
I AO—A036 8% COASTAL ENGINEERING RESEARCH CENTER FORT BELVOIR VA 
-- 

FIG 13/13
I OVERLAY OF LARGE. PLACED QUARRYSTONE AND BOULDERS TO INCREASE R—ETC(U)

DCC 76 B L MCCARTNEY. ,J P AHRENS
UNCLASSIFIED CERC TP—76-19

_ 
__ _  

U
I 

~~~~[1___ __
101EV 

_ 
_ _



I I.O~~~LL
_ _ _  

L H12.2

Din ‘ • ‘

11111’ ~ IIHI~ lIlIl~6

MICROCOPY RESOLUTION TEST CHART
NAT IO NAL BUREAU OF SIANDARDS -1963-A



- . 

~~~~~~~ ~~~~~i~~~~~~~~~ T 1 T1T~IiT

I 
S 

I ~~~~~~I( TP 76-197/V
~~ Overla y of Lar ge, Placed Quarr ystone

• and
Bould ers to Increase Riprap Stability

Bruce 1. McCartney and John P. Abrens

TECHNICAL PAPER NO. 76-19
DECEMBER 1976

Approved for public release ,

4 ~f 
distribution unlimited

U.S. ARMY, CORPS OF ENGINEERS

COASTA L ENGINEERING
RESEARCH CENTER

Kingman Building

E Fort Belvoir , Va. 22060

~~ ~~~



~~~~ -r~~~~~~~~~~~~ ”~7
_ _
~~ 

-

~~~~

- —- -  —~~-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I -

Reprint or republication of any of this material shall give appropriate
credit to the U.S. Army Coastal Engineering Rescarch Center.

Limited free distribution within the United States of single copies of
this publication has been made by this Center. Additional copies are
available from:

1
• National Technical Informatio n Service
• ATTN: Operations Division

5285 Port Royal Road
Sprin gf ield , Virginia 22151

Contents of this report are not to be used for advertising,
publication, or promotional purposes. Citation of trade names does not
constitute an official endorsement or approval of the use of such
commercial products.

The findings in this report are not to be construed as an official
Department of the Army position unless so designated by other
authorized documents.

Is

I’ ~~

• • •

~~~~~~~~~~~~~~~~~~~~~~~~ -

I—



‘S 
- 

—

~~~~~ L\ I
U.S. ARMY COASTAL ENGINEERING RESEARCH CENTER

Kingman Bui lding
Fort Belvoi r, Vi rginia 22060

0 ERRATA for Technica l Paper No. 76-19
December 1976

Overlay of Large, Placed Quarrvstone and
Boulders to Increase Riprap Stability

Please make the following corrections:

Page 30:
W H

-~~

~~~~

‘ P13 (S — 1 )~B P

Page 33:

= FI~ Wr 1 E P183 (S 3~ - l)~)

• •

~

_________ _ _ _ __________ _ _ _ __ _ _ _ _  _ _ _ _ _ _  

:~
‘ 

.



UNCLASSIFIED
SECURITY CLASSIFiCATION or THIS PAGE (Wk.n Da ta EnI•t~~~

D ~ r~nw iw.#~tiu ~~~~~~ tf%u D A I ~~~ READ INSTRUC TIONS
fl UUI~~J I.flJ%..U IR I’l l I~ I I’-P’ I ~~~ BEFORE COMPLETING FORE

1. REPORT NUMBER 2. GOVT ACCESSION NO 3. IENT S CATALOG NUMBER

~TP—76--19 __________________________
(ala SubUU.) — 3. •~~r n~~~srt -t r~~~ 

-

• 
~ VERLAY OF ,~ARGE , PLACEDJ.QUARRYSTONE A?~JL.BOULDERS /
TO INCREASE RIPRAP 1TABILITY w I. TechnicaiAp~~~ 

NU(~ ER

• • ~~~~~ TI Sfl( M I. CONTRACT OR G~~~WT NUMBER(.)

bruce L. ,4jcCartney

• 
LohnfAhrens

LW-S- ... ~~~ T~G ORGANIZATION NAME AND ADDRESS *0. PROGRAM ELEMENT. PROJECT . TASK
• I Department of the Army

Coastal Engineering Research Center(CERRE-SP)
Kingman Building, Fort, Belvoir, Virginia 22060 F31236

II. CONTROLLING OFFICE NAM E AND ADDRESS ,—.. 12. REPORT DATE

Department of the Army Dec~~~~z ~~76/• Coastal Engineering Research Center “• ~~~~~~~~ ~~ .

• - Kingman Building, Fort Belvoir, Vir~~nia 22060 ___________________________
14. •

