two-dimensional cable 
r e s t r a i n t of the armour u n i t s and the anchoring o f completed 
structures. 

INTRODUCTION 

1. The p r i n c i p a l concerns o f t h i s Paper w i l l be with the 
development and behaviour o f revetment systems provided by 
an inter-connected single layer o f armour u n i t s , overlying 
g e o t e x t i l e f i l t e r s i n a l t e r n a t i n g flow s i t u a t i o n s . However 
i t i s perhaps appropriate as a prelude, to b r i e f l y review 
the general catagories i n t o which a l l forms o f revetment 
may be grouped: And t h e r e a f t e r to e s t a b l i s h a theme by 
de f i n i n g the c h a r a c t e r i s t i c s p e c u l i a r to such Integrated 
systems. 

2. I t i s clear t h a t a l l methods of erosion c o n t r o l 
provide protected surfaces which may be e i t h e r r i g i d or non-
r i g i d , i n s t a l l e d e i t h e r as si n g l e or m u l t i p l e layers, and 
by means which r e s u l t i n e i t h e r a uniform or a random 
surface f i n i s h . 
3. Beyond these conceptions however there au-e s i g n i f i c a n t 

differences between armour surfaces which are r i g i d or 
merely non-rigid or which are i n t r i n s i c a l l y f l e x i b l e . 

4. Although no d e f i n i t i o n o f a r i g i d revetment i s 
necessary i t may be noted t h a t such works are predominantly 
fabr i c a t e d i n s i t u ; t h a t they involve r e l a t i v e l y slow and 
labour intensive methods; th a t construction standards are 
vulnerable to climate, s t a f f c a p a b i l i t y and access t o the 
works and p a r t i c u l a r l y so i n the s.recution and supervision 
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of underwater i n s t a l l a t i o n s : Furthermore r i g i d 
revetments do not adapt to weaknesses or movements which 
may develop w i t h i n any protected earth mass and which, i f 
indicated, signal the need of maintenance e f f o r t to prevent 
a progressive d e t e r i o r a t i o n of that mass. 

5. The components of non-rigid revetments, on the other 
hand, may be pre-formed and assembled under c a r e f u l l y con
t r o l l e d production conditions, and with the close degree 
of supervision inherent i n factory processes. This manu
fac t u r i n g c h a r a c t e r i s t i c i s one which, i n e f f e c t , 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 u n i t s which have been 
devised as alte r n a t i v e s to rock. 

6. A non-rigid revetment comprising such pre-formed 
armouring elements may be c l a s s i f i e d e i t h e r as one whose 
s t a b i l i t y i s conditioned by the weights of i t s discreet 
u n i t s : 

(a) In conjunction with an indeterminate i n t e r l o c k : 

or (b) Supplemented by some i n b u i l t degree of bonding 
between u n i t s . 

7. As neither class of revetment can be assembled with 
degrees of either i n t e r l o c k or bonding which w i l l ensure 
a three-dimensional s t a b i l i t y of armoured surfaces, and • 
since both classes r e a d i l y respond to any ground movement, 
there i s an inherent p r o b a b i l i t y of random displacement of 
in d i v i d u a l armour u n i t s , or of assemblies, at times of 
extreme distress. 

8 . Where random-rubble or pre-formed systems of discreet 
armour u n i t s 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. I t may also be that such t o t a l embankment revetment 
w i l l generate d i f f i c u l t i e s i n routine maintenance dredging 
operations. 

1 0 . I t i s considerations such as these which l o g i c a l l y 
support a system of f l e x i b l e two-dimensionally integrated 
armour units and which suggest the f o l l o w i n g d e f i n i t i o n : -

"An integrated f l e x i b l e revetment structure i s one 
of any extent comprising an arrangement of castable armour 
units whose movements r e l a t i v e to adjacent uni t s and to the 
armoured surface are restrained by an inter-connecting two-
dimensional mesh of f l e x i b l e cables or the l i k e , and by the 
anchoring of the integrated structure through the protected 
earth surface." 

1 1 . Although the concept of integrated armour relates 
p r i m a r i l y to improved s t a b i l i t y , the f o l l o w i n g are supple-
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mentary economic advantages also inherent i n 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, i t i s unfortunate, to say the l e a s t , t h a t 
r e s u l t i n g economies should frequently have a t t r a c t e d a "low 
cost" tag: For i t remains a f a c t of l i f e t hat j u s t as a 
dog may be doomed by a bad name so too can "low cost" come 
to be interpreted as "low grade" or synonimous w i t h "cut 
p r i c e " or "second best" or worse. 
13. I n r e a l i t y a "low cost" p r o j e c t i s any which seeks 

to maximise the e f f i c i e n t i n s t a l l a t i o n o f a minimum amount 
of economic material which i s capable of performing a speci
f i e d function; and i n the f i e l d of erosion con t r o l a sound 
"low cost" case i s surely emerging f o r a very close assoc
i a t i o n between f l e x i b l e integrated armour and c a r e f u l l y 
selected types of ge o t e x t i l e s , both o f which are i n t r i n 
s i c a l l y "low cost'' but c e r t a i n l y neither "low grade" or 
"second best". 
14. An absolute j u s t i f i c a t i o n of any inovation w i l l always 

be d i f f i c u l t f o r the very simple reason that newness i s 
always d i f f i c u l t to j u s t i f y . Certainly any attempted 
comparison between recently developed f l e x i b l e revetments 
and e a r l i e r , more widely proven r i g i d or non-rigid -
alte r n a t i v e s can only be invidious since both must necess
a r i l y be rela t e d to past effectiveness, maintenance and 
eventual replacement costs. 
15. Nevertheless the foll o w i n g do seem to provide s i g n i 

f i c a n t present day economic arguments i n favour of t y p i c a l 
single-layer f l e x i b l e revetments:-

a) U.K. i n s t a l l a t i o n rates of the order of £20-£30/m' 
f o r embankment protection against 1-1.5m surface wave 
attack. 

b) I n s t a l l a t i o n teams of 4-5 men, having only r e l a t i v e l y 
simple handling procedures to follow and whose most 
s k i l l e d member i s a crane operator. 

c) Revetment laying rates of up to 75 m' per hour 
which are p r i m a r i l y influenced by s i t e preparation and 
access and material d e l i v e r i e s . 

d) The reduction to a minimum, or i n some s i t u a t i o n s the 
t o t a l e l i m i n a t i o n , of div i n g e f f o r t f o r revetment i n s t a l l a 
t i o n below t i d a l ranges. 

e) The recovery, f o r future re-use, of components of a 
revetment i n the event of accidental damage to the structure 
or unforseen distress i n i t s underlying earth mass. 
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DEVELOPMENT CONCEPTS 

16. The a t t r i b u t e s of non-rigid armouring systems have 
generally been claimed under the f o l l o w i n g headings:-

a) Production standardisation of armouring uni t s under 
con t r o l l e d conditions. 

b) The s i m p l i c i t y of t h e i r bulk handling and/or assembly 
i n t o easily transportable loads. 

c) A v a r i e t y of available i n s t a l l a t i o n techniques to 
s u i t d i f f e r i n g s i t e conditions, 

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

e) The f a c i l i t y to r e t r i e v e and to re-use non-rigid 
panels i n the event of accidental damage to the protected 
earth mass. 

f ) The ease with which geotextiles may be l a i d i n 
association with non-rigid armour, p a r t i c u l a r l y i n under
water s i t u a t i o n s . 

17. While the above a t t r i b u t e s are also endemic to 
f l e x i b l e revetment systems the f o l l o w i n g a d d i t i o n a l 
f a c t o r s , introduced by i n t e g r a t i o n , merit f u r t h e r consider
ation :-

g) The ease with which variably contoured and plano-
m e t r i c a l l y curved ground surfaces may be armoured without 
an attendant r i s k of subsequent i n d i v i d u a l armour displace
ment especially from v e r t i c a l convex underwater surfaces. 

h) An improved s t a b i l i t y of armour u n i t s r e s u l t i n g from 
t h e i r i n t e g r a t i o n . 

i ) Means by which pre-assembled panels of armour u n i t s 
may, themselves, be inter-connected and pre-tensioned to 
provide i n t e g r a t i o n of an e n t i r e revetment, 
j ) F i n i t e determination of continuous long-term 

anchoring r e s t r a i n t . 

COMPONENTS OF FLEXIBLE REVETMENTS 

18. A schedule of the components of an armoured f l e x i b l e 
revetment, including i t s handling and i n s t a l l a t i o n equip
ment, i s a quite modest one amounting to no more than:-

a) Precast concrete armour u n i t s . 
b) Anti-abrasive l i n e r s . 
c) Cables, having anti-abrasion sheaths. 
d) Cable connectors and associated t o o l s . 
e) Geotextile f i l t e r s . 
f ) Handling equipments. 
g) Anchors. 

R R 
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Armour Blocks or Units 

19. Of f l e x i b l e revetment components the armour block i s 
c e r t a i n l y the simplest, and therefore probably requires the 
least said about i t . 
20. Generally, but not necessarily, blocks are cast with 

a c e l l u l a r configuration; i n each there are a t least two 
cable tunnels, penetrating the block and connecting opposing 
sides, i n mutually transverse d i r e c t i o n s . Preferably the 
tunnels are sleeved w i t h anti-abrasion l i n e r s to provide 
a second-line of defence f o r the anti-abrasion sheaths of 
the cables themselves, which are free to move w i t h i n the 
l i n e r s . 
21. There i s a wide range of block-making machinery, 

incorporating computerised batch monitoring censors, and 
which are therefore capable of production rates, w i t h 
mu l t i p l e moulds, o f up to 180-200 blocks per hour, each w i t h 
an assured 28 day strength of not less than 50N/mm*. 

Cables 

22. The degree of s t a b i l i t y of an armoured f l e x i b l e 
revetment i s necessarily closely r e l a t e d to the d u r a b i l i t y 
of i t s i n t e r g r a t i n g cabling mesh. Of the several types of 
cable employed i n the past t o inter-connect armour l i n i t s , 
among the e a r l i e s t were high-tensile s t e e l a i r c r a f t tendons, 
used i n revetment projects i n the Southern States o f 
America. Within the draw-down range of waters having high 
chemical concentrations, surface corrosion of the cables 
became evident a f t e r 5-7 years, followed by i n i t i a l strand 
f a i l u r e at 10-12 years: I n cable zones, adjacent to connec
t i o n s , the rates of corrosion were, of course, frequently 
accelerated. Stainless s t e e l cables have also been t r i e d ; 
but t h e i r cost, a l l i e d to a comparative i n f l e x i b i l i t y and 
considerable handling d i f f i c u l t i e s , make t h e i r future 
general use appear somewhat u n l i k e l y . 
23. During recent years there have been very s i g n i f i c a n t 

developments i n the production o f cables from extruded 
p l a s t i c filaments, prominent among which are p a r a l l e l - l a i d 
cables of high-tensile polyester filaments, contained w i t h i n 
braided sheaths. I n the absence o f severe u l t r a - v i o l e t , 
l i g h t such filaments are i n e r t and seemingly r e s i s t a n t to 
almost a l l forms o f degenerative attack w i t h i n wide 
temperature ranges; while cable sheaths, i n addition to 
providing high abrasion resistance also act as UVL shields. 
In accordance with normal p r a c t i c e , manufacturers of 
synthetic f i b r e cables provide Guaranteed Minimum Breaking 
Loads (GMBL) f o r new cables: And while strength f a l l - o f f , 
w i t h time, i s notoriously d i f f i c u l t to p r e d i c t owing to the 
several factors detailed at paragraphs 28-31 i t seems that 
a working l i f e i n excess of h a l f a century i s quite 
r e a l i s t i c . 
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P r i n c i p a l Quantifiable Cable Properties 

26. Table 1. sets out Average Breaking Strengths, and 
Guaranteed Minimum Breaking Loads (GMBL) f o r t y p i c a l o v e r a l l 
cable diameters when measured at BS 5053 check loading; also 
included are corresponding Safe Working Loads (SWL) f o r 
Factors of Safety (FS) of 3, 4 and 5, given by:-

SWL = (GMBL X M X K) -5- FS 

where M i s a "mode of l i f t " f a c t o r being 1.4 f o r angled 
s l i n g s ; and K, a s p l i c i n g f a c t o r of 0.85 f o r continuous 
s l i n g s . 

Tsble 1 

Cable Diameter 8.5mm (5/16") 12.0mm V/i") 

Tonnes lbs. Tonnes l b s . 

Av. Break Strength 3.2 7053 . 6.7 14,777 

GMBL 2.9 6392 6.0 13,224 

SWL f o r FS=3 
{MK=1.19) =4 

=5 

2535 
1901 
1522 

5246 
3934 
3147 

27. The t o t a l s t r e t c h of any cable, under load, i s made 
up of an immediate e l a s t i c s t r e t c h , a delayed e l a s t i c 
s t r e t c h and creep. As Table 2. i l l u s t r a t e s , on repeated 
c y c l i c loading some delayed e l a s t i c s t r e t c h and creep 
are taken out of the cable which i s then said to have 
become "harder" or to have acquired a state of lower 
s t r e t c h . 

Table 2 

Cable Diameter 8.5m; 12.0mm 

Cycle 1 Loading 
Stretch from check load to 10% GMBt 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 r e s t , 
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 o f the l o n g i t u d i n a l axis 
of the cable. I n general i t seems u n l i k e l y t h a t a c y c l i c 
cable loading due, f o r instance to wave or draw-down condi
t i o n s , w i l l exceed 20% of the cable GMBL (equivalent to 
a panel-handling Factor of Safety of 5 ) . At such low loads 
i t i s believed that f a t i g u e - f r e e l i f e should exceed 2.O 
cycles, or 25 years at maximum wave frequency, before any 
appreciable strength f a l l - o f f occurs. 
29. I f the s o l i d angle through which the l o n g i t u d i n a l 

axis of the cable may def l e c t during t h i s cyclic-time does 
not exceed 3° the mutually s l i d i n g c a p a b i l i t y of the 
p a r a l l e l cable f i b r e s w i l l accommodate an i n f i n i t e s i m a l 
cable transverse deformation without reduction o f f u l l -
strength cable l i f e . 

Exposure to UVL 

30. - A completely clean and unsheathed cable, exposed to 
sunl i g h t , i n European l a t i t u d e s , f o r one average month per 
year would lose 19% of i t s i n i t i a l strength a f t e r 20 years; 
although i t i s highly u n l i k e l y i n practice e i t h e r that the 
cable would be unsheathed, or remain clean enough f o r t h i s 
f a l l - o f f rate to proceed. 

Unquantifiable Cable Properties 

31. The following are among the h o s t i l e modes of cable 
attack which are e i t h e r d i f f i c u l t or impossible t o 
quantify:-

a) Chemical: This i s dependent upon concentration and 
water temperature. Although some a l k a l i n e build-up could 
occur adjacent to revetment concrete components, experience 
suggests a maximum cable d e t e r i o r a t i o n of 3%-5% i n 10 years 

b) Micro B i o l o g i c a l : I s n e g l i g i b l e on polyester. 
c) Fish B i t e : Limited to unprotected cables i n t r o p i c a l 

waters or to attack by warm water Gribbon who l i v e i n power 
s t a t i o n e f f l u e n t . 

d) Abrasion: Although abrasion cannot be qua n t i f i e d , 
the rate at which i t occurs can be rigorously i n h i b i t e d ; 
f o r exaiTiple by a passive f l e x i b i l i t y of cable sheaths 
working i n bell-mouth s o f t - s k i n l i n e r s . 

e) Vandalism: What one man i s seen to b u i l d another 
w i l l always be able to demolish; and there i s l i t t l e doubt 
that the best defence against a determined vandalism l i e s 
i n revetment cable concealment e i t h e r beneath established 
vegetation or w i t h i n the revetment i t s e l f . At the same 
time, as with a l l s o c i al i l l s , the symptoms of vandalism 
may be exaggerated out of a l l proportion to the complaint. 
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Cable Connection 

32. Following the i n s t a l l a t i o n of separate f l e x i b l e 
panels, the cables threading together the panel armour 
u n i t s , must themselves be inter-connected both l a t e r a l l y 
and l o n g i t u d i n a l l y by cable connections to form an i n t e 
grated revetment structure. Such cable connections may 
ei t h e r be " s t a t i c " , which type includes a l l forms of 
sleeves, permanently crimped onto cable ends; or "dynamic", 
and capable of responding to increasing cable loading by 
a progressively firmer g r i p upon the connected cables. 
33. Because " s t a t i c connectors" cannot counter an 

i n e v i t a b l e small, but progressive, cable "wasting" with 
increasing load, they are, as a type, s t r u c t u r a l l y i n f e r i o r 
to t h e i r dynamic a l t e r n a t i v e . However, the cost and 
comparative complexity of the l a t t e r type have lead to 
t e l l i n g arguments i n favour of well-known knots i n conjunc
t i o n with simple tensioning t o o l s ; notwithstanding that 
such knots cause an approximate 50% reduction of unbroken 
cable strength, unless techniques, i n v o l v i n g f r i c t i o n 
devices, are employed to minimise such strength reduction. 

GEOTEXTILES 
34. Nothing can be added i n t h i s Paper to the already 

f u l l y documented c h a r a c t e r i s t i c s of g e o t e x t i l e f i l t e r s 
whose effectiveness i s widely established and whose uses 
are very well known. However i t may not be inappropriate 
to pay t r i b u t e to the professional advisory service, 
provided by manufacturers, concerning the correct 
geotextiles f o r s p e c i f i c applications. 
35. I n calm-weather conditions the handling and laying 

of geotextiles above water, well i n advance of covering 
armour, presents no p a r t i c u l a r problem. However because 
of low s p e c i f i c g r a v i t y , the f a b r i c s usually require either 
pre-weighting or s i m i l a r r e s t r a i n t when l a i d , alone, below 
t i d a l ranges; and p a r t i c u l a r l y so when wave or current con
d i t i o n s p r e v a i l . This may e n t a i l added expensive diving 
e f f o r t and i t has been found advantageous i n several under
water revetment projects to pre-attach the g e o t e x t i l e 
underlay, having a leading valence or s k i r t , to the under
side of a f l e x i b l e armour panel with the s k i r t temporarily 
secured to i t s upper surface, and to thereafter i n s t a l l 
the combined revetment u n i t i n a single operation; fo l l o w 
ing which the leading edge of the s k i r t may be automa
t i c a l l y detached from the upper surface of the panel and 
be temporarily restrained on the earth bed pending the 
placing of the fol l o w i n g revetment u n i t . 

36. Fig. 1 i l l u s t r a t e s one such assembly suspended from 
a spreader beam p r i o r to i t s i n s t a l l a t i o n i n deep t i d a l 
water. 

WISE 

Fig. 1 

HANDLING EQUIPMENTS 
37. ° Generous handling safety f a c t o r s make i t feasible 

t o c r a n e - l i f t f l e x i b l e revetment panels from one end; and 
to thereafter i n s t a l l them simply by an outward lowering 
of the crane j i b . However there are advantages i n suspend
ing a f l e x i b l e panel by i t s opposing ends from the cross-
heads of e i t h e r a f i x e d or variable-length spreader beam. 
Apart from r e q u i r i n g a lower safety f a c t o r , and a shorter 
crane j i b , a spreader beam f a c i l i t a t e s a remote release 
of the panel f o l l o w i n g i t s underwater i n s t a l l a t i o n . 
38. Fig, 1 also shows one form of f i x e d spreader beam 

having cross-heads with f i x e d bollards around which the 
panel cable slings are looped t o l i e upon a h o r i z o n t a l gate 
at the base.of the b o l l a r d s . Following the i n s t a l l a t i o n 
o f the panel, the gate i s fr e e t o be raised, by remote 
means, and to disengage the untensioned s l i n g s from t h e i r 
b ollards. 
39. Equipments f o r use wi t h f i x e d spreader beams and on 

r e s t r i c t e d s i t e s are shown at Figs. 2 & 3 respectively. 
I . 40. F i n a l l y space l i m i t a t i o n s permit only a passing 

reference to. f l o t a t i o n méthods of panel i n s t a l l a t i o n , 
c u r r e n t l y under i n v e s t i g a t i o n . 
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Fig. 4 Fig. 5 Fig. 6 Fig. 7 

A N C H O R A G E 

41. The h i s t o r y of earth anchorage i s both b r i e f and 
recent, and accordingly descriptions o f revetment anchors 
have generally lacked depth. Even today, methods available 
f o r i n s i t u t e s t i n g of m u l t i p l e earth layers admit no pre
d i c t i o n of t h e i r j o i n t behaviour under variable physical 
conditions. 
42. Nevertheless recent f i e l d tests have shovi that 

anchoring mechanisms, driven less than 2m through wide 
spectrums of s o i l s , can develop displacement resistances 
which exceed 3 tonnes at ex t r a c t i v e angles of less than 
45°. While f u r t h e r i n v e s t i g a t i o n of anchor behaviour i s 
necessary, enough i s known to i d e n t i f y basic requirements 
and to include Figs. 4-7 of mechanical anchors which embody 
pr i n c i p l e s of minimum cohesive disturbance and variable 
r e s i s t i v e surfaces. 

43. Wl./.le f l e x i b l e revetments are frequently anchored 
by burying t h e i r upper or lower ends i n trenches, a precast 
anchoring and panel-connecting block has been developed 
fo r one f l e x i b l e revetment system f o r use, either as an 
a l t e r n a t i v e to trenching, or at intermediate points on an 
armoured surface. The block i s restrained by appropriate 
anchors and i s shown i n Fig. 8. 

Fig. 8 
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DESIGN ASPECTS OF FLEXIBLE REVETMENTS 
44. I t has been said t h a t engineering developments, borne 

i n theory, often die i n practice. This c e r t a i n l y cannot 
be true of a l l non-rigid revetment systems, many of which 
seem to have evolved p r i m a r i l y from precedence and with 
only s l i g h t technical j u s t i f i c a t i o n . A glance at non-
dimensional S t a b i l i t y C o e f f i c i e n t (Kd) values, i n the well 
known Hudson Equation, f o r weight determination of 
i r r e g u l a r rock armour, w i l l support t h i s view. 
45. The mean values of a l l Kd C o e f f i c i e n t s , published 

i n 1975 f o r "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: I n 1981, f o r example, a 
suggested value of 42.5 was published f o r one such system; 
more recently the concept of t o t a l armour i n t e g r a t i o n , as 
a possible prime factor bf revetment, prompted Kd guide
l i n e values of 80+, subject, of course, t o t e s t v e r i f i c a 
t i o n . F i n a l l y i n i t i a l n o t i f i c a t i o n o f f u l l - s c a l e hydraulic 
tests c a r r i e d out i n America on integrated f l e x i b l e armour 
in 1983 include references t o modified Kd values of 230. 
Some time must necessarily elapse, however, before such 
early suggestions can be substantiated. I n thë meantime, 
since f u l l y integrated f l e x i b l e revetments e x i s t f u r t h e r 
consideration of them seems necessary now. 
46. To t h i s end, since a GMBL, and therefore an SWL, i s 

assignable to any cable size, and because armour blocks 
weighing up to 800 lbs.' (360 Kgs.) can be economically 
produced, i t i s proposed, i n the f i r s t instance, to r e l a t e 
SWL's to block weights, by considering an a r b i t a r y square 
panel of side " 1 " , comprising l ' u n i t - s i z e d blocks each 
weighing W and integrated by l a t e r a l and l o n g i t u d i n a l 
cables, f r e e l y passing through "n" orthognally arranged 
tunnels i n each block, and having t h e i r ends secured at 
the periphery of the panel. Then i f the panel, as a single 
f l e x i b l e revetment component, be suspended by the one block 
at i t s centre, the maximum value of W w i l l be given by:-

•n(SWL) = W ( I ' - l ) 
and W = n(SWL)/(l'-l):-

or f o r any assigned SWL, a maximum block weight w i l l vary 
d i r e c t l y with the number o f cables and inversely as the 
squau?e of the- panel side. 
47. By way of example, since the permissable road trans

portable width of a revetment panel i s 8 f t . (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 
lbs. (vide. Table 1), r e s u l t s i n a maximum block weight 
W = 2 X 3147/63 = 100 l b s . (45 Kgs.). 
48. I f the panel corners were to be anchored, or other

wise restrained, i t w i l l be evident that f o r a constant 
value of " 1 " , other cable modes such as 2/1 or 2/2 would 
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Fig. 9 Fig. 10 

permit proportionately d i f f e r i n g maximum block weights. 
49. The concept of a f l e x i b l e revetment component ABCD 

i s pursued i n Fig. 9, when anchored e i t h e r at i t s corners, 
or at mid-points EFGH, through a porous earth surface at 6 
to the h o r i z o n t a l ; and subject to a hydraulic max. pressure 
"p" normal to that surface, induced by a periodic water-
l e v e l draw-down H : Then i f "w" be the u n i t weight of 
water, p w i l l tend towards (wl Sin 6 ) as the earth i n t e r -
granular pressure f a l l s , with a corresponding increase i n 
the hydraulic gradient, towards i t s c r i t i c a l , or "quick" 
state at f i n a l earth-surface collapse. 
50. Considering the equilibrium of the row of blocks 

EF i n Fig.10, restrained by cables i n the two planes EF 
and GH (Fig.9), each with a maximum d e f l e c t i o n angle = and 
tension T: The weight W of each block w i l l have a resolved 
component Wn normal to the surface of 
(W Cos 6 ) 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 e /2)-((W Cos 8)+(T tan= + nT tan =/2)) 

51. I t i s i n t e r e s t i n g to note that since °̂  i s small, and 
i f p/2 be considered as uniform over 1, the cable, i f d i s 
placed, would approximate to a parabola, having "0" as 
o r i g i n . Hence i f "s" were the maximum r i s e of the cable 
at times of extreme embankment di s t r e s s : 

l e t R= t o t a l Restraint over length 1, 
= Wnl + T tan = + I t tan « /2 

. and P= t o t a l instantaneous pressure u p l i f t 
= p/2 x 1 Sin e 

Then net u n i t u p l i f t = R-P 
1 

Considering the cable s t a b i l i t y of a length "x" (Fig.10) 
MP= (R-P)x/1 and MN=T 

Then MP=(R-P)x and t h i s = 2y 
MN " IT X 

WISE 

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

and s=(R-P)l 
8T 

52. As an extension of the generalised exaunple at 
Para. 47:-

For 1= 8; e = 19°(1/3 approx.); « = 2» 
W= 100; T= 1000 V4 SWL) and 

Tt= Max. transverse cable normal 
component 

Then H= 8 Sin 19° = 2.6' 
p/2= 54 X 1.3 = 831bs./ft' 

and P= 83 X 8 = 664 ( l b s . / f t . width o f 
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. I t i s not envisaged t h a t the armour u n i t displacement 
discussed i n paragraph 49-52, however small and contained 
such movement may be, should i n f a c t occur when a reveted 
surface i s subject only to predicted attack, and i n the 
absence of sub-surface f a i l u r e : Neither i s i t suggested 
that the s t a b i l i t y of a f l e x i b l e revetment should depend 
only upon i t s anchorage. Nevertheless i t i s evident t h a t 
an anchored integrated revetment may be r a t i o n a l i s e d and 
designed to provide increased s t r u c t u r a l s t a b i l i t y i n the 
event o f extreme dist r e s s . 

CONCLUSIONS 
54. a) Single-layer f l e x i b l e armour i n t e g r a t i o n w i l l 

r e s u l t i n improved s t r u c t u r a l s t a b i l i t y w i t h increased 
economic benefits. 

b) Much experimental and observational e f f o r t 
remains to be undertaken i n order to prove recent develop
ments i n f l e x i b l e revetment techniques. 

c) As with much engineering progress, there i s a 
la t e n t danger of market forces exerting powerful 
influences, upon early, technical developments. Were such 
influences to operate i t could w e l l be t h a t a c u t t i n g of 
commercial corners would contribute to premature revetment 
f a i l u r e s e i t h e r of non-rigid or f l e x i b l e revetment systems. 

THE WAY AHEAD 
55. I f the above conclusions are acceptable i n p r i n c i p l e 

then there are seemingly good reasons f o r f u r t h e r research 
in t o the whole concept of anchored f l e x i b l e revetments f o r 
incorporation i n t o a Code of Practice. 
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Technical and economical design of modem 
revetments 
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Wasserbau, Karlsruhe, West Germany 

SYNOPSIS. By the i n v e s t i g a t i o n o f the r e n t a b l l i t y of perme
able revetments i n inlamd waterways the p r o b a b i l i t y design 
i s u seful i n which the main forces are determined i n cate
gory, i n t e n s i t y and frequency. The main determirvlng forces 
are i n d i c a t e d as spectra which y i e l d the dimensions and out 
of these the prospective t o t a l costs o f Investment and main
tenance as a f u n c t i o n of the design l e v e l and f i n a l l y an op
t i m i z a t i o n o f the design i n t e c h n i c a l and economical way. 
The most b e n e f i t s r e s u l t from bonded and f l e x i b l e covering 
layers on g e o t e x t i l e s . 

Prefacës 
1. The revetments of the nearly 5000 km waterways o f 

W.Germany represent an important c a p i t a l o f investment and 
maintenance. A l o t of i n v e s t i g a t i o n s r e s u l t e d t h a t the deter
mining values of design. Investment and maintenance o f per
meable revetanents o f Inland waterways are c o r r e l a t e d w i t h the 
i n t e n s i t y and frequency o f the i n t e r a c t i o n between s a i l i n g 
ship and waterway. The design engineer becomes more and more 
involved w i t h the economic decision problem i n which the be
n e f i t s o f a higher design c r i t e r i o n must be weighted against 
the t o t a l costs. The present paper gives statements and c r i 
t e r i a f o r the o p t i m i z a t i o n o f the t o t a l costs involved based 
on the I n l a n d canal w i t h the cross-section o f the Europecui 
category no. IV. - Ref. 1. 

H i s t o r i c a l review 
1. When the i n l a n d shipping was determined by tugboats and 

dumb barges the attack of the banks and beds of waterways 
was modest so t h a t even easy revetments were s u f f i c i e n t . The 
increasing dimensions and engine power o f ships increased the 
loadings since the l a t e f i f t i e s and caused damages which ma
de former proofed constructions o f no use. To inprove the 
s t a b i l i t y o f bank protections various constructions of f i x e d 
ripraps bonded w i t h 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 i n technical way, but even more and more ex
pensive. 

Forces 
1. A s a i l i n g ship causes i n a waterway w i t h l i m i t e d 

width and depth forces by r e t u r n flow and water-level de
pression as primary waves and stern transverse waves as se
condary waves. The essential forces are determined as pro
b a b i l i t y values i n the f i r s t step. Based on re s u l t s of mea
surements i n nature the forces F are indic a t e d as spectra of 
retu r n flow, water-level depression and secondary ship waves. 
The spectra c o r r e l a t e the i n t e n s i t y and the frequency of i n 
teractions w i t h the l e v e l BL of i n t e r a c t i n g forces. F i g . 2 
shows the procedure. 

2. Return flow. The r e t u r n flow i s marked by the current 
v e l o c i t y V^ and the water-level depression z^. Both parame
ters are determined and combined as spectra i n height and 
frequency i n Fig. 3. 
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Return flow 

1. Theory 
2. Measurements 
3. S a i l i n g con

d i t i o n s 
4. Frequency 

Loading spectra] 

/V \ x,y 
dV/dt =f(BL) 

Propeller j e t 

1. Free j e t 
2. Limited j e t 

theories 
measurement 

3. Frequency 

Loading spectra 

/V \ 
x,y 

dV/dt = f(BL) 
ddp / 

Waves 

1. Bow waves 
2. Stem transverse 

waves 
3. R o l l i n g breaker 
4. Meets urement 
5. Frequency 

Loading spectra 

= f (BL) 

F i g . 2 : Procedure to s t a t e loading spectra 

integrated frequency (%) 

Fig. 3 : Spectra f o r loadings by r e t u r n flow 
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3. Propeller race. I n accordance wit h investigations i n 
theory and model-tests measurements i n the Mittellandcanal 
showed th a t the p r o p e l l e r yet h i t s the bottom of a canal on
l y i f a ship s t a r t s and accelerates out of the normal s a i 
l i n g . The bottom-loading decreases wit h increasing s a i l i n g 
v e l o c i t y . 

4. Secondary waves. By reaching and exceeding a c e r t a i n 
r e l a t i o n of the s a i l i n g v e l o c i t y V to the wave-velocity 
V of V^/V^ = 0 . 5 the secondary waves increase to breaking 
ste r n transverse waves which cause a v i o l a n t loading l i k e a 
r o l l i n g breaker with high turbulence. Long-time measurements 
gave a good s t a t i s t i c a l r e l a t i o n between the water-level de
pression 2 and the wave height H wi t h H = 1.5-z . 

Dimensioning 
1. I n the following second step statements f o r the main 

dimensions B of permeable revetments are developed as func
tions of the i n t e r a c t i n g forces F which have been discribed 
i n spectra before. 

2. The basic assumptions of the f u r t h e r procedure are : 
1 . The bank i s stable i n the case of s o i l mechanics 

2. The s o i l of bcink and bottom consists of a s i l t y 
f i n e sand w i t h a permeability of k = 6 "10 5 ni/s 

Current 

1 . S o i l 
2. Surface layer 

D^=f(V,V) 

g =f(V,V) 

Water depression 

1 . S o i l 
i =f 
P 

2. Layers 
ip=f(g) 

i = f { 2 j 
P A 

Waves 

1.Spektrum 
2. H 

s 
3 . HUDSON 
4. Dir e c t i o n 

Dimensions Dimensions Dimensions 
/D \ 
1 ^ 1 

^d j =f(V,V) 
g =f(z^) D 

r 
=f(H ) 

s 

D = f(BL) 

w 
g = f(BL,construetion) 

Fig. 4 : Procedure of dimensioning permeable revetments 
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F i g . 5 : Seepage pressure induced by a quick 
water-level depression 

3 . Loading by current and waves. For the loading condi
t i o n "current" the representative sice of rubbles D^ and the 
weight per u n i t area g of bonded layers are developed and ob
tained from known and adapted solutions considering drag, 
l i f t and even i n e r t i a l forces. 
For the loading condition "waves" the c r i t e r i o n of HUDSON i s 
w e l l s u f f i c i e n t i f the sloping d i r e c t i o n i s considered. 

4. Water-level depression. The quick water-level depres
sion z causes a pressure gradient and a seepage pressure i ^ 
i nside s o i l and permeable revetment on slope and bottom 
which vary wit h depth z and time. As the permissible seepage 
pressure can be developed from s t a b i l i t y conditions a t the 
c r i t i c a l time the necessary weight per u n i t area g can be 
calculated as a function o f the water-level depression z 

5. Standard values. The three procedures d i s c r i b e d above 
r e s u l t i n technical necessary standard values D^ and g of 
permeable revetments. As the i n t e n s i t y o f the forces F de
pends on the frequency l e v e l which i s equal the i n t e n s i t y 
l e v e l or the design l e v e l BL the standard values depend on 
the design l e v e l BL, too - F i g . 6 + 7 . 
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design l e v e l BL (%) 

99,9 ^ 

0 2 4 6 8 ^ lO 
g u n i t weight per area (kN/m ) 

Fig. 6 : Necessary u n i t weight per area of 
permeable revetments 

design l e v e l BL (%) 

99,9 

rep. size of rubbles D (cm) 

Fig. 7 : Necessary size of rubbles of unbonded 
ripraps 
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parts of construction constructions 

surface 
layer 

r i p r a p 
r i p r a p paxt.grouted 
r i p r a p t o t . grouted 
concrete slabs 
pavements/mats 

oooooo 
oooooo 

oooooo 
oooooo 

oooooo 
f i l t e r 
layer 

unbond.grain f i l t e r 
bonded gra i n f i l t e r 
g eotextiles 

o o o o o o o o o o 
o o o o o o o o o o 
o o o o o o o o o o 

s t a t i c s 
drag 
support 
suspending 

ooo ooo ooo ooo ooo 
ooo ooo ooo ooo 

ooo ooo 
selected constructions o o o o o o o o 

Fig . 8 : Possible constructions of permeable 
revetments 

C ons truc tlons 

1. Permeable revetments can be b t i i l t up w i t h a l o t of proo 
fed constructions above and under water during s t i l l going 
shipping. Including the s t a t i c a l features f i g . 8 shows a 
matrix of today used, proofed and appropriated constructions. 

R e i l t a b l l i t y 
L. I n the t h i r d step the prospective costs of investment 

and maintenance of eight selected constructions are calcu
l a t e d w i t h the discounting method w i t h i n an estimated period 
of 50 years. The interdependence between dimensions B and the 
design l e v e l BL on the one hand and between dimensions B 
and t o t a l costs C on the other hand y i e l d s t o an interdepen
dence between t o t a l costs C and the design l e v e l BL, too. 

.2.The costs of investment of the eight selected construc
tions are calculated with mean cost-values of 1981/82 from 
waterways I n W.Germany. The costs of the prospective meiinte-
nance are calculated with s t a t i s t i c a l mean values of the 
usual e f f o r t of mcd.ntenance together wi t h assumed strategy 
models demonstrating the sequence and the quantity o f main
tenance-work. The strategy-model i n f i g . 9 shows t h a t the 
quantity of mciintenance of unbonded ri p r a p layers depends 
es s e n t i a l l y on the thickness of the surface layer and on the . 
frequency o f ship passages. Bonded surface layers l e t expect 
less maintenance and a longer period of using but i n a l l the 
same tendency o f wearing out. 
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(thickness d of surface layer 

= function value o f revetment ) 

q l = l o c a l wear 
q2 = t o t a l wear 
I = r e p a i r 
B = renewal 

TN 
time t 

F i g . 9 : Strategy-iDodel f o r usual maintenance 

3 . Optimization. To get the optimal design l e v e l BL the 
i n technical way necessary dimensions (D, g) and the corres
ponding t o t a l costs C can be calculated now. Fig. lo shows 
the s i m p l i f i e d r e s u l t s o f the investigated constructions. 
The best r e n t a b i l i t i e s could be ei^ected by design levels bet-
wéen 50 and 90 percent. This demonstrates t h a t not the con
s t r u c t i o n w i l l be the best one which i s dimensioned f o r the 
strongest loading but t h a t one which i s t dimensioned für 
lower loadings. 
The r e s u l t s show f u r t h e r on t h a t the most benefits can be 
expected today from constructions w i t h bonded layers o f 
rubbles grouted w i t h p a r t i a l f i l l i n g by concrete and w i t h 
geotextiles as f i l t e r layer. But i t must be remarked t h a t 
these constructions are only s a t i s f a c t o r y i f the bonded l a 
yer i s e i t h e r f l e x i b l e or the bank l e t expect no worth min-
t i o n i n g s e t t e l i n g . 

Property t e s t 
1. To get a mostly objective knowledge about the s p e c i f i c 

properties of bonded revetment constructions w i t h d i f f e r e n t 
materials of grouting we ihake property t e s t s nowadays t h a t 
enclosure three main measurements : 

- f l e x i b i l i t y t e s t 
- permeability t e s t 
- s t a b i l i t y o f grouting 

Fig. 1 1 shows the equipment to t e s t the f l e x i b i l i t y w i t h 
water f i l l e d cushions which can be changed i n pressure, t o 
simulate the support conditions. 

ABROMEIT and KNIESS 

design l e v e l BL (%) 

99,9 

95 

84 

50 

Fig, l o 

l O O O 2000 3000 

t o t a l costs C (DM/m bank ) 

Total costs o f bank p r o t e c t i o n as a 
f u n c t i o n o f design l e v e l BL 

# A.20m 
(T) w a t e r - f i l l e d cushions 

* - # 1,80 m H (2) sandbed 

rubber 

F i g . 11 s Equipment f o r t e s t i n g the f l e x i b i l t y 
o f revetments 
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Stability of Armorfiex revetment system 
under v̂ -ave attack 

U. C. van den BERC, Nicolon BV. and Ir. J. LINDENBERG, Delft Soil 
Mechanics Laboratory 

SYNOPSISi For a s a f e a p p l i c a t i o n o f A r m o r f i e x con
c r e t e b l o c k s l o p e p r o t e c t i o n mats i t i s n e c e s s a r y 
ta know t h e s t a b i l i t y under wave a t t a c k . F o r t h i s 
r e a s o n l ; l s c a l e t e s t s were done i n t h e D e l t a Flume 
of t he D e l f t H y d r a u l i c s L a b o r a t o r y . The 1;3 s l o p e 
c o n s i s t e d o f a san d c o r e c o v e r e d by 30 cm c o a r s e 
g r a v e l and was p r o t e c t e d a g a i n s t wave a t t a c k by an 
A r m o r f i e x ISO c o n c r e t e b l o c k s y s t e m . The w e i g h t o f 
the A r m o r f i e x s ystem was about 180 kg/m2, t h e h e i g h t 
of t h e b l o c k s 11,3 cm. The system had an open a r e a 
of 17%. 
The A r m o r f i e x system and t h e D e l t a Flume t e s t 
p rogram i n c l u d i n g t h e r e s u l t s are d e s c r i b e d . 

INTRODUCTION 
1. I n J u l y S982 N i c o l o n B.V. commissioned t h e D e l f t 
H y d r a u l i c s L a b o r a t o r y t o c a r r y o u t a r e s e a r c h p r o 
gram on t h e s t a b i l i t y o f A r m o r f i e x c o n c r e t e b l o c k 
s l o p e p r o t e c t i o n mats urader wave a t t a c k ( r e f . 1 ) . 
2. To d e t e r m i n e t h e s t a b i l i t y under wave a t t a c k t h e 
r e s e a r c h p rogram i n v o l v e d model t e s t e i n t h e D e l t a 
Flume o f t h e D e l f t H y d r a u l i c s L a b o r a t o r y , and t h e 
D e l f t S o i l Mechanics L a b o r a t o r y , i n c l u d i n g t h e exe
c u t i o n o f a number o f measurements. 
3. The o b j e c t i v e o f t h e D e l t a Flume i n v e s t i g a t i o n 
p r i m a r i l y was t h e d e t e r m i n a t i o i i o f t h e maximum 
h y d r a u l i c c o n d i t i o n s d u r i n g w h i c h t h e A r m o r f i e x 
r e v e t m e n t s y s t e m w i t h a r e a l i s t i c s t r u c t u r e , i n c l i 
n a t i o n l ; 3 , and s u b s o i l can be a p p l i e d w i t h o u t 
damage. 
4. F o l l o w i n g a p r e l i m i n a r y a n a l y s i s i t appeared 
t h a t t h e d i m e n s i o n s and c a p a b i l i t i e s o f t h e D e l t a 
Flume weré s u i t a b l e t o c a r r y o u t t h e i n v e s t i g a t i o n • 
at " a c t u a l s i z e " , i . e . by u s i n g a p r o t o t y p e Armor-
f l e x 180 c o n c r e t e b l o c k mat. 

