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PREFACE .... ------
The lind. ted tests on a double layer of articulated concrete revetment 

described in this report were cOnducted at the St. Anthony Falls Hydraulic 

Laboratol:7 under contract DA-22-079-eng-12, Supplement 2, and were sponsored 

by the Mississippi River Commission and the Waterways Experiment Station, 

Vicksburg, Mississippi. 

The tests were conducted by R. M. Olson and E. R. Tinney under the 

general supervision of Dr. Lorenz G. Straub, :Director of the St. Anthony Falls 

Hydraulic Laboratory. 
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ABSTRACT --------

The initial studies conducted on articulated 'concrete revetment at 

the St. Anthony Falls Hydraulic Laboratory during 1950 and 1951 were made with 

a single layer of revetment. The present tests were conducted with a double 

layer of mattress, placed one on top the other so that'the interstices between 

adjacent blocks were symmetrical~ staggered. 

Test runs were made over a 32-ft length of a full-scale double mat

tress installed over a 15-in. sand bed in a 9-ft test channel with water depths 

of 2.1 to 3.2 ft and mean velocities of 3.2 to 10.Ofps. Turbulence was in

duced into the flow stream to simulate the random pressure pulsations which 

have been measured in revetted areas in the Lower Mississippi River. 

Pressure 'measurements indicated that the pressures at the bottom 

surface of the lower layer of blocks and in the sand beneath them remained 

essentially constant and that the differential pressures across the double 

mattress essentially followed the pulsating pressures above the top layer. 

No undersc6ur of sand was observed after a total of 18.7 hr of test 

runs at a mean flow velocity of 5-1/2 fps. Some underscour was obsened during 

a similar test at 8-1/2 fps, although pockets scoured and refilled. No set

tling of the mattress took place. Noticeable underscour occurred during a 

1.2-hr test at 10 fps; yet, again, no revetment settling occurred. 
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TESTS ON A DOUBLE LAYER OF ARTICULATED CONCRETE MATTRESS 

I. INTRODlJCTION 

Articulated concrete revetment mattresses have been used in l)oth 

single and double layers in various stretches of the Lower Mississippi River 

to stabilize bends and prevent recession of the banks. Previous tests on 

full-scale revetment, to study some factors affecting revetment stability, 

were made at the st. Anthony Falls Hydraulic Laboratory with a single layer 

of mattress.* Pressure pulsations and flow velocities measured in the river 

were reproduced in these laboratory tests. The effect of the pressure pulsa

tions in creating differential pressures across the blocks, which would tend 

to lift them, and the removal of sand from beneath the mattress, through the 

openings between individual blocks, were two of the factors studied. 

The purpose of the present tests was to make similar observations 

on an essentially smooth, double layer of articulated concrete revetment. One 

layer was placed over another SO that the openings between blocks were stag

gered; this was an idealized arrangement, of course. Measurements were made 

of the pressure pulsations at the upper surface of the top l~er of blocks, 

on the lower surface of the bottom layer of blocks, and in the sand bed beneath 

the double mattress; and measurements were also made of the differential pres .... 

sures between the upper surface of the top layer and the lower surface of the 

bottom layer of blocks. These differential pressures were, then, recorded 

directly but were also obtainable by determining the difference between the 

top and bottom pressures recorded individually. Observations of the underscour 

of sand from beneath the double mattress were also made under test conditions 

which were similar to tests with a Sillgle layer of mattress. 

II co REVETMENT INSTALLATION 

The revetment was installed in the 9-ft main testing channel of the 

Laboratory, as shown in Figs. 1 to 3. Water for test purposes was diverted 

*Straub, L. G., and Olson, Reo M., Mississippi River Revetment Studies, 
(University of Minnesota, st. Anthony Falls Hydraulic Laboratory Project Report 
No. 21, June, 1951). . 
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through this channel from the Mississippi River above the Laboratory under 

controlled conditions of discharge. The 32-ft length of revetment was laid 

over a 15-in. sand bed and spanned a 20-ft glass observation section of the 

test channel. The size distribution of this Band was similar to that of sands 

found in various revetted areas of the Lower Mississippi. 