DESCRIPTION ARMORFLEX 
5. The p r e f a b r i c a t e d A r m o r f i e x r e v e t m e n t s ystem i s 
c o n s t r u c t e d o f i n t e r l o c k i n g c o n c r e t e b l o c k s w i t h 
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ARMORFLEX BLOCK AND ARMORFLEX MAT 

F i g . 1 

n o 

v a n d e n B E R G a n d L I N D E N B E R G 

s p e c i f i c h y d r a u l i c p r o p e r t i e s ( f i g . I ) . The Armor-
f l e x mat as such i s assembled by c o n n e c t i n g b l o c k s 
by means o f c a b l e s . The b l o c k s are p l a c e d i n 
S t r e t c h e r bond. The c a b l e s r u n t h r o u g h s p e c i a l 
d u c t s i n e a c h . b l o c k . 
6. B l o c k h e i g h t s v a r y f r o m 0,10 - 0,25 m f o r b l o c k s 
w i t h h o l e s as w e l l as f o r b l o c k s w i t h o u t h o l e s i n 
the m i d d l e . Even b l o c k s o f 0,60 m are c o n s i d e r e d a t 
the moment. The maximum l e n g t h o f an A r m o r f i e x mat 
i s i n p r i n c i p l e d e t e r m i n e d by t h e a v a i l a b l e hand
l i n g equipment. 
7. The A r m o r f i e x mat system can be used f o r p r o 
t e c t i o n a g a i n s t v a r i o u s t y p e s o f h y d r a u l i c l o a d s 
a l o n g sea, r i v e r and h a r b o u r s l o p e d e f e n c e s , e.g. 
s t o r m wave l o a d s , s h i p waves, r i v e r c u r r e n t s and 
i c e f l o w . 

DEFINITION STABILITY 
8. As a l o w e r l i m i t t h e A r m o r f i e x r e v e t m e n t system 
i s c o n s i d e r e d t o be s t a b l e under wave a t t a c k as 
l o n g as a l l t h e s i n g l e b l o c k s , o f w h i c h t h e system 
i s assembled, are s t a b l e . 
9. I n g e n e r a l t h e c o n c r e t e b l o c k - c a b l e systems o r 
c o n c r e t e b l o c k - g e o t e x t i l e systems need a c e r t a i n 
v e r t i c a l movement over a d i s t a n c e " d " b e f o r e t h e 
dead w e i g h t o f t h e s u r r o u n d i n g b l o c k s w i l l be 
m o b i l i s e d . T h i s d i s t a n c e " d " may be more t h a n 2 cm 
and i s depending a.o. on t h e d i a m e t e r o f t h e d u c t s 
t h r o u g h w h i c h t h e c a b l e s r u n , t h e c a b l e d i a m e t e r 
and s t i f f n e s s and the e l o n g a t i o n o f t h e g e o t e x t i l e 
t o w h i c h the b l o c k s are a t t a c h e d . A l t h o u g h , depen
d i n g on s u b l a y e r p r o p e r t i e s ( e . g . g r a i n s i z e ) a 
v e r t i c a l movement o f t h i s o r d e r o f magnitude i s 
o f t e n n o t a c c e p t a b l e f o r no r m a l d e s i g n c i r c u m s t a n c e s 
However, under e x e p t i o n a l h y d r a u l i c c o n d i t i o n s t h i s 
m i g h t be a c c e p t a b l e . I n such cases t h e c a b l e s can 
be i n t r o d u c e d as an a d d i t i o n a l s a f e t y . I f a c e r t a i n 
movement i s a c c e p t e d s e r i o u s a t t e n t i o n must be. g i v e n 
t o t h e s t a b i l i t y o f t h e s u b l a y e r m a t e r i a l u n d e r n e a t h 
t h e s l o p e p r o t e c t i o n . 
10. A p r e v i o u s model s t u d y on A r m o r f i e x mats on a 
1:10 s c a l e showed these mat u p l i f t phenomena v e r y 
c l e a r l y ( r e f . 2 ) . T h i s model s t u d y was c a r r i e d o u t 
some ye a r s ago f o r N i c o l o n by T e t r a Tech I n c . , 
C a l i f o r n i a , as a f i r s t e v a l u a t i o n o f t h e b e h a v i o u r 
o f A r m o r f i e x c o n c r e t e b l o c k mats when exposed t o a 
range o f wave c o n d i t i o n s . I n t h e s e t e s t s the c a b l e s -
were n o t removed and c o u l d a c t as a r e i n f o r c e m e n t . 
P a r t s o f t h e mat c o n s i s t i n g Of s e v e r a l b l o c k s were 
l i f t e d up and down under wave a c t i o n a p p a r e n t l y 
h e a v i e r t h a n c o u l d be w i t h s t o o d by l o o s e b l o c k s . 
D u r i n g a number o f these t e s t s d e f o r m a t i o n o f t h e 
s u b l a y e r as a r e s u l t o f e r o s i o n c o u l d be o b s e r v e d . 
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MObEt BOUNDARY fcÖNDlTlONS 
11. The model l a y o u t has m a i n l y been d e t e r m i n e d 
based on th e n e x t 4 i t e m s . 
a. P e r m e a b i l i t y o f th e s l o p e p r o t e c t i o n system. 

From p r e v i o u s r e s e a r c h ( r e f . 3 and 4) i t was 
known t h a t the p e r m e a b i l i t y o f th e s l o p e p r o 
t e c t i o n system i s an i m p o r t a n t p a r a m e t e r f o r 
t h e s t a b i l i t y under wave a t t a c k . The more p e r 
meable the p r o t e c t i o n system t h e h i g h e r t h e 
wave h e i g h t at w h i c h damage o c c u r s . For t h i s 
r e ason an open A r m o r f i e x b l o c k and a v e r y p e r 
meable f i l t e r f a b r i c , p l a c e d between t h e Armor-
f l e x system and t h e s u b l a y e r , were chosen. The 
open area o f t h e chosen A r m o r f i e x r e v e t m e n t , 
b l o c k t h i c k n e s s 11,5 cm, system was 17%. The 
f i l t e r f a b r i c was N i c o l o n 66447. 

b. P e r m e a b i l i t y o f t h e s u b l a y e r . 
F u r t h e r i t was known t h a t t h e p e r m e a b i l i t y o f 
the subgrade m a t e r i a l i s a l s o an i m p o r t a n t p a r a 
m e t e r. The more permeable t h e subgrade m a t e r i a l 
t h e l o w e r t h e wave h e i g h t a t w h i c h damage o c c u r s 
( r e f . 4 and 5 ) . Because a l o w e r l i m i t f o r t h e 
e q u i l i b r i u m c o n d i t i o n s o f t h e A r m o r f i e x b l o c k s 
was wanted by N i c o l o n , a v e r y permeable subgrade 
m a t e r i a l ( s i l e x ) was used. T h i s m a t e r i a l has a 
D50 o f 37 mm and i s s u f f i c i e n t l y r e s i s t a n t t o 
i n t e r n a l e r o s i o n . 

c. D e f i n i t i o n s t a b i l i t y . 
As e x p l a i n e d b e f o r e f o r t h e s t a b i l i t y o f t h e 
A r m o r f i e x r e v e t m e n t system t h e s t a b i l i t y o f t h e 
s i n g l e A r m o r f i e x b l o c k s , n o t connected by ca b l e s 
i s c o n s i d e r e d . So i n the area where damage c o u l d 
be e x p t e c t e d l o o s e b l o c k s were p l a c e d on t h e 
s l o p e . 

d. Slope i n c l i n a t i o n i n p r a c t i c e . 
A s l o p e of 1:3 was chosen because t h i s i s a 
r e a s o n a b l e average o f the s l o p e s on w h i c h Armor-
f l e x r e v e t m e n t systems are used. The pa r a m e t e r 
a n a l y s i s makes i t p o s s i b l e t o c o n v e r t t he r e 
s u l t s t o o t h e r s l o p e i n c l i n a t i o n s w i t h i n a range 
1 : 2 - 1 : 4 . 

12. F i g u r e 2 p r e s e n t s 2 l o n g i t u d i n a l s e c t i o n s o f 
the model l a y o u t i n t h e D e l t a Flume, s c a l e Is 1000 
and s c a l e 1:200 r e s p e c t i v e l y . The s l o p e i n c l i n a t i o n 
1:3 was p r e s e n t o v e r a v e r t i c a l h e i g h t o f 8.75 m. 
About 5.5 m o f t h i s h e i g h t was p r o t e c t e d by 3 
A r m o r f i e x mats w i t h a t o t a l l e n g t h a l o n g t h e s l o p e 
o f 18 m. D u r i n g t h e t e s t s t h e mean w a t e r l e v e l was 
k e p t a t 5 m above t h e flume b o t t o m . 

TEST PROGRAM 
13. A t e s t programme was p l a n n e d , w i t h w h i c h t h e 
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30 ,3 1 
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Tabl e 1. Summary o f boundary c o n d i t i o n s .and t e s t r e s u l t s 
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FLEXIBLE A R M O U R E D REVETMENTS I N C O R P O R A T I N G GEOTEXTILES 
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0 1 

according to Hunt 

• = 3 sec non-gravcl-fillad 
X = 4 sac. non-graval-fillcd 
V = 5 s«c. non-grav«l-fill«d 
0 = 6 sec. norvgravel-filled 

tan a 

m a x . 

• = 3 sec. gravel-filled 
A = 4 sec. gravel-filled 
A = 5 sec. gravel-filled 
• = 6 sec. gravel-filled 

D I M E N S I O N L E S S WAVE RUNUP R E G U L A R W A V E S 

F i g . 

Photo 1. B r e a k i n g wave on A r m o r f i e x s l o p e p r o t e c 
t i o n system, 
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son w i t h t h e wave runup r e l a t i o n a c c o r d i n g t o 
Hunt ( 1 ) shows t h a t t h e measured wave runup a t t h e 
r e l a t i v e l y low waves, l i e s below thë l i n e o f Hunt. 
T h i s p a r t i c u l a r l y a p p l i e s t o t h e g r e a t e r wave 
p e r i o d s T - 5 and T = 6 s. At h i g h e r wave h e i g h t s , 
th e measured runup i s about t h e same as t h a t a c c o r 
d i n g t o Hunt. 
I n f i g u r e 5 a d i s t i n c t i o n i s made between wave 
runup f o r a n o n - g r a v e l f i l l e d and a g r a v e l f i l l e d 
s l o p e . I n g e n e r a l t h e d l m e n s i o n l e s s wave runup f o r 
the g r a v e l f i l l e d s l o p e i s s l i g h t l y h i g h e r t h a n 
f o r t h e n o n - g r a v e l f i l l e d s l o p e . However, t h e d a t a 
are r a t h e r s c a t t e r e d , so a c o n s i s t a n t c o n c l u s i o n 
c o u l d n o t be drawn. 
21 . Wave r e f l e c t i o n f r o m t h e s l o p e . 
For r e g u l a r waves the r e f l e c t i o n f r o m t h e s l o p e i s 
d e t e r m i n e d a c c o r d i n g t o : 

^ ^ m a x ^ ^ ^ '00% 

max mm 
i n w h i c h H i s t h e t h r o u g h - c r e s t v a l u e o f t h e 
wave h e i g h ? t ^ a t t h a t p o i n t i n t h e f l u m e , where t h i s 
i s g r e a t e s t . H . r e p r e s e n t s t h e s m a l l e s t t h r o u g h -
c r e s t . A comparison between t h e r e f l e c t i o n p e r c e n 
t a g e f o r a n o n - g r a v e l f i l l e d and a g r a v e l f i l l e d 
s l o p e shows t h a t t h e r e i s no c l e a r d i f f e r e n c e . 
F i l l i n g t h e h o l e s i n and between t h e A r m o r f i e x 
b l o c k s w i t h g r a v e l hence does n o t cause an i n c r e a s e 
i n r e f l e c t i o n . For i r r e g u l a r waves t h e i n c i d e n t 
and t h e r e f l e c t e d wave s p e c t r u m are d e t e r m i n e d 
f r o m the r e g i s t r a t i o n s o f two p r e s s u r e sensors on 
the b o t t o m o f t h e D e l t a Flume v i a a c o r r e l a t i o n 
of t h e m e a s u r i n g s i g n a l o f a wave h e i g h t gauge 
d i r e c t l y above one o f t h e p r e s s u r e s e n s o r s . 
22. D u r i n g the f u l l s c a l e t e s t s o n l y m i n o r s e t t l e 
ment and d e f o r m a t i o n o f t h e s l o p e t o o k p l a c e 
(maximum s e t t l e m e n t a p p r o x i m a t e l y 0.03 m). I t was 
c o n c l u d e d t h a t t h i s s e t t l e m e n t d i d n o t i n f l u e n c e 
th e p e r f o r m a n c e o f t h e s l o p e r e v e t m e n t d u r i n g t h e 
t e s t s . 

23. B e h a v i o u r o f b l o c k f i l l i n g m a t e r i a l d u r i n g 
wave a c t i o n . A f t e r c o m p l e t i o n o f t e s t 46, t h e 
h o l e s i n t h e c o n c r e t e b l o c k s and t h e n a r r o w 
t a p e r e d openings between t h e b l o c k s were f i l l e d 
w i t h a m i x t u r e o f c o n c r e t e g r a v e l and f i n e g r a v e l . 
I n p r a c t i c e n o r m a l l y f i n e g r a v e l , D50 - 3 t o 6 mm, • 
i s used. A l l o p e n i n g s were f i l l e d c o m p l e t e l y . 
A f t e r wave a c t i o n i t appears t h a t a l m o s t h a l f o f 
the g r a v e l m a t e r i a l has d i s a p p e a r e d f r o m t h e h o l e s 
i n t h e h e a v i l y l o a d e d zone. T h i s m a t e r i a l was 
d e p o s i t e d a t t h e b o t t o m o f t h e s l o p e . I n t h e 
narrow t a p e r e d seams between t h e b l o c k s f i n e g r a v e l 
was s t i l l p r e s e n t . The o b s e r v e d g r e a t e r s t a b i l i t y 
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o f t h e g r a v e l f i l l e d C oncrete t l o c k mats was inost 
l i k e l y caused by t h i s m a t e r i a l . 

CONCLUSION 
24. For t h e c i r c u m s t a n c e s d u r i n g t h e i n v e s t i g a t i o n , 
t h e f o l l o w i n g c o n c l u s i o n s can be f o r m u l a t e d , on 
the b a s i s o f o b s e r v a t i o n s d u r i n g t he t e s t s . 
1. For the damage wave p a r a m e t e r s , as i n a p r e 

v i o u s r e s e a r c h , t h e d i m e n s i o n l e s s q u a n t i t i e s 
H/Ad and r = were s e l e c t e d . 

The s m a l l e s t damage wave h e i g h t found d u r i n g t h e 
t e s t s w i t h r e g u l a r waves and n o n - g r a v e l f i l l e d 
A r m o r f i e x c o n c r e t e b l o c k mats, w i t h o u t s t e e l 
c a b l e s , o c c u r r e d a t a wave p e r i o d T = 3 s and 
a l s o t h e l o w e s t | - v a l u e t o o k p l a c e . The damage 
wave h e i g h t o f the b l o c k mat i n t e s t s w i t h 
T = 6 s was s u b s t a n t i a l l y l a r g e r t h a n t h a t a t 
T " 3 s and T = 4 s (H. = 1.44 m, compared w i t h 
1 .02 m and 1.06 m). ^ 

2. D u r i n g t he damage t e s t w i t h i r r e g u l a r waves, 
T = 3.75 s, and n o n - g r a v e l f i l l e d mats H 
appeared t o be s l i g h t l y s m a l l e r t h a n the i n c i 
d e n t damage wave h e i g h t , d e r i v e d f r o m t he t e s t s 
w i t h r e g u l a r waves and t h e c o r r e s p o n d i n g wave 
steepness p a r a m e t e r g . 

3. D u r i n g t h e t e s t s w i t h i r r e g u l a r waves, 
T = 3.75 s, w i t h t h e h o l e s f i l l e d w i t h g r a v e l , 
damage c o u l d n o t be b r o u g h t a b o u t . A g r e a t e r 
wave h e i g h t t h a n H = 1.22 m ( m a i n t a i n e d d u r i n g 
40 m i n . ) , c o u l d n o t be r e a l i z e d i n t h e D e l t a 
Flume, because o f t h e b r e a k i n g o f t h e waves a t 
t h i s T and H . 

4. The S t I b i l i t y o f t h e A r m o r f i e x c o n c r e t e b l o c k 
mats w i t h g r a v e l f i l l e d h o l e s and t a p e r e d j o i n t s 
between t h e mats, i s c o n s i d e r a b l y l a r g e r t h a n 
t h a t o f t h e n o n - g r a v e l f i l l e d mats. 

5. F i l l i n g o f t h e h o l e s i n and between t h e Armor-
f l e x b l o c k s w i t h g r a v e l r e s u l t s i n much e r o s i o n 
d u r i n g wave a c t i o n . A f t e r a t o t a l o f a p p r o x i 
m a t e l y 5 hours o f wave a c t i o n , about h a l f o f 
th e g r a v e l t u r n e d o u t t o be eroded f r o m these 
h o l e s , over a t o t a l l e n g t h o f 4 m, measured 
a l o n g t h e s l o p e . 

6. A f t e r c o m p l e t i o n o f t h e t e s t s , most o f t h e 
f i n e r m a t e r i a l ( c o a r s e sand and f i n e g r a v e l ) 
w h i c h was p r e s e n t i n t h e narrow t a p e r e d j o i n t s 
between t h e b l o c k s , appeared t o be adhered. I t 
can r e a s o n a b l y be assumed t h a t t h e ad h e s i o n and 
i n t e r l o c k i n g e f f e c t o f t h i s m a t e r i a l has l e d t o 
a g r e a t e r s t a b i l i t y o f t h e g r a v e l f i l l e d b l o c k 
mat. 

7. The s t a b i l i t y o f s e p a r a t e , n o n - g r a v e l f i l l e d 
b l o c k s on a s l o p e b e i n g s u b m i t t e d t o wave 
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a t t a c k , depends on A g t e a t nulnber o f p a r a 
m e t e r s . Amongst o t h e r f a c t o r s , p e r m e a b i l i t y o f 
the mat and f i l t e r l a y e r , t h e r e l a t i v e perme
a b i l i t y o f t h e mat and t h e dynamic and q u a s i -
s t a t i c wave boundary c o n d i t i o n s ^ p l a y t h e i r 
p a r t . The s t a b i l i t y o f t h e n o n - g r a v e l f i l l e d 
A r m o r f i e x b l o c k mats appeared t o be r a t h e r 
l a r g e d u r i n g t h e D e l t a Flume r e s e a r c h , e.g. 
l a r g e r t h a n t h a t o f a s l o p e p r o t e c t i o n c o n s i s 
t i n g o f c l o s e d square b l o c k s , as f o u n d d u r i n g 
a p r e v i o u s s u r v e y . T h i s was p r o b a b l y caused by 
the r e l a t i v e l y l a r g e r w a t e r p e r m e a b i l i t y o f t h e 
A r m o r f i e x b l o c k mats and o f t h e i n t e r l o c k i n g o f 
the b l o c k s , 

8, The r e s u l t s o f t h e f u l l s c a l e model i n v e s t i g a 
t i o n can be used t o d e t e r m i n e t h e l o w e r l i m i t 
s t a b i l i t y o f t h e A r m o r f i e x s l o p e r e v e t m e n t s y s 
tem. As men t i o n e d b e f o r e , under c e r t a i n c o n d i 
t i o n s , a d d i t i o n a l s a f e t y as a r e s u l t o f i n t e 
g r a t e mat b e h a v i o u r , m i g h t be t a k e n i n t o . a c c o u n t . 
I n t h e s e cases t h e r e s u l t s o f t h e e a r l i e r 1:10 
s c a l e model t e s t ( r e f . 2) can be used t o d e t e r 
mine t h e t o t a l mat s t a b i l i t y . 
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y 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 i s pres
ented which enables the selection of a tubular gabion dia
meter for a specified bow wave height and current velocity. 
The design method i s put into context by outlining the 
scope of i t s applicability in waterways. Two roles for 
geotextiles are discussed, an open textured grid for the 
gabion niateirial and a f i l t e r fabric underlayer. A con
struction method appropriate to wateru/ay working i s 
described. 

INTRODUCTION 
1. A tubular gabion revetment comprises a battery of 

stone f i l l e d 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 ( r e f . l ) ensuring containment of the 
stone whilst maintaining the revetment's porosity - a feat
ure which i s v i t a l to the dissipation of wave and current 
energy and hence the protection of the bank from erosion. 
3. Extruded polyethylene grids have been used i n c i v i l 

engineering for nearly 20 years with roost of the early work 
undertaken in Japan (refs.2,3). These applications were 
mainly geotechnlcal i n nature where the grid, in sheet form, 
was incorporated i n weak s o i l s as a reinforcing element. 
An exceptional case was the i n s t a l l a t i o n of ro c k - f i l l e d 
tubes providing a coastal defence on the island of Kyushu. 
This application revived the e a r l i e s t use of gabion baskets 
when c y l i n d r i c a l wire mesh forms were used in breach 
repairs on the Reno River, I t a l y in l89% ( r e f . 4 ) . 

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

Flexible Annoured Revetments, Thomas Telford Ltd, London, 1984 123 
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Stone fill Sr,p 

Anchor 

Polymer grid, aperture A 

'7 Tubular gabion 

S.W.L. 

Polymer grid specification (typical) 
Material: high density polyethylene 
Characteristic tensile strength: 5.8 KN/M 
Diameter D: 0.63m 
Aperture A: 27mm x 27mm 
Rib thickness: 5mm 
Weight: 660 g/m^ 

Fig.1 Characteristics of tubular gabions 

DESCRIPTION 
5. Polymer grids are extruded from c i r c u l a r counter-

r o t a t i n g dies with the consequence that the tubular gabion 
i s manufactured i n a continuous form with no seams or j o i n t s . 
The variables i n manufacture are the tube diameter, the 
g r i d aperture size and the r i b thickness. The length i s 
determined by the requirements of the s i t e . Extrusion 
through counter-rotating dies o f f e r s the opportunity t o 
produce complex rib/aperture configurations, but for tub
ular gabions, a simple rectangle i s s a t i s f a c t o r y for the 
ret e n t i o n of stone. 
6. The c h a r a c t e r i s t i c s of tubular gabions and a typ

i c a l material s p e c i f i c a t i o n are given i n Fig.1. 

DESIGN 
7. A feature of tubular gabions that i s pertinent to 

design i s that the stone f i l l can be expected to migrate 
down the tube under current and wave action. To cater for 
t h i s , a generous reservoir of stone i s provided at the 
shoulder serving to 'top-up' the body of the gabion i n 
these circumstances. Settlement of the gabion onto the 
slope can also be expected, such that the i n i t i a l diameter 
( D ) tends to a rectangle (Fig.2). The r e s u l t i n g thickness 
of revetment ( t ) i s rela t e d to ( D ) by 

t = 0.6Ü (1) 
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CO 
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I 

Fig.2. Ultimate isett.lement of gabions 

B. The essential design of a tubular gabion revetment i s 
to derive a diameter which ensures t h a t a battery of gab
ions i s stable when exposed t o waves and currents. I n 
waterway engineering, the design must cater f o r the hyd
r a u l i c e f f e c t s of vessels i n passage, namely bow waves and 
re t u r n currents. 

WAVES 
9. For an analysis of porous revetments subjected t o 

wave attack, the work of Brown ( r e f . 5 ) i s referred to here. 
This work provides a t h e o r e t i c a l treatment of wave impact 
on a porous slope. I t considers that the wave i s i n tr a n s 
l a t i o n ( i . e . physical propagation of the wave mass) and th a t 
i t s impact on the slope i s akin to j e t impulse. I n such 
circumstances, the porosity and density of the revetment 
are of fundamental importance along with the slope's gradient. 
Two f a i l u r e modes apply to tubular gabions - u p l i f t (where 
the gabion i s l i f t e d from the slope) and buckling (where 
the gabion deforms l o c a l l y ) . A t h i r d form of revetment 
f a i l u r e , wholesale s l i d i n g , i s considered not to apply due 
to the anchored shoulder and toe arrangements, as shown i n 
Fig.1. The design c r i t e r i a f o r the two f a i l u r e modes are 
as follows. 

i U p l i f t Y ^^"^ ( S r - l ) ( l - p ) cot''^o^ (2) 

Cbu i s an e m p i r i c a l l y derived coef
f i c i e n t with a value of 7.0 obtained 
from scaled laboratory t e s t i n g . 

Using equation ( 1 ) , the u p l i f t c r i t e r i o n becomes: 

g < A.2 ( S r - l ) ( l - p ) cot''*o< (3) 

1 2 5 
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i i Buckling D > ^ (4) 

This relationship i s arbitrary at presents i t ensures 
that the reuetment does not become too slender when 
designing for mild exposures. 

CURRENT 
10. For an analysis of current action along the bank of a 

waterway, the expressions presented by Stephenson ( r e f . 4 ) 
are used here to derive a gabion diameter. An expression 
for stable stone size to be contained in a gabion subjected 
to current i s : 

K j . r . i 

^ ^ (Sr- l K l - p ) cos<H^tan'-^ - tan»o< J 

where i s a coefficient with a value of 8 (approx), 
r i s the hydraulic radius of the waterway, 
i i s the hydraulic gradient and 

w2 2 u n 
1 - ~ ^ y j in Manning's equation. 

I f the hydraulic radius r i s taken to approximate to the 
average water depth y in a 'wide' waterway and the value of 
Manning's n taken as 0.030, equation(5)becomes: 

d > 0.007U^ 

y ' ( S r - l ) ( l - p ) cos ok ktan $ - tan cK ) 

11. A condition to be s a t i s f i e d by the f i l l material i s 
that individual stones are neither too large, which may 
cause d i f f i c u l t y during f i l l i n g , nor too small such that 
they become excited by current action. Assuming, typically, 
thatd=0.25t (7) then equations ( 1 ) , (6) and (7) combine to 
give: 

2 

^ < 21y^(Sr-l)(l-p) cos<xy(tan^0 - tano< ) (8) 

DESIGN SCOPE 

12. For outline design purposes, the parameters in design 
c r i t e r i a equations ( 3 ) , (4) and (8) can adopt the following 
typical values. 

Sr = 2.6 
p = kQ% 
0 = 35° - 40° 

13. The scope for these design c r i t e r i a i s greatly depen
dent on the slope of the waterway bank. For in- s i t u f i l l i n g 
methods, the bank slope needs to be sufficiently steep to 
permit gravity feed of stone into the body of the gabion. 

HALL 

The range of bank gradients considered to be suitable for 
this application i s : 

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

Shallower than this range w i l l require the adoption of a 
f i l l i n g method other than that described in this paper. 
Steeper slopes limit the tolerable wave and current exposure 
somewhat and also requires the shoulder anchorage to come 
into permanent effect as the angle of repose of the f i l l 
material i s 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 c r i t e r i a 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 geotechnlcal considerations of slope 

s t a b i l i t y need to be s a t i s f i e d as the tubular gabions revet
ment i s purely a means of erosion control and contributes 
l i t t l e to s t a b i l i t y in limit equilibrium analyses for the 
slope. 
15. The s i t e preparation of the bank requires that a 

reasonably plane slope i s provided with, preferably, a toe 
trench and a slightly rounded shoulder. A drag line excav
ator i s 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 i s 
in motion in waves and currents. Tubular gabions are porous, 
however, and i n t e r s t i c i a l water turbulence in the proxim
it y of the slope surface may cause erosion. For many water
ways, and particularly those with the steeper slopes 
required of tubular gabions, the indigenous or imported 
bank lining material i s a s t i f f , 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 f i l t e r membrane to 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 ( r e f , 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 l i k e l y upper limit for tubular gabion revet
ments . 
18. A similar set of empirical revetment thicknesses c r i t 

e r ia for wave action does not appear to have been formulated. 
The effect of waves i s potentially more damaging than cur
rents as f i r s t the bow wave crest and then, particularly, 
the wave trough passes along the revetment. The water level 
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drawdown associated with the presence of a wave trough on 
the revetment i s the instant when erosion of bank material 
takes place. To overcome this problem, recourse i s made to 
the Terzaghi f i l t e r c r i t e r i a for the introduction of a f i l 
ter medium to protect the bank. In these circumstances, a 
geotextile f i l t e r membrane i s appropriate, the associated 
design and geotextile selection are well documented ( r e f . l ) . 

CONSTRUCTION 
19. An attribute of tubular gabions i s that there i s a 

choice of construction methods - the most suitable being 
s i t e specific and commensurate with the technology available 
to the constructor. The following description applies to 
most waterway work, however. 

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

Fig.3. P r e - f i l l in 'A-frame' 

i i The gabion i s transported to s i t e and l i f t e d into 
position, the toe being keyed into a prepared trench (Fig.4) 

Fig.4 L i f t in part f i l l e d gabion 
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i i i The gabion i s then f i l l e d with stone by the most 
appropriate method (Fig. 5) 
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Fig.5. In-situ f i l l 

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

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

Fig.6. Braiding detail 

20. Low technology f i l l i n g methods have been used to date, 
as exemplified by the lining of Ulcinj-Solana reservoir in 
Yugoslavia, where stone f i l l i n g took place manually. Here, 
the neck of the gabion was supported in a timber tr e s t l e 
and f i l l e d with hand implements. At a pre-construction 
t r i a l 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 lai d i t on the slope as stone f i l l i n g proceeded. 
Ultimately, the most sophisticated and economical methods 
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may employ h y d r a u l i c f i l l u s i n g l o c a l l y dredged g r a v e l s . 
21 . The wide range of s i t e 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 
D tubular gabion diameter (m) 
t ultimate revetment thickness (m) 
S slope length (m) 
A grid aperture size (mm) 
H wave height (m) 
V current velocity (m/s) 
Sr relative density of stone 
p porosity of stone f i l l 
y water depth (m) 
d representative stone size (m) 
Cbu coefficient 

o< slope gradient 
(ji angle of f r i c t i o n for stone f i l l 

i 
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Geotextiles for bank protection in relation 
to causes' of erosion 

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

SYNOPSIS. Channel banks erode i n d i f f e r e n t ways due to 

various causes. The type and cause of f a i l u r e should be 

e s t a b l i s h e d before s e l e c t i n g a method of p r o t e c t i o n and the 

m a t e r i a l s of c o n s t r u c t i o n . The paper summarises the methods 

of bank p r o t e c t i o n s u i t a b l e f o r d i f f e r e n t s i t u a t i o n s and the 

forma of g e o t e x t i l e s a v a i l a b l e f o r use i n r i v e r engineering 

works. 

INTRODUCTION 

1. The banks of n a t u r a l and a r t i f i c i a l channels which are 

unprotected many erode, and i t i a sometimes necessary to 

prevent the continuing l o s s of s o i l by c o n s t r u c t i n g s u i t a b l e 

works. There are d i f f e r e n t methods of p r o t e c t i o n and 

m a t e r i a l s for c o n s t r u c t i o n , but no s i n g l e method or m a t e r i a l 

o f f e r s a sound, t e c h n i c a l and economic s o l u t i o n to every 

erosion problem. 

2. Banks erode i n d i f f e r e n t ways f o r v a r i o u s reasons. I t 

I s e s s e n t i a l therefore, to e s t a b l i s h both the type and cauee 

of the l o s s of bank m a t e r i a l before choosing a method and 

m a t e r i a l s for p r o t e c t i o n . I f the r e s u l t i s to be economic and 

s u c c e s s f u l . 

3. The use of g e o t e x t i l e s , p a r t i c u l a r l y those which have 

come onto the market I n v a r i o u s forms i n recent y e a r s , makes 

pr o t e c t i o n cheaper and simpler i n some c a s e s . More 

a t t e n t i o n , however, needs to be given to the p o t e n t i a l of 

these m a t e r i a l s , to t h e i r performance, to the problems of 

maintenance and to the d i f f i c u l t i e s which may a r i s e when 

using them i n the c o n s t r u c t i o n of bank p r o t e c t i o n works. 

TYPES OF EROSION 

4. The banks of n a t u r a l and a r t i f i c i a l channels erode i n 

two ways (Ref 1,2): 

( a ) a b r a s i o n , or the removal of m a t e r i a l from the 

s u r f a c e of the bank; and 

(b) s l i p , or the c o l l a p s e of a mass of s o i l i n t o the 

channel. 

5. Abrasion may be caused by men and animals walking on the 
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face of a bank. The condition i s often aggravated by r a i n 
water flowing down the worn paths and washing s o i l i n t o the 
channel. More usually, however, abrasion i s caused by the 
movement of water i n the channel, and i s affected by high 
v e l o c i t i e s , currents, local-eddies, waves and boat wash. 
6. S l i p i s caused by a reduction i n the i n t e r n a l s o i l 
strength or by an increase i n the forces tending to cause the 
movement. The mass of s o i l which s l i p s I n t o the channel, 
breaks up and i s carried away i n suspension or as bed load. 
Factors producing a s l i p are seepage of water, cracking of 
the s o i l on drying followed by the entry of water along the 
p o t e n t i a l surface of f a i l u r e , or an increase i n the load on 
the top of the bank. 

PRINCIPLES OF PROTECTION 
7. A c a r e f u l examination of the bank, the morphology of the 
r i v e r and the flow c h a r a c t e r i s t i c s i n the channel should 
reveal both the mode of f a i l u r e and i t s cause (Ref 
3,4,5,6,7). The methods of protection which are t e c h n i c a l l y 
sound may then be deduced and a s o l u t i o n developed which 
takes account of funds avai l a b l e , the extent of the eroded 
bank, the e f f e c t on the r i v e r upstream and downstream of any 
remedial works, the a v a i l a b i l i t y of labour and materials 
l o c a l l y , and d i f f i c u l t i e s i n obtaining manufactured materials 
(Ref 8,2,1). 
8. Methods of protecting a r i v e r bank from the loss of 
material may be c l a s s i f i e d under two main headings depending 
on the type of f a i l u r e . 

(a) Protection against abrasion: 
( i ) Armour face of bank, 

( i l ) Retard the flow w i t h i n the channel or near 
the bank. 

( i l l ) Deflect the flow away from the eroding 
bank. 

(b) Prevention of bank s l i p : 
(1) Reduce seepage through the s o i l mass to 

increase Intergranular pressure and decrease 
the forces causing f a i l u r e . 

(11) Drain the s o i l mass away from the face of 
the bank. 

( i l l ) Protect against surface cracking which 
allows the entry of moisture and the 
development of a lubricated p o t e n t i a l s l i p 
surface. 

( l v ) Increase the strength of the s o i l mass, 
(v) Reduce the external forces tending to cause 

s l i d i n g . 

FORMS OF GEOTEXTILES 
9. There i s a great range of materials available f o r r i v e r 
t r a i n i n g and bank pr o t e c t i o n . Those used i n the past 
include: 

Leaves (usually woven i n t o mats) 

C H A R L T O N 

, Bamboo 
Timber ( p i l e s , fences or woven) 
Clay 
Stone (loose, i n crates or bonded w i t h mortar) 
Brick (loose, i n crates or bonded w i t h mortar) 
S o i l cement 
Cement mortar 
Concrete (precast slabs or pavements) 
Bitumen 
Rubber ( n a t u r a l and a r t i f i c i a l ) 
Resins ( f o r impregnating permeable s o i l s ) 
Car tyres 
Steel sheet (sheet p i l e s and sheet from o i l drums) 
Asbestos sheet (sheet p i l e s ) 

10. More recently engineers have begun t o make greater use 
of the various g e o t e x t i l e s available (Ref 9,10). Without 
sub-dividing these i n t o types of material (polyamide, 
polyester, p o l y v i n y l c h l o r i d e , p o l y o l e f i n e , e t c ) , methods of 
processing (melted, woven, k n i t t e d ) or the physical 
properties ( t e n s i l e strength, resistance to u l t r a - v i o l e t 
l i g h t , e t c ) , g e o t e x t i l e s are a v a i l a b l e i n the forma l i s t e d i n 
Table 1, some of which have been s p e c i a l l y designed f o r use 
i n r i v e r and coastal p r o t e c t i o n . 

Table 1. Forms of Geotextile 

Permeability 
Form of f i n i s h e d Condition of Use 

works 

Sheet Impermeable ( i ) 

(11) 

(111) 

Cloth Permeable (1) 

( i i ) 

Netting Permeable ( i ) 

( i l ) 

( i i i ) 

Impermeable ( i ) 

Plain membrane (Plate 1) 
Membrane w i t h f e l t laminate 
uppermost onto which cement 
mortar i s sprayed 
Woven j u t e , reinforced w i t h 
wire and coated w i t h a 
synthetic rubber (Plate I 
and IV) 
F i l t e r f a b r i c (needle 
punched, welded, k n i t t e d or 
woven) (Plate I and I I ) 
F i l t e r f a b r i c w i t h concrete 
blocks attached 
Plain net ( p l a s t i c or j u t e ) 
(Plate I I I ) 
Mats, deep openwork usually 
formed by welded threads. 
(Plate I I I ) 
Mats w i t h a f i l t e r f a b r i c 
backing (Plate IV) 
Net coated w i t h asphaltlc 
concrete 
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• i. ̂  - X 

Basic M a t e r i a l s 
( j u t e n e t t i n g , impermeable sheet and f i l t e r c l o t h ) 

Pl a t e 1 

F i l t e r Cloth 

(Needle punched, woven and welded) 

Pla t e I I 

1 1 4 
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Nebbing Permeable 

Impermeable 

Cloth 
with 
pockets 

Permeable 

( i i ) Mat f l l e l d with a s p h a l t l c 

concrete ( P l a t e IV) 
( i ) Interwoven s t r i p s of 

impermeable m a t e r i a l , 
( i i ) Interwoven s t r i p s of 

impermeable m a t e r i a l backed 

by a f i l t e r f a b r i c 
(1) Interwoven s t r i p s of 

impermeable m a t e r i a l backed 
by an impermeable sheet 

( i ) F i l t e r f a b r i c with added 
pockets to r e t a i n b a l l a s t 

Cloth 

with 
panels 

Permeable ( i ) Two sheets of f i l t e r f a b r i c 
joined at I n t e r v a l s to form 
tubes or bags i n t o which 
cement mortar i s pumped 

Bags Impermeable 

Permeable 

( i ) Bags fonled of impermeable 
sheet and which may be 
f i l l e d i n s i t u with sand 

( i l ) Bags s p e c i a l l y t a i l o r e d of 
Impermeable sheet which may 
be f i l l e d with water when 
required to form a 
temporary weir 

( i ) Bags of c l o t h f i l l e d a t 
s i t e with dry sand—cement 
mix 

Baskets Permeable 

Impermeable 

Strands 

(1) Baskets of open mesh net 
packed i n s i t u with stones 
(gabions) 

( i ) Baskets of open mesh net 
packed i n s i t u with stones 
and f i l l e d with a s p h a l t or 
sometimes with cement 
mortar 

( i ) Cables which may be used to 
l i n k concrete blocks to 
form a f l e x i b l e or 
a r t i c u l a t e d s e t of blocks 
u s u a l l y with a f i l t e r 
backing ( P l a t e V) 

( i i ) Bundles of filaments 
attached to the bed (Plate" 
V) . 

CHOICE OF MATERIALS 

11. When methods of bank protection which appear to o f f e r a 

s o l u t i o n for a p a r t i c u l a r erosion problem have been s e l e c t e d , 

the choice must be narrowed by an examination of a v a i l a b l e 

1 3 5 
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Composite Materials 
(Openwork mat w i t h f i l t e r c l o t h , j u t e net w i t h 
synthetic rubber and openwork mat wi t h 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) t ransportation of materials to the s i t e and whether 
t h i s requires new roads, unusual or excessive q u a n t i t i e s 
of transport, and 
(c) construction which should take account of the type 
of equipment required, s k i l l and cost of labour and 
p a r t i c u l a r d i f f i c u l t i e s i n handling the materials. 

12. When materials available l o c a l l y are suitable there i s 
often l i t t l e J u s t i f i c a t i o n f o r using items which may need 
p a r t i c u l a r s k i l l s or transport f a c i l i t i e s . When construction 
and repair work could provide a d d i t i o n a l Income f o r l o c a l 
inhabitants materials which need Imported s k i l l e d labour 
should usually be avoided. 
13. When i t has been established that g e o t e x t i l e s are 
necessary the physical form (sheet, c l o t h net, etc) and i t s 
resistance to attack by u l t r a - v i o l e t l i g h t , insects, abrasion 
and heat should be c a r e f u l l y 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, usings 

(a) r i g i d revetments, or 
(b) f l e x i b l e revetments. 

15. Rigid revetments are mainly impermeable being 
constructed of concrete ( p l a i n , reinforced or precast s l a b s ) , 
cement mortar, s o i l cement, sheet p i l e s ( s t e e l , asbestos or 
timber), brickwork or stone and mortar. There i s generally 
l i t t l e scope f o r geotextiles here unless drainage through the 
revetment i s provided when a f i l t e r f a b r i c instead of a 
reverse f i l t e r , may be used to prevent the loss of bank 
ma t e r i a l , and slabs may be l a i d on a f i l t e r f a b r i c to 
minimise the loss of material through the Joi n t s . To 
increase the s t a b i l i t y of a pre-cast block revetmentj the 
blocks may be cast w i t h l o n g i t u d i n a l or l a t e r a l holes. When 
l a i d the blocks are li n k e d together by ropes of polyester 
filaments to form an a r t i c u l a t e d mat. 
16. Fle x i b l e impermeable revetments may be constructed of 
sheet (polyethylene, material or a r t i f i c i a l rubber), webbing 
backed by impermeable sheet (polyesters and polyethylene), 
clay, bitumen, and asphaltlc concrete ( p l a i n or reinforced by 
polypropylene n e t t i n g ) . The impermeable revetments which are 
l i g h t i n weight (sheet and webbing) must be secured to the 
bank ei t h e r by concrete slabs or by staples i n t o the bank. 
Generally, when sheeting i s used i n r i v e r s and canals, i t 
should be considered as a backing to reduce permeability 
rather than as a facing to protect against abrasion. I t has 
i n s u f f i c i e n t s t r u c t u r a l strength and mass to r e s i s t the 
forces of flowing water and pressures due to seepage. 
17. Fl e x i b l e permeable revetments may be constructed of 
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1 

Strands 
(Cable and bundle of filaments) 

Plate V 

brushwood or woven willow mattress, f i b r e g l a s s and resi n 
(sometimes In conjunction w i t h vegetation), vegetation 
(protected by a layer of j u t e , wire or p l a s t i c n e t t i n g ) , 
dumped or placed stone, gabions formed of stone I n baskets of 
wire or p l a s t i c n e t t i n g , bricks protected by a layer of wire 
or p l a s t i c n e t t i n g , precast concrete blocks (sometimes bonded 
to a f i l t e r f a b r i c (Ref 11), c l o t h w i t h pockets to contain 
stones or panels i n t o which cement mortar may be pumped, j u t e 
bags containing cement and sand, and p l a s t i c bags of sand. 
18. Jute does not have a long l i f e and soon decays. When 
used w i t h veegetatlon I t s main purpose Is to provide 
protection during the early stages of growth. P l a s t i c or 
wire n e t t i n g or j u t e n e t t i n g reinforced w i t h wire, may be 
used to protect vegetation f o r longer periods. 
19. Gabions have usually been constructed of baskets made o£ 
wire mesh (Ref 12,13), woven willow, bamboo or timber. 
P l a s t i c n e t t i n g has, however, been used successfully and 
provided i t I s r e s i s t a n t to u l t r a - v i o l e t l i g h t , should give 
s a t i s f a c t o r y service. 
20. A r e l a t i v e l y new method of revetment construction has 
emerged w i t h the use of a permeable c l o t h to which pockets 
have been added. Those pockets are f i l l e d w i t h stone or 
stone and mortar to give s t a b i l i t y . Another v a r i a t i o n i s a 
c l o t h w i t h panels i n t o which cement mortar i s pumped (Ref 
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14). This provides a stronger but less f l e x i b l e revetment, 
but both have the advantage that they act as a f i l t e r and 
prevent loss of bank ma t e r i a l . 
21. Jute bags f i l l e d w i t h cement and sand have long been 
used to form revetments; now bags formed of Impermeable 
p l a s t i c sheet or permeable p l a s t i c c l o t h , and f i l l e d w i t h 
sand may be used. (Ref 15). 
22. F i n a l l y , except where the materials form an adequate 
f i l t e r membrane to prevent the loss of bank material due t o 
seepage out of the embankment, the above revetments should be 
backed by a f i l t e r membrane of the required mesh size to 
protect the s o i l i n the bank. 
23. Flow Retardation. Methods of reducing the speed of flow 
near a channel bank may be achieved i n three ways: 

(a) I n s t a l t r a l i n g fences 
(b) By-pass the area under attack 
(c) Raise water l e v e l s . 

24. Training fences to reduce flow speeds may be constructed 
by d r i v i n g i n t o the bed closely spaced p i l e s i n rows running 
out at r i g h t angles from the bank; the p i l e s may be of 
timber, bamboo, concrete, p l a s t i c s , etc. Other methods 
include n e t t i n g ( s t e e l , p l a s t i c or woven willow, bamboo or 
timber) attached to p i l e s and projecting i n t o the steam, or 
s t e e l jacks linked to one another by wire or p l a s t i c cables, 
or bundles of filamentss attached to the bed. The p r i n c i p a l 
object i s to provide a set of closely spaced obstacles which 
retard the flow. Geotextiles which can be used f o r such 
works/are j u t e , polyethylene n e t t i n g polyester-polyethylene 
cables, and polypropylene filaments. 
25. By-passing the area under attack by the excavation of a 
c u t - o f f channel Is not w i t h i n the scope of t h i s conference. 
26. Raising water levels i s not normally an economic 
so l u t i o n to t h i s type of problem as the cost of a weir, dam 
or barrage would probably be excessive. I n some cases, 
however, a specially t a i l o r e d p l a s t i c bag anchored i n 
p o s i t i o n across the channel and which could be f i l l e d w i t h 
water as required to raise the crest l e v e l i s a p o s s i b i l i t y 
(Ref 16). 
27. Flow Deflection. Currents which impinge on a bank or 
flow at speeds s u f f i c i e n t to dislodge surface p a r t i c l e s may 
be deflected away from the bank thus eliminating erosion by 
abrasion. There are three basic systems, although the f i r s t 
two are s i m i l a r d i f f e r i n g only i n t h e i r height r e l a t i v e to 
the depth of flow; 

(a) Spur or groyne 
(b) S i l l 
(c) Vanes 

28. A single spur or groups of spurs set at c a r e f u l l y chosen 
distances along a channel bank are often used. Rigid and 
impermeable spurs are constructed of s t e e l , asbestos or 
timber sheet p i l e , reinforced concrete or stone and mortar. 
There i s l i t t l e scope f o r the use of geotex t i l e s i n such 
structures as they must be strong and rigid. S i l l s whose 

139 



FLEXIBLE A R M O U R E D RÈVËtMENTS I N C O R P O R A T I N G GEOtÈXtiLES 

crest i s below water l e v e l are o f s i m i l a r construction (Ref 
1 7 ) . 

29. Spurs required to be Impermeable but f l e x i b l e may be 
constructed of clay w i t h a stone facing to protect the core 
from erosion. P l a s t i c sheet or a f i l t e r c l o t h should be l a i d 
between the core and facing to preveent fin e s being washed 
through the stone. 
30. Permeable and f l e x i b l e spurs can also be constructed of 
brushwood, wöven mats o f l o c a l l y available materials attached 
to p i l e s , dumped or placed stone, concrete blocks, or gabions 
w i t h baskets of woven bamboo, ste e l or p l a s t i c n e t t i n g . 
There Is considerable scope f o r using g e o t e x t i l e s i n such 
structures. Mats may also be made of woven j u t e , p l a s t i c 
n e t t i n g or p l a s t i c webbing, and they may be attached to p i l e s 
of timber or p l a s t i c . Concrete blocks may be linked together 
by cables of p l a s t i c and p l a s t i c n e t t i n g may be used f o r 
gabion baskets. 
31. F i n a l l y , vanes to generate secondary currents which 
a f f e c t the positions at which scour and accretion occur i n a 
channel may be constructed of timber, concrete, s t e e l or 
p l a s t i c webbing w i t h timber beams and s t r u t s . 

Protection against bank s l i p 
32. Reduction of Seepage. Erosion due to the seepage of 
water through the mass of s o i l i n the bank may be reduced 
by: 

(a) C o n t rolling rate of drawdown i n channel. 
(b) Reducing permeability of bank. 

33. The rate of drawdown may be c o n t r o l l e d by constructing a 
dam, barrage or weir. This i s not normally a p r a c t i c a l 
approach unless the structures have a second purpose also. 
Such structures would normally be of concrete, brickwork, 
stone, gabions or earth, but an I n f l a t a l e p l a s t i c bag 
t a i l o r e d to s u i t the dimensions of the channel i s a 
p o s s i b i l i t y f o r small r i v e r s (Ref 16). 

34. The permeability of the bank may be reduced by a c u t - o f f 
w a l l of s t e e l , concrete or p l a s t i c sheet. Reductions could 
also be achieved by i n j e c t i n g cement grout or res i n to f i l l 
the pores of the s o i l mass. 
35. Drainage. Improved drainage 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 
stone surrounded by a f i l t e r c l o t h should be considered. 
36. Protection against Surface Cracking. When the top 
surface of a bank containing clay Is subjected a l t e r n a t e l y to 
wetting and drying, cracking may occur. The cracks weaken 
the bank and allow water to enter which aggravates the 
condition. Vegetation, bitumens and asphaltlc concrete may 
be used to protect the top surface of the bank. 

37. Increase of S o i l Strength. The o v e r a l l strength of a 
s o i l may be increased i n two ways: 

(a) I n j e c t i o n . 
(b) Earth reinforcement. 

C H A R L T O N 

38. Cement grout of r e s i n and hardener (Ref 18) may be 
i n j e c t e d to strengthen a bank of permeable s o i l . This i s an 
expensive method and would normally be reserved f o r short 
lengths of bank or f o r s i t e s where the high cost could be 
j u s t i f i e d (e.g. i n urban areas) (Ref 19). 
39. Reinforcement of the earth embankment may be achieved by 
laying ropes or high t e n s i l e strength p l a s t i c c l o t h across 
the bank at d i f f e r e n t elevations. Where the rope or c l o t h 
emerges on the face of the bank i t i s linked to a facing of 
metal, timber or p l a s t i c webbing. 
40. Reduction of S l i d i n g Force. The force tending to cause 
a s o i l mass to s l i d e i n t o a channel may be reduced by: 

(a) Reducing an overburden. 
(b) Increasing the load on the face of the bank. 
(c) Reducing the slope of the face of tbe bank. 
(d) Raising the water l e v e l i n 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 i n earthwork, and the construction of a dam, barrage 
or weir to co n t r o l water l e v e l s has been discussed above 
also. 

CONCLUSIONS 
43. Unprotected banks erode by abrasion and s l i p due to a 
v a r i e t y of causes. 
44. There are many systems of bank pr o t e c t i o n ; a choice 
should only be made a f t e r the method and cause of f a i l u r e 
have been established and suitable materials selected, 
45. Systems of protection against erosion by abrasion 
include: 

(1) revetments, 
( l i ) flow r e t a r d a t i o n , and 

( i l l ) flow d e f l e c t i o n . 
46. Systems of p r o t e c t i o n against erosion by bank s l i p 
include: 

(1) reduction of seepage. 
( i i ) drainage. 

( i l l ) p r o t ection against surface cracking. 
( l v ) increase of s o i l strength, and 
(v) reduction of s l i d i n g force. 

Geotextiles are available i n the form of: 
( i ) impermeable sheet. 

(11) permeable c l o t h . 
( i i i ) n e t t i n g , 
( l v ) cables. 
(v) strands. 

48. In a d d i t i o n there are many items fabricated from these 
geotex t i l e s and used f o r r i v e r engineering. They Include: 

( I ) webbing, 
( i i ) c l o t h w i t h panels, 

( i l l ) baskets, 
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( i v ) n e t t i n g and mat coated or f i l l e d w i t h asphaltlc 
concrete. 

(v) bags of Impermeable or permeable sheet. 
49. Geotextiles are used i n various ways: 

(a) Impermeable sheet to prevent séepage. Used 
behind s t r u c t u r a l defence formed of concrete 
slabs, stones, gabions, cement mortar, etc. 

(b) Permeable f i l t e r c l o t h to permit seepage but 
prevent loss of s o i l . Used behind s t r u c t u r a l 
defence formed of concrete slabs, stones, 
gabions, etc. 

(c) Reinforcement to protect vegetation, to 
strengthen s o i l (earh reinforcement), to 
strengthen blocks (cables). 

(d) Container to hold a heavier material which when 
confined forms the defence. This includes 
pocketed and panelled c l o t h , baskets f o r stone, 
bags f o r sand and cement mortar, n e t t i n g and mat 
f i l l e d w i t h asphaltlc concrete. 

(e) S t r u c t u r a l defence i n form of webbing, n e t t i n g , 
or mat on the face of a bank or between p i l e s . 

( f ) Flow retarding system i n form of n e t t i n g or 
bundles of strands. 
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Experience with a flexible interlocking 
revetment system at the Mittellandkanal 
fn Germany since 1973 

Dr Ing. G. H E E R T E N , Naue Fasertechnik, Espelkamp, Dipl.lng. H . MEYER, 
Wasser und Schiffahrtsdirektion Mitte, and Dipf.lng. W. MÜHRING, 
Neubauamt Mittellandkanal, Osnabrück, West Germany 

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

INTRODUCTION 
1. The design of bank protection sti'uctures has always 

played a major role 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 i t was mainly the search for low-cost, 
durable materials which stimulated progress, in the l a s t 10 
years i t i s 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 w i l l allow 
the system to blend into the natural surroundings in promoting 
the development of vegetation and providing a habitat for small 
aquatic l i f e , 

3. Taking these aspects into account, the design of a bank 
protection structure has to f u l f i l the following requirements.: 

• optimum technical layout for long-term use and for mini
mizing the manufacturing and maintenance cost 

• approved installation technique for quick and safe i n 
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 special significance in the 

Flexible Armoured Revetments. Thomas Telford Ltd, London, 1984 145 
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f i e l d of bank protection. In 1973 the terrafix revetment 
system was used for the f i r s t 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 w i l l be dealing with the results obtained 
from fie l d 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 i s being developed according to a 

skeleton draft drawn up i n 1965 based on know-how available 
at that time. Set c r i t e r i a for development were as follows: 

Standard vessel: 
1350 t motor vessel (Waterway Class IV) 

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-section with 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 vert i c a l 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 t r a f f i c . 
This resulted in the formulation of two basic requirements: 
• Construction of an effective, erosion-proof high per

meable f i l t e r layer below and above water with t r a f f i c 
passing constantly. This could only be achieved by placing 
geotextile f i l t e r s , the development of which was consider
ably influenced by the Mittellandkanal project. 

9 The armour layer protecting the f i l t e r 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. I t was particularly the l a s t 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 f i l t e r layer of a revetment structure has to stabi
l i z e the subsoil with a sufficient s o i l tightness and permea
b i l i t y 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 f i l t r a 
tion properties, especially i f underwater installation i s 
necessary. 

11. An important improvement in revetment construction 
could be observed in using synthetic f i l t e r fabrics (geotex
t i l e s ) for underwater installation. Nowadays, numerous synthe
t i c f i l t e r fabrics are available which meet current design 
c r i t e r i a in regard to f i l t e r i n g capability and permeability 
both normal and parallel to the f i l t e r plane for a wide range 
of s o i l types. These f i l t e r fabrics offer the advantage of 
continuous underwater installation without interrupting the 
shipping t r a f f i c . 

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 fabrics we have.to distinguish e.g. the kinds of the 
threads, the kind of weaving, tFie used polymer and the fabric 
fi n i s h . 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 i t s high resistance against ultra-violet 
irradiation, high specific strength and specific gravity the 
use of geotextiles produced from polyester fibres i s advanta
geous especially for under water installations. 

14. The long-term behaviour of a revetment structure mainly 
depends on the f i l t r a t i o n properties of the f i l t e r fabric after 
geotextile and armour layer being carefully installed. 

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

16. Discussing the f i l t r a t i o n properties of geotextiles we 
have to distinguish the properties of woven and nonwoven 
fabrics. The f i l t r a t i o n properties of woven fabrics are given 
by the mesh size or the fabric openings. The woven geotextile 
i s acting as a thin sieve. The f i l t e r conditions could be 
stable with nearly a l l s o i l particles being larger than the 
mesh size or unstable with nearly a l l s o i l particles being 
smaller than the mesh size. This unstable conditions often are 
given on sub s o i l s in the range from s i l t y sands to clay. 

17. The f i l t r a t i o n 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 
a l l other types of geotextiles. Caused by the needle-punching 
process the voids volume of needle-punched geotextiles i s about 
85 % or more. The f i l t e r conditions are comparable to s o i l -
f i l t e r conditions. The interaction of fibres and s o i l particles 
i s forming a stable, long-term working f i l t e r 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 
s o i l , remaiRing porosity n', remaining permeability k^') are 
given. The estimated permeability of the clogged geotextiles 
i s 5 to 12 times higher as the measured s o i l permeability, 
which i s in the range of k~1,0 to 5,0 10-5 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 
s o i l was estimated. The relation of the permeability of the 
woven geotextiles and the permeability of the s o i l s was in the 
range of 0,16 to 1,8. 

18. Based on the given difference in filtèring and on bad 
experience in using grain f i l t e r s and woven f i l t e r s the appli
cation of heavy needlepunched nonwoven geotextiles really i s a 
standard in revetment construction on waterways in Germany for 
about 15 years. Special guiding rules of the Bundesanstalt fiir 
Wasserbau (BAW, Federal Institute for Waterways Engineering), 
Karlsruhe, have to 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 f i l t e r layer and inter
locking concrete blacks being the revetment armour layer. 

20. Relating to the subsoil requirements or given guiding 
rules different types of fabrics are available. But a l l terrafix 
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Fig. 1 

Clogging of voids volume and permeability decrease of dug up 
needlepunched nonwovens 

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 s i l t y sands or finer s o i l s the fabrics e.g. are 
composed of a fine and coarser f i l t e r l a y e r with a minimum thick
ness of 4.5 or 6,0 mm and a very coarse roughness layer for 
stab i l i z i n g 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 f i l t e r i n g . 

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 f i l t e r 
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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 vert i c a l direction per
mitting t i l t and rotation movements of the blocks (Fig. 3 ) . 
The f l e x i b i l i t y provides for a good adaptation to the i n s t a l l a 
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 i t s 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 85,7. In this area the canal embankments mainly 
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Fig. 3 

Interlocking concrete blocks of the terrafix revetment system 

consist of s i l t y fine to medium sand for which the following 
average characteristic values were assumed; 

Permeability k = 6 • 10"^ m/s 
Angle of fric t i o n = 32,5 ° 
Cohesion c' = 0 , 
Specific gravity ^ = 2,0 kN/m' , = 1,0 kN/m' 

23. Below the concrete blocks a terrafix 800 NSK geotextile 
was placed whose properties had been previously matched to the 
in-si t u embankment s o i l . The characteristic data of the terra-
fix 800 NSK i s as follows: 
Thickness of f i l t e r 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 ?i 
Permeability to water 9.2 • IQ-^ m/s 
BAW-test s o i l type 3 ( s i l t y sand) 

a) s o i l tightness 2,0 g/34 h 
b) permeability to s o i l type 3 4.3 • 10-^ m/s 

24. The interlocking blocks were of the type NV 12 with the 
following characteristic values: 

length/width/height 660/140/120 mm 
block weight G = 230 N, G' = 140 N 
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.2 
blocks per area 9,1 m 
area weight g=2130 N/m% g'=1230 N/m» 

G' and g' are giving the weight under water considering buoyancy. 
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 a moveable 
pallet of a special designed floating barge (Fig. 4). Anchor 

Fig. 4 
Floating barge for underwater ins t a l l a t i o n 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 jus t been l a i d . Fig. 5 i s 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 f i l l e d with hydrau
l i c a l l y 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 jo i n t . 
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Fig. 5 
Construction sequence i n s t a l l i n g the terrafix revetment system 

at the Mittellandkanal 

Field measurements 
26. The amount of load placed on the anchor wires of the 

terra f i x revetment system was to be subjected to both individual 
and continuous measurements i n the f i e l d , f i r s t of a l l upon 
placement and then during subsequent operation, together with 
the relevant loads exerted by the passage of shipping t r a f f i c . 
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. In 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 i n s t a l 
lation of the pre-assembled revetment sections in 1975 and -
ended in November 1980. 

Results during revetment construction 
29. The tensile force probes were f i t t e d shortly before the 

sections were submerged. As a rough check on the behaviour of 
the anchor stakes, unstressed control stakes were placed at 

1 5 3 
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i n t e r v a l s of 50 cm behind the stakes f o r the measuring wires. 
Whilst the sections were being l a i d the t e n s i l e forces i n the 
wires f i t t e d with t e n s i l e force transducers were measured and 
recorded with analogue r e s u l t s . 

30. The anchor wires are preloaded during laying and are 
evidently subjected to t h e i r maximum load when the l a y i n g p l a t 
form below the revetment section suspended from eight.anchor 
wires i s drawn away. At the end of l a y i n g the t e n s i l e forces 
i n the anchor wires are reduced again. The maximum t e n s i l e 
forces measured when laying the sections gave a safety factor 
of 2.0 as the minimum section safety w i t h regard t o the wire 
breaking load. Based on the measurements the r e l a t i v e c o e f f i 
cient of f r i c t i o n between the concrete blocks and the barge 
assembling platform could be calculated to tan f = 0,17. 
Fig- 6 i s showing an example of measured t e n s i l e forces i n 
three anchor wires during laying operation. 

Mfaurmwri of hnsile bror in anchor 
wns duang laying of tht rtvcfnwnt 
Mdicn ol km S5.393 on 2.7. 197S 

probefl probeS probell 
970 N 9(0 N 2010 N 

fiMnutcs 

- I u 
1000 N 

ioymg 
depth 

3.50m 

3JX)m 

2.50m 

Chang* in ttmile fcfow during ship posting 

^ Location: M«Buring section No.3 at km BS.393 
» ttnsil* force probn No.9, 10 end 11 

^ Hcosuremcnt: on 21.1.1976, 3 rd run 
Wssel: Tug from WSA Mmdm I 

Fig. 6 
TensiTe forces i n the revetment anchor wires during i n s t a l l a 

t i o n and ship passing 

Results a f t e r revetment completion 
31. After completion i n a d d i t i o n a l measurments the beha

viour of the anchor wires f i t t e d with t e n s i l e force probes 
was registered from time to time and i n addition soundings 
were taken on the p r o f i l e s of the slopes. 

32. However, the measurements were affected by disturbances 
which were not completely c l a r i f i e d . Most of the t e n s i l e force 
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probes experienced a zero point movement into the pressure 
zone 80 the values measured can merely be assessed according 
to their tendency. 

33. The tensile forces were constantly redüced in a l l 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, a l l i n 
a l l , shown no significant changes since completion of the 
revetment during the 6 years of measurement. 

Behaviour during passing of ships 
34. The effect of the rapid lowering of the water l e v e l , 

caused by the passing of motor ships, on the tensile forces 
acting in the anchor wires was measured i n 1976 and 1980, 

35. The passage of ships produces a strong current from 
bow to stern with a lowering of the water l e v e l at the side 
of the ship, the intensity of which i s 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 r e l a t i v high hydraulic head. Frotn the data obtained on the 
passage of vessels, i t 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 i n relation 
to wire breaking loads. 

36. To investigate the actual load on the revetment strtx:-
ture caused by normal ship t r a f f i c conditions continuous 
measurements were carried out at the Mittellandkanal in a 
developed cross-section with a cross-sectional ratio of n = 7. 
Over a period of seven weeks the lowering of the water level 
caused by passing ships was recorded. The evaluation included 
a l l the lowering values which were equal to or greater than 
10 cm. For smaller water level changes there i s no clear sepa
ration from wind-generated waves. Based on these investiga
tions with an average t r a f f i c density of 75 ships per day i t 
can be shown that only 40 5 of a l l ships produce any s i g n i f i 
cant loads and only about 10 S produce loads whidT have any 
substantial effect on revetment design with lowering values 
of about 30 cm and more (Fig, 7). 

THE TERRAFIX REVETMENT DEVELOPMENT 
37. Since the f i r s t test sections at the Mittellandkanal ' 

in 1973 and the f i r s t big job in 1974/75 described above 
the terrafix revetment has been used on different hydraulic 
structures in several european and overseas coLintries. I t has 
been used mainly for bank protection purposes on r i v e r s and 
canals but also as revetment and bottom protection on big 
culverts and spillwaqs with design current velocities of 
about 5 m/s. 
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as a percentage of a l l v e s s e l s p a s s i n g . 

38 . B e s i d e s the underwater i n s t a l l a t i o n method us ing a 
s p e c i a l f l o a t i n g barge the i n s t a l l a t i o n of t e r r a f i x revetment 
s e c t i o n s by crane us ing s p e c i a l t r a v e r s e s has been developed. 
T r a v e r s e s for v e r t i c a l hanging concre te block s e c t i o n s and 
h o r i z o n t a l hanging block s e c t i o n s a re a v a i l a b l e for d i f f e r e n t 
i n s t a l l a t i o n purposes . ( F i g . 8) 

39. Add i t iona l i n v e s t i g a t i o n s and model s t u d i e s a t the 
Nat iona l Water Research I n s t i t u t e , H y d r a u l i c s Research D i v i s i o n 
Toronto, Canada and the L e i c h t w e i O - I n s t i t u t f ü r Wasserbau of 
the T e c h n i c a l U n i v e r s i t y o f Braunschweig, Germany were c a r r i e d 
out to i n v e s t i g a t e the r e s i s t a n c e of the revetment system 
a g a i n s t high cur ren t v e l o c i t i e s and wave a t t a c k . The model 
s t u d i e s showed tha t the i n t e r l o c k i n g b locks type NV12 could 
wi thstand cur ren t v e l o c i t i e s up to v = 8 m/s and that r e c t a n 
gu lar shaped b locks 15 cm t h i c k showed no damage under 20 hour 
wave a t tack wi th a s i g n i f i c a n t wave h ight of Hs = 1,6 m . 

40 . In the l a s t y e a r s the requirement for a most favourable 
layout of revetment s t r u c t u r e s c o n s i d e r i n g environmental 
a s p e c t s became more and more important . Therefore i t i s a b i g 
advantage of the t e r r a f i x revetment system that only a few 
vegetat ion per iods are necessary to green over the revetment 
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F i g . 0-
H o r i z o n t a l t r a v e r s e for t e r r a f i x revetment i n s t a l l a t i o n 
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t e r r a f i x revetment greened over 
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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 l i f e . 

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 i s an important example for modern revetment 
design performing a l l actual requirements - minimizing i n 
st a l l a t i o n and maintenance costs, quick and safe i n s t a l l a t i o n 
in the dry and underwater, environmental friendly. The actual 
experience i s based on more than 500.000 m* terraf i x revetment 
being instal l e d in european and overseas 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, Corinchem. The Netherlands 

SYNOPSIS. ACZ Marine Contractors B.V. has developed a 
concrete mattress esp e c i a l l y f o r use i n slope p r o t e c t i o n 
works; the ACZ-DELTA mat. The prefabricated ACZ-DELTA mat 
comprises a polypropylene f i l t e r f a b r i c to which concrete 
blocks are f i r m l y connected. Thorough research of the 
relevant parameters based upon many years of experience and 
extensive studies c a r r i e d out by the D e l f t Hydraulics Labo
r a t o r y and the D e l f t S o i l Mechanics Laboratory during the 
l a s t decade have led to the design of the ACZ-DELTA mat. 
This paper presents a d e s c r i p t i o n of the mattress and i t s 
properties i n r e l a t i o n to i t s unique blockform and p a t t e r n . 

INTRODUCTION 
Over the years the Dutch have made many in-depth studies of 
r i v e r - and canalbank p r o t e c t i o n and w i t h an ever increasing 
knowledge of the mechanics of the forces a c t i n g on banks i t 
was found that the constructions made i n the past e i t h e r 
required high maintenance or were not dimensioned to handle 
modern ship t r a f f i c . 

During the l a s t two decades much research has been 
ca r r i e d out i n t o the d i f f e r e n t types of shore p r o t e c t i o n . 
This has led to a tendency to choose slope p r o t e c t i o n 
rather than v e r t i c a l s h e e t p i l i n g . ACZ has, the r e f o r e , 
developed i t s e x i s t i n g concrete blockmattress which i s used 
over very large areas (4.A m i l l i o n m2) as bottom p r o t e c t i o n 
against scouring i n the Eastern Scheldt Storm Surge B a r r i e r 
P r o j e c t , a pa r t of the Deltaworks, to form the ACZ-DELTA 
mat. 

DESCRIPTION OF THE MATTRESS 
The prefabricated ACZ-DELTA mat comprises a f i l t e r f a b r i c 
to which concrete blocks are f i r m l y connected. The mat i s 
made on a production p l a n t , transported to the s i t e and 
placed on the slopes w i t h the a i d of a crane and spreader. 

The construction of the mat can be divided i n t o three 
items: the f a b r i c , the concrete blocks and the connection 
between concrete blocks and f a b r i c . 
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The f a b r i c 
The f a b r i c which i s used serves both as a f i l t e r f o r the 

subsoil and as a connector between the concrete blocks. 
Therefore, the choice of the f a b r i c depends on the l o c a l 
circumstances and the required dimensions. The properties 
of the slope that has to be protected determine the f i l t e r -
q u a l i t i e s of the f a b r i c : sand^ tightness must be guaranteed, 
but the waterpermeability must be as high as possible to 
prevent overpressures underneath the revetment. The 
required t e n s i l e strength and elongation properties depend 
on the u n i t weight of the mattress and the dimensions i n 
connection w i t h the transport and placing method. 

In any case a f a b r i c can be chosen tailormade f o r the 
purpose. Normally a polypropylene f a b r i c i n the range of 
400 to 800 gr/m2 i s used. 

The concrete blocks 
To meet a l l the requirements concrete blocks have been 

developed w i t h roughly a sloping parallelepiped form. 

Fig.1. Concrete block 

The bottom dimensions are 245 x 335 mm. The height can be 
varied between 80 mm and 240 mm, p e r m i t t i n g the 
construction of the i d e a l mattress f o r every a p p l i c a t i o n . 
(Fig. 2). The spacing between the blocks at the bottom i s 
25 mm, which r e s u l t s i n 10.3 blocks per square metre, 
corresponding w i t h a degree of occupation of 84%. The 16% 
open space has proved to be enough f o r permeability. 
The wedge-shape of the gaps between the blocks i s such that 
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once the mattress has been l a i d the gaps can be f i l l e d 
w i t h crushed gravel. By the clenching action of the f i l l 
m aterial a substantial increase of the o v e r a l l s t a b i l i t y 
i s achieved. The q u a l i t y of the concrete meets a l l the 
requirements f o r concrete i n hydraulic applications. 

The connection between blocks and f a b r i c 
The connection i s not only of great value during 

transport and placing operations, but i s also important to 
improve the s t a b i l i t y of the blocks under wave-attack. 
Therefore, a strong and abrasion-resistant connection i s 
required. The connection consists of polyamide cords woven 
i n i n the warp of the f a b r i c and forming loops on the spots 
where the concrete blocks^ are situated. The loops are 
raised before the concrete i s poured and on curing a strong 
and slipproof connection-j'^AS guaranteed. 

PROPERTIES OF THE ACZ-DEL^MAT 
An id e a l revetment mat sh(?Ü.d f u l f i l the f o l l o w i n g more or 
less important design c r i t e r i a . 

a. The mat must be strong and stable. 
b. Energy absorbtion should be as high as possible to 

reduce wave i;un-up. 
c. Preferably no concentration of waterflows due to the 

presence of v e r t i c a l or hor i z o n t a l successive openings 
between the blocks. 

d. F l e x i b i l i t y i s required. 
e. The f i l t e r f a b r i c should be protected against d i r e c t 

u l t r a v i o l e t l i g h t . 
f . Possible vandalism should be reduced to a minimum. 
g. The materials lised i n the mat must be ecologically 

harmless. Development of vegetation must be possible i f 
required. 

h. The mat should be passable f o r human beings and 
animals. 

i . A e s t h e t i c a l l y pleasing. 
j . P o s s i b i l i t y to replace and repair. 
k. Useful i n a l l types of design revetment. 
1. Cheap. 

Ad a 
The s t a b i l i t y of a structure generally depends on the 

loads, where and when they occur, on one hand, and on the 
strength of the st r u c t u r e on the other hand. A slope 
revetment i s subject to loads from the free water, waves 
and currents, and to loads from the subsoil. The loads 
from the subsoil can be quas i - s t a t i c and dynamic and are 
generated by the wave-action on the slope i n several ways. 

1. Due to the f a c t that seepage through the revetment 
i n t o the subsoil takes place over a larger area than 
seepage out of the revetment the r e s u l t of cumulative waves 
i s an elevation of the mean phreatic l e v e l and so an 

162 

D O R R . B A R T E L S a n d S C H U I T 

increase of qua s i - s t a t i c pressures underneath the revet
ment. 

2. When a wave approaches a slope an increase of 
pressures below the wave crest can be transmitted under 
the slope revetment, thus causing u p l i f t pressures over a 
l i m i t e d area j u s t i n f r o n t of the wave top only. 

3. Depending on the surf s i m u l a r i t y parameter 

C - tana / \/ H/Lj 

wave breaking may occur, where: 
a = slope of the revetment 
H = wave height 

= wave length (deep water) 

Strong increases of pressure due to wave breaking may 
propagate under the slope revetment, r e s u l t i n g i n short 
duration u p l i f t pressures. 

4. A f t e r breaking a strong reduction of pressures above 
the revetment aiay occur, i n t e n s i f y i n g the pressure gradient 
over the revetment. 

I f an i n d i v i d u a l block of a slope revetment has been 
raised by u p l i f t forces, wave run-up and run-down can cause 
dragforces, i n e r t i a forces and ad d i t i o n a l l i f t forces and 
so cause f u r t h e r collaps of the construction. 

The D e l f t Hydraulics Laboratory (DHL) and the D e l f t S o i l 
Mechanics Laboratory (DSML) i n the Netherlands, have 
developed a numerical model, called 'STEENZET' wi t h which 
the u p l i f t forces on blocks of a revetment can be 
determined as a fun c t i o n of the block dimensions, permea
b i l i t i e s of the subsoil and of the revetment and the wave 
properties. The model has been calibrated w i t h measure
ments i n large scale modeltests. An important number f o r 
the determination of the q u a s i - s t a t i c pressures underneath 
the revetment i s the leach length, defined as 

X ° sina \/ bd ̂ , 

where : 
« " slope of the revetment 
b = thickness of the f i l t e r - l a y e r underneath the 

revetment 
d = thickness of the revetment 
k = permeability of the f i l t e r - l a y e r 
k' = o v e r a l l permeability of the revetment 

I t proved that the pore pressures are smaller i f the 
revetment i s more permeable. Therefore, a rather open 
construction such as the ACZ-DELTA mat w i t h i t s wide 
openings between the blocks i s 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 wi t h wide openings between 
the blocks has been chosen, r e s u l t i n g i n r e l a t i v e l y low 
u p l i f t pressures underneath the revetment. 

2. U p l i f t i n g of i n d i v i d u a l blocks i s prevented by the 
weight and by the special shape of the blocks r e s u l t i n g i n 
an i n t e r l o c k i n g of the blocks and cooperation of adjacent 
blocks. S t a b i l i t y of the blocks i s increased by the use of 
crushed stone i n the openings between the blocks, where the 
wedge-shape of the openings and the dimensions of the f i l l 
material concur. 

3. The connection w i t h the underlaying f i l t e r f a b r i c 
gives an ad d i t i o n a l safety against u p l i f t i n g . 

I n the summer of 1983 prototype tests on a number of 
revetment constructions have been done i n the Hartel Canal, 
the Netherlands, by the Public Works Department ( R i j k s 
waterstaat). With help of the r e s u l t s f u r t h e r optimisation 
of the block form has taken place. 

By order of ACZ the D e l f t S o i l Mechanics Laboratory i n 
connection w i t h the D e l f t Hydraulics Laboratory i n the 
Netherlands have made a study of the s t a b i l i t y of the ACZ-
DELTA mat under wave-attack. Using the mentioned DSML/DHL 
numerical model 'STEENZET' f i r s t the s t a b i l i t y i n terms of 
maximum u p l i f t force on one block and on an area of three 
blocks was considered. For the computation of these forces 
pressure peaks w i t h a duration shorter than 0.1 seconds 
were neglected. Comparison of the maximum force on one 
block and on three blocks gives an idea of the e f f e c t of a 
mattress-structure on the s t a b i l i t y of the slope 
prote c t i o n : the blockweight, necessary to counteract the 
u p l i f t forces, can be lowered. A d d i t i o n a l l y , when using an 
engineered f i l l m a terial (crushed stone) i n the spaces 
between the blocks, the s t a b i l i t y of the ACZ-DELTA mat can 
be heightened w i t h at least 50%. The construction of the 
ACZ-DELTA mat and the o r i e n t a t i o n of the blocks i s such 
that i t i s not l i k e l y that washing out of material w i l l 
occur. The ultimate r e s u l t of this- study i s a, rather 
conservative, r e l a t i o n between wave properties, wave height 
and wave period and the required mattress weight, presented 
i n f i g . 3 and 4. 

ACZ i s c u r r e n t l y preparing large scale modeltests (1:2 or 
1:1) i n the DHL Delta-flume i n order to test the influence 
of the connection f i l t e r m a t - blocks and to obtain the 
ultimate damage wave height of the complete system and to 
improve the conservative approach used now.' 

Ad b 
The herring-bone pattern of blocks and the f i l l i n g of the 

openings between the blocks w i t h crushed stones give the 
revetment a r e l a t i v e rough surface. This r e s u l t s i n a 
r e l a t i v e l y low wave run-up, which can be compared with an 
at random placed stone revetment. 
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Fig.A. 
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Ad c 
When the strength of a slope p r o t e c t i o n increases, other 

parts of the s t r u c t u r e may become the weakest l i n k . 
A concentration of waterflow during run-down of breaking 
waves can r e s u l t i n sandtransport under the f i l t e r f a b r i c 
and can so cause erosion or settlements. The herring-bone 
pattern overcomes the problem of waterflow concentration 
so erosion under the mat and r e s u l t i n g settlements are 
minimized. 

Ad d 
The herring-bone pattern and the special block shape used 

i n the ACẐ -DELTA mat make an extremely f l e x i b l e 
construction. This means that the mattress w i l l f o l l o w 
settlements exactly. Thus contact w i t h the underlaying 
s o i l i s always guaranteed and the o v e r a l l f i l t e r 
construction remains i n t a c t despite the p o s s i b i l i t y of 
l o c a l i s e d breakdowns. I t i s possible to continue the 
mattress beyond the slope onto a berm, since the mat 
permits a change of d i r e c t i o n of up to 70 degrees. 

Ad e 
The shape of the concrete blocks and the p a t t e r n i n which 

they are l a i d form a major part i n the p r o t e c t i o n of the 
f a b r i c against U.V.-light. I t i s well-known that even 
s t a b i l i s e d polypropylene loses some of i t s strength w i t h 
prolongate exposure to the U.V.-component of s u n l i g h t . 
The blocks have, therefore, been designed to give maximum 
shade to the whole mat including the j o i n t s and thus to 
minimize damage by U.V.-light. I f the voids between the 
blocks are f i l l e d w i t h gravel no exposure w i l l occur. . 

Ad f 
Human damage to the e x i s t i n g revetment systems usually 

takes one of the f o l l o w i n g forms : 
- removal of elements (blocks or stones) 
- k n i f e cuts i n the f a b r i c 
- pushing objects such as f i s h i n g rods between the blocks 

and thereby damaging the f a b r i c . 
P u l l i n g out blocks of the ACZ-DELTA mat i s impossible 

since the blocks are f i r m l y f i x e d to the f a b r i c . Damage 
due to cuts i s minimized due to the block shapie and the 
pattern. S i m i l a r l y the angle that the block faces make 
w i t h the slope make i t u n a t t r a c t i v e f o r anglers to place 
t h e i r rods i n the gaps. I n both cases damage i s f u r t h e r 
minimized by placing crushed gravel between the blocks. 

Ad_£ 
Providing no toxins are used i n the manufacture of the 

concrete the mattress i s harmless to the environment. 
I f f o r environmental or aesthetical reasons i t i s required 
that the slope i s able to support plant l i f e i t i s possible 
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to f i l l the in t e r - b l o c k voids wi t h s o i l instead of gravel. 
I n due course the indigenous plant l i f e w i l l r e t u r n and the 
slope protection w i l l blend i n e n t i r e l y w i t h the 
surroundings. I f necessary extra holes can be formed i n 
the blocks to increase the s o i l area. 

Ad h 
Even on steep slopes the mat i s easy to walk on (by human 

beings as wel l 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 f o r h o r i z o n t a l and 
v e r t i c a l l i n e s . 

Fig.5. Herring-bone pattern 

Ad j 

I f necessary, i n the case of a c o l l i s i o n f o r 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 f o r the p r o t e c t i o n of the 

banks of r i v e r s and canals, the covering of p i p e l i n e s , 
shore p r o t e c t i o n and the p r o t e c t i o n of a r t i f i c i a l islands. 
By increasing the height of the blocks and thus increasing 
the t o t a l weight per square metre i t i s possible to t a i l o r 
the mat to f i t the hydraulic circumstances of the d i f f e r e n t 
applications. 

PRODUCTION AND PLACING METHOD 
Although block form and pattern look complicated a 

singular mould i s s u f f i c i e n t f o r production. So production 
i s easy by str e t c h i n g out the f a b r i c , p o s i t i o n i n g the mould 
and casting concrete. Demoulding takes place a f t e r two 
hours. A f t e r one day the concrete i s strong enough to pick 
up the mat by crane and spreader f o r stock. 

Placing the mat on a slope takes place by crane and 
spreader. Overlaps are created by pieces of f a b r i c without 
concrete blocks." The mats f i t to each other above the 
waterline w i t h i n the herring-bone bond, so seams are not 
v i s i b l e when the mat i s placed accurately. 

CONCLUSION 
The design of the ACZ-DELTA mat i s an important step 

forward i n low cost revetments and i s an example how, by 
the r e s u l t s of independent research combined w i t h decades 
of contractors-experience, i t i s possible to develop a new 
product which i s universal i n i t s applications and f i t s a l l 
the requirements p r i n c i p a l s can aim. 
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applications 
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SYNOPSIS. The major use of f i l t e r f a b r i c by the U. S. Army 
Corps of Engineers (CE) f o r streambank p r o t e c t i o n applica
tions has been as a f i l t e r f o r riprap blankets; however, 
f a b r i c has also been used f o r placement under a r t i c u l a t e d 
concrete mattresses, gabions, and precast c e l l u l a r blocks. 
F i l t e r f a b r i c was i n i t i a l l y used by the CE I n Memphis Dis
t r i c t as part of a riprap revetment repair project (1962). 
Further f i e l d experience gained by Memphis D i s t r i c t and 
f a b r i c t e s t i n g by the Waterways Experiment Station 
resulted i n Issuance of the f i r s t Corps-wide guidelines 
f o r f i l t e r f a b r i c placement (1973). A recent survey of 
the Corps D i s t r i c t s (1983) indicated that only 10 Dis
t r i c t s had reported unsuccessful use of f i l t e r f a b r i c and, 
i n most cases, these reports Involved one or two projects 
i n a D i s t r i c t . 

INTRODUCTION 
1. As part of early e f f o r t s to s t a b i l i z e streambanks 

with a layer of stone ( r i p r a p ) , U. S. Army Corps of Engi
neers (CE) observations indicated that placement of a 
granular f i l t e r (sand, gravel, crushed rock) between a 
riprap blanket and the prepared bank surface resulted i n a 
measurable improvement of revetment s t a b i l i t y at s i t e s 
where the s o i l material was erodible or i n a high energy 
environment (wave action, eddy currents, prop wash, e t c . ) . 
A properly designed granular f i l t e r e f f e c t i v e l y reduced 
the amount of s o i l being eroded through the riprap blan
ket, provided a bedding layer f o r the r i p r a p , and s t i l l 
allowed f o r n a t u r a l drainage from the streambank ( r e f . 1 ) . 
Without the f i l t e r , the i n t e g r i t y of the structure could 
have been seriously compromised as more and more material 
was removed from the bank slope through the r i p r a p . Dur
ing the 1960's f a b r i c materials were introduced as a 
revetment f i l t e r (Fig.1) f o r projects where suitable 
granular materials were not r e a d i l y available or were not 
co s t - e f f e c t i v e due to transportation, q u a l i t y c o n t r o l , or 
manpower constraints. Although use of granular f i l t e r s I s 
s t i l l considered as part of the " t r a d i t i o n a l " approach f o r 
revetment design and construction, f i l t e r f a b r i c i s being 
used for many projects. 
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Fig. 1 . Placement of riprap on f i l t e r 
f a b r i c 

2. The i n i t i a l use of f i l t e r f a b r i c f o r hydraulic 
applications can be traced to projects placed by Dutch 
engineers i n 1956. However, i n the ensuing years, f i l t e r 
f a b r i c did not f i n d widespread acceptance i n the American 
engineering community. As l a t e as 1967, there were only 
two domestic sources of f a b r i c , although the use of f a b r i c 
as a f i l t e r under an i n t e r l o c k i n g block revetment had been 
reported as early as 1958 i n F l o r i d a . 