The bottom layer of revetment consisted of standard 14- by 46-in. 

articulated concrete revetment blocks 3 in. thick; it was eight blocks long 

and seven blocks wide. Spacings between the side blocks and the channel walls 

were the same as between adjaoent blocks. In order to stagge.r the openings 

in the top layer of revetment with respect to those in the bottom layer, half

size blocks were used at the upstream end, the doWnstream end, and along the 

two sides. These half-size blocks were cast at the st. Anthony Falls Hydraulic 

Laboratory. Those along the glass side wall of the test channel had sponge 

rubber cemented to them to form a seal between the blocks and the wall. 

One test block containing two pressure-variation cells was placed 

in each layer of revetment near the 'downstream oenter of the revetment install

ation, as indicated in Figs. 2 and 3. These test blocks were cast from a 

lightweight concrete mixture containing vermiculite. This lightweight concrete 

compensated for the heavy pressure cells in the test blocks so that the overall 

or average density of the blocks was the same as that of a normal revetment 

block. Pressure cells were also placed in the sand bed 9 in. below the test 

block in the bottom layer of blocks, as shown in Fig. 2 • TurbulEJnt flow con

ditions were induced by a simple channel contraction just upstream of the 

revetment (Fig. 1). 

III. MEASUREMENTS OF PRESSURE FLUCTUATIONS 

A. Instrumentation 

Pressure pulsations associated with turbulence were detected with 

WES pressure-variation cells and a P77-m-840 Statham pressure cell furnished 

by the Waterways Experiment Station, Vicksburg, Mississippi. Signals from 

the cells were amplified and rectified 'With Brush BL-310 and Bt-320 universal 
-_ ..•. _-------- ---------- -~-.--------.. ----- ---- - ---------:---.--- -'::...-=~.=-:-::-::-;:-:;;;:-= 

=~==~~anatyzers~andwere'recorde;ron~a-B;;-shcBL:2b6' Bix .. cha.nn~i·· ~scillograph. The 

absolute pressure variations above and below the blocks and in the sand bed 

were recorded in the customary manner. A direct recording of differential 
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pressure pulsations involved the use of two WES pressure-variation cells 

connected electrically so that the output signal would remain constant as long 

as the 'pressure changed the same amount on each cell and would have a linear 

response for recording differential pressures. This was done by connecting 

the input leads of the two cells in parallel and the output leads in series 

opposing. The combination was then connected to the a-c bridge circuit in 

the usual manner. Actualfy ? two cells, 3-V and 5-v, were found to be well 

matched in terms of output signal per unit of pressure change applied to them, 

and the addition of about 120 ohms resistance in series with the input circuit 

of cell 3-V produced the desired resu.lts. A trial-and-error adjustment of 

this series resistance and of the ambient operating pressure indicated optimum 

values for best resu.lts. Both linearity for changes in differential pressure 

and a balanced bridge for changes in ambient pressure were obtained at only 

one polarity with respect to the bridge. Thus, the records were taken in such 

a way that an increase in pressure above the top block was indicated in a 

direction opposite to that obtained from the pressure cell recording pressure 

pUlsations above the block. Reversing the input leads to the recording oscil

lograph would have rectified this, but it was not considered necessary. 

B. Test Results 

Sample records of pressure fluctuations are shown in Figs. 4 to 9. 
These pressure fluctuations were associated with turbulence in flows at mean 

velocities of 3.2, 5.4, 6.2, and 8.0 fps and with surface waves at no flow. 