3. Prior to 1970, no s i t e - s p e c i f i c cost comparisons f o r 
using f i l t e r f a b r i c as a s u b s t i t u t e f o r granular f i l t e r s 
were re a d i l y available. The i n i t i a l economic case study 
of record was conducted by the Ü. S. Army Engineer Dis
t r i c t , Memphis, i n 1966. Results of t h i s study indicated 
that f i l t e r f a b r i c could be placed under a r t i c u l a t e d con
crete mattresses (ACM) f o r $9.71/square (100 f t ) as 
opposed to $8.03/square f o r a 4-ln.-thick granular f i l t e r 
( r e f . 2 ) . However, a f a c t o r not considered i n t h i s com
parison was the cost to repair undermined ACM,, which com
prises a large percentage of upper bank repairs along the 
Lower Mississippi River. The repairs through t h i s reach 
were reviewed to determine what cost reductions could have 
been realized by the use of adequate f i l t e r m aterial. 
Although i t was not possible to i d e n t i f y a l l repairs 
a t t r i b u t a b l e to the loss of granular f i l t e r and subgrade 
material through the mattresses, costs compiled from many 
construction s i t e s through f i s c a l years 1967, 1968, and 
1969 indicated that the repair cost f o r undermined ACM was 
$1.73/square. During the period 1967 to 1969, no repairs 
were needed where f i l t e r f a b r i c had been placed under the 
mattresses by Memphis D i s t r i c t . Thus, on a short-term 
basis, f a b r i c was d i r e c t l y competitive w i t h granular 
f i l t e r s through t h i s reach of the Lower Mississippi River. 
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4. As the u t i l i t y of f i l t e r f a b r i c became apparent, the 
O f f i c e , Chief of Engineers (OCE), directed the U. S. Army 
Engineer Waterways Experiment Station (WES) t o conduct a 
study to determine the extent and d i v e r s i t y of use of t h i s 
material by CE Divisions and D i s t r i c t s . The findings of 
the study ( r e f . 3 ) indicated that although there was wide 
and varied use of f i l t e r f a b r i c s by the CE, a t e s t program 
was needed to define the engineering properties of the 
fabrics when used f o r f i l t e r and drainage applications. 
This i n i t i a l study became the f i r s t phase of a broader 
program conducted at WES (1967-1972). As part of t h i s 
program, several f i l t e r f a b r i c s ( s i x woven and one non-
woven) were evaluated by chemical, physical, and f i l t r a 
t i o n t e s t i n g . A d d i t i o n a l work by the Memphis D i s t r i c t 
provided needed information on the large-scale f i e l d 
a p p l i c a t i o n of f i l t e r f a b r i c . From the r e s u l t s of the WES 
program (ref.4 and 5) and CE project experience, OCE guide 
specifications were developed f o r f i e l d use of f i l t e r 
f a b r i c ( r e f . 6 ) . 

5. When nonwoven or random f i b e r f a b r i c s became a v a i l 
able, a d d i t i o n a l examination of f a b r i c s and methods of 
evaluating t h e i r engineering properties was considered 
necessary. Laboratory t e s t i n g was conducted at WES during 
1974-1976 to r e f i n e e x i s t i n g t e s t methods f o r woven f a b r i c s 
and to develop new methods f o r the evaluation of nonwoven 
f a b r i c s . The r e s u l t s of t h i s e f f o r t and f u r t h e r f i e l d 
experience provided the basis f o r new CE guidelines ( r e f . 7 ) 
f o r the f i e l d use of woven and nonwoven f i l t e r f a b r i c s . 

6. I n recognition of the serious economic losses occur
r i n g 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 t h i s program (1975-1982), 
lEi l t e r f a b r i c performance at 25 streambank protection 
projects was monitored; i n a d d i t i o n , hydraulic research 
was conducted at WES to evaluate the performance of riprap 
i n combination wi t h f i l t e r f a b r i c under wave attack and 
under various seepage and rapid drawdown conditions. The 
findings of the WES research and the r e s u l t s of monitoring 
at the 25 projects were published as part of the program's 
Report t o Congress ( r e f . 8 ) . WES also conducted a survey 
of Corps f i l t e r f a b r i c usage as part of the Section 32 
Program. This survey (ref.9) indicated that 29 of the 
38 D i s t r i c t s had used f a b r i c f o r streambank pr o t e c t i o n 
purposes. A l a t e r survey compilation by WES i n 1983 
(ref.10) indicated that only 10 D i s t r i c t s had reported 
unsuccessful use of f i l t e r f a b r i c and. In most cases, 
these reports involved only one or two projects i n a Dis
t r i c t . Specific d e t a i l s of t h i s survey are discussed 
la^er i n t h i s paper. 

FILTER FABRIC PLACEMENT 
7. Under current CE design guidance ( r e f . 7 ) , three fac-
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tors must be evaluated during the selection of f i l t e r 
f a b r i c f o r a s p e c i f i c project a p p l i c a t i o n : 

a. F i l t r a t i o n . The f a b r i c must act as a f i l t e r ; 
i . e . , the flow path through the f a b r i c mesh must 
be f i n e enough to prevent continuous i n f i l t r a t i o n 
and passing of s o i l , yet large enough to allow 
water to pass f r e e l y , 

b̂ . Chemical and physical properties. The fa b r i c ' s 
chemical composition must be such that i t w i l l 
r e s i s t d e t e r i o r a t i o n from c l i m a t i c conditions and 
from chemicals found i n the s o i l and water, and 
must possess s u f f i c i e n t strength so that i t w i l l 
not be t o r n , punctured, or otherwise damaged dur
ing placement and through continued use. 
Acceptance of m i l l c e r t i f i c a t e s and compliance 
t e s t i n g . The f a b r i c must meet Government stan
dards f o r acceptance of m i l l c e r t i f i c a t e s and 
compliance t e s t i n g . 

8. Due to possible damage r e s u l t i n g from u l t r a v i o l e t 
r a d i a t i o n or improper handling, the f a b r i c should be 
wrapped i n a heavy-duty protective covering such as burlap 
during shipment and storage. I n ad d i t i o n , the f a b r i c must 
be protected from mud, dust, and debris and from tempera
tures i n excess of 140°F. Prior to f a b r i c placement, the 
streambank s o i l surface should be graded to a r e l a t i v e l y 
smooth plane, free of obstructions, depressions, and s o f t 
pockets of material. Depressions or holes i n the s o i l 
should be f i l l e d before the f a b r i c i s spread since the 
f a b r i c could bridge such depressions and be t o r n when the 
revetment materials are placed. 

9. After bank preparation i s completed, the f a b r i c can 
be removed from the protective covering used f o r shipment 
and spread on the bank (Fig.2). Overlapping f a b r i c edges 
should be joined by sewing (Fig,3) or bonding w i t h cement 
or heat. After the f a b r i c i s joined, securing pins should 
be inserted through both s t r i p s of f a b r i c along a l i n e 
through the midpoint of the overlap. The pin spacing 
specifications f o r pins placed through the seams and over 
the remainder of the f i l t e r (Fig.4) are 2 f t f o r slopes 
steeper than IV on 3H; 3 f t f o r slopes of IV on 3H to IV 
on 4H; and 5 f t for.slopes f l a t t e r than IV on 4H ( r e f . 7 ) . 
As reported i n r e f . 4 , several U. S. Army Engineer Dis
t r i c t s have experienced tearing of f i l t e r f a b r i c at the 
seams and pins due to stone s l i d i n g down lV-on-2H slopes 
(Fig.5). This problem was minimized i n the Divide Cut 
Section of the Tennessee-Tombigbee Waterway by placing the 
fa b r i c loosely over the prepared bank and using only enough 
pins to hold the f a b r i c i n p o s i t i o n p r i o r to placing the 
stone (Fig.6). A fter placement, the stone moved toward 
i t s permanent res t i n g p o s i t i o n ; as t h i s occurred, the 
loosely placed f a b r i c was allowed to move with the stone, 
thus avoiding the pin and seam tears that often occur on 
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Fig. 2. F i l t e r f a b r i c being spread on prepared bank 
(photograph courtesy of E. I , Dupont de Nemours and 

Co., Inc.) 

steep slopes where many pins are used. 
10. Fabric s t r i p s should be placed on a prepared bank 

surface wi t h the longer dimension p a r a l l e l to the current, 
when used along streams where currents acting p a r a l l e l to 
the bank are the p r i n c i p a l means of attack (Fig.7a). The 
upper s t r i p of f a b r i c should overlap the lower s t r i p (as 
roofing shingles are commonly placed), and the upstream 
s t r i p should overlap the downstream s t r i p . To avoid long 
sections of continuous overlap, the overlaps at the ends 
of the s t r i p s should be staggered at least 5 f t as shown 
i n Fig.7a. The revetment and f a b r i c should extend below 
mean low water to minimize erosion at the toe. When the 
revetment materials and f a b r i c are subject to wave attack, 
the customary construction practice i s to place the f a b r i c 
s t r i p s v e r t i c a l l y down the slope of the bank (Fig.7b). 
The upper v e r t i c a l s t r i p should overlap the lower a t r i p . 
The f a b r i c usually needs to be keyed at the toe to prevent 
u p l i f t or undermining. 

11. When f i l t e r f a b r i c i s selected f o r a p r o j e t t , the 
placement of revetment materials on the f a b r i c must be 
conducted i n such a manner that the f a b r i c i s not torn or 
punctured. The most common material placed on f a b r i c f o r 
streambank protectlón applications i s stone r i p r a p . Heavy 
and angular stone dropped from heights of even less than 
1 f t can damage f i l t e r f a b r i c . Displacement and s e t t l i n g 
of stone a f t e r placement could also r e s u l t i n ultimate 
f a i l u r e . Various precautions have been taken i n previous 
applications to prevent damage of f a b r i c , such as a cush
ioning layer between the f a b r i c and ri p r a p (Fig.8). How-
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Fig. 3. F i l t e r f a b r i c sections being 
sewn together 

ever, care should be taken to ensure that any cushioning 
layer does not form a low permeability layer between the 
stone and f a b r i c . 

RECENT CE EXPERIENCE WITH FILTER FABRIC 
12. I n March 1982 OCE sent a l e t t e r of i n q u i r y to the 

CE Divisions and WES requesting descriptive" information on 
those streambank protection projects where e i t h e r f a i l u r e 
or less than s a t i s f a c t o r y performance had occurred that 
could be s p e c i f i c a l l y a t t r i b u t e d to the use of f i l t e r 
f a b r i c . The survey responses (ref.10) not only i d e n t i f i e d 
problem areas, but also provided timely guidance, i n the 
form of recommendations and cautions, f o r dealing w i t h 
these problems. The problem areas that were I d e n t i f i e d , as 
discussed below, r e f l e c t the current spectrum of CE experi
ence wit h f i l t e r f a b r i c . 

â . Erosion under the f a b r i c . Small voids and loose 
f i l l areas are generally bridged by f i l t e r 
f a b r i c , providing a s i t e f o r p o t e n t i a l erosion. 
As,surface runoff moves downslope between the 
f a b r i c and bank material, s o i l loss may occur. 
S i l t , s i l t y sand, and sand banks are p a r t i c u 
l a r l y susceptible to t h i s problem. 

b̂ . Slope f a i l u r e s . This was a widely reported 
problem. A t y p i c a l sign that a f a i l u r e has 
occurred i s a bulge i n the f a b r i c near the bank 
toe and a depression upslope above the bulge. 
Although not a slope f a i l u r e , a s i m i l a r phenome
non may r e s u l t when erosion occurs under the 
f a b r i c and material i s transported to the toe of 
the bank, which i n t u r n clogs the f a b r i c . Some 
survey responses indicated that f a i l u r e s could 
also occur on a saturated slope during rapid 
drawdown or due to the i n a b i l i t y of the f a b r i c 
to pass flow quickly enough to r e l i e v e pore 
pressure from groundwater flow. 
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Jf I- ' ̂  

Fig. 4. F i l t e r f a b r i c being pinned i n 
place (photograph courtesy of Carthage 

M i l l s ) 

£. Tearing/puncture of the f a b r i c . This problem 
may lead to entry of large volumes of water or 
e x i t of eroded s o i l . 

d. Slippage of revetment material. This type of 
f a i l u r e occurs p r i m a r i l y due to poor support at 
the bank toe or placement of the f a b r i c on a 
steep slope (greater than IV on 3H). 

£. U l t r a v i o l e t l i g h t . Fabric exposed to sunlight 
f o r long periods during storage, construction, 
or maintenance can suffer a s i g n i f i c a n t loss of 
strength. 

f^. Vandalism. F i r e can destroy f a b r i c . Designers 
should be aware of t h i s problem, especially when 
placing revetments i n recreation areas. 

13. The f o l l o w i n g recommendations and cautions were 
offered through the- survey comments: 

a. Erosion under the f a b r i c . During construction, 
strong emphasis should be placed on maintaining 
close contact between the f i l t e r f a b r i c and bank 
slope. This can be accomplished by considering 
several design features: 

(1) The bank slope should be smooth. F i l l areas 
should be properly compacted so that s e t t l i n g 
does not occur a f t e r revetment placement. 

(2) Fabric should not be placed i n tension so 
that f a b r i c / s o i l contact can be maintained. 

(3) The f a b r i c should be keyed i n at top bank 
wi t h an e a r t h - f i l l trench. 

(4) Overbank drainage should be minimized by 
routing flow p a r a l l e l w i t h top bank to a 
co n t r o l l e d discharge point. 

1 77 



FLEXIBLE ARMOURED REVETMENTS INCORPORATING GEOTEXTILES 

Fig. 6. Loosely placed f i l t e r f a b r i c 
on the Divide Cut Section of the Ten-

nessee-Tombigbee Waterway 

K E O W N a n d O S W A L T 

T O P O F BANK 12 IN. MIN OVERLAP 

C U R R E N T 
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S FIT MIN 

12 IN. MIN OVERLAP 
C36 IN. FOR UNDER
WATER PLACEMENT) 

WAVE ATTACK 

te. ORIENTATION FOR WAVE ATTACK NORMAL TO BANK 

Fig. 7. Correct f a b r i c placement f o r current acting 
p a r a l l e l to bank or f o r wave attack on the bank 

(5) I f seepage from the bank slope i s occurring 
or grading of the slope could r e s u l t i n sur
face erosion, then the f i l t e r f a b r i c and 
revetment may need to be placed immediately 
a f t e r preparing the slope. Excessive seepage 
or piping during grading may require place
ment of granular f i l t e r s before placement of 
the f i l t e r f a b r i c . ^ 

lb. Tearing/puncture of the f a b r i c . A f t e r placement 
i s completed, f a b r i c tension should be only 
enough to hold the material gently I n place and 
prevent bridging of any depressions on the slope. 
Excessive tension increases v u l n e r a b i l i t y to 
puncture and tears i n the f a b r i c . Because of 
the many variables influencing tearing/puncture, 
designers should consider preparing performance 
speclficationrf that require placement of the 
f a b r i c and revetment by the contractor on a tes t 
slope i n order to q u a l i f y f o r a p a r t i c u l a r 
p r o j e c t . Project sp e c i f i c a t i o n s should I d e n t i f y 
t e s t sections where revetment could be removed 
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s h o r t l y a f t e r placement to determine the f a b r i c 
condition. 

£. Slippage of revetment. I n high current or wave 
environments, the designer should consider that 
the f a b r i c does not i n t e r l o c k with the revet
ment, p a r t i c u l a r l y r i p r a p , as a granular material 
would. The revetment-fabric i n t e r f a c e may form 
a slippage plane. Since very l i t t l e experience 
has been documented regarding t h i s aspect of f i l 
t e r f a b r i c slope protection performance, model 
studies may be needed f o r c r i t i c a l i n s t a l l a t i o n s . 

d. U l t r a v i o l e t l i g h t . F i l t e r f a b r i c material should 
not be exposed to sunlight (UV) f o r very long 
time periods. Resistance to UV degradation i s 
dependent on the fa b r i c ' s chemical composition 
and the UV i n h i b i t o r s used i n manufacturing and 
i s thus highly v a r i a b l e . 
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CONVERSION FACTORS 

U. S. customary u n i t s of measurement used i n t h i s report 
can be converted to metric (SI) u n i t s as follows: 

M u l t i p l y By 

Fahrenheit degrees 5/9 

feet 0.3048 

square feet 0.09290304 

inches 25.4 

To Obtain 

Celsius degrees or Kelvins* 

metres 

square metres 

mi l l i m e t r e s 

To obtain Celsius (C) temperature readings from Fahren
h e i t (F) readings, use the foll o w i n g formula: C - (5/9) 
(F - 32). To obtain Kelvin (K) readings, use: K = (5/9) 
(F - 32) + 273.15. 
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I 3 Prototype tests of slope protection systems 

K. W. PllARCZYK. MSc(Eng), DeSta Department, The Netherlands 

SYNOPSISsIn the past decade a rapid development i n design and 
construction of a r t i f i c i a l block and bituminous revetments 
has taken place. The f a c t that design r u l e s are s t i l l l i m i t e d 
i n q u a n t i t y has stimulated i n v e s t i g a t i o n s i n t h i s area. The 
prototype t e s t s ace of great importance foe v e r i f y i n g the 
(results of desk and model studies. I n t h i s paper the scope 
and organisation of the prototype measurements as done 
a c t u a l l y in the Netherlands i'i9B'i-^983) are discussed. I n 
ad d i t i o n a short review i s presented of the p r o t e c t i o n 
systems involved i n these prototype t e s t s . 

INTRODUCTION, 
1. Numerous types of revetments have been developed i n the 
past for shore and bank p r o t e c t i o n against erosion by waves 
and currents ( i . e . rip-cap, blocks, asphalt, e t c . ) . On the 
othec hand, continued demand foe r e l a t i v e l y low-cost 
p r o t e c t i o n i n estuacies and along the shores and navigation 
channels has stimulated i n v e s t i g a t i o n s i n the area of 
a c t i f i c i a l block and bituminous revetments(ref.1,8,9,10,11, 
U ) as w e l l , i n the acea of g e o t e x t i l e s ( r e f . 3,4,5). The 
ceason foe t h i s i s the inccease of the problem i n respect t o 
the defence of the shores and banks of navigation channels as 
wel l as the high cost and shortage of natural materials i n 
some geographical cegions. This demand has r e s u l t e d , i n i n t e r 
a l i a , the rapid development of a great vaciety of a r t i f i c i a l 
b l o ck-units and i n the widec a p p l i c a t i o n of asphalt and 
g e o t e x t i l e s . At the same time, the q u a l i t y of conccete blocks 
was gradually improving due to the improvements i n the 
manufactucing process and the cost which diminished due t o 
mechanical placing so t h a t , as a r e s u l t , conccete blocks of 
various sizes and shape ace used s a t i s f a c t o c i l y i n coastal 
p r o t e c t i o n and the p r o t e c t i o n of navigation channel banks 
undec a vaciety of conditions. 

2. For countries wi t h t h e i r own soucces of stones,dumped quac-
cy stone i s usually the cheapest mat e r i a l pec ton,which can 
be used for revetments. However,dumped stone has a lower sta
b i l i t y per u n i t weight against wave and cuccent attack than 
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the most concrete armour un i t s . Because of these charactetis-
t i c s dumped quarrystone can serve as a reference by which the 
s t a b i l i t y and cost of other revetments may be judged(ref.2). 

3. The design of most of these revetments is s t i l l based more 
on rather vague experience than on the generally v a l i d calcu
l a t i o n methods. Therefore, however l i m i t e d the e x i s t i n g know
ledge on t h i s subject may b e , i t i s useful to systematize t h i s 
knowledge and to make i t available to designers ( r e f . 3,7). 

4. I n t h i s paper, the actual research philosophy leading to 
the preparation of design guidelines on bank protection i s 
b r i e f l y discussed ( r e f . 7, 8, 9). Next, a review of the 
organisation of the prototype measurements being a part of 
the t o t a l research programme, is also presented. Special 
a t t e n t i o n i s paid to the protective systems used i n the 
prototype te s t s i n the Netherlands ( r i p - r a p , placed blocks, 
block-mats, gabions, sand-mattresses and open stone-asphalt). 
The advantages and disadvantages of the d i f f e r e n t types of 
revetments are compared and suggestions made regarding t h e i r 
p r a c t i c a l a p p l i c a t i o n . 

SCOPE OF THE RESEARCH PROGRAMME. 
5. The developments i n inland shipping i n the Netherlands 
during the past decades are p a r t i c u l a r l y 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 l o c a l s i t u a t i o n , s h i p -
induced water motion or water motions generated by othec me
chanisms, e.g., wind, waves and currents may be decisive foe 
the design of the bank prote c t i o n . The design of bank protec
tions i s complicated and has no proper theocetical foundation 
yet. Consequently, at the D e l f t Hydraulics Laboratory, an ex
tensive, fundamental cesearch programme on ship-induced water 
motions and related design of bank protections and f i l t e r -
layers ( i n c l . geotextiles) i s carried out by the commission 
of the Dutch Public Works Department (Rijkswaterstaat). This 
research i s known as the Mil 15-reseacch ( r e f . 8). 

6. During the research programme hydraulic model studies have 
been caccied out to a scale of 1:25. At t h i s scale however, 
only very l i m i t e d information on the s t a b i l i t y of top-layecs 
(especially regacding block-revetments) can be obtained. In 
addition, some scale e f f e c t s may be involved i n reproduction 
of the ship-induced watermotions. Therefoce, i t was decided 
to set up an extensive secies of pcototype-raeasucements 
(OEBES-project) to get better insight i n the phenomena 
involved and to determine the scale e f f e c t s by comparing the* 
r e s u l t s of the prototype measurements with coc'responding 
hydraulic model test s ( r e f . 6,7). The prototype raeasucements 
took place in the Hartel Canal (see figure 1) situated w i t h i n 
an area of the Rotterdam-harbour (the f i r s t series i n 1981 
end the second one in 1983). The tests have been caccied out 
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i n close cooperation with the D e l f t Hydraulics Laboratory the 
Laboratocy of S o i l Mechanics,the Rottecdara Port Authocity and 
the Ministcy of Transport and Public Works. 

7. The cesults of the pcototype measurements, i n combination 
with the model cesults and the c a l c u l a t i o n methods developed 
i n the fcamework of the systematic,research (MlllS) on bank • 
protection and systematic reseacch (M1795) on dike protection 
extended with knowledge gained from p r a c t i c a l expecience,will 
lead to prepacation of guidelines for c e l i a b l e bank protec
t i o n designs. The aim of the t o t a l reseacch pcogcamme i s to 
develop such design c r i t e r i a that the amount of maintenance 
and constcuction costs of new cevetments i s minimized. 

DESCRIPTION OF PROTOTYPE TESTS. 
Location and t e s t embankments. 
8. The Hartel Canal proved to be a good lo c a t i o n for 
pcototype t e s t s . The canal s a t i s f i e s the set c r i t e c i a : i t 
has a s t r a i g h t fairway wi t h a r e s t r i c t e d width (bottom width 
-.75m, depth ~7m), continuous slopes of homogeneous subso i l , 
and l i t t l e distucbance by shipping. 
Ducing the 1st secies of measucmeents (1981) the Hartel Canal 
was closed by a lock navigation ( i . e . constant watec l e v e l 
was present). Ducing the 2nd secies (1983) the Hartel Canal 
was in an open connection-thcough t i d a l rivec Oude Maas -
with Nocth Sea ( i . e . t i d a l flow f l u c t u a t i o n was pcesent). 
Foe the f i c s t secies of measucements eight d i f f e c e n t 40m long 
testsections (slope 1:4) wece constructed. Five othecs wece 
added by d i f f e r e n t contcactors i n 1983. 
The following t e s t embankments, equipped with g e o t e x t i l e 
f i l t e r , wece pucposely constcucted on slope 1 to 4 foe the 
measucements campaigns (see f i g u r e 3): 
secies 1981 and 1983. Only 2nd secies (1983). 
1. cip-cap (5-40kg) on clay 9. basalton (0.12m) on 
2. blocks(0.15m height) on clay. silex/sand. 
3. blocks on a layec of gcavel, lO.fixtone{0.15m) on sand 

on sand. asphalt on sand. 
4. blocks on sand. 11.sand-mattcesses(0.20m) 
5. basalton (0.15m). on sand. on gravel/sand. 
6. cip-cap(5-40kg) on sand. 12.armorflex-mats(0.1lm) 
7. coaese gcavel(80-200mm) on sand. on gravel/sand. 
8. f i n e gcavel(30-80mm) on sand. 13.PVC-Reno mattcesses 

(0.17m) on sand 
14.ACZ Delta block-mats (0.16m) on gcavel/sand. 

Steuctuce and ocganisation. 
9. The test embankments (top-layec and s u b s o i l ) , test-ships 
and wet ccoss-section of the test l o c a t i o n were equipped with 
various instcuments. The measucements were cen t c a l l y dicected 
fcom a shoce-based "centcal" cabin(see figuce 1). Just befoce 
entecing the test-section of the canal by a te s t - s h i p , a l l 
instruments stacted operating simultaneously on a command 
given in the centcal cabin. Pcocessinq of the data followed 
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Fig. 1 Schematized set-up of prototype measurements. 
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Fig. 2 Cross-profile at central measurement stage. 
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Fig. 3 Typical cross-section of prototype embankments. 
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immediately r e s u l t i n g i n p l o t s of the selected signals. By 
analyzing the p l o t t e d information i n conjunction with ecosion 
measurements,a well balanced selection of the next required 
te s t conditions could be made. 

10. The extent of the measuring campaign cequiced much of 
organisation. Ducing the measurements the following gcoups 
wece in charges 1 ' ) c e n t r a l cabin (data a c q u i s i t i o n , signal 
handling and analysis group), 2*) t e s t ship gcoup, 3*) ships' 
p o s i t i o n group, and 4') ecosion gcoup, including a diving and 
two "Stereo-pictures" teams. 
Next, a number of a d d i t i o n a l l y cequiced ships were i n s i t u , 
wiz.s 1*) a tug to assist the test-ship when manoeuvcing, 2*) 
a barge-tug combination to assist the ecosion-gcoup, 3') a 
l i a i s o n ship to c o l l e c t the ship borne data a f t e r each cun 
and to deliver the data to the centcal cabin, and 4*) a 
t c a f f i c c o n t r o l vessel. 
Ducing the execution of the measucements one univecsal 
frequency for communication was used. 

Fig. 4. Ship-waves attack on test embankments. 

Test-snips, test-cuns and induced watetmotion. 
11. During the 1st series of measurements the following 
test-ships wece used: 
F i r s t secies (1981)s -small vessel foe management 
- pushing u n i t , 4500 hp, with bacges (length each barge 

76.5m, width 11,8ra and draught 3.0m)j fouc loaded bacges 
i n 2x2 formation, (see f i g . 5), four empty bacges and 
si x loaded bacges in 3x2 and 2x3 focraation. 

- tug, 700 hp. 
Ducing the 2nd secies of measucements (1983) the following 
test-ships wece used: 

1 8 7 
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- pushing-unit, 5400 hp, four loaded barges i n 2x2 formation 
(one test-run was also done with four empty bacges). 

- motot-vessel, 800 hp (BO x 9.5 x 2.5). 
- tug, 1120 hp. 

12. The number of test-cuns with each tes t ship and the max. 
values of watermotion-components induced by test-ships are 
summarized below. 

Test ship Position no, 
turns (m/s) 

Z 
(m) 

H 1 
(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.B4 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 
motoc-vessel toe of slope 16 
tug 38 

Vjj " v e l o c i t y of cetucn flow, Z=max- watec-level 
depression, H- height of secundacy waves. 

Instcumentation. 
13. Hydco instcuments. To obtain a thorough i n s i g h t i n t o 
ship-induced water-motion, de t a i l e d measucements of wave 
heights, v e l o c i t i e s and turbulence were caccied out. Wave 
height metecs, flow v e l o c i t y meters and flow di c e c t i o n 
indicators were fix e d to the measurement j e t t y ( s e e figuce 2 ) . 
A wave run-up device was i n s t a l l e d on the slope. Moreovec, 
some othec hydro measucements were caccied out, v i z . : 
measucements of pressures along the slope, measucements of 
v e c t i c a l flow d i s t c i b u t i o n (to detecmine development of the 
boundary l a y e r ) , measurement of tucbulence cate i n the 
immediate v i c i n i t y of the cip-cap, and measucement of rate 
and dicection of v e l o c i t y , pressuce and v e r t i c a l distance to 
the ship (by means of echo-soundec) i n the l i n e of the 
ship-path. 

14. So i l mechanical instcuments. A number of watec-pcessuce 
gauges wece placed i n t o the subsoil befoce the f i l t e r c l o t h 
and top-layecs wece put i n t o place. These gauges wece s i t u a 
ted i n such a manner that both hocizontal and v e r t i c a l gca-
dients were measured. Befocehand, 6 concrete blocks and 3 ba
salton blocks had also been provided with pcessure gauges on 
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Fig. 5. Loaded pushing u n i t at t e s t l o c a t i o n . 

both sides of blocks which made i t possible to detecmine the 
absolute pcessuce and the pcessure difference exerted on the 
pcotection blocks when attacked by ship-induced waves. A l l 
hydro-, and s o i l mechanical instcuments were d i r e c t l y connec
ted to the c e n t r a l date-acquisition system. 

15. A number of pcepacations and devices were applied to 
detecmine the beginning of motion and/oc erosion of p r o t e c t i 
ve matecials. These wece: colouced sections of gcavel and cip 
cap, f l a t c y l i n d r i c a l gcavel-traps (to catch the gravel) and 
jack-up for stereo-pictures at cip-cap locations. When the 
ship had passed divers immediately inspected the embankments 
under the waterline, c o l l e c t e d ecoded cip-cap and sucveyed 
the fouc gcavel-tcaps. A l l tcapped matecial was c a c e f u l l y 
analysed. Fcom time to time the ecosion holes wece f i l l e d 
with the aid of a bacge-tug combination. 

16. On board of the test-ships the following vaciables wece 
cecocded: coucse and cudder-angle, t r i m of the bacges, and 
tocque and numbec of cevolutions of the shafts. A gycocompass 
was used to detecmine the course. A l l signals wece cecocded 
as a function of time. Tcansfec to a function of place i s 
only possible when a vecy accucate p o s i t i o n system i s used. 
Data cecorded on board during a cun wece d i c e c t l y c o l l e c t e d 
by a liaison-boat and taken to the centcal cabin. 
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17. Positioning system. I n the prolongation of the Hartel 
Canal leading l i g h t s were placed to show which course the 
test-ships have to maintain (centerline or toe of slope). The 
exact p o s i t i o n of the t e s t - s h i p was determined with a M i n i l i r 
system i n conjunction with an automatically operating 
distance-meter (Aga-120). The Minilir-system follows a lamp 
mounted on board of the ship (see f i g u r e 1.). I n f a c t , the 
M i n i l i r determines two angles; h o r i z o n t a l l y , which gives a 
bearing of the lamp and v e r t i c a l l y , which gives the sinkage 
of the lamp. The accuracy of the M i n i l i r i s 0.5 x 10-^ rad. 
Through the continuous r e g i s t r a t i o n of the hori z o n t a l angle 
arKi the distance to the ship, the ship's p o s i t i o n can be 
accurately determined. The p o s i t i o n of the lamp i n the f a i r 
way i n combination with the l o c a t i o n of the lamp on board and 
the roomentaneous coucse of ship determines the p o s i t i o n of 
the ship i n the fairway. The sinkage of the lamp i n combina
t i o n with the t r i m i n d i c a t i o n of the bacges determines the 
t o t a l sinkage and tcim of the. barges. These data wece stoced 
i n the cassette and added to the centcal-acquisition system 
immediately aftec each test-cun. 

ANALYSIS. 
18. With the re s u l t s obtained, the ins i g h t i n to hydraulic 
load- and damage mechanisms related to revetments when 
attacked by ship-induced water motion can be obtained (see 
figuce 4 ) . This w i l l r e s u l t i n mocé c e l i a b l e and univecsally 
applicable design cules foe p r o t e c t i o n systems. The re s u l t s 
of the f i c s t secies of pcototype measucements (1981),cestric-
ted mainly to the hydraulic load and s t a b i l i t y of cip-cap,ace 
pactly published i n cef.6 and 7, The re s u l t s of the analysis 
of the 2nd secies of pcototype measurements (1983) w i l l be 
available at the end of 1984. 

BEHAVIOUR OF TEST EMBANKMENTS (see f i g . 6 ) . 
Loose matecials 
19. Gcavel on g e o t e x t i l e and sandy subsoil. Two gcavel 
embankments, one with 30-80mm gravel and the othec with 
80-200mm gcavel, wece applied to v e c i f y the model eolations 
describing the beginning of movement and teanspoct of loose 
matecials under ship-induced watec motions. High gcavel 
tcanspocts were only observed when push-tows and tugs sailed 
at high speed neae the bank. I n general, c a l c u l a t i o n methods 
based on model cesults give a proper approximation of the 
pcototype values. I t i s i n t e r e s t i n g to note, that during the 
peciod between the two series of prototype measurements 
(October 1981-May 1983) an unexpectedly high teanspoct of 
fi n e gcavel took place as a eesult of a nocmal (rathec low) 
shipping-intensity i n the Hartel Canal, The peobable 
explanation could be, that rooce vessels (paeticulacy small 
vessels and tug-boats) are s a i l i n g nearer the bank than i t 
was expected at the f i r s t s i g h t . I t also emphasizes the 
necessity of s u f f i c i e n t s t a t i s t i c a l data on behaviour of 
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Fig. 6. Examples of constcuctions tested. 



ships in navigation channels to be able to properly predict a 
long-term transport balance. 
20. Rip-rap 5-40 kg on g e o t e x t i l e . For t h i s class of rip-rap 
the beginning of movement was rather exceptional. I t has been 
observed to occur mainly due to secondary waves induced by 
empty barges and tugs s a i l i n g very close to the bank ( i . e . at 
the toe of the slope). I t can be concluded that in the most 
p r a c t i c a l cases t h i s , or a l i t t l e higher class of r i p - r a p 
would be s a t i s f a c t o r y for the normal inland fairways. I n the 
Netherlands the stone classes used normally for bank protec
t i o n 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 r i p - r a p for bank protection can be found 
i n r e f . 7 and 8. 

Placed (free) blocks. 
21. I n the Netherlands, concrete blocks are frequently used 
for the revetments of dikes, dams and banks. In general, no 
r e l i a b l e design c r i t e r i a are as yet available for these (and 
also for interlocked) revetments. I n a l l these cases, the 
type of sublayer (permeable/impermeable) and. the rate of 
permeability of the blocks are very important factors for the 
s t a b i l i t y of these revetments. Sometimes, these blocks ate 
threaded with cables or connected to g e o t e x t i l e by n a i l s or 
nylon nooses (or even glued) forming a f l e x i b l e and 
s t r u c t u r a l l y integrated mat-system ( r e f . 3). 

22. For prototype t e s t s , 0.3 x 0.2m and 0.15m thick concrete 
blocks were used. Both sand and clay were used to form a sub
s o i l . No f a i l u r e of revetment has been observed (e.g. no up
l i f t i n g of blocks). However, l i m i t e d settlement and thus 
•deformation of revetment has been observes at various places 
where underlayer consisted of sand and g e o t e x t i l e . 
The analyse of the r e g i s t r a t i o n s of the pressure gauges below 
the blocks has indicated that the hydraulic gradients at the 
inter-surface of sandy subsoil and g e o t e x t i l e often exceeded 
the c r i t i c a l values for the beginning of erosion. Because of 
the g e o t e x t i l e the v e r t i c a l transport was l i m i t e d and the 
main transport took place probably along the slope. SOme 
amount of sand could get l o s t due to lack of adequate sand-
tightness at the t r a n s i t i o n from the block-revetment into 
the r i p - r a p toe-protection. 
More detailed information hereabout w i l l be available a f t e r 
completion of the hydraulic and geotechnlcal analysis. Stabi
l i t y of placed blocks under wind-wave attack i s summari
zed i n r e f . 1 and 3 where the recent large-scale cesults fcom 
the Dutch Delta-Flume ace also mentioned. 

Fle x i b l e inteclocked block cevetments. 
23. Three types of f l e x i b l e interlocked cevetments with thcee 
d i f f e c e n t p r i n c i p l e s of i n t e r l o c k i n g were used foe the pcoto
type t e s t s , namely: gcouted basalton blocks, cabled and gcou-
ted Armocflex-mats and noosed Delta-block mats (ACZ). 
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Fig. 7 . Loaded pushing u n i t : 2x3 focmation". 

24. Gcouted Basalton blocks (pcisms). The excellent expecien-
ce the Netheclands has had with natucal basalt cevétment 
(stone pitching) i n conjunction wi t h the high cost and shoc-
tage of natural basalt, have resulted i n the development of 
a c t i f i c i a l conccete pcisms based on the shape of the natucal 
basalt (patented as "Basalton"). This system i s chacactecized 
by a polygon connection and consists of various shapes and 
d i f f e c e n t dimensions of pcisms which allow even the constcuc
t i o n of a candom-shaped cevetment. The blocks ace pcoduced i n 
vacious sizes and with vacious de n s i t i e s . Lately they ace a l 
so available as Basalton-mats. The acea of the intec-block 
space equals about 20% of the t o t a l sueface area (ungcou-
t e d ) . The blocks ace s l i g h t l y tapeced v e r t i c a l l y . Because of 
t h i s , the pcisms may sink lowec i f thece i s any settlement of 
the soil-body or ecosion of the sublayec,which i s immediately 
evident. Moceovee, because of i t s tapeced shape, the pcisms 
have a fiem p o s i t i o n i n the slope. The inteestices between 
the blocks ace f i l l e d w i t h , for instance, graded broken stone 
s i l e x oe coppee-slag (size l-50mm). As a eesult the possibi
l i t y of upwaed movement of the blocks i s strongly ceduced. I n 
the Netheclands, the undeclayec nocmally consists of gcaded 
beoken stone oe silex-stone (a waste pcoduct o f the cement 
industry) of 0-60mm and about 30cm th i c k ( i . e . foe sea-dikes) 
I t i s also possible to place Basalton-blocks on sand-soil 
with a g e o t e x t i l e and beoken stone i n between. Recently f u l l -
scale tests on t h i s type of cevetment were perfocmed i n the 
lacge Delta-Flume of the D e l f t Hydeaulics Labocatory (cef.12) 
As a eesult of geouting (= f l e x i b l e inteclocking) the 
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strength of the construction may i n c r e a s e s up to Hg/,& b'~tO 
(slope 1:3) where Hg=significant wave h e i g h t , A - r e l a t i v e 
density of block and D=block height. With such strong slope 
revetments,the s t a b i l i t y of the f i l t e r - l a y e r can become more 
c r i t i c a l . 

25. The behaviour of the grouted Basalton revetment, used i n 
the prototype tests i n the Hartel Canal, was very s a t i s f a c t o 
ry. During the f i r s t series of measurements (1981). only IScra 
thick blocks were used. During the 2nd series (1983> 12cm 
high blocks were also applied. I n both cases no s t a b i l i t y 
problems occurred. The washing-out of the grouting material 
was, on average, r e s t r i c t e d to a few centimetres i n depth. As 
the intec-block space varies very l i t t l e w ith the height of 
the block, the r e l a t i v e depth of washing-out (scour depth r e 
lated to block height) incceases i n pcopoction to the decrea
sing of the block height. This means th a t , despite the high 
s t a b i l i t y value, the height of the block must not be less 
than about 10cm to r e t a i n i t s s t a b i l i t y performance. 

26. Armocflex block mats. The purpose-shaped- inteclocking ar
morfiex blocks are threaded with s t e e l or nylon cables and 
bounded together, thus forming a f l e x i b l e mat-system, A geo
t e x t i l e and/oc gcaded f i l t e c ace f i c s t spcead over the slope 
to be protected, and than overlaid by the block-mat. A d d i t i o 
n a l l y , geouting matecial may be applied to the inter-block 
spaces to c i g i d i f y the mat once i t i s i n place. Because of 
cabling, t h i s system maintains i t s i n t e g r i t y i n the event of 
subgcade defocmation or severe dynamic loading upon a given 
exceedance of the design conditions foe free blocks. The ar
mocflex mat-system has been investigated extensively with ce-
spect to wave attack (eef. 11). 

27. Foe pcototype te s t embankments i n the Hactel Canal the 
f u l l and c e l l u l a c type blocks of 0.11m height wece used. Both 
systems wece gcouted w i t h f i n e gcavel. The pecformance of 
these systems was vecy satisfactocy. Against expectation the 
washing-out of the geouting matecial was rathec l i m i t e d . 
When placing these mats special a t t e n t i o n should be paid to 
the connection of the adjoining mats. 

28. ACZ-Delta block mats. The system i s chacactecized by a 
diagonal b l o c k - d i s t e i b u t i o n and consists of eectangulac pue-
pose-shaped blocks (blocks 0.20x0.40m-undecneath and 
0.155x0.355m-outec surface). The blocks ace pouced onto the 
g e o t e x t i l e . The connection between blocks and ge o t e x t i l e i s 
cealized by fouc nylon nooses connected to. the g e o t e x t i l e . 
The space between the blocks was about fouc centimetces wide. 
The block-mats (blocks 0.16m height) wece placed on gcavel 
and gcouted with coaese gcavel. The shoet term pecfoemance of 
t h i s mat did not immediately lead to i n s t a b i l i t y pcoblems. 
However, due to the laege intecspaces, the geouting matecial 
was soon washed-out and the external hydcaulic load was ac-
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t i n g t h r ough t h e g e o t e x t i l e d i r e c t l y on the s a n d - s u b l a y e r . I n 

the long-run i t w i l l lead to ecosion of the sublayer and 
defofmation of the cevetment. Some settlement of the test r e 
vetment was already observed during the t e s t s . Some improve
ment of t h i s system i s neededbefoee i t can be used i n 
pra c t i c e . 

I n genecal, the weak point of the block mats i s how to cepair 
them when the sublayec erodes and the undecwatec connection 
of the adjoining mats f a i l s . 

Sand-sausage mattresses ( P r o f i x ) . 
29. Zinkon BV, a Dutch company specialized i n bank and slope 
p r o t e c t i o n works, has developed a f l e x i b l e erosion contcol 
system composed of f i l t e r - c l o t h s and geanular f i l l matecial, 
known as the Profix-system. Pr o f i x i s a fas t and r e l a t i v e l y 
cheap method. Two t i g h t l y woven polypropylene mats are 
sti t c h e d together at regulac intecvals to give the design 
weight of at least 200kg/m2 when f i l l e d with sand. Both 
f i l t e r - c l o t h s must be sand t i g h t , Moreovec the outec c l o t h 
i s s t a b i l i z e d against u l t r a v i o l e t r a d i a t i o n . I t i s provided 
wit h a f e l t layer to pcomote and develop vegetation peoviding 
extca protection against u.v. r a d i a t i o n . The cloths allow 
plant roots to penetcate i n t o the subsoil thus peoviding 
extca s t a b i l i t y to the constcuction. The cequiced steength of 
the f i l t e c - c l o t h s depends on the exeeted loads, foe instance, 
the design of slopes, the method of constcuction, the 
thickness and weight of the f i l l matecial. Sand and/oc gcavel 
ace vecy suitabel as f i l l matecial, possibly mixed with 
cohesive additives. Mixing the f i l l w ith seeds can pcomote 
vegetation. The empty mattcess i s speeaded out at the top of 
the cevetment and pulled out i n stages, as they ace f i l l e d , 
i n t o the civec or channel.Dey sand i s blown thcough cubbec 
hoses threaded i n tucn i n t o f l a p coveted openings every 5 to 
10m along each tube of the mattresses. 

These mattcesses are act u a l l y used on a lacge scale foe bank 
protection wocks i n the Nigeeian Delta acea (since 1981). 
Special a t t e n t i o n has to be paid to the cisk of vandalism 
i.e . the mats may be cut away on puepose oc damaged by pins 
thcough them. Howevec, t h i s has not been expecienced. Foe 
aceas which ace not so densely populated ( i . e . outside a 
secious r i s k of vandalism) t h i s system may o f f e r a good 
a l t e r n a t i v e bank pcotection. 

30. The Peofix mattcess at the t e s t embankment had an avecage 
thickness of 0.20m containing medium to coarse sand, between 
a f l a t laying f i l t e r c l o t h sticked together at intecvals of 
0.40m. The dice c t i o n of the tubes was up and down the slope. 
The experience with t h i s system obtained thcough the tests i n 
the Hactel Canal showed the high impoetance of a s u f f i c i e n t 
degree of density (compaction) of the sand inside the 
mattcess. Due to the breakdowns of the f i l l i n g equipment t h i s 
degcee, unfoctunately, was not obtained and migcation 
of sand grains inside the tubes downwacd the slope could take 
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FLEXIBLE ARMOURED REVETMENTS INCORPORATING GEOTEXTILES 

Fig. 8. Loaded pushing u n i t : 3x2 formation. 

place. This as a r e s u l t of the water movements caused by 
t i d a l action and passing ships. Consequently, the part of the 
mattress below the maximum water l e v e l was densified 
a f f e c t i n g the f i l l i n g degree of the upper part. After 
r e f i l l i n g t h i s part of the mattress the performance of the 
construction appeared to remain more s a t i s f a c t o r y ( d u r i n g the 
1st three months of observations).Future observations at t h i s 
test location w i l l 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 w i t h zinc or 
PVC (p o l y v i n y l chloride) to ensure long l i f e undec adverse 
conditions. I t i s eectangulac i n shape, vaciable i n size with 
diaphragms at c e r t a i n i n t e r v a l s . These baskets, f i l l e d w i t h 
r e l a t i v e l y small rocks, are widely used i n bank s t a b i l i s a t i o n 
and rivec t r a i n i n g structures. The inherent f l e x i b i l i t y of 
the gabions -the a b i l i t y to bend without breaking- seems to 
be primary reason for t h e i r succes. Other impoctant 
advantages are i t s permeability, s t a b i l i t y , easy tepaic and 
c e l a t i v e l y economy. 

32. Mattresses used i n the prototype tests were PVC-coated 
baskets 1.0 x 4.0m and 0.17m t h i c k , f i l l e d with coarse gravel 
70-130mm and placed on a g e o t e x t i l e on sand. The short-term 
performance was s a t i s f a c t o r y . However, the placement was done 
w i t h more than normal care. A f t e r t h e t e s t s o n l y a s l i g h t 
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swelling of the i n d i v i d u a l c e l l s was observed. Also, only a 
l i m i t e d number of stones has escaped thcoughout the wire-mesh 
of the mattcess-baskets. Although the long-tecm pecfoemance 
has to give the f i n a l answee on the a p p l i c a b i l i t y of t h i s 
system, i t seems that gabions ate a good pr o t e c t i v e alteena-
t i v e foe these locations wheee vandalism i s not a peoblem. 

Fixtone (Bitumaein B.V. 
33. Fixtone (open stone asphalt) i s a new development i n the 
constcuction of peemeable asphalt cevetment. Fixtone i s 
pcepaced by mixing about 82% stones (16-56mm) w i t h about 18% 
pee-mixed sand mastic ( i . e . 64% sand, 16% f i l t e c and 20% 
bitumen 80/100), g i v i n g a matecial in which the stones ace 
fix e d ficmly and focm a stable, f l e x i b l e and peemeable (voids 
content 25% oc moce, poees up to 10mm) constcuction matecial. 
The l i n i n g generally consists of a layec of 15 t o 20cm F i x t o 
ne on a f i l t e c layec. A moce economical constcuction has 
cecently been obtained with a layec of Fixtone oh top of a 
fibee c l o t h which acts as a sand bareiec. I t i s also pcoduced 
i n the focm of Fixtone. mats. Fixtone sueface i s cesistant to 
cuccents up t o 6m/s and waves up to 2m i n height at l e a s t . 
Due to the complicated v i s c o - e l a s t i c behavioue of asphalt , 
mixes, which cannot be scaled down, the assessment of cesis-
tance to wave attack can only be caccied out on actual scale. 
I n oedec to peovide a design t o o l foe designees, the expecien 
ce fcom sevecal peojects has been compiled i n t o a "cule of 
thumb", ceading: 

D = C.Hg 

in which: D = thickness of Fixtone layec, Hg = s i g n i f i c a n t 
vjave height and C = c o e f f i c i e n t value being 1/6 i n the case 
of Fixtone on f i l t e c c l o t h , and 1/10 on a sand bitumen f i l t e c 
This cule i s cilso suppocted by the lacge-scale check-tests in 
the Delta-Flume of the D e l f t Hydeaulics labocatocy (eef. 12). 

34.' The pcototype t e s t embankment i n the Hactel Canal 
consisted of a 0.15m t h i c k toplayer of Fixtone (stone size 
20-40mm) on an average 0.20m thick layec of sand-asphalt. 
The shoet-tecm pefocmance of Fixtone was cathec s a t i s f a c t o r y . 
Only a vecy small numbec of stones wece loosened fcom the 
slope sueface. These wece small stones which had only single 
contact sucfaces with the underlying Fixtone and had loosened 
because of cocking motions under cuccent and wave attack. Due 
to high pecmeability of the "young" Fixtone thece was no 
l i f t i n g of the constcuction as a r e s u l t of upwaed pcessure. 
However, fu r t h e r information on long-term behaviour of 
Fixtone, especially cegacding the pecmeability, i s s t i l l 
l a cking. These conclusions ace i d e n t i c a l with the conclusions 
of the lacge-scale tests i n the Delta-Flume wheee the wind 
waves up to Hjjajj « 2,65m wece genecated ( r e f . 12). Actually 
(Octobec '83) long teem abeasion tes t s ace being caccied out 
i n the large stream flume at L i t h i n the Netherlands. The 



f i r s t r e s u l t s Indicate that the surface erosion of Fixtone i£ 
r a t h e r l i m i t e d e v e n a f t e r a t h r e e weeks of continuous tests 
with water-current of atcut 4ra/s. 

END REMARKS. 
35. After the completion of the short-term measucements i n 
the Hartel Canal i t was decided to keep a l l these prototype 
embankments for further studies on long-time behaviour i n the 
coming few years. These data combined with the geotechnlcal 
analysis of the data obtained during the shoct-tecm pcototype 
measucements w i l l give more information on the p r a c t i c a l 
a p p l i c a b i l i t y of the d i f f e r e n t protective systems. 
The r e s u l t s of a l l these studies metioned above w i l l being 
designees closec to the solution of the t y p i c a l peoblem of 
the choice of pcotective structure for bank protection wocks 
in cespect to design load, the a b i l i t y of matecials, and 
desiced function of construction. 
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14 
Yugoslav experience in constructing 
revetments incorporating geotextiles 

M. BOZINOVIC, MSc, M. MILORADOV, PhD and E. CIKIC, BSc, Jaroslav 
Cerni Institute for the Development of Water Resources, Belgrade 

SYHOPSIS. The paper i s a concise presentation of experience 
i n Yugoslavia w i t h respect t o the design and construction of 
bank revetments w i t h g e o t e x t i l e on the r i v e r s afod canals i n 
Yugoslavia. I t also gives some r e s u l t s o f i n v e s t i g a t i o n s 
performed on such bank revetments. I t i s concluded t h a t the 
experience has so f a r been a p o s i t i v e one, but t h a t f u r t h e r 
research i s needed f o r c l a r i f y i n g c e r t a i n aspects of the use 
of g e o t e x t i l e s , especially of t h e i r use as f i l t e r s and 
separators. 

INTRODUCTION 
1. Extensive t r a i n i n g works were begun on r i v e r s i n Yugo

sl a v i a towards the end of the 19th century and the beginning 
of the 20th century. Most of the works were made i n order t o 
improve navigation routes and protect against flo o d i n g on the 
r i v e r s Danube, Tisza, Drava, Sava and others. However, a l o t 
s t i l l remains t o be done i n the futureyears both on the con
s t r u c t i o n of new t r a i n i n g works and on the maintenance and 
reconstruction of the e x i s t i n g ones. The t o t a l length o f 
r i v e r s i n Yugoslavia i s 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 i v e r t r a i n i n g s t r u c t u r e s , cheap solutions are of a great 
economic i n t e r e s t . With the invention of g e o t e x t i l e , the 
p o s s i b i l i t i e s f o r f i n d i n g such solutions have been broadened 
and especially so since home-made g e o t e x t i l e became available 
i n Yugoslavia. 

3. There are at present two f a c t o r i e s i n Yugoslavia pro
ducing g e o t e x t i l e f o r construction purposes. Both f a c t o r i e s 
produce polyestrous and polypropylene f i b r e s by using the 
dry procediure, i . e . the needling method. Table 1 shows the 
properties of the two types of Yugoslav geotextiles t h a t are 
most oft e n used f o r bank revetments. 

1*. With the beginning of g e o t e x t i l e production i n Yugo
s l a v i a , intensive i n v e s t i g a t i o n work was conducted i n order 
t o determine i t s possible a p p l i c a t i o n i n hydraulic s t r u c t u r e s , 
especially f o r bank revetments. This i n v e s t i g a t i o n included 
the f o l l o w i n g : 
- laboratory t e s t i n g of g e o t e x t i l e f a b r i c s 



F L E X I B L E A R M O U R E D R E V E T M E N T S I N C O R P O R A T I N G C E O T E X T I L E S 

Table 1 
Properties of "LIO-Filter P l a s t i c a " art.7010, type 300 
production "LIO" - Osijek and of nonwoven t e x t i l e 
"Politlak-300", production "TOZD-Filc"- Menges 
(Ref.l and r e f , 2 ) 

Ho. Characteristics Unit ' 
measure 

'LIO" f i l t e r 
p l a s t i c a 

" P O L I T L A K : - 3 0 O " 

1 2 3 5 

1 Type of basic 
raw m a t e r i a l - -
polymer 

polyester polypropylene 

2 Mass of f e l t per / 2 
u n i t of area 3ooi lOjS 250- 10% 

3 Thickness of f e l t mm 2.6 3.0 

1* Width of f e l t m 2.1*0 2.20 and 1».1*0 

5 Tensile strength 
a) according t o , „/r-
• lengt h ^/5cm 75 58 

b) acc.to width kN/5cm 
(DIN 53857) 

50 68 

6 Tensile elong. 
a) acc. t o length % 
b) acc. t o width % 

70 
100 

l l * 0 

135 

7 Water permeability 
f e l t (flow of water 
v e r t i c a l t o the m/s 
surface of the f e l t ; 
pressure on the 
f e l t 22 Pa 

(1.5-2).10' (3-lt).10"2 

6 Absorrition of water 
at 21°C and 6^% % 
r e l a t i v e a i r 
humidity 

0.3 - 0.1* 0.01 - 0.1 

200 
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- f i e l d observation of bank 1-evetmenta where g e o t e x t i l e has 
been used 

- examination of samples o f g e o t e x t i l e taken from bank 
revetments 

- preparation and p u b l i c a t i o n o f standards f o r the use o f 
ge o t e x t i l e i n bank revetments 
5. This paper reports on the r e s u l t s o f these I n v e s t i 

gations and on the experiences i n the a p p l i c a t i o n o f geo
t e x t i l e f o r d i f f e r e n t types of bank revetments o f r i v e r s and 
canals i n Yugoslavia. 

Proposal o f standards f o r the use of g e o t e x t i l e i n bank 
revetments 

The f i r s t proposal has been published under the t i t l e : 
"Temporary Standards f o r the Ap p l i c a t i o n o f Geotextile i n 
the ConstïTiction of Bank Revetments" ( r e f . 3 ) . I n t h i s docu
ment the p r i n c i p l e s and techniques developed at BAW-Bundes-
ans t a l t f i i r ¥asserbau, Karlsruhe, W.Germany, were adopited t o 
a great extent ( r e f . l * ) . The methods and procedures used f o r 
the a t t e s t a t i o n o f g e o t e x t i l e as recommended by the mentioned 
I n s t i t u t e provide the designers w i t h the necessary informa
t i o n , especially when using g e o t e x t i l e as a p r o t e c t i v e f i l t e r 
i n the r e v e r s i b l e flow o f water. 

7. However, a great many problems i n t h i s f i e l d s t i l l 
remain t o be solved as g e o t e x t i l e i s a r e l a t i v e l y new material 
while the p o s s i b i l i t i e s of i t s a p p l i c a t i o n are very numerous 
and d i f f e r e n t . 

Applied techniques f o r bank revetments w i t h g e o t e x t i l e 
8. The fo l l o w i n g guidelines are recommended f o r the design 

of bank revetments w i t h g e o t e x t i l e : (ref.Sjóand 7) 
- i n a bank revetment g e o t e x t i l e should serve p r i m a r i l y as 

a separator and f i l t e r , and i f need be, as a drai n and 
s t r u c t u r a l reinforcement; 

- a bank revetment should be simple and adapted t o the l o c a l 
conditions ;wor}5; should be mechanized as much as possible 

- the structure of a bank revetment should r e s i s t the 
loading and other influences both i n the course o f i t s 
construction and i t s use. Special a t t e n t i o n should also 
be paid t o the analysis o f wave e f f e c t s and t o the washing 
out of f i n e " s o i l p a r t i c l e s from the banks, 

- when choosing the mat e r i a l f o r the construction of bank 
revetments, the changes t h a t can occur i n the mat e r i a l 
from the time o f i t s production t i l l the end of the l i f e 
span of the s t r u c t u r e should also be considered. For 
example, i n permanent str u c t u r e s , g e o t e x t i l e must be pro-" 
tected against the d i r e c t e f f e c t o f sunlight as w e l l as 
against other e f f e c t s which can influence i t s d u r a b i l i t y . 

- the cost o f construction and maintenance o f bank r e v e t 
ments w i t h g e o t e x t i l e should be lower than-they would be 
i f c l a s s i c a l materials were used f o r the same purpose. 
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9. Taking a l l t h i s i n t o consideration, several types of 
bank revetments have been designed and b u i l t on Yugoslav 
r i v e r s and canals. A short descri p t i o n of some of them v i l l 
now be given, 

10. Fig.1 shows a bank revetment on the r i v e r Sava exposed 
t o r e l a t i v e l y high waves where ge o t e x t i l e serves both as a 
f i l t e r and separator. The g e o t e x t i l e t h a t was used was made 
i n Yugoslavia. I t i s the so-CEilled "LIO" f i l t e r p l a s t i c a 
which i s made of non-woven f a b r i c made of polyestrous f i b r e s . 
The thickness of the | e o t e x t i l e ( f e l t ) i s 2,6 mm while the 
u n i t mass i s 300 gr/m . 

Fig.1 Bank revetment on the l e f t bank of the r i v e r Sava at 
Baric 

11. The revetment shown i n Fig.2 was used on the r i v e r Drava 
f o r preventing intensive bank erosion ( r e f . 8 ) and the geo
t e x t i l e here serves both as a f i l t e r and reinforcement o f 
the r i p rap. This bank revetment i s a c t u a l l y a f l e x i b l e 
mattress made of ge o t e x t i l e Bind fascines places crosswise 
and loaded by r i p rap. The mattress i s anchored t o the bank 
by placing the upper end of the f a b r i c i n a small trench and 
loading i t w i t h r i p rap and by f i x i n g the fascines w i t h 
wooden poles. The mattress i s prepared on a f l o a t i n g platform 
while r i p rap i s placed by using a crane. This type of matt
ress i s also used as a foundation f o r groynes and other 
t r a i n i n g structures on r i v e r beds consisting of material 
prone t o s e t t l i n g and erosion. 

12. The type of bank revetment shown i n Fig.3 was used on 
the r i v e r Tisza ( r e f . 9 ) . The porous g e o t e x t i l e serves f o r 
separating the gravel from the very f i n e material i n the 
r i v e r bank. The ge o t e x t i l e thus protects the gravel f i l t e r 
and drain from the i n t r u s i o n o f the very f i n e p a r t i c l e s and 
being porous, i t also acts as an a u x i l l i a r y f i l t e r . 
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S C A L E 0 1 2 3 m 

4 -MEAN WATER l E V E l INCREASED BY Im 

QUARRY S T O N E 
d : 1 5 - 2 5 cm 

w.- 11 x ^ A S C I N E MADE OF 

ll WILLOW TWIGS ̂ rZO cm 

-WOODEN POLE > ï 5 - 8 c m , U 1.00 m 

„U0' F ILTER PLASTICA T Y P E 300 

-QUARRY STONE (AS A LOADING OF THE MATTRESS) 

IN THE B O X E S OF T H E F A S C I N E 

» ADOPTED WATER L E V E L FOR TRAINING WORKS BELOW S U R F A C E 

OF WATER, 

Fig. 2 Bank revetment on the r i g h t bank of the r i v e r Drava 
at B i s t r i n a c 

S C A L E 
0 1 2 m 
I 1 1 CONCRETE BEAM 

Fig. 3 Revetment on the r i g h t bank o f the r i v e r Tisza at 
Kanjiza 

13. Fig.3 shows the p r o t e c t i o n o f a slope o f a f l o o d 
p r o t e c t i o n dike on the r i v e r Kolubara. Since the body of the 
dike i s made o f very f i n e graniilar m a t e r i a l , g e o t e x t i l e here 
too serves as a p r o t e c t i v e f i l t e r as i t prevents the removal • 
of very f i n e p a r t i c l e s o f mater i a l from the body o f the levee 
through the Joints on the l i n i n g of the slope of the levee. 
Since the floods here occur only r a r e l y and are of a short 
duration, only the bottom part o f the slope of the levee was 
protected by using concrete slabs while the top part was 
covered w i t h huraus and grass. 
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S C A L E 
3m 

3.00 

LAYER OF HUMUS d = 10cm 
COVERED WITH G R A S S 

% L I O FILTER PLASTICA T Y P E 400 

Fig. 1* Protection of the slope of the levee on the right 
bank of the river Kolubara at the mouth of the river 

lU. Geotextile i s aiso used for repair works on damaged 
banks of canals and f i s h ponds. Fig.5 shows repair works on 
a canal bank damaged by waves. In this case, geotextile was 
used in combination with the "Motion" net and anchored by 
wooden poles. This type of repair works has been used success
f u l l y on a length of 15 km at canals of the Danube-Tisza-
Danube system. Similar types of bank protection were also 
used for some f i s h ponds where geotextile serves as a f i l t e r 
and separator while the Notion net and anchored wooden poles 
ensure the static s t a b i l i t y of the structure. Although t h i s 
protection i s of a temporary character, i t can be made to 
l a s t longer i f there i s vegetation along the contour of the 
bank revetment. 

SCALE 
0 1, 

DEFORMED 
SLOPE 

ANCHORS OF WIRE 
/ 2 mm AND WOODEN 

POLES 

ORIGINAL SLOPE OF THE CANAL BANK 

S L O P E AFTER REPAIR WORKS (FUTURE S T A T E ) 

/ PLANTED T R E E S 

\ WOODEN POLES fS" 8 cm AT A 
DISTANCE OF 0.75 m ONE FROM 

J H E OTHER 

EARTH L E V E E 

« WATER L E V E L AT WHICH WORK IS 
DONE BELOW THE WATER SURFACE 

•BETLON NET CE 131 ^ 

- , L I O ' F I L T E R PLASTICA T Y P E 300* 

F I L L E D PART OF THE PROFILE 

Fig.5 Repair works on the deformed slope of the canal Danube-
Tisza-Danube by using LIO f i l t e r plastica and Netlon nets 
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Experience and fesLtlts of investigation concerning the use 
of geotextile in the construction of bank revetments 

15. The fact that geotextile has after a r e l a t i v e l y short 
period of time been accepted for use in the construction of 
bank revetments in Yugoslavia i s due to the following reasons: 
- besides being r e l a t i v e l y cheap, geotextile can in a bank 

revetment be used for several different purposes at the 
same time ( i t can serve as a separator, f i l t e r , d r a i n and 
reinforcement)this rarely-being the case with other 
materials; 

- the industrial production of geotextile guarantees a stan-
. . dard quality of the product which makes i t possible to 

use i t s mechanical and other characteristics to a greater 
extent and this in turn ensures more rational technical 
solutions. 
16. The r e l a t i v e l y small weight of geotextile reduces 

transport, storage and manipulation costs, makes the use of 
mechanization easy saving thus man-power i n construction. 

IT. Geotextile can be successfully applied in bad weather 
and i s easier and safer for building in under water than i s 
the case with other materials. For example, i t i s very d i f f i 
cult to construct a multi-layer f i l t e r of gravel under water, 
which i s not the case with the placing of an underwater 
f i l t e r made of geotextile. 

l 8 . In many cases, geotextile can be used as a substitute 
for more expensive materials. I t also makes i t possible to 
use material available on the spot for the construction of 
bank revetments, even i f the material i s of a poor quality. 
And f i n a l l y , the proper use of geotextile can improve the •. 
bearing capacity and other characteristics of poor quality 
s o i l . 
• 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 i s no significant change in the coefficient of f i l 

tration on the samples of geotextile taken after 3 to 5 
years from the bank revetments on the ri v e r Drava (Fig.6) 
(ref.10) . However, the results of laboratory tests(ref.11) 
have shown that the coefficient of f i l t r a t i o n can very • 
quickly and significantly be reduced i f the f i l t e r i s 
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 | r / l , 
geotextile made of polyestrous fibres (250gr/m ) lost 
within 12 hours around 50^ of the i n i t i a l value of the 
coefficient of f i l t r a t i o n . 

- the grain size distribution of s o i l samples taken directly 
from under the geotextile ( in the bank revetment on the 
river Drava) changed insignificantly over a period of 
5 years after the bank revetment was constructed, (Fig.T) 
(ref.10) 
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Fig. 6 Relation K=f (P) f o r samples of g e o t e x t i l e taken 
from the bank revetment on the r i v e r Drava at B i s t r i n a c 
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- the c o e f f i c i e n t of f r i c t i o n hetveen g e o t e x t i l e and the 
s o i l on which i t i s placed i s r e l a t i v e l y high and varies 
between 0,1* and 0,8. ( r e f . 1 0 ) . However, i t has been n o t i c 
ed t h a t the f r i c t i o n i s g r e a t l y reduced i f g e o t e x t i l e i s 
saturated w i t h a slimy and sl i p p e r y c o l l o i d i a l substance. 
This must not be overlooked when designing bank revetments 
on sewer caneJ-s.. 

- a reduction o f 15/» of the o r i g i n a l t e n s i l e strength o f 
ge o t e x t i l e was found a f t e r f i v e years of service. 

CONCLUSIONS 
20. Althpugh g e o t e x t i l e has been used f o r bank revetments 

i n Yugoslavia only since a few years ago, the experience has' 
proved t o be p o s i t i v e both from the point of view of reducing 
the costs and the duration o f construction. However, the 
lack of d e t a i l e d s p e c i f i c a t i o n s , standards and guidelines 
negatively influences the wider use o f g e o t e x t i l e i n 
everyday p r a c t i c e . 

Ö1. Advances i n using geotextiles f o r bank revetments 
and other structures can be expected when more information 
on i t s behaviour i n d i f f e r e n t types of stmictures and the 
r e s u l t s o f laboratory i n v e s t i g a t i o n s become available.The 
most important aspects t o be investigated are the p e r f o r 
mance of geotextiles as f i l t e r s and separators i n the bank 
revetments. 
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I J- Theoretical basis and practica! experience-
!3 geotextiles In hydraulic engineering 

Ing. M. WEWERKA, Chemie Linz AC, Austria 

SYNOPSIS, To choose the r i ^ t f i l t e r m a t e r i a l i n h y d r a u l i c 
engineering avoids unpleasant surprises and high r e p a i r i n g 
o o a t s o To get optimvim r a s u l t s , a l l d i f f e r e n t stages o f the 
c o n a t ï T i c t i o n and f u n c t i o n have t o be analysed i n order t o be 
informed about the maxiimiini possible etress, viiich must be used 
f o r the design o f the g e o t e x t i l e , therefore i t can be d i f 
ferent f o r each p r o j e c t , The f o l l o w i n g raport t r i o s t o ana
lyse these stages exactly, dealing w i t h necessary pro p e r t i e s 
o f the g e o t e x t i l e s and t h e i r t e s t i n g methodB i n close regard 
t o p r a c t i c e , 

I , INTRODUCTION 
For some decades g e o t e x t i l e s have been used i n h y d r a u l i c en
gineering. Mainly 3 d i f f e r e n t types are usedi 

Mechanical bonded nonwovens 
Thermical bonded nonwovens 
Hovens 

For the m a j o r i t y o f the p r o j e c t s t h e i r primary task i s t o act 
as srosion p r o t e c t i o n , a l t e r n a t i v e f o r , or part of a mineral 
f i l t e r , Mhereas during the l a s t years t h e i r e f f e o t i v i t y has 
b e e n discussed, today there i s a tendency t o create c r i t e r i a s , 
which enables the responsible engineer t o choose the material 
best su i t a b l e foir c e r t a i n conditions. Basis f o r such c r i t e r i a s 
i s the knowledge,vdiat k i n d o f forces are a c t i n g on the geotex
t i l e i n a p r o j e c t . 

Mostly there are three stages o f stresss 
1. During and a f t e r l a y i n g the g e o t e x t i l e 
2. During placement o f r i p r a p 
3. A f t e r completion o f the revetment 
The g e o t e x t i l e must r e s i s t each stage, otherwise i t s f u n c t i o n 
caimot be guaranteed. 

I I . LATINO THE GEOTEXTILE 
1. Laying under dry conditions 

Laying the g e o t e x t i l e under dry conditions i s r e l a t i v e l y 
simple. The material i s mainly d e l i v e r e d i n r o l l s on s i t e . 
I t can be placed by r o l l i n g o f f o v e r the a r e a t h a t has t o be 

protected. J o i n t i n g may be effected by overlapping 0,50 m -
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1,00 m, depending on subsoil conditions and riprap. I t must 
be guaranteed that overlapped geotextiles are prevented from 
becoming separated during placement of any atones. This problem 
can be avoided by welding (Pig. l ) , sewing or by means of 
clamps. 

Fig. 1. Welding of geotextiles on site 

2. Laying xmder water 
Laying under water can cause troubles because of current 

and waves. The geotextile can easily be driven out of the 
designed position i f i t i s not fixed properly. The hydro
phobic behaviour of the fibres of geotextiles (polypropylene 
(pp) and polyester (PES) are the mainly used raw materials) 
makes i t d i f f i c u l t for water to penetrate into the pores. 
Therefore loading i s necessary to achieve sinking, or at 
least the end of the layers must be fixed to the ground. The 
number of overlaps, vhich must be made under water, shall be 
low, as they are d i f f i c u l t to control. This i s the reason 
why 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 i s usually no problem) and by UV-rays of the 
Bun. These UV-rays destroy a l l geotextiles (5) therefore a 
protection i s necessary under a l l circumstances, which i s pro
vided by the riprap and water anyway. The c r i t i c a l period i s 
between laying the geotextile and placement of stones. Es
pecially stabilized PP and PES are sufficient stable raw 
materials, that can r e s i s t usual periods without any problems. 
Practice has shown, that the reduction of the strength i s de-
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pending on several factors (geographical position, humidity 
and dust content of a i r , growing of plants ...) therefore 
exact instructions can hardly be given (Pig. 2). 

Xenotest 450 (acc.DIN 54004) 
« PF-fibre 
X PP-fibre (stab.) 
+ PES-fibre 

Outdoor exposure (Steyr, 
Austria, -48° north) 

K nonwoven PP (stab.) 
+ nonwoven PES 

50ÓO (h) 

Pig. 2. Tensile strength retained versus UV-eiposure time. 

I l l . PLACEMENT OF RIPRAP 
1. General indication and occuring loads 

Placement of riprap means f i r s t of a l l h i ^ mechanical 
stress to the geotextile. The level of stress i s 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 f a l l i n g stone 
i s concentrated on a rather small area, t h i s can e a s i l y lead 
to damage. To avoid t h i s the geotextile must have mechanical 
properties vhich 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 coats. 

I n principle i t i s possible to place stones weighing some 
tons directly onto the geotextile, i f the puncture resistance 
i s high and the subsoil consists of samd, s i l t or clay. I n the 
reach of wave action, problems may arise i f the distances bet
ween the stones are too big. The geotextile i s not fixed to 
the ground firmly. The constant to and fro movement caused by 
waves looses the texture of fibres i n the course of time, which 
leads to deteriorated retention behaviour, Geotextiles conais* 
ting of endless fibres have advantages compared to those con
sis t i n g short (staple) fibres, as they cannot be removed com
pletely out of the texture. I n the reach of wave action, stones 
bigger than 0,30 m - 0,50 m should therefore be placed i n d i v i 
dual as close together as possible, dumping cannot be reconv-

1000 ' 3000 
Time 
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mended. I f t h i s i s not possible a compensation layer consisting 
o f smaller stones or gabions has t o be placed beforehand. 
2. Tests and properties 

Information about the q u a l i t y o f g e o t e x t i l e s concerning t h a i 
puncture resistauvce under dynamic loads can be obtained by the 
t e s t i n g method of the Technical Research Centre ( T R C ) of Fin^-
land (10). According t o that t e s t the diameter of the hole i s 
measured, which has been punctured by a 1 kg cone f a l l i n g down 
0. 50 m on the ge o t e x t i l e vdiich i s l a y i n g on water. Results of 
up to 10 mm are obtained by g e o t e x t i l e s suitable f o r hydraulic 
engineering. A modification o f t h i s t e s t i n g method, replacement 
of the cone by a pyramid, should be considered, as t h i s shape 
can rather be found i n practice and viiich gives sometimes d i f 
ferent r e s u l t s . The advantage of t h i s method i s the a d d i t i o n of 
a supporting material (water), while t h i s i s not the case with 
most of other methods. 

The necessary puncture resistance i s corresponding t o a 
s t r e s s - s t r a i n behaviour from vAiich the necessary t e n s i l e 
strength automatically r e s u l t s . Experience has shown th a t the 
lower l i m i t i s between 1 4 - 1 5 kN/m ( s t r i p t e n s i l e t e s t acc, 
ASTM D 1682) f o r mechanical bonded nonwovens. But t h i s i s o f 
course strongly dependent on the type of r i p r a p . Using e.g. gâ -
bions the mechanical stress can be r a t h e r low, therefore the 
geotextile design i a primary based on i t s f i l t e r e f f i c i e n c y . 

IV. FUNCTION 
A f t e r completion of the project the f i l t e r e f f i c i e n c y of the 

geotextile i s of primary importance. The mechanical stress r e 
s u l t s from water action and current, which can be taken up by 
the g e o t e x t i l e without any problems i f the above mentioned r e 
commendations are considered. 

To provide f i l t e r c r i t e r i a s f o r g e o t e x t i l e s a l o t of i n v e s t ! 
gations have been done, but mainly f o r drainage systems. I t has 
to be distinguished between c r i t e r i a s f o r laminar flow and a l 
t e r n a t i n g turbulent flow. For waterway engineering permeability 
under laminar flow and r e t e n t i o n c a p a b i l i t y under turbulent a l 
t e r n a t i n g flow i s of special i n t e r e s t . 
1, Permeability 
1.1. General observations I n i s o l a t i o n , g e o t e x t i l e s have a l 
most always higher permeability than the suboil and would there 
fore be suitable i n t h i s regard as f i l t e r m a t e r i a l . However, i n 
practice, s o i l p a r t i c l e s are deposited at and i n the g e o t e x t i l e 
The decrease of permeability a r i s i n g because of that i s depen
ding on the amount and size of the s o i l p a r t i c l e s . The amount 
again i s depending on the available space and type o f water 
flow, Geotextiles pressed t i g h t l y onto the subsoil make r e 
arrangements of the s o i l h ardly possible, the composition o f 
subsoil adjacent t o the g e o t e x t i l e i s changed only s l i g h t l y 
(supposing adequate r e t e n t i o n c a p a b i l i t y of the g e o t e x t i l e ) . 

Testing the f i l t e r e f f i c i e n c y the Pederal I n s t i t u t e of 
Waterway Engineering (BAW - Karlsruhe) uses an equipment that 
simulates wave action (4). The conditions o f t h i s t e s t are clos 
to practice, although the i n t e r p r e t a t i o n and therefrom deduced 
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recommendations are p a r t l y not j u s t i f i e d . A pot, o f vdiich the 
bottom i s formed by a g e o t e x t i l e , i s f i t t e d with a c e r t a i n t e s t 
s o i l . I n i n t e r v a l s of 30 seconds i t i s dipped i n t o water and 
p u l l e d out again. Although there i s a considerable p o r t i o n (up 
t o 30 %) o f g r a i n sizes smaller than the e f f e c t i v e pore size 

(acc. t o Franzius I n s t i t u t Hannover) o f a mechanical bonded 
nonwoven only appr, 1,7 of the t e s t s o i l passed through i t 
w i t h i n 34 hourso Add i t i o n a l the amount passing through i s de
creasing i n the course o f time. Water permeability o f the s o i l -
g e o t e x t i l e system soaroly changed a f t e r a short increase at the 
beginning of the t e s t (Pig. 3). Under t h i s condition clogging 
can hardly be expected, as a l l accumulations o f f i n e p a r t i c l e s 
are disturbed again and again by the a l t e r n a t i n g flow (excep
t i o n see 22.3.) Therefore the c r i t i c a l area concerning the per
meability i s i n the area v^ere water doss not change i t s d i 
r e c t i o n too o f t e n (e.g. flow of ground water). 

o 
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Time (h) 
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Fi g . 3. Waterpermeability and passing of s o i l througji the geo
t e x t i l e (D «0,1 nun) ïinder t u r b u l e n t , a l t e r n a t i n g flow versus 
time. 

1.2, E x i s t i n g c r i t e r i a s I n d i f f e r e n t i n v e s t i g a t i o n s (1,2,3,4) 
there i s a demamd f o r the c o e f f i c i e n t of permeability kg of the 
g e o t e x t i l e t o be 10 — 1000 times higher than the c o e f f i c i e n t ks 
of the s o i l . 

/k^ - 10-^ 1000 (1) V^s 
Especially high values are demanded f o r woven products to avoid 
the blocking e f f e c t (blocking o f the open area o f wovens by 
s o i l p a r t i c l e s ) . 
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2. Retention c a p a b i l i t y 
2 .1 . E x i s t i n g c r i t e r i a s . While the hydraulic f i l t e r e f f i c i e n c y 
has t o be observed c r i t i c a l l y under laminar one—directional flovj 
the r e t e n t i o n c a p a b i l i t y has to be examined primary under turbu
le n t and a l t e r n a t i n g flow. D i f f e r e n t recommandations ( l ) give a 
co r r e l a t i o n B50 between the pore size D o f the g e o t e x t i l e and 
the grain size d5o of the s o i l wherein 

2.2. Theoretical basis f o r c r i t e r i a s . The t e s t of f i l t e r e f f i 
ciency under turbulent flow as described above (IV.1.1 . ) showed 
almost no passing of s o i l p a r t i c l e s , i f there i s a d i r e c t con
tac t between s o i l and geot e x t i l e and a c e r t a i n amount of s o i l 
p a r t i c l e s i s bigger than the e f f e c t i v e pore size Dw. 

Due t o turbulent and a l t e r n a t i n g flow s o i l p a r t i c l e s which 
are smaller than the opening size are passing through the geo
t e x t i l e at the very beginning. Consequently there i s an accumu
l a t i o n o f s o i l p a r t i c l e s bigger than the pore size. On one hand 
t h i s accumulation reduces more and more k i n e t i c energy of waves, 
on the other hand penetration of f i n e s t p a r t i c l e s i s impeded 
and f u r t h e r migration i s stopped. A natural f i l t e r i s formed 
founded on the g e o t e x t i l e . The amount of p a r t i c l e s passing 
through i s depending on several f a c t o r s : 
2.2 .1 . Geotextile. Reduction of k i n e t i c energy i s depending on 
kg and thickness (3) ; The pore size i s decisive f o r s o i l p a r t i c 
l e s , vAich are retained from the very beginning. With increasing 
thickness there i s an increasing r e t e n t i o n c a p a b i l i t y because of 
the prolonged f i l t r a t i o n length (6) and the higher amount of de
posited s o i l p a r t i c l e s . 
2.2.2. Subsoil. Grain size i s i n close r e l a t i o n t o pore size o f 
the g e o t e x t i l e . The c o e f f i c i e n t of u n i f o r m i t y 

influences the formation of the natural f i l t e r ; i f C^ i s high 
the formation takes more time. At cohesive s o i l s the r i s k o f 
erosion i s reduced by the amount of cohesion. 
2.2.3. Contact g e o t e x t i l e - subsoil. Cavities underneath the 
g e o t e x t i l e can lead t o increased t r a n s p o r t a t i o n of fi n e s towards 
the geotextile ( i n s t a b l e condition under water). Very small pore 
sizes and low k i n e t i c energy of water can then form a f i l t e r 
cake o f very low permeability (clogging). 
2.2.4. Riprap. The les k i n e t i c energy can pass through, the 
lower i s the r i s k of erosion. 
2.3. Retention c r i t e r i a . As there are so many fac t o r s i n f l u e n 
cing the f i l t e r e f f i c i e n c y i n p r a c t i c e , i t i s d i f f i c u l t t o cre
ate c r i t e r i a s based on laboratory experiments alone, which of 
course cannot take a l l these factors i n t o consideration. Based 
on p r a c t i c a l experience, d i f f e r e n t t e s t r e s u l t s and the above 
made considerations the r e l a t i o n 

D „ / d 8 o ^ 1 (4) 

seems to be j u s t i f i e d as c r i t e r i a f o r the r e t e n t i o n c a p a b i l i t y 
t o cohesion less s o i l s o f mechanical bonded geotext i l e s used i n 
waterway engineering. With uniform s o i l s (C^ 5) a quick f o r 
mation of a natural f i l t e r i s possible, passing o f f i n e par^ 
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t i d e s through the g e o t e x t i l e w i l l be very l i m i t e d . For non
uniform s o i l (Cu y 5) w i t h a g r a i n size óQq <̂  0,06 mm cohesive 
forces can s t a r t t o change t h e i r behaviour. The e f f e c t i v e pore 
size D„ of the g e o t e x t i l e can be larger'than determined by the 
above mentioned r e l a t i o n . I n practice good r e s u l t s 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 c r i t e r i a s are not v a l i d f o r special types o f s o i l 
(e.g. dispersive clay, suffosion) and systems vdiere absolute 
no passing o f s o i l p a r t i c l e s i a allowed. 

V. S U M M A R Y OF C R I T E 3 U : A S 

The properties o f the g e o t e x t i l e , t h a t should be used i n 
waterway engineering have t o be evaluated i n steps i n accor
dance with progress of work. 
1 . Laying 

Resistance against UV-rays u n t i l t o placement o f r i p r a p ( f o r 
prolonged periods s t a b i l i z e d PP or PES are recommanded). 
2. Placement o f r i p r a p 

Puncture resistance has t o be choosen according t o the type 
o f r i p r a p and i t s placement. 
3. A f t e r completion 

Tensile strength must be according t o the k i n e t i c energy o f 
water. Permeability (kg) o f the g e o t e x t i l e has t o be at le a s t 
10 times higher than that o f the s o i l . E f f e c t i v e pore size Dw 
has t o be equal or smaller than dQo of the cohesionless s o i l . 
I f there i s any cohesion Dy, s h a l l be equal or smaller than 
0,1 mm. 

V I . LONGTERM BEÏiAVIOUR 
Geotextiles are r e l a t i v e l y new b u i l d i n g materials. I t i s 

d i f f i c u l t t o evaluate t h e i r behaviour i n advance f o r some de
cades. But d i f f e r e n t i n v e s t i g a t i o n s showed good r e s u l t s (2,8; 
9) i n t h i s regard, provided t h a t the placement has been done 
c o r r e c t l y . High stress occurs during placement and the r e 
s u l t i n g a l t e r a t i o n of the mechanical properties must not be too 
high i n order t o have s u f f i c i e n t reserves t o act successfully 
as f i l t e r l a yer. I n any case g e o t e x t i l e s have t o be protected 
against UV-rays. 

V I I . PRACTICAL EXAMPLES 
The p o s s i b i l i t i e s of placement of g e o t e x t i l e and revetment 

i s depending on the project i t s e l f and the working conditions .. 
( a v a i l a b i l i t y o f b u i l d i n g materials, manpower, techn i c a l equip
ment). The f o l l o w i n g examples are only representative f o r many 
other p o s s i b i l i t i e s . 

The g e o t e x t i l e s used i n these examples have been mechanical 
bonded nonwovens. Other g e o t e x t i l e s could behave d i f f e r e n t and 
cause some problems as reported by F.B. Couch J r . ( 7 ) . (When 
using woven materials problems concerning the puncture r e s i s -
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tance and f i l t e r e f f i c i e n c y arose.) 
1, Due t o recommendations of BAW a g e o t e x t i l e with esjpecial 

good r e t e n t i o n c a p a b i l i t y had to be used f o r the s t a b i l i s a t i o n 
of the slopes of the Elbe-Liibeck canal i n Germany. This req u i r e 
ment as well as other necessary properties c a l l e d f o r a geotex
t i l e weighing more than 700 g/m2. Revetment was continuously 
assembled on a pontoon (Fig. 4 ) . When moving the pontoon f o r e -
wai^ the revetment (gabions on the g e o t e x t i l e ) s l i d e d d i r e c t l y 
on the slope of the canal. 

Pig. 4. Slope p r o t e c t i o n assembled on a pontoon. 

At the f o l l o w i n g p r o j e c t s a nonwoven made out o f endless 
PP-fibres, weighing 240 g/m2 and 280 g/m2 resp., with the trade 
name P o l y f e l t TS has been used. 

2. To avoid erosion due t o wave act i o n g e o t e x t i l e s have 
been used i n the course of the development of the Danube i n 
Aus t r i a . Laying of the g e o t e x t i l e was done under dry condi
t i o n s , but was r e l a t i v e l y d i f f i c u l t because of the non-cohesive 
subsoil and steep slope. Larger widths were prepared before on 
f l a t ground by welding. Then they were r o l l e d down the slope. 
Rather heavy stones were placed as close as possible d i r e c t l y 
on the g e o t e x t i l e without any precautions (Pig. 5). 

TIP. 
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F i g . 5. Slope p r o t e c t i o n i n the reach o f wave a c t i o n , 

3. For slope p r o t e c t i o n o f the Saone (France) the v e r t i c a l l y 
placed g e o t e x t i l e was f i x e d by means o f s t e e l n a i l s on the upper 
and lower end. J o i n t i n g o f the g e o t e x t i l e was done by f i x i n g the 
overlap with s t e e l n a i l s . The r i p r a p consists of non-uniform 
stones ensuring good bond and close bedding (Pig, 6 ) , 

F i g . 6, S t a b i l i s a t i o n o f the banks of the Saone. 
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4. The stahiliaation of the Nuberia carnal i n Egypt was done 
under dry conditions after digging a new slope parallel behind 
the original bank (Fig. 7 ) . The geotextile was unrolled paral
l e l to the canal and the riprap was hand-placed directly on i t . 
After completion of the revetment the earth dam was removed 
between canal and new slope. 