In general, the pressures below the bottom l~er of revetment and 

in the sand bed beneath remained essentially constant and did. not follow the 

pressure pulsations above the revetment. It 'is of interest to note that this 

was true for the surface waves in Fig. 9 as well as for pressure pulsations 

associated with turbulence in Figs. 4 to 8. If, however, the pressures above 

the revetment changed rather slowly, the bottom pressure and that in the sand 

bed beneath did follow the general trend of the pressure above the blocks, 

although at a reduced magnitude. An example of this is shown in Fig. 6. In 

the extreme case, when the pressure changed slowly due to a change in water 
=~=~Qeptlic(tl:iisccWould-Oapply=Ctochanges ·In·Btage~Inthe·r:i.ver~a~··~ilf ;Cth;C-p;~~_ -~=~~.~ 

sures above and below the blocks and in the sand bed followed one another and 

the differential pressure across the blocks remained constant. 
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IV 0 SAND SCOUR 

In the earlier tests with a single layer of revetment, considerable 

settling of the mattress occurred as a result of sand scour during test runs 

of relatively short duration. This required a refurbishing of the installa

tion after nearly every test. Since the current tests with a double layer 

were, Qy necessity, limited in scope, short explorator,y test runs were made 

at lower velocities (and later at higher velocities) to determine roughly the 

scour resistance of the double mattress. After the exploratory test runs had 

been complet.ed, long-duration tests were made at 5-1/2 fps to compare the 

results with a similar test of a single l~er of mattress, and at 8-1/2 fps 

to determine whether scour would be appreciable at this higher velocity. These 

long-time tests were actually accumulations of intermittent test runs. 

Table I summarizes the test runs made with the double mattress. 

Flow depths were between 2.0 ft ,at the highest velocity and 3.4 ft at the 

lower velocities. These mean flow velocities ranged between 2.9 and 10 fps. 

No removal of sand from beneath the double mattress was observed 

through run 6. The tests up to that time consisted of 4 hr of runs at mean 

velocities of 2.9 to 5.9 fps. 'During the short test at 8.7 fps (run 7), some 

voids were created below the bottom l~Ter of the revetment. These voids are 

shown in Figs. 10 and 11. Before this short test run was completed, however, 

these voids had refilled. Similar voids :were cre~ted during run 9 at 8.4 fps, 

but the,r were also refilled during the test. 

Runs 11, 13, 15, 16, and 17 totaled 16.9 hr at a mean velocity of 

5-1/2 fps. No evidence of sand scour resulting in voids below the double mat

tress was found, and there was no settling of the mattress. Figure 12 shows 

the revetment surface after this test. During a similar test with a single 

layer of revetment, the mattress had settled 18 in. across one point in the 

test area (Figs. 15 and 16 of the reference given on page 1). 

Consecutive runs at 8-1/2 fpstotaling 16.1 hr (runs 18 to 20) were 

then made to compare the scour l'esistance of the double mattress 'With that of 

a single layer of revetment blocks. In the earlier test, a 40-min run at 7.7 
fps, the single layer settled considerably during the short test run (Fig. 11 

of the reference given on page • There was no settling of the double mattress 

during the 16.1 hr of accumu+ated test runs at 8-1/2 fps, although some voids 

appeared and refilled during the tests. 



Mean 
Run Depth 

ft 

1 3.0 

2 3·0 

3 3·0 

4 3.2 

5 3·2 

6 3. 2 

7 2.5 

8 3.4 

9 2.5 

10 3·1 

11 3.2 

12 3·1 

13 3.2 

14 2.1 

15 3·1 

16 3·2 

17 3.1 

18 2.4 

19 2·3 

21 2.0 

Mean 

TABLE I 

SUMM'ARY OF TEST RUNS 

Velocity Duration Remarks 
fps hr 

5.0 0.6 

5.9 0·7 

5.4 1.8 

2.9 0~4 

4.9 0.3' 

3.8 0.25 
, 

8.7 0·3 

3·3 2.25 

8.4 2.0 

6.2 0.6 

5.5 3·3 

3.2 0.6 

5.4 0.7 

8.0 0.2 

5.4 4.7 

5.4 7.5 

5.7 0.7 

8.6 2.0 

8.6 8'.0 

10.0 1.2 

No sand scour up to this point. 

Slight scour but voids refi1ied. 

Some voids created but refilled. 

No scour or mattress settling observed. 