Fig. 7. Haind-plaoing of riprap direct onto the' geotextile. 
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16 
Bidding procedure and placing operation 
of geotextile filter layers 

DiplJng. H . - U . ABROMEIT, Bundesanstalt für Wasserbau, Karlsruhe, 
West Germany 

SYNOPSIS. G e o t e x t i l e s a r e used a s a s p e c i a l f i l t e r 
l a y e r f o r bank revetments of waterways i n W.-Ger
many f o r more than 15 y e a r s . Because o f the e m p i r i 
c a l v a l u e s o b t a i n e d i n t h i s p e r i o d of time Bundes
a n s t a l t f i i r Wasserbau has s e t up terms o f d e l i v e r y 
f o r g e o t e x t i l e s f i x i n g c e r t a i n g e n e r a l and s p e c i f i c 
demands g e o t e x t i l e s have to s a t i s f y i f they a r e 
used f o r s t a n d a r d c o n s t r u c t i o n s of bank revetments. 
B e s i d e s i t terms of d e l i v e r y determine the p r o c e 
dure of p e r m i s s i o n to s t a r t t h e p l a c i n g o p e r a t i o n 
of g e o t e x t i l e s and the number o f c o n t r o l t e s t s of 
d e l i v e r i e s . D e t a i l s c o n c e r n i n g p l a c i n g o p e r a t i o n 
and s e t t l e m e n t of account of the d e l i v e r e d geotex
t i l e s a r e s t a t e d i n supplementary t e c h n i c a l s p e c i 
f i c a t o n s . 

Standard c o n s t r u c t i o n s f o r bank revetments 
1. The f o l l o w i n g s t a n d a r d c o n s t r u c t i o n s a r e 

a p p l i e d t o bank revetments of waterways of the 
European c a t e g o r y no. I V ( 1 3 5 0 - t - s h i p ) or s m a l l e r 
and to a s l o p e i n c l i n a t i o n m ± 1 ; 3, Regarding the 
d e s i g n o f g e o t e x t i l e l a y e r s we o n l y have to d i s t i n 
g u i s h fundamentally t h r e e v a r i o u s c o n s t r u c t i o n 
methods: 

2. R i p - r a p . The g e o t e x t i l e f i l t e r l a y e r l i e s on 
the i n - p l a c e s o i l and i s c o v e r e d w i t h a r i p - r a p 
l a y e r german s t o n e - c l a s s i f i c a t i o n I I (0 15 - 25 cm) 
or i f t r a f f i c l o a d i s heavy c l a s s I I I (0 15 - 45 cm), 
minimum t h i c k n e s s of r i p - r a p 0,60 m ( F i g . 1 ) . Near
l y 35 % o f s t a b i l i z e d banks of c h a n n e l s and 90 % of 
n a t u r a l waterways a r e p r o t e c t e d i n t h i s way. The 
q u a l i t i e s of a g e o t e x t i l e f i l t e r l a y e r have to be 
designed to g r a i n s i z e and t o p e r m e a b i l i t y to water 
of the i n - p l a c e s o i l , to the h igh s t r a i n caused by 
c a s t i n g t h e stony m a t e r i a l and t o a b r a s i o n caused 
by movement of s t o n e s . 

3. R i p - r a p s e a l i n g compound. The g e o t e x t i l e f i l 
t e r l a y e r i s p l a c e d on the i n - p l a c e s o i l and co
v e r e d f i r s t w i t h r i p - r a p c l a s s I I , Afteirwards 
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Fig. 1 . Rip-rap 

groati'ng w i t h s e a l i n g compound has to be done. The 
t h i c k n e s s o f c o v e r i n g l a y e r must be minimum 0,40 m 
i f r i p - r a p a r e p a r t i a l l y and 0,35 m i f i t i s 
completely grouted ( F i g . 2 ) . 
Concrete or m a s t i c a s p h a l t a r e used f o r s e a l i n g 
compound. 
Nearl y 40 % of s t a b i l i z e d banks o f channels and 
5 % of n a t u r a l waterways a r e p r o t e c t e d i n t h i s way. 
The q u a l i t i e s of g e o t e x t i l e l a y e r have to be de
signed to g r a i n s i z e , to p e r m e a b i l i t y to water o f 
the i n - p l a c e s o i l and to the high s t r a i n caused by 
c a s t i n g the stony m a t e r i a l and a l s o to high tempe
r a t u r e s t o 170° c i n cas e of hot l a y i n g of b i t u 
minous m a t e r i a l . 

4. Permeable, h o l o h e d r a l l a y e r s ( c o n c r e t e b l o c k s , 
s l a b s or mattings, e t c . ) . Permeable, h o l o h e d r a l 
l a y e r s used f o r s l o p e s u r f a c i n g on banks of water
ways a r e c o n c r e t e b l o c k s , mattings o r c o n c r e t e 
s l a b s e t c . Concrete b l o c k s a r e on l y s u i t a b l e i f 
they a r e v e r t i c a l l y and h o r i z o n t a l l y indented. Suf
f i c i e n t p e r m e a b i l i t y to water has to be proved. 
Because of high c o s t s o n l y a s m a l l p a r t of s t a b i 
l i s e d banks of waterways i s p r o t e c t e d i n t h i s way. 

Fig. 2. Rip-rap sealing compound 
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H — s h e e t wall 

F i g . 3. Concrete blocks, slabs or mattings etc. 

The g e o t e x t i l e l a y e r i s p l a c e d between ground and 
s u r f a c e l a y e r ( F i g . 3 ) . F o r c e s caused, by p l a c i n g 
o p e r a t i o n o f c o v e r i n g l a y e r a r e not worth mention
i n g . 

B i d i n g procedure of st a n d a r d revetments 
1. The b i d documents of s t a n d a r d revetments com

p r i s e the l i s t o f b i d items and q u a n t i t i e s , and 
from now on the terms o f d e l i v e r y and supplementary 
t e c h n i c a l s p e c i f i c a t i o n s . S t a n d a r d i z e d t e x t s can be 
used f o r the l i s t of b i d items and q u a n t i t i e s . I n 
the pay. item " g e o t e x t i l e s " the type of s o i l must be 
de s i g n a t e d . The minimum v a l u e s demanded f o r the type 
o.f s o i l and the provided type o f stand a r d revetment 
a r e shown i n a t a b l e appended to the terms o f de
l i v e r y . 

2. The s u c c e s f u l b i d d e r has to prove the q u a l i f i 
c a t i o n of the pro v i d e d g e o t e x t i l e by a v a l i d t e s t -
r e p o r t . 

Terms o f d e l i v e r y 
1. G e n e r a l demands. G e o t e x t i l e s used a s a f i l t e r 

l a y e r have to be o i l - , s eawater-, f r o s t r e s i s t a n t 
and innocuous f o r ground-water. They must have 
enough.long-term behaviour. 
The a c t u a l e x n e r i e n c e has shown t h a t the f o l l o w i n g 
raw m a t e r i a l s : p o l y a c r y l (PAC), polyamid (PA), 
p o l y e s t e r ( P E S ) , p o l y e t h y l e n ( P E ) , p o l y p r o p y l e n (PP) 
s a t i s f y t h e s e g e n e r a l demands. I f new raw m a t e r i a l s 
a r e used t h e s e demands have t o be proved by a qua
l i f i c a t i o n t e s t r e p o r t . 

2. S p e c i f i c minimum v a l u e s . The s p e c i f i c minimum 
v a l u e s f o r g e o t e x t i l e f i l t e r l a y e r s depend on tyoe 
o f bank revetment and i n - p l a c e s o i l . 
They a r e f i x e d f o r the a f o r e s a i d s t a n d a r d c o n s t r u c 
t i o n s i n the f o l l o w i n g manner: 
- t h i c k n e s s o f f i l t e r l a y e r : 

a) d i 4,5 mm on sand and no a b r a s i o n s t r a i n s 
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b) d ^ 6 ,0 ram on c o h e s i v e s o i l o r a b r a s i o n s t r a i n 
- t h i c k n e s s o f a supplementary roughness l a y e r 

(only demanded on s o i l endangered to motion of 
s o i l to toe of s l o p e ) : 

d i 10 mm 

- t e n s i l e s t r e n g t h i n l o n g i t u d i n a l and t r a n s v e r s 
d i r e c t i o n and j o i n t s ; 

F i 1200 N/10 cm 

- e f f i c i e n t s i z e of openings o f supplementary rough 
ness l a y e r s : 
a) Dw = 0,32 - 1,5 mm on c o h e s i v e s o i l 
b) Dv; = 0,5 - 2,0 mm on sand 

- h y d r a u l i c p r o p e r t i e s (measured on the s o i l pene^ . 
t r a t e d g e o t e x t i l e ) 
a) k i . 10 X k ., on sand 

2 = c o e f f i c i e n t of Darcy) 
b) k :̂  10 X kg^.^ on c o h e s i v e s o i l 

- s o i l - p a r t i c l e r e t a i n i n g a b i l i t v to a d e f i n e d s t a n 
dard type o f s o i l ( F i g . 4 ) . 

P e r m i s s i b l e t o t a l volume of s o i l p e n e t r a t i o n i n the 
course of t e s t _ 
a) type 1 - 3 : <25 g/34h/225 cm"̂  

b) type 4, :-;300 g/150 min/225 cm^ 
The t e s t methods a r e d i f f e r e n t f o r a) und b ) . 
Most of c a s e s the i n - p l a c e s o i l can be a d j o i n e d to 
one of the 4 types of s o i l . I f i t i s not p o s s i b l e 
the t e s t can be done w i t h t h e i n - p l a c e s o i l . 
- r e s i s t a n c e to r u p t u r i n g s t r e n g t h 
W > 600 Nm (stones c l a s s I I ) 
V7 > 1200 Nm (stones c l a s s I I I ) 

- a b r a s i o n r e s i s t a n c e : 
The minimum v a l u e s of t e n s i l e s t r e n g t h and the 
p e r m e a b i l i t y to water have to be p r e s e r v e d a f t e r 
the a b r a s i o n t e s t of g e o t e x t i l e . 

- r e s i s t a n c e to high temperatures to 170° Cs 
A f t e r h e a t i n g the g e o t e x t i l e t o 170O C and the 
f o l l o w i n g c o o l i n g down the minimum v a l u e s of ten-
s i l e s t r e n g t h and p e r m e a b i l i t y to water have t o 
be p r e s e r v e d . 
3. C o n t r o l t e s t s . C o n t r o l t e s t s must be done as 

w e l l w i t h the f i r s t d e l i v e r y as w i t h the f o l l o w i n g 
d e l i v e r i e s . 
I n t h i s connection must be checked up the minimum 
v a l u e s of 
- l a y e r t h i c k n e s s 
- t e n s i l e s t r e n g t h 
- s i z e of openings 
and the f o l l o w i n g c h a r a c t e r i s t i c v a l u e s o f the geo-
t e x t i l e 
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Pig. 4. Types of s o i l used f o r f i l t e r t e s t s 

- weight 
- p e r m e a b i l i t y to water (without s o i l ) , 
The numbèr o f c o n t r o l t e s t s done w i t h the f u r t h e r 
d e l i v e r i e s depend on q u a n t i t y of g e o t e x t i l e s . I f 
t h e r e a r e d e l i v e r i e s o f max. 20.000 m2 onl y one con
t r o l t e s t per 5000 m2 has t o be executed, i n cause 
of d e l i v e r i e s o f more than 20,OOO m2 one c o n t r o l 
t e s t per 10.000 m^ i s n e c e s s a r y . The c o s t s of con
t r o l t e s t s a r e payed by t h e employer. 

4« S t a r t i n g the p l a c i n g o p e r a t i o n o f g e o t e x t i l e 
f i l t e r l a y e r s w i l l o n l y be a l l o w e d by employer i f 
the c o n t r o l t e s t o f the f i r s t d e l i v e r y has proved 
the i d e n t i t y w i t h t h e o f f e r e d m a t e r i a l . 
I t i s n e c e s s a r y t h a t minimum v a l u e s of l a y e r t h i c k 
n e s s , t e n s i l e s t r e n g t h s and s i z e o f openings must 
be observed. B e s i d e s the f o l l o w i n g c h a r a c t e r i s t i c 
v a l u e s of m a t e r i a l must l i e i n s i d e a c e r t a i n t o l e 
r a n c e compared w i t h the average v a l u e of the q u a l i 
f i c a t i o n t e s t r e p o r t : 
weight: 
s i n g l e l a y e r g e o t e x t i l e ; + 10 % 
m u l t i l a y e r g e o t e x t i l e : ± 15 % 
p e r m e a b i l i t y . t o water; ± 50 % 
I f t h e s e t o l e r a n c e s w i l l be p a s s e d a l l demanded mi
nimum v a l u e s have to be proved. The c o s t s of t h e s e 
e x t r a c o n t r o l s must be payed by the s u c c e s s f u l b i d 
der. I f one o f the minimum v a l u e s i s not observed, 
the d e l i v e r i e s w i l l be r e f u s e d . I f i t happens i n -
course o f the f u r t h e r d e l i v e r i e s the employer keens 
r e s e r v e f o r the demand of removing the g e o t e x t i l e s 
a l r e a d y p l a c e d or to extend the time of guarantee 
a c c o r d i n g to the s i z e o f d i f f e r e n c e t o the minimum 
v a l u e , G e o t e x t i l e s which a r e not y e t p l a c e d have to 
be r e f u s e d . 

2 2 5 
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Supnlemehtary t e c h n i c a l s p e c i f i c a t i o n s 
1. The c o n n e c t i o n o f g e o t e x t i l e s i s p o s s i b l e i n 

o v e r l a p s or j o i n t s . O v e r l a p s or j o i n t s have to f o l 
low the i n c l i n a t i o n o f s l o p e . Width of o v e r l a p s must 
be minimum 0,50 m i f the g e o t e x t i l e f i l t e r l a y e r i s 
p l a c e d above water and 1,0 m i f i t i s p l a c e d under 
water. I f the f i l t e r l a y e r i s p l a c e d on s l o p e s p a r t 
l y under water g e o t e x t i l e s have t o o v e r l a p minimum 
1,0 m i f t h e q u a n t i t y p l a c e d under water i s g r e a t e r 
than i n the a i r . 

2. G e o t e x t i l e s must l i e smoothly on t h e ground. 
D r i v i n a over w i t h c o n s t r u c t i o n equipments o r heavy 
v e h i c l e s must be av o i d e d . I f i t i s not p o s s i b l e a 
p r o t e c t i v e l a y e r o f non a n g u l a r m a t e r i a l has t o co
v e r the g e o t e x t i l e s . 

3. Treatment by u l t r a v i o l e t r a d i a t i o n f o r more 
than a week s h o u l d be a v o i d e d . I f i t i s not p o s s i b l e 
a p r o t e c t i v e l a y e r must be brought up. 

4. Stones may not be thrown down on g e o t e x t i l e s 

from a h e i g h t o f more than 2 m. 
5. M a t e r i a l p r o p e r t i e s o f g e o t e x t i l e s change f o r 

the worse i f te m p e r a t u r e s a r e f a l l i n g below the 
f r e e z i n g - p o i n t . T h e r e f o r e p l a c i n g o p e r a t i o n i s o n l y 
a l l o w e d i f i t i s p o s s i b l e w i t h o u t damage of geotex
t i l e s . 

6. Accounting. D e l i v e r i e s and p l a c i n g o p e r a t i o n 
of g e o t e x t i l e s w i l l be accounted on the base o f t h e 
covered a r e a . 

I 



F L E X I B L E A R M O U R E D R E V E T M E N T S I N C O R P O R A T I N G G E O T E X T I L E S 

Works could c o n t i n u e . Dur ing the second Summer bf the dredging 
works the main problem w i t h the g e o t e x t i l e was not the breaking 
of the f a b r i c but the clogging. The disposal area had f i l l e d 
up so much that the l e v e l of the water i n the dam was consecu
t i v e l y above that of t h e surrounding sea l e v e l . This caused 
t h e water to flow i n t h e same d i r e c t i o n a l l t h e time. The dredg
ing was slowed down at the end of the summer and i n t h i s way 
the clogging was kept under c o n t r o l . 

RECOMMENDATIONS 
1. Based on the experience from the Vaasa p r o j e c t , the use 

of ge o t e x t i l e s i n the inner slopes of suction dredging disposal 
areas should be r e s t r i c t e d to conditions where the l e v e l of the 
water outside the dam varies to such an extent that i t i s 
occasinally higher than the water l e v e l i n side the disposal 
area, i f the grain size of the dredged m a t e r i a l i s under 0.06 mm. 
Also the area of the g e o t e x t i l e should be large enough so that 
the v e l o c i t y of the out f l o w i n g water i s close to zero. I f 
these conditions are not met the g e o t e x t i l e w i l l be clogged i n 
a matter of a few weeks. 

2. The Roads and Waterways Administration of Finland made 
recommendations f o r the use of ge o t e x t i l e s i n the inner slopes 
of dams surrounding disposal areas and i n the slopes of n a v i 
gable canals. I n the disposal areas g e o t e x t i l e s mechanically 
bonded by needling were recommended. I f the g e o t e x t i l e was 
produced by heat sealing the manufacturing raw m a t e r i a l should 
be polyester rather than polypropene or polyetene. The UV-
s t a b i l i t y of polyester i s b e t t e r that that of polypropene or 
polyetene. From t e s t r e s u l t s obtained from the State Technical 
Research Center one could see that g e o t e x t i l e s mechanically 
bonded by needling are stronger than heat sealed g e o t e x t i l e s 
and keep t h e i r d u r a b i l i t y f o r a longer period of time. For t h i s 
reason geotex t i l e s mechanically bonded by heat sealing were 
also recommended f o r demanding construction s i t e s i n the slopes 
of navigable canals. 



Experiences in the use of geotextiles in the 
water construction field in Finland 

J. JUVONEN, MSc{Eng), Roads and Waterways Administration, Finland 

SYNOPSIS. The e f f e c t s of u l t r a - v i o l e t l i g h t , s a l t , water, 
freezing e t c . on g e o t e x t i l e s was studied i n a disposal area of 
dredging works i n Finland. Some t e n s i l e strength t e s t s were 
c a r r i e d out w i t h these g e o t e x t i l e s at the Technical U n i v e r s i t y 
of H e l s i n k i . From these and other experiences recommendations 
were given f o r the use of ge o t e x t i l e s i n the slopes of disposal 
area dams and canals i n Finland. 

INTRODUCTION 
1. Geotextiles have been used i n Finland i n the water 

construction f i e l d since t970. I n 1981 8 d i f f e r e n t types of 
ge o t e x t i l e s , of which one was domestic, were marketed i n Fi n 
land. About 5 m i l l i o n m2 of ge o t e x t i l e s were used i n the 
construction f i e l d i n 1980. 

2. The ma j o r i t y of the g e o t e x t i l e s used i n the construction 
f i e l d are non-woven. The f a b r i c s used i n s o i l and road con
s t r u c t i o n were mainly bonded by heat sealing and those used 
i n water construction are mechanically bonded by needling. 
3. The Roads and Waterways Administration of Finland has 

used g e o t e x t i l e s i n the water construction f i e l d mainly i n 
the slopes of canals and i n the inner slopes of dams sur
rounding disposal areas of suction dredging works. 

THE VAASA PROJECT 
1. I n Finland the f i r s t time a g e o t e x t i l e was used i n the 

inner slope of a dam surrounding a disposal area of suction 
dredging works was i n 1979. The p r o j e c t was the deepening of 
the incoming channel leading to the port of Vaasa i n the Gulf 
of Bothnia. 

2. The f u n c t i o n of the g e o t e x t i l e was to l e t the water out 
of the disposal area and to keep the dredged material i n . The 
disposal area, about 2.7 hectares, was surrounded by a dam 
constructed of blasted rock. The disposal area has formed a 
new is l a n d i n the Vaasa archipelago. 

3. During the dredging works the water flowed i n and out 
of the disposal area depending on the water l e v e l of the sea 
outside the dam. This helped to keep the g e o t e x t i l e from c l o g 
ging. 
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P L A N E S T R A I N T E N S I L E T E S T 
FORCE 
(N/200mm) 
2000 

I SOO 

Technicol University 
of Helsinki , 1979-80 

1000 

500 4-

60 TO 
EUONGATION (%) 

0 New geotext i le 

(D Geotextile that had been in seawoter for 100 days 

(D Geotextile that hod been influenced by sunlight for 100 days 

@ Geotextile that had been in the dam over winter ( f rozen for about 3 months) 

Table 1. Results of tests carried out with geotextiles in the Vaasa project 
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Case histories using filter fabric underneath 
revetments in lower Louisiana 

L E. DEMENT, MS, US Army Engineer District, New Orleans, and J. FOWLER, 
i'hD, PE, us Army Engineer Waterways Experiment Station 

SYNOPSIS. F l e x i b l e a r t i c u l a t e d mattresses used i n conjunc
t i o n w i t h g e o t e x t i l e s or f i l t e r f a b r i c s are a v i a b l e method 
of erosion p r o t e c t i o n . However, several case h i s t o r i e s i n 
Louisiana have shown that s e l e c t i o n or proper s p e c i f i c a t i o n s 
of f i l t e r f a b r i c along w i t h adequate weight of armor u n i t are 
es s e n t i a l f a c t o r s i n achieving an acceptable design. 

INTRODUCTION 
1. The ob j e c t i v e of t h i s paper i s to present the " L o u i s i 

ana Experience" on several major construction projects along 
navigable waterways. The authors w i l l i l l u s t r a t e key factors 
t h a t should be considered when designing revetments incorpo
r a t i n g g e o t e x t i l e s . 

REASONS FOR USING GEO
TEXTILES OR FILTER FABRICS 

2. There are many case h i s t o r i e s where f i l t e r c l o t h has 
been shown to be a valuable component. Private i n t e r e s t s , 
s t a t e agencies, and the New Orleans D i s t r i c t of the Corps of 
Engineers have used f i l t e r f a b r i c on many pr o j e c t s and on 
occasion they have b u i l t I s o l a t e d t e s t sections. Cost e s t i 
mates show that f i l t e r f a b r i c i s f a r cheaper than conven
t i o n a l rock f i l t e r l a y e r s . Control of f i l t e r i n s t a l l a t i o n s , 
both underwater and i n the dry, i s more e f f i c i e n t and cost 
e f f e c t i v e w i t h f i l t e r f a b r i c and i t assures p o s i t i v e coverage. 
F i l t e r s or f i l t e r layers should be considered as i n t e g r a l 
parts of a t y p i c a l dike, breakwater. J e t t y , or revetment 
where the dynamic forces of water such as wind-waves, cur
rents, and ship forces i n t e r a c t on a l l components of the 
s t r u c t u r e . The percentage of the cost of the t o t a l s t r u c t u r e 
a t t r i b u t e d to f i l t e r f a b r i c i s small, but the returns or 
ben e f i t s can be larg e . There are many f i l t e r f a b r i c s on the 
market today and the engineer must be c a r e f u l i n w r i t i n g h i s 
s p e c i f i c a t i o n s . There are f i l t e r f a b r i c s which cost less 
than 10 cents a square f o o t , and others t h a t cost over one 
d o l l a r per square f o o t (0.0929 m ) . Products w i t h t e n s i l e 
strengths of 200 pounds per inch would not be appropriate to 
locations w i t h shear forces of 1000 to AOOO-pound per inch 



FLEXIBLE ARMOURED REVETMENTS INCORPORATING GEOTEXTILES 

(179 to 714 kgs/cm) t e n s i l e f a b r i c would be suited. The 
engineer should continue to investigate the advantages of 
using c e r t a i n types of f i l t e r f a b r i c s and he should challenge 
the industry to provide be t t e r f a b r i c s that w i l l improve the 
performance of structures. 

TYPES OF STRUCTURES USED FOR 
ARMOR PROTECTION IN FLEXIBLE 
REVETMENTS AND STRUCTURES 

3. The industry i s becoming very competitive and new pro
ducts have reached the market to help resolve the erosion 
problems. A b r i e f l i s t of these structures i s given below: 

a. C e l l u l a r concrete blocks. 
b̂ . Fascine mattresses. 
£. Light weight concrete mattresses. 
d. A r t i c u l a t e d cable connected concrete mattresses. 
e_. I n t e r l o c k i n g concrete block mattresses. 

Rock used i n various-ways w i t h f i l t e r f a b r i c s to 
form f l e x i b l e revetments and coastal structures such as break
waters and j e t t i e s . 

^. Grout and sand f i l l e d f l e x i b l e structures. 

LIST OF CASE HISTORIES 
4 . The fol l o w i n g paragraphs give a b r i e f d e s c r i p t i o n of 

projects where geotextiles have been used. This i s not a 
comprehensive l i s t of a l l p r o j e c t s , but i t i l l u s t r a t e s several 
d i f f e r e n t applications ( F i g . l ) . 

5. M i s s i s s i p p i River Outlets ( r e f . l ) . I n 1979 several t e s t 
sections using f i l t e r f a b r i c were incorporated i n offshore 
navigation j e t t i e s constructed w i t h s h e l l core and rock armor. 
These projects are located 90 r i v e r miles (145 kilometers) 
south of New Orleans and are described i n d e t a i l l a t e r i n 
t h i s report. 

6. Southwest Pass, Mi s s i s s i p p i River. I n 1981, three 
lOOO-foot-304.8 m-long t e s t sections were b u i l t using l i g h t 
weight concrete armor mattresses i n conjunction w i t h f i l t e r 
f a b r i c . These structures are revetments or dikes b u i l t to 
protect the r i v e r banks and are located approximately 
110 r i v e r miles (177 kilometers) south of New Orleans and 
are also described l a t e r i n t h i s r e p o r t . 
7. Mis s i s s i p p i River Gulf Outlet (MRGO). I n 1982 s i x r e 

vetments were b u i l t along the south bank of the MRGO to 
investigate various concepts i n f l e x i b l e revetments including 
concrete armor mattresses and conventional rock revetments. 
The project i s located 20 miles (32 kilometers) east of New 
Orleans along a deep water navigation channel. See detailed 
description l a t e r i n t h i s paper. 

8. Grand I s l e . Four projects using f i l t e r f a b r i c have 
been b u i l t on t h i s b a r r i e r island located approximately 
80 road miles (129 kilometers) south of New Orleans. 

9. I n the early s i x t i e s the f i r s t phase of the east t e r 
minal j e t t y (or groin) was b u i l t adjacent to Barataria Pass. 
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This rock j e t t y was b u i l t on a lumber mattress to prevent 
excessive settlement. 

10. I n 1970 a lAOO-foot (427 meters) rock revetment was 
b u i l t at the Coast Guard Station on the eastern end of the 
isl a n d . This revetment replaced a f l e x i b l e grout f i l l e d 
revetment. The rock j e t t y was founded on a s h e l l bedding 
and f i l t e r f a b r i c . 

11. I n 1972 a 3000-foot (914 meters) terminal groin or 
j e t t y was b u i l t on the western end of the is l a n d . The armor 
stone was placed on a rock f i l t e r layer which, i n t u r n , was 
placed on a s h e l l bedding. Prior to placement of these 
layers a f i l t e r f a b r i c was placed on the n a t u r a l bottom. 

12. I n 1983 a lightweight i n t e r l o c k i n g concrete block r e 
vetment placed on a f i l t e r f a b r i c 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
t i o n 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 i n 1983 w i t h large "jumbo" c e l l u l a r concrete blocks 
weighing 115 pounds (52 kilograms) each, which were placed on 
a f i l t e r f a b r i c . 

15. I n 1983 at the La Rose floodgate a 6-inch-thick 
(15.2 centimeters) i n t e r l o c k i n g concrete block was placed on 
a f i l t e r f a b r i c to protect the banks from waves created by 
boat t r a f f i c . 

16. Belle Pass J e t t i e s . I n 1980 extensions of the p a r a l l e l 
j e t t i e s were constructed using rock armor over a s h e l l core. 
These structures are located 70 road miles (113 kilometers) 
south of New Orleans. A f i l t e r f a b r i c having a t e n s i l e 
strength of over 1000 pounds per inch (179 kgs/cm) was placed 
on the e x i s t i n g s o f t foundation p r i o r to placement of the 
s h e l l core. These j e t t i e s appear to be performing very w e l l . 

17. Vermilion Lock. This structure i s also located along 
the Gulf In t e r c o a s t a l Waterway (GIWW), 30 miles (48 k i l o 
meters) south of Lafayette, Louisiana. I n 1984 the approach 
channels and the lock chambers w i l l be protected wi t h rock 
and f i l t e r f a b r i c s i m i l a r to the Calcasieu Lock prote c t i o n . 

18. Fontainebleau State Park. This project was completed 
i n 1979 and was part of the National (Section 54) Low Cost 
Shoreline Erosion Control Demonstration Project. I t i s l o 
cated on the north shore of Lake Ponchartrain, 30 miles 
(48 kilometers) north of New Orleans. ' F i l t e r f a b r i c was used 
extensively on t h i s p r o j e c t which included several d i f f e r e n t 
type structures including concrete block revetments and t i m 
ber p i l e used t i r e breakwaters. 

19. Holly Beach ( r e f . 2 ) . This p r o j e c t i s located on the 
Gulf of Mexico adjacent to Louisiana Highway 82, approxi
mately 40 miles (64 kilometers) south of Lake Charles, L o u i s i 
ana. Small concrete blocks were used i n conjunction wi t h f i l 
t e r f a b r i c and performed w e l l f o r approximately 10 years since 
1970. Several recent storms caused severe damage to t h i s 
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NOTE' I FT - 0.3048m 
I IN. - 2.54cm 

FILTER 
FABRIC 

SHALLOW REACHES-EL. -2 FT MLO DEEPER REACHES-TO EL. -6 FT ML6 

west j e t t y (Baptiste Collete) East j e t t y (Baptlste Collete) 
North j e t t y (Tiger Pass) south j e t t y (Tiger Pass) 

Fig. 2. Miss. River o u t l e t s , Baptiste Collete and Tiger Pass 

revetment and a major 3 mile (4.8 kilometers) reconstruction of 
t h i s project was begun i n 1983. Several new concepts i n con
crete block revetments w i l l be tested at t h i s s i t e . A l l of 
these blocks w i l l be much heavier than the o r i g i n a l blocks 
and w i l l use f i l t e r f a b r i c . 

20. East Timballer and Tlmbalier Islands. These projects 
are located approximately 60 a i r miles (96 kilometers) south
east of New Orleans and incorporate the use of f i l t e r f a b r i c 
w i t h rock armor revetments to protect the shorelines of o f f 
shore b a r r i e r islands. 

SELECTED CASE HISTORIES 
21. Three of the above mentioned projects using f i l t e r 

f a b r i c s w i l l be discussed i n d e t a i l to i l l u s t r a t e lessons 
learned. These projects are the M i s s i s s i p p i River Outlets 
(Baptiste Collete and Tiger Pass J e t t i e s ) , Southwest Pass of 
the M i s s i s s i p p i River, and the M i s s i s s i p p i River Gulf Outlet " 
(MRGO). 

Mis s i s s i p p i River Outlets 
22. Location and description. This p r o j e c t includes two 

minor o u t l e t s or d i s t r i b u t a r i e s of the M i s s i s s i p p i River 
which are known as Baptiste C o l l e t t e and Tiger Pass. They 
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i n t e r s e c t thé üiain stem of the r i v e r at Venice, Louisiana, 
which i s located 90 r i v e r miles (1A5 kilometers) below New 
Orleans. At the gu l f terminus of both these navigation chan
nels i t was necessary to b u i l d twin s h e l l f i l l and rock 
armored j e t t i e s i n 1979 to assure proper depths to minus 
16 feet (4.9 meters) mean low gulf (MLG). 

23. Objective. I n order to determine the v a l i d i t y of 
u t i l i z i n g f i l t e r f a b r i c i n the construction of offshore 
j e t t i e s , several te s t sections were b u i l t at each j e t t y to 
test d i f f e r e n t concepts. F i l t e r c l o t h w i t h d i f f e r e n t ten
s i l e strengths (200, 400, 1000 pounds per inch (36, 71, 
179 kgs/cm)) and physical c h a r a c t e r i s t i c s such as equivalent 
opening size (EOS) (35, 70, 100) were specified f o r the d i f 
ferent test sections. One section was nonwoven, the r e s t 
were woven. Settlement plates were i n s t a l l e d along the cen
t e r l i n e to monitor the ef f e c t s of f i l t e r c l o t h i n reducing 
excessive settlement of the j e t t i e s . 

24. Four tes t sections (see Fig.2) included placement of 
f i l t e r c l o t h on the e x i s t i n g bottom underneath the s h e l l bed
ding material. This has a twofold purpose, i . e . , to prevent 
migration of the s h e l l and the rock armor i n t o the foundation 
and to d i s t r i b u t e the load of the j e t t y more evenly. S e t t l e 
ment i n poor foundations cannot be completely prevented; how
ever, f i l t e r f a b r i c can reduce the magnitude and provide f o r 
a more uniform settlement. 

25. Several t e s t sections included f i l t e r f a b r i c between 
the stone armor and the s h e l l foundation or core and on e x i s t 
ing bottom foundation materials. This was done to prevent 
loss of the s h e l l core material through the rock armor and to 
d i s t r i b u t e the load of the rock uniformly over the s h e l l . 

UROO CHANNEL SIDE GRABEO STONE C 
1.5 FEET THICK OR 
y THICK 
GRADED STONE -

ORIOINAL BROUNO LINE 

I ^ F I L T E R FABRIC OR 6" SHELL BEDDINO 

NOTE' 3-FOOT OF GRADED STONE ON FILTER CLOTH 
OS 6- SHELL BEDOINO. 

Isl AND 2nd REVETMENTS NOTEi I FT-0.3048 m 

MROO CHANNEL SIDE 

ARTICULATED CONCRETE MAT OR 

CELLULAR CONCRETE BLOCKS 

ON CARRIER FABRICS 

MOTE' INTERLOCKING 4" THICK CELLULAR CONCRETE BLOCKS 

ON CARRIER FABRIC. 

3fil REVETMENT 

F i g . 3. Southwest Pass, Miss. River 
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26. Design c r i t e r i a . The design wave used f o r rock armor 
was 4.^ f e e t (1,4 meters) w i t h an associated wave period of 
4.5 seconds. This wave c r i t e r i a was based on a storm surge 
elevation or S t i l l w a t e r l i n e of 4.0 feet (1.4 meters) above 
mean low g u l f (MLG). Higher storm surges would tend t o r i d e 
over the s t r u c t u r e and be less c r i t i c a l t o the j e t t y . 

27. S o i l conditions. Borings taken along the Baptiste Col
l e t t e Bayou and Tiger Pass J e t t y alignments i n d i c a t e that 
marsh deposits, consisting of very s o f t clays, were encoun
tered from ground surface to approximately elevations -
10 feet (3 meters) and - 20 feet (6.1 meters) NGVD, respec
t i v e l y . These marsh deposits were underlain by I n t e r d i s -
t r i b u t a r y deposits of very s o f t to medium clays w i t h a few 
s i l t layers t o the maximum depth of borings. 

28. Settlement analysis. Based on the r e s u l t s of con s o l i 
dation tests performed on undisturbed samples, i t was e s t i 
mated that the t o t a l foundation consolidation settlement 
would be approximately 4 feet (1.2 meters). 

29. Performance of project and lessons leatned. J e t t y r e 
pairs were scheduled f o r 1983 to r e b u i l d the j e t t i e s to de
sign elevations which were 6 feet (1.8 meters) NGVD on the 
most exposed j e t t i e s and - 3 feet (0.9 meters) NGVD on Che 
leeward j e t t i e s . Although settlement plates were included 
along both j e t t i e s , i t was d i f f i c u l t to assess the t o t a l 
settlements due t o c o n f l i c t s i n survey information. I t ap
pears t h a t j e t t y settlement since 1979 varied between 1 to 
3 feet (0.3 t o 0.9 meters). How much i s a t t r i b u t a b l e to 
regional subsidence and how much i s due to construction i s 
questionable. A l l of lower Louisiana i s subject to s i g n i f i 
cant subsidence and i t i s d i f f i c u l t to ascertain the correct 
elevations o f the benchmarks. Methods o f placing the f i l t e r 
f a b r i c on the e x i s t i n g bottom can be improved. Fascine mat-
tressess ( b u i l t w i t h f i l t e r f a b r i c s and w illow chambers) such 
as used i n Holland can be flo a t e d i n t o p o s i t i o n and sunk on 
s i t e (by using high t e n s i l e strength f i l t e r f a b r i c and 
providing r i g i d i t y ) . This approach should considerably im
prove the performance of j e t t y s t r u c t u r e s — c o n s t r u c t e d on 
s o f t foundations. F i l t e r f a b r i c can also be used to make the 
j e t t i e s more Impervious on the land side to prevent loss of 
dredged and n a t u r a l materials. Decreasing settlement by 
using f i l t e r f a b r i c needs to be f u r t h e r evaluated by the con
s t r u c t i o n of more de t a i l e d t e s t sections. 

Southwest Pass, M i s s i s s i p p i River 
30. Location and d e s c r i p t i o n . Three separate t e s t sec

tions using l i g h t w e i g h t concrete armor p r o t e c t i o n I n place 
of t y p i c a l rock dikes revetments were b u i l t i n 1981 along 
the middle reaches of Southwest Pass. Southwest Pass i s the 
major d i s t r i b u t a r y of the lower d e l t a , which connects the 
main stem of the M i s s i s s i p p i River w i t h the Gulf of Mexico. 
Southwest Pass i s located approximately 100 r i v e r miles 
(161 kilometers) south of New Orleans. The lower d e l t a - i s 
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 p a r a l l e l to the r i v e r i s to pre
vent erosion of the banks. The three t e s t sections consist 
of a s h e l l core over l a i n w i t h f i l t e r f a b r i c and armored w i t h 
three types of concrete block mats. 

31. The f i r s t section consists of 4-foot-wide (1.2 meters) 
mats, 20 feet (6.1 meters) long, attached or glued to a car
r i e r s t r i p of f i l t e r f a b r i c . The i n d i v i d u a l concrete blocks 
are 8 inches square and 4 inches (10.2 cm) t h i c k 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 t e s t section consists of a s i m i l a r c e l l u l a r 
concrete block which i s attached to a c a r r i e r s t r i p of f i l t e r 
f a b r i c to form 4-foot-wide (1.2 meters) mats, 20 feet 
(6.1 meters) long. These blocks are considerably l a r g e r , 
having dimensions of 24 inches (61 cm) long by 16 inches 
(41 cm) wide and 6 inches (15 cm) t h i c k . Each block weighs 
approximately 115 pounds and weighs approximately 45 pounds 
per square foot (2.2 k i l o p a s c a l s ) . 

33. The t h i r d t e s t section consists of 4-foot-wide 
(1.2 meters) mats that are fabricated i n 25-fooC (7.6 meters) 
lengths. These mats consist of s o l i d concrete blocks that 
are 48 inches (122 cm) long by 14 inches (36 cm) wide by 
3-5/8 inches (9.2 cm) t h i c k and weigh approximately 140 pounds 
(64 kilograms) each. These blocks weigh approximately 
30 pounds per square foot (1.4 kilopascals) and have been 
t r a d i t i o n a l l y used by the U. S. Army Corps of Engineers to 
form large a r t i c u l a t e d concrete mattresses f o r deep under
water placement. They are usually placed by special barges 
that b u i l d continuous mats of interconnected blocks which are 
t i e d together w i t h copper wire. See Fig.3 f o r t y p i c a l cross 
sections i l l u s t r a t i n g the three t e s t sections used i n South
west Pass. 

34. Objective. T r a d i t i o n a l l y , rock dikes have been used i n 
Southwest Pass; however, recapping or r e b u i l d i n g the dikes 
to t h e i r o r i g i n a l design elevations i s often required. This 
maintenance can be s i g n i f i c a n t i n areas of s o f t i n s i t u foun
dations. The purpose of these t e s t sections was to t e s t the 
v i a b i l i t y of using a l i g h t armor revetment i n l i e u of the 
heavy 3-foot-thick (0.9 m) rock armors to reduce the s e t t l e 
ment and consequent maintenance costs of the dikes. 

35. Design c r i t e r i a . The c r i t i c a l f a c t o r 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 f o r 
p r e d i c t i n g wave action i n navigable waterways. 

36. Specifications f o r f i l t e r f a b r i c used i n these t e s t 
sections were EOS between 30-70 and a minimum t e n s i l e strength 
of 200 pounds per inch (36 kgs/cm). 

37. S o i l conditions along Southwest Pass vary; but, they 
can generally be described as marsh type s o i l s consisting of 
very so f t clays. No s p e c i f i c borings were taken at the te s t 
s i t e s . The r i v e r stage varies from 1.0 to 4.0 feet (0.3 to 
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1.2 m) above NGVÜ. 
38. Performance of p r o j e c t . Shortly a f t e r construction of 

the 13-pound (5.9 kilograms) c e l l u l a r concrete block revet
ments, the mats were displaced by ship forces. A l l of the 
t e s t sections were displaced by ship waves; however, the 
smaller blocks experienced the most severe damage and the 
most displacement. The toes of a l l three t e s t sections were 
constructed to - 3.0 feet (0.9 m) below NGVD. Most of these 
t e s t sections experienced u p l i f t i n g of the toes and whole 
mat sections were oft e n overturned. Mats of these types had 
of t e n been used successfully along shorelines w i t h waves ap
proaching 4 feet (1.2 m), therefore other fac t s must be con
sidered as having caused the s i g n i f i c a n t damage. The con
crete a r t i c u l a t e d Corps mats performed best which was a t t r i 
buted to the p o s i t i v e interconnection of the blocks w i t h 
copper wire t o form continuous mats above the water l i n e . The 
larger c e l l u l a r block (115 pounds) (52 kgs) performed consid
erably b e t t e r than the small c e l l u l a r blocks (13 pounds) 
(5.9 kgs), and t h i s can be a t t r i b u t e d t o the larger u n i t 
weight. I f the mats had been heavier a t the toe or had been 
extended f u r t h e r below the water l i n e (a minimum of two wave 
hei g h t s ) , damage could have been reduced. 

M i s s i s s i p p i River Gulf Outlet (MRGO) 
39. Location and d e s c r i p t i o n . Six separate revetments were 

b u i l t i n December 1982 (along the south bank of the MRGO) i n 
St. Bernard Parish approximately 20 miles east of New Orleans 
t o t e s t différent types of armor. Fig.4 f o r t y p i c a l cross 
sections. 

40. The f i r s t revetment consisted of a 400-foot (122 m) 
reach of 36-lnch-thick (91 cm) rock armor placed on a minimum 
6-inch (15.2 cm) s h e l l bedding layer. 

41. The second revetment consisted of a 400-foot (122 m) 
reach of 36-inch-thick (91 cm) rock armor placed on large pre-
sewn f i l t e r f a b r i c panels 50 feet (15.2 m) wide and 56 f e e t 
(17.1 m) long. The f i l t e r f a b r i c had an equivalent open size 
(EOS) 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 t h i r d revetment consisted of a 500-foot (152 m) 
reach of 4-inch-thick (10.2 cm) i n t e r l o c k i n g blocks placed on 
the pre-sewn f i l t e r f a b r i c s panels described above. 

43. The f o u r t h 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 i n weight from 5 to 
400 pounds (2.3 to 182 kgs), w i t h 50 percent l i g h t e r by 
weight varying between 18 and 100 pounds (8.2 to 45.4 kgs). 
This rock armor was placed on a s h e l l bedding layer w i t h a 
minimum thickness of 6 inches (15.2 cm). 

44. The f i f t h revetment consisted of a 400-foot (122 m) 
reach of 18-lnch-thick (45.7 cm) rock (Class C) placed on a 
large pre-sewn f i l t e r f a b r i c panels. A l l of the t e s t sections 
using f i l t e r f a b r i c had the same physical c h a r a c t e r i s t i c s . 
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45. The s i x t h revetment consisted of a 500-foot (152 m) 
reach of 4-inch-thick (10.2 cm) a r t i c u l a t e d concrete mattress 
(ACM) furnished by the Corps of Engineers. This mat i s s i m i 
l a r to that placed along the M i s s i s s i p p i River as bank paving 
except that at t h i s l o c a t i o n i t was not placed i n a continu
ous width from the mat l a y i n g p l a n t . The mat consisted of 
i n d i v i d u a l 25- by 4-foot (7.6 by 1.2 m) mats connected t o 
gether above the water l i n e . This mat was placed on f i l t e r 
f a b r i c and was s i m i l a r to that used on the t e s t sections of 
Southwest Pass. 

46. Objective. The purpose of the t e s t sections was to 
te s t a l t e r n a t i v e designs to improve the o v e r a l l costs of 
fut u r e wave wash p r o t e c t i o n f o r the MRGO. The length of the 
fu t u r e p r o t e c t i o n p r o j e c t i s approximately 20 miles (32 km), 
and i s located adjacent to the present Chalmette hurricane-
pr o t e c t i o n levee. Due to s o f t i n s i t u s o i l s , s i g n i f i c a n t 
maintenance costs have been experienced i n nearby projects 
along the MRGO. The p r i n c i p a l reason f o r high maintenance 
costs was a t t r i b u t a b l e to settlement, therefore a l t e r n a t i v e s 
use of li g h t w e i g h t armor layers required i n v e s t i g a t i o n . 

47. Design c r i t e r i a . The mean t i d e l e v e l along the MRGO 
i s about 1.0 foo t NGVD (0.3 m) w i t h a mean .tide range of 
approximately 1.2 fee t (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 i n 
1965 during Hurricane Betsy when 10 feet NGVD (3 m) was experi
enced. A recent winter storm on 20 January 1983 resulted i n 
stages of about 8 fee t NGVD (2.4 m) a t the t e s t sections. A 
design wave height of 4.0 feet (1.2 m) was selected f o r design
ing the rock armor and concrete block revetments. 

48. Performance of p r o j e c t . Shortly a f t e r completion Dec 
82 of the t e s t sections, s i g n i f i c a n t damage was experienced on 
a l l of the t e s t sections w i t h the exception of the f i r s t two 
which were b u i l t w i t h 36-inch-thick (91 cm) rock armor. Damage 
was caused by rapid drawdowns and r e t u r n flows and ship waves 
from large ships navigating the narrow channel. The width from 
bank to bank i s approximately 1000 feet (305 m) and the channel 
i s 500 feet (152 m) wide and 40 feet (12 m) deep. 

49. The 36-inch (91 cm) rock t e s t sections have performed 
w e l l as f a r as displacement due to ship waves and r e t u r n flows. 
An area of concern, however, i s the extent of settlement which 
may occur over time. Settlement i n i t i a l l y approached 1 foot 
(0.3 m) and occurred w i t h i n two weeks a f t e r construction, 
I n d i c a t i n g settlement i n t o the s o f t foundations or loss of 
s h e l l f i l l . The rock revetment appears t o be prot e c t i n g the 
immediate shoreline against wave attack. The bank behind the 
f i r s t two sections i s r e l a t i v e l y high which may have c o n t r i b 
uted to i t s b e t t e r performance. Wave r e f l e c t i o n and r e t u r n 
flow could eventually cause s i g n i f i c a n t scour of the under
water toe. Future monitoring of comparative cross sections 
w i l l determine whether t h i s i s s i g n i f i c a n t . 

50. The i n t e r l o c k i n g concrete blocks suffered extensive 
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damage and many mats were overturned. The drawdown of ships 
caused an upward pressure to " f l o a t " the mats and the r e t u r n 
flow allowed a " w a l l " of water to get underneath the edges of 
the mats and f i l t e r f a b r i c and to f u r t h e r u p l i f t the mats i n 
the d i r e c t i o n of the fa s t moving water. The concrete block 
revetment had approximately a 20 percent open area; t h i s , 
however, could not r e l i e v e the u p l i f t pressures due to lack 
of permeability of the f i l t e r f a b r i c which had an open area 
of only 4 to 6 percent. Another major factor was probably 
the l i g h t u n i t weight of the blocks. I t should be noted that 
damage was i n i t i a t e d at the toe of the mats which suggests 
the need f o r extending the toe deeper than - 4.0 feet NGVD 
(1.2 m) (recommend 2H below). Mats should be su i t a b l y an
chored along a l l edges using heavier armor at and below the 
water l i n e and a more pervious f i l t e r f a b r i c should be used. 

51. The 18-inch-thick (45.7 cm) Type C stone revetment 
suffered s i g n i f i c a n t damage and t h i s was due to inadequate 
thickness of armor layers and i n s u f f i c i e n t weight of the 
rock armor. Rock of t h i s type should not be used where ship 
drawdown and r e t u r n flows are s i g n i f i c a n t . Drawdown and 
r e t u r n flow were estimated to vary between 3 to 5 feet (0.9 
to 1.5 m) and possibly higher. Many rocks i n the revetment 
were displaced landward from 50 to 100 feet (15.2 to 30.5 m). 

52. The 4-inch-thick (10.2 cm) a r t i c u l a t e d Corps mattress 
suffered extensive damage and many mats were overturned at 
the water's edge, i n d i c a t i n g that u p l i f t i n g forces i n i t i a t e d 
damage at the toe of the structure or a t - 4.0 feet NGVD 
(1.2 m). This suggests t h a t 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 s u f f i c i e n t s t a b i l i t y f o r s i m i l a r 
design conditions. Construction d e t a i l s such as burying the 
edges of the mat and anchoring the toe w e l l below the water 
l i n e would improve the performance of these structures. 

SUMMARY 
53. This paper b r i e f l y discussed case h i s t o r i e s i n L o u i s i 

ana i n order to examine factors that are important i n using 
geotextiles i n conjunction wi t h f l e x i b l e revetments. Space 
does not permit an exhaustive discussion of a l l the problems 
one encounters i n the f i e l d . The follo w i n g i s a b r i e f l i s t 
of lessons learned on a few projects. 

M i ssissippi River Outlets 
54. Measurement of settlement i n order to determine the 

performance of structures i s often d i f f i c u l t i n areas where 
subsidence and s o f t s o i l s are common. Detailed monitoring 
should take place before, during, and a f t e r construction. 

55. Fascine mattresses wi t h high t e n s i l e strength f i l t e r 
f a b r i c s should be Investigated f o r supporting j e t t y structures. 
Simply placing f i l t e r f a b r i c on s o f t foundations w i l l not 
guarantee success. 

55. F i l t e r f a b r i c can be used i n conjunction w i t h structures 
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( j e t t i e s and groins) to i n t e r r u p t the movement of l i t t o r a l 
m a t e r i a l through pervious structures such as rock j e t t i e s . 
This can be instrumental i n reducing maintenance of navigation 
channels. 

Southwest Pass, M i s s i s s i p p i River 
57. Lightweight blocks should not be used where ship draw

down and r e t u r n flows are s i g n i f i c a n t (exceed 3 fe e t ) (0.9 m). 
Model tests can be used to determine required weights. I t i s 
estimated that f l e x i b l e revetments should weigh a minimum of 
50 pounds per square foot (2.4 k i l o p a s c a l s ) . 

58. F i l t e r f a b r i c should perform as " f i l t e r s " and not im
pervious membranes i n revetment designs. Water permeability 
should be high. Other ways to achieve t h i s i s 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 r e t u r n flow along w i t h waves created by 
large ships. 

60. Quality c o n t r o l i s important t o insure t h a t the mats 
are properly anchored and can a r t i c u l a t e properly w i t h the 
design forces encountered. Cables and i n t e r l o c k i n g methods 
should be adequate. 

61. Toes of f l e x i b l e revetments should extend to two wave 
heights below the water l i n e or to depths that are s u f f i c i e n t 
to prevent u p l i f t i n g of the mats by ship waves and forces or 
be anchored properly or use of heavier blocks or rocks along 
the toe. 

M i s s i s s i p p i River Gulf Outlet 
62. Small rock (quarry stone gradation) or t h i n rock armor 

layers do not perform w e l l where ship forces i n narrow 
channels are s i g n i f i c a n t . 

63. Rock designs without f i l t e r s or f i l t e r f a b r i c do not 
a r t i c u l a t e as mattresses. I n s o f t foundations t h i s can often 
cause rock to s e t t l e nonuniformly and can destroy the i n t e g 
r i t y of the revetment, causing large maintenance costs. 

64. Experience i n 1969 at Holly Beach and other s i m i l a r 
projects demonstrated t h a t f i l t e r f a b r i c should have a high 
r e t e n t i o n f o r the l o c a l s o i l and t h a t both f i l t e r f a b r i c and 
armor cover should have a high r a t i o of open area i n r e l a t i o n 
to the bank s o i l m aterial vinder i t ; i.e.,^ the percent open 
area should exceed the porosity of the bank s o i l m aterial to 
r e l i e v e h y d r o s t a t i c pressures. 
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The use of geotextiles impregnated with 
bitumen in situ as bank revetment 
completion of a section of the Milano-
Cremona-Po inland waterway 

G. DELIA LUNA, Eng., Consorzio Canale Milano-Crempna-Po. 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 w i t h the works made f o r the bank 
revetment completion of a section, about 1,000 m long, of the 
Milano-Cremona-Po inland waterway: i n t h i s area a p a r t i c u l a r 
geotechnlcal s i t u a t i o n involved some s p e c i f i c problems. The 
waterproofing and the c o n t i n u i t y of the banks revetment are 
ensured by a system of geotexti l e s impregnated w i t h bitumen 
" i n s i t u " , by means of a simple equipment purposely arranged. 
The construction of' the f l e x i b l e armoured revetnnent including 
g e o t e x t i l e has given some very i n t e r e s t i n g technical-economic 
r e s u l t s . 

INTRODUCTION 
The inland waterway from the Po r i v e r to Milano 

1. The c i t y of Milano has been engaged w i t h the design of 
a waterway connection w i t h the Po r i v e r during a l l the cen
t u r i e s of i t s long h i s t o r y . I n the ancient times, a communica
t i o n was obtained by means of the t r i b u t a r i e s of the Po (Adda, 
Ticinb and Lambro r i v e r s ) and of a r t i f i c i a l inland waterways 
the h i s t o r i c a l " N a v i g l i " , b u i l t between the c i t y and the above 
r i v e r s . 

2. I n the present time, t h i s design has been undertaken 
again and foresees an inland waterway, 63 km long, which o r i 
ginates from the Po r i v e r j u s t upstream of Cremona and ends 
at the South side of Milano. The difference of l e v e l between 
the Po and the port of Milano i s of about 60 m and w i l l be 
overcome by means of 8 navigation locks. The inland waterway 
has to cross the Adda 18 km from i t s s t a r t i n g point by a canal-
bridge, which represents the most engaging s t r u c t u r e of the 
whole design. Construction of ports i s planned along the i n 
land waterway at Cremona, Pizzighettone, Casalpusterlcngo, Lo-
d i and Milano. 
3. So f a r , the f i r s t 15 km of the inland waterway have been 

b u i l t or are under completion between the Po and Adda r i v e r s , 
w i t h the f i r s t two locks of Cremona and Acquanegra. The port 
of Cremona was b u i l t too and the port of Pizzighettone i s i n 
progress. 
4. The inland waterway waterproofing. One of the most iin)ort-

ant c h a r a c t e r i s t i c s required by the Milano-Cremona-Po inland 
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waterway i s a complete waterproofing: the design of bank and 
bottom protections has always a primary role i n the inland 
navigation fairways design, i n which cost-benefit analysis 
plays an important function too ( r e f . 1). 

5. I n the considered waterway the complete waterproofing 
has become necessary f o r the two fol l o w i n g reasons: 
a) to reduce water consumption; 
b) to prevent any interference w i t h the surface flow, on which 
the production of the r i c h e s t a g r i c u l t u r a l land i n I t a l y depends. 
I n port basins, where the area covered by water i s greater, 
waterproofing i s obtained by means of peripheral concrete seep
age c u t o f f s , on which the toe of the bank revetments i s connec
ted. The whole cross-section along the inland waterway i s l i n 
ed instead wi t h waterproofing revetments. 

6. Typical sizes of the waterway cross-section i n the two 
so f a r b u i l t sections are as follows: 
- water l e v e l width m 38.50 -r A1.50 
- bottom width m 28.00 
- depth m 3.80 
- bank slope 2 2/3 T 1/2 
- wet section m 120 -r 128 

7. The waterproofing revetment i n the f i r s t inland water
way section (about 8 km long) was made of bituminous concrete 
(ref.2),spread i n three layers consisting of: 
- a f i r s t layer of pervious mixed bituminous gravel (thickness 
0.08 m); 
- a second layer of impervious bituminous concrete (thickness 
0.05 m); 
- a t h i r d layer of impervious bituminous concrete (thickness 
0.04 m). 
The waterway cross-section i n the f i r s t section and a d e t a i l 
of the revetment are shoim i n F i g . l . 
The impervious layers content was 8 parts of bitumen on 100 
parts of aggregate by weight; The percentage of voids by vol
ume a f t e r compaction was lower than 3%. 
Many experimental attempts were performed i n order to r e a l i z e 
a sealing coat on these revetments. The fol l o w i n g processes 
were tested s p e c i f i c a l l y : 
- treatments wi t h bituminous emulsions; 
- treatments wi t h d i f f e r e n t types of t a r mastic and p i t c h ; 
- treatments w i t h epoxy resins. 
L i t t l e encouraging or quite unsacisfiable r e s u l t s were obtain
ed from a l l these treatments. Bituminous concrete revetments 
have given f a i r l y good r e s u l t s . However, they showed s t a b i l 
i t y l i m i t s when placed on banks wit h great slope (2/3) as w e l l 
as a very lowered strength to e f f e c t s due to u p l i f t s . 

8. The second section of the inland waterway, about 7 km 
long, was b u i l t from 1979 to 1983," w i t h geometrical characteris
t i c s s i m i l a r to those of the f i r s t section. A d i f f e r e n t type 
of revetment has been used f o r t h i s second section, because of 
the material cost v a r i a t i o n occurred a f t e r the f i r s t section 
construction and of experiences made during the said works 
( r e f . 3 ) . Banks were lin e d w i t h concrete slabs, 0.15 m t h i c k . 

"I •! r 
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reinforced w i t h e l e c t r i c welded st e e l meshes,or w i t h prestress-
ed concrete slabs, 0.05 m t h i c k , placed on the concrete base 
(see Fig.2). For the bottom waterproofing, a bituminous con
crete layer, 0.06 m t h i c k , was spread on a compacted gravel 
base by means of road f i n i s h e r s . 

F i g . l . The inland waterway cross-section i n the f i r s t section 
(above) and a d e t a i l 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.Ö2 m) 
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DETAIL "B„ 

Fig,2. The inland waterway cross-section i n the second section 
(above) and a d e t a i l 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 

DlllA L U N A . C A Z Z U F F I a n d C E P O R I N A 

ïtlË C O N S I D E R E D IfitAijD W A I È R W A Y SÉcim 

l i The inland watètWay Section, where the a j i p i i c a t i o h of 
f l e x i b l e armoured revetments including g e o t e x t i l e s was made, 
i s placed j u s t upstream the double lock of Acquanegra, i n c l u d 
es the outer port of the same lock and therefore presents cross-
sections w i t h 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, b u i l t during the 
same years, were used. Embankment height i n respect of courtry 
l e v e l ranged from 6,00 to 6.50 m at bank le v e l , and from 1.00 
to 1,50 m at bottom l e v e l . 

3. During the same period, a part of the bank and bottom 
revetment, s p e c i f i c a l l y the f i r s t two layers consisting of 
bituminous concrete, 0.08 and 0.05 m t h i c k , was b u i l t too accord
ing to the f i r s t waterway section (see F i g . l ) . 
4. The problems causing a delay i n completion of the bank 

revetment i n t h i s section were qu i t e only of a geotechnlcal na
tu r e . 

THE GEOTECHNICAL PROBLEMS 
1. The considered waterway section presents a rather unifonn 

stratigraphy along a development of 1,000 m. I t consists of 
the f ollowing layers: 
a) from the country l e v e l to a depth of about 0.5Ö m: s i l t y 

clay, meanly hard, w i t h the presence of organic substances; 
b) from 0.50 to 5.50 m: s i l t y peat, very s o f t ; 
c) beyond 5,50.m; sand. 
Groundwater l e v e l i s at a depth of about 0.90 to 1.00 m. 

2. I n the presence of such a stratigraphy, geotechnlcal prob-
ieftiS obviously arose because of the settlements due to peat bed 
consolidation during the embankment construction. 
3. The r e s u l t s obtained from consolidation tests made at the 

Geotechnical Laboratory of the Technical University i n Milano, 
gave a v e r t i c a l consolidation c o e f f i c i e n t c^ f o r peat equal 
to: 

c^ = 2.10~^ m̂ /s (1) 

whereas unconfined compression t e s t showed a very low i n i t i a l 
cohesion value equal t o : 

c^ = 5 kPa (2) 

4. Therefore, i t had been necessary to b u i l d the embankment 
by degrees, i n successive layers, so that i t was possible to 
take advantage from shear strength development due to peat 
consolidation during the previous load increase. 
5. The consolidation process of s o i l bed was speeded up by 

means of drainage trenches, 5.00 m d i s t a n t . I n t h i s 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 i n t e r v a l of about 70 days one 
from another ( r e f . A ) . This i n t e r v a l corresponds to the theor
e t i c a l time necessary f o r reaching 50% 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 h a l f layer height 
of consolidation c^: 

t 

In the case under examination, since drainage of the peat bed 
was possible upwards and downwards (H = 2.50 m), i t was found: 

9 sn2 
t^,., = 0.2 . -, sec ~ 72 days (4) 
50 2.10~7 

7. The f i r s t 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 b u i l t without caus
ing cracks on a peat bed of 5.0 m wi t h a cohesion value of 
5 kPa, calculated according to the method proposed by Jakobson 
( r e f . 5 ) . The next layers were b u i l t according to the f o l l o w 
ing progressive heights: 1.80 ra, 3.10 m, 4.60 m and 6.00 -r 
6.50 m. 

8. The app l i c a t i o n of such methods enabled embankments to 
be b u i l t i n t h e i r whole height without causing any f a i l u r e of 
the peat bed. During the embankment construction, settlements 
were measured. For t h i s purpose, 39 levels (three f o r each 
section), the plates of which was embedded i n the embankment 
base sand, were placed. A constant survey of settlements made 
i t possible to f i n d some important differences from one point 
to another and to follow the slow course of t h i s phenomenon. 

9. After about 300 days from the embankment completion, the 
primary settlement of the peat was p r a c t i c a l l y ended. However, 
the secondary settlements, exhaustion of which was foreseen 
a f t e r many years only, were not n e g l i g i b l e because of the peat 
bed presence. 

10. At the end of embankment construction, i t was decided 
to carry out a s o i l preload i n the middle side of the inland 
waterway, so that the most of settlements due to a waterway 
f i l l i n g , planned of 4 m, occurred in, advance. In f a c t , the 
preload a p p l i c a t i o n , kept f o r two years (1969-71), made i t poss
i b l e to obtain the whole primary settlement corresponding to 
the f u r t h e r water f i l l i n g ; the secondary settlement e f f e c t , 
p a r t i c u l a r l y important under the banks, was to be taken i n t o 
account. 

THE BANKS FLEXIBLE ARMOURED REVETMENT 
1. After the embankment completion and the f u r t h e r preload 

a p p l i c a t i o n , the construction of bottom and bank revetment was 
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s t a r t e d ; at the beginning i t consisted of three bituminous conc
rete layers, according to the same design of the f i r s t waterway 
section (see F i g . l ) . 

2. I t was prudently decided to postpone the construction of 
the l a s t impervious revetment layer to the beginning of water
way f i l l i n g because of the importance of the secondary peat 
bed settlements. I n f a c t , i t was expected that the develop
ment of secondary settlements and the presence of d i f f e r e n t i a l 
settlements a t the concrete structure l e v e l 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 a t the points of conjunction to engineering s t r u c 
tures, i t was decided to perform an experimental l i n i n g . 

4. The aims to be reached were defined as follows: 
- waterproofing and c o n t i n u i t y of the revetment; 
- absorption capacity of small t e n s i l e stresses to prevent 

destructive s t r a i n s (as f o r bituminous concrete); 
- saving i n construction and maintenance, s p e c i f i c a l l y concern

ing yard equipments. 
5. Among the various p o s s i b i l i t i e s considered f o r example 

by Gamssky (ref.6), a revetment consisting of ge o t e x t i l e and 
bitumen to be ca r r i e d out " i n s i t u " had been chosen, so that 
the bituminous primer was a f i r s t sealing treatment f o r micro-
cracks occurred i n the bituminous concrete layers spread ten 
years before. 

6. Such a revetment was tested i n summer 1981 on a bank surf
ace (1,000 m2) exposed to South. This experimental application, 
kept under observation f o r two years, i n v o l v i n g two complete 
cycles of max thermal ranges, showed quite p o s i t i v e answers. 

7. The completion of the revetment. The revetment already 
tested was carr i e d out i n summer 1983 as follows: 
- Preparation and cleaning of the bank: the bank cleaning was 
made by blown compressed a i r , so that incoherent parts of 
the surface were removed and the anchorage of the revetment 
was e a s i l y made. 

- Primer placing:' a bituminous primer at low penetration 
(40 -r 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 i t possible to act on the whole devel
opment of the bank (see Fig.3). 

- Geotextile layi n g : nonwoven sheets, 5.50 m width, were plac
ed on the s t i l l hot bituminous surface (see Fig.4). Even i f 
a h o r i z o n t a l l a y i n g would have reduced the t o t a l length of 
j o i n t s , a v e r t i c a l l a y i n g of the sheets was preferred so that 
no cuts or folds occurred, because of mixed l i n e development 
of banks close to the lock. 

- Finishing of the revetment: f u r t h e r bitumen at low penetra
t i o n (40 -r 50) of about 3 kg/m^ was sprayed, i n order to 
obtain the completion of the revetment (see Fig.5). At l a s t 
f i n e dryed sand of about 1.5 kg/m^ was spread so that the 
exceeding bitumen was f i x e d . 
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A machine was used i n order to improve impregnation q u a l i t y 
and to reduce construction times. The equipment consists of 
a simple pipe provided wi t h 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.3. The hot-spraying of the bituminous primer on the bank. 

Fig.4. The laying of a g e o t e x t i l e sheet on the bituminous 
primer. 

bÉLLA LUNA. CAZZUt^Fl and C E P O R I N A 

Fig.5. The completion of the f l e x i b l e armoured revetment by 
hot-spraying of f u r t h e r bitumen. 

- Joint construction: i n order to ensure a complete waterway 
waterproofing the g e o t e x t i l e sheets l a i d v e r t i c a l l y were seal
ed with bituminous elastomerized membranes (0.30 m width) f i r e -
revived and overlapped to the j o i n t points already bitum-~ 
inized. 

- Realization of the revetment anchorages to the bank edge and 
to the waterway bottom: the g e o t e x t i l e sheets were anchor
ed to the bank edge i n a l o n g i t u d i n a l furrow and, a f t e r 
impregnation, were covered wi t h gravel; then, a concrete curb 
was b u i l t i n the furrow so prepared (Fig.5a). 
As to the j u n c t i o n between the bank revetment and the water
way bottom, a f i n i s h i n g layer, consisting of a bituminous 
emulsion primer of about 0.8 kg/m^ and of a bituminous concr
ete course (25 mm t h i c k ) , was overlapped to the g e o t e x t i l e 
already impregnated f o r a section of about 0.25 m (see 
Fig.6b). 

- Realization of the junctions between revetment and s t r u c t u r 
es: a special problem arose from the junctions between the 
impervious revetment and the engineering structures. 
I n the considered section, t h i s problem appeared downstream 
at the point where the waterway i s connected to the lock 
walls and i n a middle point where i t i s underpassed by a 
siphon. Both st r u c t u r e s , being founded on p i l e s , were l i t t l e 
a ffected by secondary settlements of the peat bed. 
This f a c t caused d i f f e r e n t i a l 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 l e v e l . 
J o i n t construction by a bitumen-rubbef mix s u i t a b l y designed 
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would have enabled the waterproofing to be ensured, facing 
d i f f e r e n t i a l settlements, as shown f o r a s i m i l a r case by 
Cazzuffi-Puccio-Venesia ( r e f . 7 ) . 
As i n the Milano-Cremona-Po inland waterway we only had to 
make a r e s t o r a t i o n i n t e r v e n t i o n , we decided to adopt a d i f f 
erent s o l u t i o n , based on g e o t e x t i l e use: sheets at the 
di s c o n t i n u i t y l i n e l e v e l were folded, according to the 
arrangement shown i n 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 f l e x i b l e armoured 
revetment incorporating g e o t e x t i l e . 

Fig.6, Details of the revetment anchorages 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 annoured revetment incorporating geotextile 
5. Concrete curb 
6. Granular material 
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Fig.7. Cross-section of the waterway bottom point affected by 
d i f f e r e n t i a l settlements (above) and a d e t a i l of the 
re s t o r a t i o n i n t e r v e n t i o n (below). 

1. Impervious bituminous concrete 
2. Pervious mixed bituminous gravel 
3. Sand A. Country l e v e l 
5. Concrete structure 6. Piles (length: 6.00m) 
7. Crack f i l l i n g by bituminous concrete 
8. Geotextile impregnated w i t h bitumen 
9. Impervious bituminous concrete 
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8. The role of the g e o t e x t i l e . The g e o t e x t i l e chosen had 
to show the f o l l o w i n g c h a r a c t e r i s t i c s : 
- large diameter f i b e r s f o r porosity increase i n order to 

obtain a t o t a l and uniform impregnation; 
- suitable thickness and mass per u n i t area i n order to have 

a t e n s i l e reinforcement of the revetment; 
- suitable raw material i n order to r e s i s t thermal shock due 

to the contact w i t h bitumen at 180°C f 200°C. 
A l l these reasons lead to the choice of a polyester g e o t e x t i l e 
(melting point at about 240''C) of a mass per u n i t area equal 
to 400 g/m2, of thickness equal to 3,5 mm ( f o r 0 = 2kPa) and 
produced by mechanical needle-punching, using a f i b e r mix (6 
and 15 tex) i n prefixed percentages. 

CONCLUSIONS 
1. At the end of the works (see Fig.8), some p o s i t i v e conclu

sions can be drawn. 
2. The construction of the revetment was simple and quick 

(700 - 1,000 m2 a day wit h a team of 4 workers). 
3. The t o t a l cost was lower than that of any other kind of 

revetment showing comparable c h a r a c t e r i s t i c s . The price paid 
by the Administration of the Consorzio of Milano-Cremona-Po 
inland waterway i n f a c t was of I t . L . 6,500/m2 (about 4 US D o l l -
ars/m2), a l l included. 
4. From a hydraulic point of view, as regards the propag

ation of waves caused by ship passage, t h i s kind of revetment 
i s not very d i f f e r e n t from those already used on the other 
sections of t h i s inland waterway: moreover, i t gives the advan
tage of a higher roughness. 

Fig.8. A general view of the yard at the end of the works 
( i n p a r t i c u l a r the mixed l i n e development of the 
banks close to the Acquanegra lock may be seen). 

D E L L ^ L U N A , C A Z Z U F F I a n d C E P O R I N A 

5. From a geotechnical point of view, the f l e x i b l e armoured 
revetment incorporating g e o t e x t i l e w i l l be able to face the 
e f f e c t s due to future secondary settlements, keeping water
proofing and c o n t i n u i t y . 

6. As regards maintenance problems, the former experience 
makes clear t h a t , whatever r e s t o r a t i o n occurs, i t w i l l be lim
i t e d and easy to do. 
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be instigated to enable fundamental design concepts to be 
derived with the geotextile 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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ProFix mattresses-an alternative erosion 
control system 

W. H. TUTUARIMA, MSc(Civ.Eng.), Zinkcon International BV, The 
Netherlands, and W. van WIJK, MSc(Civ.Eng.), Amoco Fabrics, The 
Netherlands 

SYNOPSIS, The ProFix mattress i s a new and f l e x i b l e type 
of revetment system, developed from experience gained at the 
Delta-plan p r o j e c t i n the Netherlands. Based on t e s t s , 
design c r i t e r i a are given f o r the mattress. Moreover f i l t e r 
c r i t e r i a ate given f o r the geotext i l e s used to construct the 
mattress. The f i r s t large p r o j e c t executed w i t h t h i s system 
i s i n Nigeria. I n t o t a l 1.1 m i l l i o n m̂  embankment i s planned 
to be protected w i t h the ProFix mattress. The pro j e c t i s 
described b r i e f l y and also the experiences u n t i l now. 

INTRODUCTION 
i. The ap p l i c a t i o n of mattresses i n bed- and bank 

prot e c t i o n works has grown tremendously i n the Netherlands 
during the l a s t decades. The execution of the Dutch Delta-
plan has been one of the major f i e l d s where comprehensive 
a p p l i c a t i o n took place. Extensive a p p l i c a t i o n also took place 
i n bank pro t e c t i o n works of navigation canals and other 
waterways. This led to far-reaching improvements and 
mechanization i n the manufacturing of c l a s s i c a l mattresses 
on the one hand, and the development of new types of mattresses 
on the other. The s a n d f i l l e d mattress i s one of the l a t t e r 
types. The mattress i s formed by two layers of polypropylene 
f i l t e r c l o t h , sewn together at predetermined i n t e r v a l s , 
forming tubes which w i l l be f i l l e d on s i t e w i t h e.g. l o c a l 
available sand. The mesh openings of the ge o t e x t i l e are 
c a r e f u l l y matched to the grading of the used sand to ensure 
sand tightness. Since the mattress i s oft e n f i l l e d w i t h sand, 
i t has a good water permeability and excellent f i l t e r 
p r operties. The required strength of the f i l t e r used f o r the 
mattress depends on the slope, the exposed loads, method of 
construction, the thickness and weight of the f i l l m a t e rial. 
Moreover- the upper c l o t h i s s t a b i l i z e d against u l t r a v i o l e t 
r a d i a t i o n . I t i s provided w i t h a f e l t layer to promote and 
develop vegetation g i v i n g extra protection against u.v.-
ra d i a t i o n . The cloths allow plant roots to penetrate i n t o 
the subsoil thus providing extra s t a b i l i t y to the construction. 
The sewn seams of the ProFix mattress are shielded from 
mechanical damage due to the strong curving of the cloths. 
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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 fa b r i c s of which the ProFix 

mattress i s constructed depend largely on the design and the 
s i t e conditions. For proper functioning of the ProFix mattress 
i t has to be designed by taking i n t o account the fol l o w i n g 
properties: 
- f i l t e r requirements 
- permeability 
- t e n s i l e strength 
- d u r a b i l i t y 
F i l t e r function 

3 . The top and bottom f a b r i c of the mattress have to act as 
a f i l t e r i n order to prevent loss of f i l l m a t e r i a l . The wanted 
maximum opening size of a f a b r i c can be calculated w i t h the 
formulas which are developed through the work of Teindl 
( r e f . l ) and the Franzius I n s t i t u t e ( r e f . 2 ) . This work has led 
to the fol l o w i n g recommendations. 
For cohesive s o i l s : 

090 <̂  10 X D50 
and 

090 < D90 

For uniform non-cohesive s o i l s (U < 5): 

090 < 2,5 X D50 
and 

090 <_ D90 

For w e l l graded non-cohesive s o i l s (U >̂  5 ) : 

090 < 10 X D50 
and 

090 < D90 

For s o i l s having l i t t l e or no cohesion and more than 50% by 
weight of s i l t Calhoun ( r e f . 3 ) has recommended: 

090 £ 100 vim 
090 = opening size of f a b r i c 
U = c o e f f i c i e n t of uniformity = ^yg-

Investigations i n Holland (ref.4) have shown that f o r the 
c o r r e l a t i o n between 090 and D90 we may take 

090 < (1 a 2) D90 

Therefore the above mentioned c o r r e l a t i o n i s very 
conservative and gives a p o s s i b i l i t y to be more f l e x i b l e i n 
the design of the f a b r i c . 

Permeability requirement 
4. The permeability of the s o i l may be estimated from the 

empericism K s o i l = fclO xasa}^ x IQ-^ m/s, or the formula 
of Kozény: 
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a * ( l - e ) 2 y 

i n which: 
a = dimension less c o e f f i c i e n t , 500 (-) 
g = poro s i t y f o r sand e»0,4 (-) 
D = c h a r a c t e r i s t i c grain size, D = D20 (m) 
y = kinematic v i s c o s i t y , y = 1.3 x 10"^ m̂ /s at 10 Centigrades 

When the permeability of the f a b r i c i s i n the same order of 
magnitude as the f i l l m aterial or subsoil, then there w i l l be 
no problems w i t h the occurance of excessive overpressures 
under the mattress. 
D u r a b i l i t y 

5. I t i s a well-known f a c t that p l a s t i c s are a l l sensitive 
to degradation when they are exposed to e.g. u.v.-radiation, 
temperature, water and oxygen. Since the ProFix mattress i s 
constructéd from polypropylene f a b r i c s t h i s i s a matter of 
concern. Also an important f a c t o r i s the chemical resistance. 
Polypropylene i s unaffected by s o i l chemicals, acids and 
al k a l i e s over a pH range of 3 to 12. The l i f e time expectancy 
we w i l l divide i n t o two categories, i . e . . 
1) u . v . - l i f e time 
2) thermo-oxidative l i f e time 

6. u . v . - l i f e time. Aging of polymers i s caused by the 
u.v.-section of the l i g h t rays. The rate of aging i s 
determined not only by the i n t e n s i t y of the r a d i a t i o n but also 
by temperature and humidity. The i n t e n s i t y of the r a d i a t i o n 
i s expressed as an annual i r r a d i a t e d energy on the surface of 
the earth. The u n i t f o r t h i s i s kLy (kiloLangley). 1 kLy i s 
1 kcal/cm^ i r r a d i a t e d energy. I n F i g . l . we see the annual 
energy d i s t r i b u t i o n i n kLy on the earth. I n Northern and 
Middle Europe there i s an annual energy incident of 60-80 kLy 
( i . e . 60-80 kcal/cm^/year). I n Nigeria e.g, the energy 
incident i s approximately 140 kLy. This means that i t i s very 
important to know i n what area of the world the material w i l l 
be used. Polypropylene can be s t a b i l i z e d 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 t e s t s . Several 
types of test equipment are avai l a b l e , Amoco Fabrics use a 
Xenotest 1200 f o r t h e i r accelerated weathering tests and 
the tests are ca r r i e d out according to the s p e c i f i c a t i o n s 
of ASTM G 26-70. Although i t i s very d i f f i c u l t to extra
polate the test r e s u l t s to outdoor exposure one can say that -
approximately 10-20 hrs i n Xenotest 1200 corresponds wi t h 
1 kLy outdoor exposure. The degradation i s generally noticed 
as a change i n colour and d e t e r i o r a t i o n of properties such as 
surface cracking and reduction of t e n s i l e strength. The 
resul t s of the a r t i f i c i a l weathering tes t s are normally 
expressed i n time necessary to reduce the t e n s i l e strength 
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Fig.1. Generalized i s o l i n e s of global rad i a t i o n , i n kLy 
(kcal/cm^/year)- After M.G. Landsberg 

T U T U A R I M A , a n d v a n W I J K 

by 5 0 % or by 10%. Since 1 0 - 2 0 hrs i n the Xenotest 1 2 0 0 
corresponds to 1 kLy outdoor exposure i t i s possible to get 
an idea of the l i f e time expectancy i n a c e r t a i n area. The 
ProFix mattress has now been used f o r approximately two years 
i n Nigeria., Since a good part of the mattress i s exposed 
permanently,the top f a b r i c has been given an extra p r o t e c t i o n 
against u.v.-radiation. This extra p r o t e c t i o n i s a hig h l y 
u . v , - s t a b i l i z e d nonwoven fleece needled onto the top f a b r i c . 
The funct i o n of t h i s f e l t layer i s also to enhance the s t a r t 
of vegetation. I n the f e l t layer sand dust w i l l be very 
ea s i l y trapped, t h i s w i l l give again extra u.v.-protection. 
A f t e r two years exposure i n Nigeria u n t i l now the f a b r i c s 
of the mattresses are s t i l l performing s a t i s f a c t o r y . 

7 . Thermo-oxidative l i f e time. For projects that w i l l 
have to l a s t long periods i t i s necessary to be able to give 
a l i f e time expectancy of the m a t e r i a l . Especially when a 
l i f e time expectancy i s wanted of over a hundred years i t i s 
necessary to have an accelerated t e s t to determine t h i s 
period. For a l i f e time of t h i s length one must be sure that 
the material r e s i s t s o xidation degradation s u f f i c i e n t l y . 
The normal polypropylene f a b r i c s may we l l have a l i f e time 
expectancy of at least 6 0 - 1 0 0 years, i t i s however not yet 
possible t o guarantee t h i s because these materials have only 
existed 2 0 - 2 5 years. Tests have shown that a f t e r b u r i a l 
polypropylene f a b r i c s can lose 1 0 - 2 4 % of t h e i r o r i g i n a l 
strength a f t e r 1 0 - 1 4 years ( r e f , 4 ) . To enable us to give a 
r e l i a b l e l i f e time expectancy f o r a period of 2 0 0 years, TNG 
has developed a special t e s t ( r e f . 5 ) . The test i s ca r r i e d 
out i n an oven on 1 5 0 ° C temperature. The oven l i f e t e s t 
consists of two p a r t s , one test i s c a r r i e d out on tapes as 
they are taken out of a sample. These tapes have to r e s i s t 
the thermo-oxidative degradation at 1 5 0 ° C temperature f o r more 
than 1 2 days. Another t e s t i s ca r r i e d out on tapes a f t e r they 
have been extracted f o r 7 days i n b o i l i n g seawater. A f t e r 
t h i s treatment the tapes have to r e s i s t at least 7 days i n the 
oven at 1 5 0 ° C , When the tapes meet these requirements then 
the l i f e time expectancy i s put at 2 0 0 years. I n order to 
meet the s t r i n g e n t demands special antioxidant systems have 
been developed to f u l f i l these requirements. This so-called 
h e a t s t a b i l i z e d f a b r i c i s now the basis f o r the ProFix mattress. 

STABILITY TO FLOW AND WAVES 
S t a b i l i t y i n flow conditions 

8 . When-the shear stress TJJ, exerted by the flow, exceeds 
the f r i c t i o n a l resistance force F of the mattress at the bed, 
the s t a b i l i t y becomes c r i t i c a l . The force F can be formulated 
as: 

F = f,N ( 1 ) 

i n which: 
f = f r i c t i o n a l f a c t o r ( 0 . 3 < f < 0 . 8 ) 
N = submerged weight - average l i f t force due to turbulent 
flow - u p l i f t due to ground water pressure. 
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From pressure measurements i n a flume, Einstein and El-Sami 
(19A9) concluded that the average l i f t force Ap due to 
turbulent flow can be related to a reference v e l o c i t y U j . 
at some distance above the bed. Taking i n t o account the 
relationship between the flow v e l o c i t y and the shear stress 
T b , i t can be concluded that a reasonable estimation of the 
l i f t force due to the flow can be expressed as: 

Ap = 5 T b (N/m2) (2) 

pressure 

(3) 

The u p l i f t of the mattress P due to the ground water 
can be estimated from the expression: 

P = pw.g.d.g . i g (N/m2) 

i n which: 
pw = density of water (kg/m^) 
g = g r a v i t a t i o n a l acceleration (m/s^) 
d = average height of the mattress (m) 
Ks = c o e f f i c i e n t of permeability of the subsoil (m/s) 
Km = c o e f f i c i e n t of permeability of the mattress (m/s) 
ig = gradient of the ground water flow (-) 

Considering uniform flow and taking the Chezy c o e f f i c i e n t as 
the f r i c t i o n parameter f o r flow the equations ( 1 ) , (2) and 
(3) together w i l l r e s u l t i n an expression f o r the c r i t i c a l 
average flow v e l o c i t y Uj,̂ . f o r the s t a b i l i t y of the mattress: 

0.28 C / A'd (4) 

i n which: 
C = Chezy c o e f f i c i e n t = 18 log ̂ ^'^/Vis (mi/s) 
R = hydraulic radius (m) 
ks = roughness length (m) 

Ks . i s (-) 
Km 

A = r e l a t i v e density of the submerged mattress (-) 
d = average height of the mattress (m) 

A' = A 

ax as gia ojo^Mm 

4 5 6 7 8 
• c r i t ica l v e l o c i t y U c r ( m / s ) 

> u. 

1 
1 iA.1 

i -/ j 
/ / 1 1 
/ / 

— 

c r i t i c a l v a l o c i t y U c r ( m / i ) 

Fig.2.a. e = 0 Fig.2.b. e = 1 
Fig.2, C r i t i c a l flow v e l o c i t y as function of waterdepth 
and mattress height f o r i = 0. 
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The design' r e l a t i o n ( 4 ) , i n which has been incorporated a 
safety factor 2,5 f o r the f r i c t i o n a l factor f = 3, i s shown 
graphically i n Fig.2. f o r mattresses f i l l e d w i t h sand 
(ps = 2,650 kg/m^) i n two conditions: (a) pores f i l l e d w i t h 
a i r and (b) a l l pores f i l l e d w i t h water. 
S t a b i l i t y overlapping edge 
9. At an overlapping mattress the s t a b i l i t y of the edge i s 

determined by the balance between the submerged weight of 
the mattress and the negative pressure caused by flow separation 
at the edge. 

suction force 

submerged weight 

Fig.3. Forces upon an overlapping edge 

The s t a b i l i t y of the overlapping edge can be expressed i n terms 
of a c r i t i c a l v e l o c i t y : 

U^j. = a. / Ad,g. (m/s) (5) 

i n which: 
a = f a c t o r depending on the shape of the edge and the flow 
conditions (1.4 < a < 2) 
a = 2 f o r favourable flow conditions when the edge i s d i r e c t l y 
laying on the underlaying mattress 

The r e l a t i o n (5) i s shown on the next f i g u r e f o r a = 2 and 
pores f i l l e d w i t h a i r and water: • 

(1) pores 
f i l l e d w i t h 
water 

(2) pores 
f i l l e d with 
a i r 

.̂ "0 0.5 1.0 15 2J0 2 5 3J0 3 5 4.0 

•* c r i t i c a l v e l o c i t y (m/s) 
Fig.4, C r i t i c a l flow v e l o c i t y f o r the overlapping edge 
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S t a b i l i t y to wave action 
General 

10. Wave action causes various hydrodynamic loads on a 
slope. A breaking wave (plunging or collapsing) r e s u l t s i n 
impact forces by the wave tongue h i t t i n g the st r u c t u r e . 
Following the impact, high current v e l o c i t i e s due to the up 
and down rush may cause considerable hydraulic loads. Below 
the breaking wave sudden changes i n the v e l o c i t y f i e l d may 
occur and a rapid increase of the pressure inside the structure 
can develop. The investigations i n t o the s t a b i l i t y 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 s i m i l a r to those acting on a block 
type revetment, investigated recently, a review of those wave 
forces i s shown i n Fig,5. When a breaker i s formed at the 
lowest run-down point large hydrostatic pressures are developed 
below the revetment (b) and the r a p i d l y changing v e l o c i t y f i e l d 
causes the increase of the forces perpendicular to the slope 
(d ) . During the impact u p l i f t forces above and below the point 
of impact (e) are caused by the mass of f a l l i n g water. Low 
pressures due to a i r entrainment (g) acting together w i t h the 
pressures (b) and ( f ) often r e s u l t i n a c r i t i c a l s i t u a t i o n f o r 
the s t a b i l i t y of the blocks on the slope. This f a i l u r e 
mechanism i s shown i n Fig.S.b. Maximum u p l i f t pressures can be 
expected at the point of maximum down rush which may occur down 
to a le v e l of two times the wave height below the s t i l l water 
l e v e l . 