Voids created, but no mattress settling 
occurred. 
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Noticeable underscour occurred during a 1.2-hr test run at 10 fps 

(run 21); yet, again, no settling of the double mattress occurred. Figure 13 

shows a void beneath the mattress after the completion of this test. Water 

flowed underneath the lower layer of blocks toward the glass ohanne1 wall, 

carrying sand, and flowed between the bottom layer and the glass side wall and 

'Up through the transverse opening in the top layer of bJ ocks. This top layer 

of blocks was in contact with the sides of the test channel so that flow 

through it along the sides was confined to the transverse openings between 

the rows. 

That the revetment mattress had not settled is indicated in Fig. 14, 

taken after the last test run at 10 fps. Total flow over the revetment at the 

end of the series of tests was: 

4.4 hr at 5 fps and less, 

18.7 ht at 5-1/2 fps, 

1.5 hr at 6 to 8 fps, . 
18.4 hr at 8-1/2 fps, and 

1.2 hr at 10 fps. 

No refurbishing of the revetment mattress or the sand bed was done during the 

oourse of the tests. 

It should be mentioned that considerable sand was carried into the 

test channel from the river, much being deposited upstream and downstream of 

the test area. How much this affeoted the test results in comparison with 

the previous tests of the single layer of revetment is not definitely known. 

v 0 CONCLUSIONS 

Tests on the double layer of revetment, w.i..th the openings between 

blocks staggered, were rather limited by the scope of the project. Certain 

conclusions regarding the transmission of pressure pu.lsations through the 

revetment mattress may be drawn, however. 

The pressures below the bottom layer of revetment and in the sand 

bed beneath remained essentially constant and were not affected bY:~l:l.p~cL})res-________ _ 
~~~ __ . __ _. ___ .- __ . __ =~=_~-=c=~_==_.-.c_~_- ,0.-._. __ " __ -__ ' __ -.- _.-·=.o-,·c·- . -,_·-=."CCc·=·_,- ._~_-_=_~=,·-~_~cc--__ =.==~~ ___ -.- -- -,,- - -.. - ---. ,,-.-- - .--.. -,,-

sure pulsations above the revetment. Thus, the differential preSIDlre across 

the double layer of blooks followed quite closely the pattern of pressure 

fluctuations above the blocks. For slow pressure changes above the blocks, 
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the pressures below the mattress and in the sand beneath tended to follow 

these slow changes; and in the limit when they were extremely slow, as when 

the depth or stage varied, these three pressures followed one another and the 

differential pressure remained constant. 

No sand scour or revetment settlement was observed after a 17-hr 

te st at 5-1/2 fps. In a similar previous test with a single layer of mat tress, 

the blocks settled 18 inches in part of the test area. Intermittent scouring, 

resulting in small voids belowthe bottom layer of blocks which refilled from 

time to time, occurred during a 16-hr test at 8-1/2 fps. No settling of the 

mattress occurred. In a previous test at 7.7 fPS with a single layer of 

revetment, considerable underscour, wi th a resulting settling of the mattress, 

occurred within 40 min. Noticeable underscour occurred during a 1.2-hr test 

.of the double mattress at a mean velocity of 10 fps, yet no mattress settling 

took place. 
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Fig. 3 - Double Layer of Revetment in Main Test Channel 

Arrows point to test blocks contoining pressure cells 
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Fig. 10 - Slight Sond Scour During Test ot B.7 fps 
The void refilled during the test 

Fig. II - Slight Sond Scour During Test ot 8.7 fps 
The void refilled during the test 
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Fig. 12 - Revetment After 17 - hr Test ot 5~ fps 
No underscour of sand or mattress settling was observed 
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FiO. 13 - Underscour Beneath Double Mattress After 1.2-hr Test at 10 fps 
No settling of the mattress wos observed 
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Fig. 14 - Revetment After Completion of All Test Runs 

Included were IB.7 hr at 5~ fps, IB.4 hr at B~ fps, 
and 1.2 hr at 10 fps 
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