S t a b i l i t y c r i t e r i o n 
11. The s t a b i l i t y c r i t e r i o n f o r revetments i s of t e n 

described by a so-called s t a b i l i t y number H/Ad, i n which: 
H = design wave height (m) 
A = r e l a t i v e density of the submerged mattress (-) 
d = average height of the mattress (m) (or the stone or block 
size of a revetment) 

For s a n d f i l l e d mattresses the c r i t i c a l H/Ad value can be 
related either to the condition when u p l i f t pressure exceeds 
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 f o r f a i l u r e . Both are strongly . 
related to the permeability of the mattress and the permeability 
of the subsoil. From the investigations now undertaken, the 
follow i n g preliminary conclusions can be drawn regarding the 
required height of the ProFix mattresses: 
(1) When the permeability of the mattress i s smaller than that 
of the subsoil, l i f t i n g up of the mattress can take place f o r 
s t a b i l i t y number H/Ad >̂  2. Depending on i t s c h a r a c t e r i s t i c s 
the subsoil may change in t o a self-adjusted p r o f i l e . 
(2) When the permeability of the mattress equals the 
permeability of the subsoil, the mattress can be l i f t e d up 
over small areas at s t a b i l i t y numbers H/Ad = 3-A, the l o c a l 
s t a b i l i t y of the subsoil depends strongly on i t s s e n s i b i l i t y 
f o r the ground water flow. 

T U T U A R I M A . a n d v a n W I J K 

Fig.5. Hydraulic loads on placed block revetments (ref.7) 
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(3) When the permeability of the ProFix mattress i s larger 
than that of the subsoil, the u p l i f t forces are of minor 
importance and other mechanisms may be decisive. S t a b i l i t y 
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 s t a b i l i t y 
number H/Ad = 5, r e s u l t i n g i n : 

d = — (m) ( 5 ) 

5A 

i n which: 
d = average height of the mattress' (m) 
H = design wave height (m) 
A = r e l a t i v e density of the submerged mattress (-) 

Remark: As investigations of s t a b i l i t y to waves are s t i l l i n 
progress, equation ( 5 ) i s only preliminary. 

PROTOTYPE TESTS 
12. Prototype tests have been car r i e d out regarding the 

behaviour of the ProFix mattress at a number of d i f f e r e n t 
locations and s i t e conditions. 

Werkendam area 
1 3 . At the Zinkcon yard i n Werkendam (the Netherlands) a 

number of operational tests have been car r i e d out at f u l l 
scale. A f t e r completion of the tes t s the mattresses have been 
l e f t at the l o c a t i o n and a natu r a l vegetation developed since 
then (picture 1 ) . At the slope 1 : 3 of the entrance to the 
yard harbour te s t mattresses have been constructed f o r long 
term observations. Height varies from 0 . 1 3 to 0 . 3 0 m and the 
f i l l material was either coarse sand or a sand asphalt mixture. 
Waterlevel v a r i a t i o n of the r i v e r i s 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 s i l t . 

Hartel Canal Rotterdam 
1 4 . Systematic prototype tests on various slope p r o t e c t i o n 

systems have been car r i e d out by the Public Works Department of 
the Netherlands along a tes t area at the slope of the Hartel 
Canal near Rotterdam. These tests are described by a paper of 
Mr. K.W. Palarczyk (Prototype te s t of slope p r o t e c t i o n 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 t o t a l width 2 0 m. Tidal waterlevels varied 
between M.S.L. - 0 . 7 m up to M.S.L. + 1 . 3 m. The e x i s t i n g sub
s o i l was a layer of gravel 3 0 - 8 0 mm, layer thickness average 
0 . 3 m. The ProFix mattress had an average height of 0 . 2 0 m. 
The mattress was f i l l e d w i t h medium to coarse-sand contained by 
tubes formed by a f l a t base f i l t e r c l o t h and a curved top c l o t h 
s t i t c h e d together at regular i n t e r v a l s of 0 . 4 0 m. 
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The top c l o t h was provided v l t h * ceeiled polypropylene f e l t 
layer to give extra p r o t e c t i o n to u.v.-radiation. 
Measurements have been car r i e d out regarding the water 
movement along the revetments and i n the subsoil including the 
water pressures as a r e s u l t of passing ships. Ship waves to a 
maximum of approximately 1 m have been observed and current 
v e l o c i t i e s up to approximately 1 m/s on top of the slope. The 
re s u l t s of the measurements were s t i l l not available while 
preparing t h i s paper. The mattress appeared to maintain i t s 
s t a b i l i t y under the t e s t conditions. I t was of i n t e r e s t to 
experience the high importance of a s u f f i c i e n t degree of sand 
density inside the tubes, especially under dynamic load 
conditions. Due to breakdowns during f i l l i n g t h i s degree was 
not obtained immediately and as a r e s u l t of waves and currents 
migration of grains could take place downwards the slope, 
causing densifying the lower pare and a f f e c t i n g the f i l l i n g 
degree of the upper part. The upper part had to be p a r t l y 
r e f i l l e d afterwards. Up to now, a f t e r 3 months, the mattress 
appears to perform s a t i s f a c t o r y and a natu r a l vegetation has 
started to develop. 

P i c t . 1 Test mattress 
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P i c t . 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 I n t e r n a t i o n a l B.V., 
Papendrecht, the Netherlands, regarding the construction of 
erosion and flood protection works at v i l l a g e s located i n the 
lower Niger de l t a . The t o t a l length of banks envisaged was 
18.5 km r e q u i r i n g approximately 1 . 1 m i l l i o n m̂  of bank 
protection. Most of the v i l l a g e s are located at the outerbend 
of the r i v e r where an enduring erosion i s highly stimulated by 
the run-off from 3 m annual r a i n f a l l . The i n e v i t a b l e creep of 
the r i v e r i n t o the banks forced the v i l l a g e s f o r many years to 
replace the few b r i c k and many timber structures as the o l d 
ones f a l l i n . Since there i s no rock i n the delta a v a i l a b l e , 
the ProFix mattress became a t t r a c t i v e because bank p r o t e c t i o n 
could r e l y mainly on l o c a l materials and labour. 

Site conditions 
16. The steep eroded banks are mainly clay w i t h 

s t r a t i f i c a t i o n s of clay-sand mixtures. The bed material i s 
coarse sand (300-1000 um) w i t h i r r e g u l a r s i l t content up to 
10%. I n July the water ris e s between 6 and 8 m and the current 
increases to a maximum of about 2.5 m/s. I n November the 
waterlevel drops and ground water leaks out of the banks, 
increasing i t s i n s t a b i l i t y . 

Method of construction 
17. I t was decided to reslope the e x i s t i n g banks by a 

T U T U A R I M A , a n d v a n W I J K 

r e f i l l of sand from the r i v e r tb a slope of 1:3 and a height 
of I m above the highest known l o c a l waterlevel i n order to 
protect the v i l l a g e s also against floodings. The sand was 
dredged at the opposite side of the r i v e r and discharged to 
the f i l l area by a f l o a t i n g p i p e l i n e . Hydraulic excavators 
and dozers were used on the f i l l . The bank pro t e c t i o n was 
extended to a part of the riverbed as to secure the s t a b i l i t y 
of the new slope i f erosion at the toe would take place. 
Required lengths of mattresses vary from 60 to 90 m. 
S t i t c h i n g of the f i l t e r c l o t h to create a mattress was ca r r i e d 
out i n the Netherlands, sewing from the 5 m wide r o l l s to make 
20 m pieces was done at the yard i n Nigeria. The accurately 
folded pieces were spread out at the top of the slopes and 
pulled i n stages out i n t o Che r i v e r as they are f i l l e d . The 
f i l l i n g was done pneumatically by blowing dry sand through 
rubber hoses i n t o f l a p covered openings every 5 or 10 m 
along each tube of the mattress. A s p e c i a l l y designed beam 
was clamped i n t o 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 f a b r i c during 
towing and allowing f o r easy release l a t e r on when the mattress 
has reached i t s f i n a l p o s i t i o n . 

S i t u a t i o n a f t e r 2{ years 
18. The o v e r a l l s i t u a t i o n of the mattresses a f t e r 2j years 

i s quite s a t i s f a c t o r y . The s t a b i l i t y Co waves and currents 
has proven not to be endangered, even during the combined 
action of rather high discharges and outcoming ground water 
during rapid f a l l of the r i v e r l e v e l . Vandalism has not 
appeared to be a problem up to now, vegetation has r a p i d l y 
developed and there are no signs that the behaviour of the 
material i n these t r o p i c a l conditions w i l l cause any concern. 

P i c t . 3 ProFix bank p r o t e c t i o n Forcados River, Sagbama, Nigeria 
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T4 
Some recent developments in the field of 
flexible armoured revetments in the 
Benelux 

J. NOMES. Geotextile Division, NV U C O , Belgium and T. J. LUPTON, 
Geotextile Projects Ltd, Hitchin, Herts 

SYÏIOPSIS, I t I s the intention of the authors to highlight 
some t y p i c a l new developments i n armoured revetments carried 
out i n Belgium and the Netherlands. Four different cases 
are discussed, 2 are based on the use of geotextiles as 
f l e x i b l e containers for s p e c i f i c materials. The 2 other 
cases are based on precast concrete block systems conbining 
f l e x i b i l i t y and int:erlocking features. Each of the develop
ments are discussed i n the context of p r a c t i c a l construction 
experience. 

THE 'OVODO M O T ' - AN lOTBGRATED EMBflNKMENT ProTECTION 
SYSTEM ON THE RIVER SAMBRE IN BELGIUM 

Intaxxluctlon 
The r i v e r Sambre i s an irnportant route for oatinercial t r a f 
f i c between northern France and the Industrial regions of 
southern Belgium. I t was for t h i s reason that Charleroi and 
nore s p e c i f i c a l l y the town of Chatelet was the plarmed s i t e 
for a new roro berth. The p r i n c i p a l eooncny of t h i s area 
was based on i t s coal mining attributes and not suprisinaly 
much of the available building land consists of mine waste. 
I t was therefore calculated that substantial forms of revet.-
ment vrould be required where the mouth of the dock was cut 
from the existing embankments. 

The design authority proposed cast i n place concrete to a 
thickness of 600 irni based on a specially formulated p l a s t i -
c i s e d mix. Uhder normal circumstances t h i s quality of con
crete can be patped d i r e c t l y onto sv±iTBrqed sloping enbank-
ments without separation occuring. ffowever the p r a c t i c a l 
aspects of preparing the embankment from the loose mining 
shale i n the presence of a continual washing action of pas
sing vessels began to delay the works. 
I t also becane apparent frcm divers reports that sane d i f -
ficvilty would a r i s e In placing conventional shutters due to 
debris on the r i v e r bed. 
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Approach to dasign 
A new set of design c r i t e r i a had therefore evolved : 
1. A form of protection was required which could armour the 

prepared slope as soon as i t was constructed. 
2. The revetitent should be homogeneous and of substantial 

thickness, incorporating r e l i e f to hydrostatic pressures 
at specefied locations. 

3. The shutters should be adaptable i n shape and form to 
acccaiodate the broad tolerances required for the an-
bankment construction. Their function should also not 
be restricted by the obstructions on the r i v e r bed. 

Textile based flexible shutters have been used extensively 
i n projects of t h i s nature however the designers were faced 
with a nvitiber of old unsolved problems. The f i r s t of these 
was to provide an envelope which was strong enough to con
tain a 14 metre column of liquid concrete on a 45 degree 
slope. Past practice was based on the use of small aggregate 
mixes having an unconventionaly high water cement r a t i o . 
The t e x t i l e envelope being permiable allowed the ej^ulsion 
of t h i s free mixing water to occur without loss of inportant 
solids. The rapid conpaction which results, immediately 
reduces the hydraulic pressure acting on the t e x t i l e and 
therefore diminishes the r i s k of b\arsting. The specifiers 
of the case in question hovever demanded the use of p l a s t i -
cised (40 irm aggregate) mix design as originaly called for. 
This conpounded the second design problem which had been 
experienced i n other projects. When tvro layers of fabric 
are expanded by a liquid mass betvreen the layers on a slo
ping plane, extensive ballooning occurs at the Icwest l e v e l 
vtere pressure and v«ight are greatest. Elongation in the 
te x t i l e and sliding of the top layer result i n a bulge at 
the slope base, so large, 
as to pull the vhole mass 
away from the slope. 

Selected design 
The solution to both pro
blems was found in a uni
que modular method of 
construction. The adja
cent sketch (fig. 1) 
il l u s t r a t e s the envelope 
with i t s two layers 
joined at regular inter
vals by circular colvimns 
of fabric. This large 
area of contact minimises 
the stresses v*iere the 
loads are highest. 
Helically wound steel 
bars are positioned i n 
the columns to prevent 
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sliding and to maintain elongation within defined areas. 
The t e x t i l e used was a polypropylene twisted tape construc
tion having a ten s i l e strength of 4400 N/5 cm. The sewn 
seams i n the fabrication equaled the fabric strength and 
further reinforced i t s performance by providing an element 
of s t i f f n e s s . 

Performance 
The matresses were delivered to s i t e in prefabricated sheets 
approx. 50 sq.m. i n area. They vere 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 l i f t e d into i t s designated position by crane. F i l l i n g 
of each section followed i n sequence bringing the level of 
concrete to i t s highest l e v e l i n one continuous pour using 
a mobile concrete puitp. The t o t a l surface area of embank
ment was 2300 sq.m. and t h i s was conpleted i n 12 days. 
Some s i t e modification was necessary i n those areas where 
the planned bank profile could not be achieved. This was 
carried out by a sinple hand sewing operation as the section 
was tailored to the new profile. 

Placing of the sheet 
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A FLEXIBLE AND TOTALLY PERMIABLE GCWSrPLUriO?̂  C n ^nm« A 
WOVEN GEOTEXTILE WITH EXPANDED CLMT GRANULES - " ARGEX ". 

Description 
In t h i s systan a dual layer container has been manufactured 
from a high strength geotextile and f i l l e d with lightweight 
granular material for the purpose of providing a substan
t i a l l y thick revetment with a controlled drainage capacity. 
The container i s constructed as a matress conprising a series 
of tubes and l a i d i n the direction of the slope. 
F i l l i n g can be achieved by a i r injecting the granules. 

Mvantage and potential tises 
One of the major advantages i n the use of t h i s technique i s 
the v e r s a t i l i t y of i t s shape and form as v e i l as the mate
r i a l s used. Altough only lightweight materials are used the 
nett result of the ocnposition i s a homogeneous revetment of 
considerable mass. Eg. unit sizes of 100 sq.mtrs. can easily 
be placed thereby creating a t o t a l mass of more than 15 
tonnes. 
As the argex can withstand excessive conpressive loads the 
systems designed profile w i l l be maintained throughout the 
l i f e of the structure. 
The open area within tbe form i s ^proximately 45 % pro
viding a high performance wave energy dissipator combined 
with l a t e r a l drainage capacity. The f i l t e r function i s 
controlled i n the selection of the geotextiles vrtrich 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 r i p 
rap. 

A case history. The inclusion of the system i n the break-
water construction at Zeebrugge harbour i n Belgium. 
At Zeebrugge on the Belgium coast a major harbour i s being 
constructed into the open sea. The design features two main 
breakwaters about 3 km. i n length vAiich form tte protection 
for the entrance channel to the port i n s t a l l a t i o n . A large 
area behind the breakwater has been reclaimed using hydrau
l i c a l l y placed sand f i l l . The core of the breakwater i s 
formed frcm 2/300 kg. stones and protected on the seaward 
side by precast blocks of 25,000 kg. The inner face i s 
protected by a granular f i l l construction cotposed of rocks 
(1000/3000 kg.), stones (200/300 kg.) seagravel and a 
l a t e r a l drain, (see f i g . 1). 
A f u l l investigation has been carried out to determine the 
currents and pore water pressures in the section of the 
breakwater. These effects are c r i t i c a l on the interface 
betveen the different granular layers. 
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16.5 m 7.; 1» 
5.B n 

Fig. 2. Cross section of the breakwater 
1 sblocks 25,OOO kg 
2a :200/300 kg 
2b :2/300 kg stones 
4 ssand f i l l 

The internal currents i n the porous dam i n combination with 
the phsrotenon of locked a i r causes increased water levels 
within. The resulting high water pressures and gradients 
were calculated for different flow l i n e s . This information 
was used to ascertain the t o t a l s t a b i l i t y of the f i l t e r 
structure for both mechanical and hydraulic f a i l u r e . I t 
became apparent fron these studies that the proper functio
ning of the l a t e r a l drain was of the utmost Importance to 
prevent migration of the hydraulic sand f i l l into the core 
of the dam. 
Tte system described above was adopted to provide a separa
ting layer between these v i t a l constituents whilst ensuring 
dynamic equilibrium. 
I t was envisaged that settlement i n ocmbination with severe 
ground loads would continue to act on the system. A f i e l d 
t r i a l was therefore set vp to ascertain the most suitable 
geotextile to be used as the container. 

F i e l d t r i a l : general view 
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On the results of t h i s t r i a l a vroven polyester fabric was 
chosen. 
The mechanical characteristics of t h i s material ware : 

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 : 
sandtlghtness : / D^^ < 2 

Permeability : 0,1 < K^^^^ / K^^^ < 100 

K : coefficient of permeability. 

The selected geotextile has a sandtlghtness bases 
0_. = 100 microns, a water flow rate Q = 3 IMZ/sec at 

10 mm head, K = 2,7 . 10 5 m/sec 
The matress was fabricated i n lengths of 8 m. 
Having a thiickness of 250 nm and l a i d to a sloping embank
ment. Anchoring flaps were incorporated i n the factory 
assembled units which were prepared i n a width of 15 m. 
The f i n a l assembly was carried out by sewing on s i t e . 
The argex was fed into the 
tubes through f ].exible pipes 
threaded between the dual 
layers vvhich vere withdrawn 
as the level was brought tp. 
The method of moving the argex 
was carried out using a i r 
pressure directly fron the 
containing vehicle. A produc
tion rate of 200 sq.m. per 
hour was achieved . 

End of u n i t 

Conclusions 
I t can be seen from the case study outlined that the system 
would have equal benefits i n more conventional revetment 
applications. 
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Containing vehicle 

The adjacent sketch f i g . 2 i l l u s t r a t e s the principal adopted 
for tl>e f i e l d t r i a l detailed above. Although exparxled clay 
appears to offer the most benefits i n the studies so far 
Other lightweight materials could be considered with equal 
cost effectivness. 

F i g . 3. 
1 : F i l t e r construction 
3 : Tubes 
4,5: Crest and toe of embankment 
6,7: Anchoring fla p s 
8 : Embankment 
9 : Rip-rap 
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AKTICULMING HjOCK REVEIMEMT ÏNOÖRPORKmiG A GBOTESCTILE 

Description 

A number of successful products e x i s t s i n t h i s range repre
senting one of the recent advancements i n revetment design 
incorporating a geotextile. The principal feature of the 
design i s the linking and interlocking of proprietory 
shaped c e l l u l a r concrete blocks. When i n place the blocks 
act l i k e r i p rap conforming to irregular ground conditions 
with the added advantage of continuity over the entire slope 
area. The system highlighted in t h i s p^ser has the imique 
method of hinged steel bars for linking the blocks together. 
In other systems t h i s i s achieved by various cable lacing 
techniques. The key advantage in using a hinge type knuckle 
joint i s the ease with vtóch a perfect right angle can be 
acconmodated . The profile and physical-dimensions of the 
block units can be selected to meet specific s i t e conditions. 
This also applies to the geotextile which can be matched -to 
a specific f i l t e r function. 

D e t a i l of hinge j o i n t 

A typi c a l matress could be constructed on the following 
format : 
Dimensions of blocks : 0,50 . 1,10 . 0,10 m 
length : 4 m (up to 20 m) 
Wfeic^it : 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 i s f i r s t l y placed onto -the geotextile and 
then the clanp enables both to be l i f t e d into position on 
the slope. Anchoring i s achieved by creating horizontal 
plinths at crest and toe of the embankment or by driven 
anchors. 

N O M E S a n d L U P T O N 

i l i c a t i o n s 
! special hinge techniqve makes the system ideal when 

neat, clean p r o f i l e s are required. Only moderate wave attack 
can be resisted by the lighter blocks Vvtiich are more suited 
to drainage channels and ditches. These blocks have an open 
area of around 3,5 percent and a very low f r i c t i o n factor. 

Case history 
Hazewinkel i n Belgium has an inportant recreation lake 
providing water sport f a c i l i t i e s to a large population. 
In order to maintain a natural appearance to i t s shores 
revetnents were excluded fron the original construction. 
Due to regxLLar wind wave attack serious erosion had occured 
i n one location. The lo c a l 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 t t e water <fepth of about 2 m. could e a s i l y be accom
modated from the foreshore. The Inbuilt sinple anchoring 
a b i l i t y assured rapid and eoononic ccmpletion of the works. 
The adjacent photograph highlights the produots pleasing 
^pearance. 

Hazewinkel, Belgium 

IMPBDVED TECHNIQUES IN THE ATTAaUBMT OF CONCBETE BLOCKS 
TO HIGH STRENGTH GEPTEXTTT.KS 

.Introduction 
Current methods of fabricating concrete blocks with geo
t e x t i l e support can be divided into two main categories. 
Tte f i r s t being those vrtiich are cast directly onto the 
fabric. In t h i s method the anchoring devices are driven 
through the geotextile on predetermined centres before the 
concrete i s poured. The second group rely on adhesives to 
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a f f i x precast blocks . Tte alternative method described, 
below was desigred to ccxnbine the controlled mechanical 
advantages of the f i r s t groip with the v e r s a t i l i t y of the 
second. A company i n the Netherlands devised the anchoring 
technique vAiich makes use of synthetic n a i l s driven through 
the geotextile directly into holes preformed i n the block. 
The laying vp of the geotextile and the fixing method i s 
f u l l y automated providing an economic and accurate re s u l t . 
Construction details 
1. Concrete blocks (two current designs are discussed) 

a) the 8 recessed sides of t h i s rectangular block a s s i s t 
in reducing hydrostatic pressure and serve to break up 
wave action and run-off. The sides are tapered to give 
f l e x i b i l i t y to tte mat. Tte openings tetween t t e blocks 
are f i l l e d after placenent with a coarse material such 
as gravel or sand, to avoid direct wave action on t t e 
fabric. This assures t t e t flapping and subsequent 
failure of the f i l t e r function does not occur. 

Technical data : weight : 170 kg/ta2 
dimensions of blocks : 33.30.9 cm 
open area : about 10 % 
concrete : resistance : > 50 N/mciZ 

waterabsorption : < 10 % 
na i l s : 3 nails/block . 

b) a c e l l u l a r block design provides t t e open areas 
necessary to pronote tte growth of natural vegetation. 
CDpenings are f i l l e d with suitable s o i l after placement. 

Technical data : weight : 165 kg/m2 
dimensions of blocks : 40.40.9 cm 
open area : about 40 % 
na i l s : 4 nails/block 

2. Synttetic n a i l s 
Tte i l l u s t r a t i o n shows t t e non corrosive polyamide n a i l 
with i t s f r i c t i o n a l ridges. Extensive t e s t s teve teen 
carried out to qualify t t e anctering a b i l i t y . 
Loads applied to tte geotextile i n the axis of t t e n a i l 
yielded results in t t e order of 2000 N per n a i l . 

Non corrosive polyaioide n a i l 

N O M E S a n d L U P T O N 

3 . Geotextile 
Tte normal c r i t e r i a for selection ^)ply with t t e added 
Importance of minimum elongation through the loads im
posed during t t e i n s t a l l a t i o n . Test results identified a 
heavy woven polypropylene geotextile as t t e most suitable. 

Technical data : weight : 500 g/m2 
tensile strenght : 75 kN/m 
elongation at break : 15-20 % 
trapezoidal tear : > 1,40 kN 

Applications 
Type (a) i s suitable for most embanknent protection schemes 
on lates, r i v e r s and drainage ditctes with t t e exception of 
those subject to very severe wave attack (coastal works). 
J ^ l i c a t i o n s under water are equally f a c i l i t a t e d . Tte com
pleted surfaces above water are lnmediately available for 
foot and vehicular t r a f f i c . 

Type (b): placing on embankment 

Type (b) i s most suited to tte upper parts of the embankment 
vtere environmental aspects are of paramount inportance. I t 
i s not suitable for regular wave attack but i s resistant to 
surface erosion and affords adequate protection against 
l a t e r a l currents. 

GENERAL OONCLUSIOJS 

Tte success of each of tte topics included i n thiis paper 
cl e a r l y indicate t t e s u i t a b i l i t y of modem geotextile 
products to scour and erosion problems. 
Tt e i r econctnic benefits suggest that furtter research should 



Revetment construction at Port of Belawan, 
Indonesia 

E . LOEWY. A. C . BURDALL and A. G. PRENTICE, Sir William Halcrow and 
Partners 

SYNOPSIS. This paper describes the revetments used to 
pro t e c t a f i n e sand reclamation s i t u a t e d i n the estuary of 
the Belawan r i v e r i n Indonesia. A s u b s t a n t i a l length of the 
revetment i s s i t u a t e d under a p i l e d quay where grouted 
mattresses have been used to protect the 1;2.3 sand slope. 
S i g n i f i c a n t post construction settlement of the sand slope i s 
expected and special measures were taken to enable the 
mattresses t o accommodate d i f f e r e n t i a l settlement. The 
i n s t a l l a t i o n method i n d i f f i c u l t environmental conditions and 
r e s u l t i n g m o difications are presented. 

INTR0DÜCTI0H 
Background 

1. Belawan i s s i t u a t e d on the north-east coast of 
Sumatra,(See Figure 1). the present port and township i s 
bounded by the River Belawan to the north and the River D e l l 
to the south. The r i v e r s share a common estuary but the 
main and deeper channel i s formed by the Belawan River. The 
coastal areas surrounding the estuary are l o w - l y i n g mangrove 
swamps intersected by a network o f small creeks. 

Figure 1. Location map Figure 2. Port layout 
f o r Belawan 
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2. The port of Belawan i s the t h i r d largest port i n 
Indonesia and currently handles around 5 m i l l i o n tonnes of 
cargo annually. To accommodate increasing trade the 
f a c i l i t i e s f o r handling dry cargo and container t r a f f i c are 
being extended. The f i r s t phase of the extension w i l l 
provide 850m of a d d i t i o n a l deepwater quay with associated 
access, cargo storage and handling areas. The layout of the 
e x i s t i n g port and the planned extension work i s shown on 
Figure 2. 

3. S i t e Description. The reclamation covers some 30ha 
over an area where the e x i s t i n g sea bed was at a depth of up 
to 6m below mean sea l e v e l but was l a r g e l y w i t h i n the t i d a l 
zone. I t i s located some 15km from the open sea and the 
dredged approach channel i s maintained to a depth of 8m (see 
Photograph 1). 

Photograph 1. A e r i a l view from the north of the reclaimed 
area 
H. Extensive s o i l s i n v e s t i g a t i o n s had been car r i e d out 

to determine the nature of the compressible clays and the 
volcanic ash and sand, which underlie the reclamation. The 
clays are highly p l a s t i c , l i g h t l y over-consolidated and are 
s o f t at the surface becoming f i r m to s t i f f at depth. 

5. V e r t i c a l drains were i n s t a l l e d to depths of up to 
JJSmand centres of 1.5 m and 2 m of sand surcharge was placed 
over the reclamation to speed up the settlement. 
Nevertheless some f u r t h e r long term settlement of the 
reclamation i s anticipated a f t e r construction has been 
completed. 

DESIGN REQUIREMENTS 
6. The reclamation was formed using h y d r a u l i c a l l y placed 

f i n e sand won from the upper reaches of the Belawan River. 
Slope protection i s required to prevent erosion by t i d a l 
current, ship wash and r a i n f a l l r u n o f f . 

7. The reclamation material i s a f i n e sand w i t h a s i l t 
content t y p i c a l l y between ^0% and 15?. Hydraulic placing 
achieved a r e l a t i v e density of kO% to 50% and' along the edge 
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of the reclamation to be occupied by the quay, v i b r o f l o t a t i o n 
and dynamic compaction was ca r r i e d out to achieve a minimum 
r e l a t i v e density of 60%. 

8. The spring t i d a l range i s 1.0 m and the maximum t i d a l 
currents observed during the various hydraulic i n v e s t i g a t i o n s 
were of the order of 1.0 m/sec. Wave action due to winds i s 
usually n e g l i g i b l e but f o r b r i e f periods w i t h waves of up to 
0.5 m are experienced. Bow waves from f a s t moving vessels 
also reach heights of O.S m. Underwater v i s i b i l i t y was 
v i r t u a l l y zero because of the sediment content, 

9. R a i n f a l l records i n d i c a t e s i x hour maximum r a i n f a l l 
I n t e n s i t i e s of 1i»mm/hour w i t h the highest monthly r a i n f a l l 
during the monsoon season towards the end of the year. 
10. To accommodate the anticipated post construction 

settlement the revetment was designed to accept, 
- Up to 500mm general settlement 
- Up to 200mm more settlement along the rear edge of 

the quay compared w i t h the toe of the slope ( i . e . 
a d i f f e r e n t i a l settlement of the top of the slope 
r e l a t i v e to the toe) 

- a 250mm d i f f e r e n t i a l settlement midway between the 
p i l e bents r e l a t i v e to the area adjacent t o the 
p i l e s ( i . e a 'dishing' of the slope between the 
p i l e s ) . 

11. The f i n a l revetment had to withstand t h i s movement 
w h i l s t r e t a i n i n g i t s s t r u c t u r a l i n t e g r i t y and prevent 
leaching out of f i n e s from the reclamation m a t e r i a l . 

.ORIGINAL DESIGN 
12. During the design phase consideration was given to 

a l t e r n a t i v e forms of revetment both f o r under the quay and 
elsewhere. For the underquay slopes the selected revetment 
was specified to be synthetic f i l t e r c l o t h , o v e r l a i n by 300mm 
of f i l t e r rook and 750mm of armour rock. The rock was 
required t o be angular w i t h 85$ of the f i l t e r rock being 
between 5 and 20kg. Armour rock was to be between 50 and 
200kg. F i l t e r c l o t h was s p e c i f i e d as Nlcholon 66175 and was 
required to be lapped to adjacent sheets and at p i l e s . The 
remainder of the reclamation perimeter was to be protected by 
rock f i l l e d gabions on Nlcholon 66^75. 

ALTERNATIVE DESIGN 
13. Subsequent to the award of the contract, to overcome 

the d i f f i c u l t i e s of obtaining s u i t a b l e rock, the Contractor 
proposed the use of fabriform mattresses f i l l e d w i t h concrete 
as an a l t e r n a t i v e to the f i l t e r and armour rock on the 
underquay slope. No change to the underlying f i l t e r f a b r i c 
was envisaged (see Figure 3 ) . 
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Figure 3. A cross-section of the protected under quay slope 
using f a b r i f o r m mattress 

I ' i . The f a b r i f o r m mattresses were to be made .up from 
woven panels of f i l t e r f a b r i c connected to the f a b r i c of 
adjacent mattresses by means of z i p fasteners. Construction 
of the mattress would be such t h a t , on f i l l i n g , a mechanical 
j o i n t would be developed between adjacent panels which takes 
the form of continuous " b a l l and socket" J o i n t s . I n 
a d d i t i o n , a q u i l t pattern appears on the surface of the panel 
caused by fastening together the upper and lower layers of 
the envelope at regular i n t e r v a l s . This, apart from acting 
as a c o n t r o l on mattress thickness, allows the i n s e r t i o n of a 
coarser meshed material to create " f i l t e r points" at the 
nodes. The arrangement of the mattresses i s i l l u s t r a t e d i n 
Figure 4 and on Photograph 2. 

15. F i l l i n g of the mattresses was to be wi t h a pumpable 
small aggregate concrete mix, known as micro concrete, w i t h 
excess water being expelled through the fabriform m a t e r i a l . 
The f i l l i n g of the mattress r e s u l t s i n a reduction i n the 
length and breadth dimensions of the mattress and t h i s 
reduction has been termed "shrinkage". The proposed 100mm 
nominal thickness of the mattress gives r i s e to a 
consequential ^^% shrinkage which had to be allowed f o r i n 
the f a b r i c a t i o n of the mattresses. 

16. Various panel and c o l l a r arrangements were considered 
fo r the underquay works at Belawan to allow the mattresses to 
be f i t t e d around the p i l e s , and t o provide the necessary 
f l e x i b i l i t y to accommodate the anticipated settlement. 
I n i t i a l l y i t was intended that slope protection works would 
commence ahead of deck construction and advantage would be 
taken of t h i s by lowering the mattress panels onto the slope, 
wit h preformed holes f o r p i l e s . This arrangement was revised 
to include a h o r i z o n t a l j o i n t on one side of each p i l e to 
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Fabric reinforcement 
Pile sleeve and fabric 

collar 

Pile 
^ Dent 

Ball and socket' ' Zip fastener to dfa coMor 
joints adjacent mattress 

Figure Typical fabriform mattress arrangement 

•I 

Photograph 2. A length of fabriform mattress during 
construction 
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allow the mattress to be unrolled down the slope and unfolded 
to encompass the p i l e s . A f t e r the commencement o f 
construction the mattress arrangement was f u r t h e r revised to 
place mattress j o i n t s on the bent l i n e as indicated on Figure 
4. 
17. To secure a 

close f i t between the 
slope protection and 
the p i l e while per
m i t t i n g mattress move
ment due to shrinkage, 
a fabriform c o l l a r was 
proposed which was 
i n i t i a l l y intended to 
f i l l the annulus around 
the p i l e . However, 
a f t e r f u r t h e r consider
a t i o n of the expected 
r e l a t i v e settlement of 
mattress r e l a t i v e to 
quay the s t r u c t u r e , a 
ste e l sleeve and "top 
hat" of f i l t e r f a b r i c 
were proposed w i t h a 
c o l l a r of fabriform 
l a i d on top of the 
mattress and t i g h t to 
the sleeve as indicated on Figure 5 and shown i n Photograph 
3. As r e l a t i v e settlement occurs the sleeve was expected to 
sl i d e down the p i l e and the "top hat" t o expand, bellow 
fashion w i t h a c o l l a r f o r protection. 

Photograph 3. Fabriform collar i n s t a l l a t i o n 

Figure 5. Fabriform mattress 
arrangement at a p i l e 

L O E W Y , B U R D A L L a n d P R E N T I C E 

18. To give the mattress more f l e x i b i l i t y , crack Inducers 
were provided w i t h i n the panels. Crack Inducers comprised 
lengths of sewn seams j o i n i n g upper and lower layers of the 
mattresses g i v i n g r i s e to a section weak i n bending and these 
are indicated on Figure 6. 

Flexible 
reinforcement 

Fracture 
plane 

Ball and socket joint 
with zip fastener 

Figure 6 . Fabriform mattress details 
19. A concrete f i l l e d f a b r i c bolster was proposed f o r 

i n s t a l l a t i o n behind the rear beam t o accommodate settlement 
without loss of material around the beam. 
20. The use of a grouted mattress was i n i t i a l l y 

considered f o r the r i v e r bed, i n the berthing area where 
armouring i s required to prevent undercutting of the quay 
slope due to . ship wash. However, the o r i g i n a l design was 
retained except that since the area was h o r i z o n t a l , rounded 
r i v e r boulders were sub s t i t u t e d f o r angular rock. 

INSTALLATION PROCEDURES 
21. The i n s t a l l a t i o n of the mattresses, onto the prepared 

slope, was planned to be ca r r i e d out a f t e r p i l e d r i v i n g but 
before construction of the suspended deck. However, f o r 
various reasons deck construction commenced before mattress 
i n s t a l l a t i o n and, as a r e s u l t , approximately one-third of the 
underquay slope p r o t e c t i o n was placed below a framework of 
precast beams and some 50 m were i n s t a l l e d below the 
completed deck (see Photograph 1 ) . 

Photograph H. Quay construction 
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22. A f t e r excavation of the slope by clamshell grabs sand 
pumps and, hand trimming was undertaken by divers using water 
j e t f o r removal of surplus material and gravel f i l l e d bags 
fo r f i l l i n g low areas. Care i n trimming proved essential to 
avoid d i s t o r t i o n s of the mattress wi t h consequent 
unsatisfactory panel j o i n t s . Sleeves, previously placed over 
the p i l e s were set i n p o s i t i o n and the slope was f i n a l l y 
checked by divers and sounding before the f i l t e r f a b r i c was 
unrolled down the slope. The f i l t e r f a b r i c was weighted 
with bags of gravel to avoid f l o t a t i o n . "Top hats" of f i l t e r 
f a b r i c were placed around the p i l e s and sleeves and secured 
wit h s t e e l pins approximately 500mm long pushed i n t o 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 z i p fast n e r . 

To hold and co n t r o l the p o s i t i o n of the mattresses 
while they were being f i l l e d , s t e e l poles were inserted i n t o 
sleeves on the mattresses and the poles were held i n p o s i t i o n 
by ropes attached to anchors at the top of the slope. As the 
mattresses shrank i n plan during f i l l i n g , the poles were 
progressively allowed to move down the slope to allow the 
mattresses t o a t t a i n t h e i r designed shape. 

Micro concrete was pumped i n t o panels through tubular 
i n l e t s set at i n t e r v a l s down each h a l f panel. Several h a l f 
panels were f i l l e d concurrently, f i l l i n g commencing at the 
toe of the slope and progressing up the slope. The leading 
h a l f panel was not f i l l e d u n t i l the next panel had been 
attached. 

Subsequently to f i l l i n g of the main mattresses, 
overlaying c o l l a r s of f a b r i f o r m were placed round the p i l e s 
and pumped f u l l of micro concrete. The f a b r i c "top hat" was 
then adjusted to provide slack material which could be taken 
up as settlement occurred. 

The construction sequence i s i l l u s t r a t e d i n 
photographs 3 to 5. 

INSTALLATION DIFFICULTIES 
21. D i f f i c u l t i e s arose when the f i r s t mattresses moved 

too f a r down the slope during f i l l i n g . 
25. I n i t i a l l y , the woven f i l t e r f a b r i c was l a i d w i t h the 

warp along the slope f o r reasons of economy. As a r e s u l t of 
the problems wit h the f i r s t mattresses the f i l t e r f a b r i c was 
rearranged w i t h the warp down the slope as i t s c o e f f i c i e n t of 
f r i c t i o n was much greater i n t h i s d i r e c t i o n . 
26. Mattress panel j o i n t s were i n i t i a l l y placed mid-way 

between the p i l e bents. An advantage of t h i s arrangement was 
that the p i l e s would provide a d d i t i o n a l resistance to the 
movement of mattresses down the slope. During the early 
stages of the work a seriês of t r i a l s were car r i e d out to 
check the s l i d i n g resistance between the f i l t e r f a b r i c and 
completed mattress. From the f u l l scale t r i a l s i t was 

established that there would be adequate resistance even with 
the f a b r i c l a i d down the slope. Ways of providing increased 
resistance during the temporary phase when the mattresses 
were being f i l l e d were devised. From then on the f i l t e r 
f a b r i c was l a i d down the slope. Also the panel points were 
moved to the p i l e bent l i n e s so that the shape became a 

Photograph 5. F i l t e r f a b r i c and p i l e sleeves 
simple rectangle wi t h semi-circular cut outs f o r p i l e s on 
each long face. 
27. During trimming of the underquay slope, a minor 

surface s l i p occurred a f f e c t i n g a 25 m length of slope. The 
cause of the f a i l u r e was not immediately apparent and the 
progress of work was disrupted while in v e s t i g a t i o n s were 
made. I t was concluded that f a i l u r e occurred as a r e s u l t of 
a combination of circumstances the dominant features being 
wave action from ships and l o c a l areas of s i l t . A second 
slope f a i l u r e occurred adjacent to the standing edge of 
fabri f o r m slope p r o t e c t i o n . I n t h i s case, 12 m of slope were 
affected but there was no evidence that the f a i l u r e extended 
under the grouted mattress. No re-design of the permanent 
works was considered necessary. Repairs were effected by 
removing the loose surplus material and making good the 
hollows w i t h gravel f i l l f a b r iform protection was then placed 
as elsewhere, 

PLACING OF ROCK TOE 
28. Removal of s i l t and trimming of the quay trench was 

carrie d out by a 200mm diameter submersible pump suspended 
from a barge. Placing of f i l t e r f a b r i c and f i l t e r rock was 
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carried out together. Steel frames 2m x Im "^^ P^^^^^.J^^^^ 
rectangles of f i l t e r fabric laid on the quay deck. F i l t e r 
rock was then p l a c e d in the frames to the required depth and 
S e f U t e r fabric temporarily secured to the frame sides. 
Frames were placed on the river bed by crane with divers 
assisting in locating frames against those previously placed 
Lapping of f i l t e r fabric was achieved by laying out the lllAnl edges. While frames were retained on the leading 
idge, others were subsequently retrieved as the work face 
advanced. The frame loaded ready for lowering into position 
i s shown in Photograph 6. 

Photograph 6. Frame loaded with river boulders and ready for 
l i f t i n g 

29. Rock armouring was placed by net and levelling 
achieved by re-arranging armour using an orange peel grab and 
various weights. 

30 Underquay slope protection works commenced in 
February 1983 and were programmed for completion in elevert 
months. Production rates for laying the fabriform mattress 
and grouting averaged two bays per day. Work on fabriform 
installation was normally based on an eight hour day, working 
alternate Sundays. Occasionally, early morning or late 
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evening t i d a l 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 
s l i p occurred. 
32. Quay trench protection works commenced during July 

1983 and section 1 (the . f i r s t 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 
f i l t e r fabric and f i l t e r rock peaked at about 16 bays per 
week with work alternating between six and seven days each 
week. Placing of armour rock and i t s subsequent trimming to 
level generally kept pace with the frames. 

CONCLUSIONS 
33- This use of grouted mattresses and geotextiles i s 

believed to be one of the largest yet carried out for 
underquay slope protection and i t provided valuable 
experience on some öf the construction d i f f i c u l t i e s that can 
be met in an estuarine situation. While environmental 
conditions hampered placing and monitoring, effective 
in s t a l l a t i o n ^proved practicable after modifications had been 
made to the panel arrangement. 

34. Placing of the slope protection i s not yet completed 
under the quay but, for the finished areas, no erosion or 
i n s t a b i l i t y i s 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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