~~~~~~~
- 

~ •U . .  ..~~~~~~~~_ _  ..UU(I ~ ffl c .) IS. SECURITY CLASS. (of fbi. r.port)

- ~P- 7I~~ 9] ISa~~~~~~~~~~~ 3~~~~~~ T ION/DOW NGR AOI N G

IS. DISTRIBUTION STATEMENT (of fbi. Raporf)  -

1’
Approved for public release ; distribution unlimited. 1

*7. DISTRIBUTION STATEMENT (of A. abat,a.~t .nt.r.d in Stock 20. I f  d if f . r sn I  f ro m Rp o ~t)

IS. SUPPLEMENTA RY NOTES

•
1

II KEY WORDS (Contl nu. on ,.v.r. . .id. if n.c.eaary id Id.nti(y by block nsm,b.r)

• Armor stone Quarrystone
Boulders Riprap
Oahe Reservoir) South Dakota Wave forces

\ Overlay

20. A RA CY (C~~IMu. 1 r.vata. aid. If n.c..wy .ed i fbntIfr by block m bsr)

is report describes the wave tank tests and field performance of a
single layer of large armor stone used as a protective overlay on under-
designed riprap. The resistance of the overlay to wave attack was determined
by small-scale model and prototype-scale wave tank tests at CERC .

A stone overlay concept was successfully used to repair a damaged riprap
‘
~~ ~ revetment on Oahe Reservo ir , South Dakota (App. A). Design information and

(continued)

DO 
~~~~~~~ 

1473 EDITION OF I NOV 4 5 $  OBSOLETE

•

~ 

~~~~~~~~ _ _ _  _ _ _ _ _ _ _ _ _ _ _



.‘I~~

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -

IJNCI.ASSIFIFD
\ SECURItY CLASSIFICATION OF TIllS PAOt(B~~~ D .  ~~~~~~~

an example problem (App. B) are presented to demonstrate application of the
overlay concept to both revetment repair and original construction.

I

• - .1’

~~~~~~

..:
~~ 2 IINCI.AS’11 1 1 1

SECURITY CLAUIFICAYION OP THIS PAGI(~~ al DaM I.tSI ~
- — -. ———• - • -—-- - ------ --- — _• •—.— • —



_____

PREFAC E

This report is published to assist engineers in the planning, design,
and construction of riprap-type revetments exposed to wave attack. The
work was carried out under the coastal construction research program of
the U.S. Army Coastal Engineering Research Center (CERC).

The report was prepared by Bruce L. McCartney, formerly of CERC, and
John P. Ahrens (who directed the tests), Coastal Structures Branch under
the general supervision of Dr. Robert M. Sorensen, Chief, Coastal Struc-
tures Branch, Research Division.

The authors acknowledge Mr. Leonard Kraft of the Foundations and
- 

• Materials Branch, U.S. Army Engineer District, Omaha, for the photos of
the riprap and overlay on the Mobridge embankment. Technical assistance
was also provided by Mr. Arvid Thomsen, Chief, Economics and Social
Analysis Branch, Omaha District, and Mr. Paul Wohlt, formerly of the
Geology, Soils, and Material Branch, and Mr. Alfred Harrison, Chief,
Hydraulics and Hydrology Section, U.S. Army Engineer Division, Missouri
River. Mr. Robert Jachowski, Chief, Design Branch, Engineering Develop-
ment Division, CERC, reviewed the draft of this report and his many
comments greatly improved the final study.

Comments on this publication are invited.

Approved for publication in accordance with Public Law 166, 79th
Congress , approved 31 July 1945, as supplementeA by Public Law 172, 88th
Congress , approved 7 November 1963.

Commander and Director
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CONVERSION FACTORS, U. S CUSTOMARY TO METRIC (SI)
UNiTS OF MEASUREMENT

U.S. customary units of measurement used in this report can be converted to metric (SI)

units as follows:

Multiply by To obtain

inches 25.4 millimeters

2.54 centimeters

square inches 6.452 square centimeters

cubic inches 16.39 cubic centimeters

feet 30.48 centimeters

0.3048 meters

square feet 0.0929 square meters

cubic feet 0.0283 cubic meters

yards 0.9144 meters

square yards 0.836 square meters

r cubic yards 0.7646 cubic meters

4 miles 1.6093 kilometers

square miles 259.0 hectares

acres 0.4047 hectares

foot.pounds 1.3558 newton meters

ounces 28.35 grams

pounds 453.6 grams

0.4536 kilograms

~~ ~;.: 
ton , Long 1.0160 metric tons

ton , short 0 9072 metric tons

degrees (angIe) 0 1745 radians

Fahrenheit degrees 5/9 CeLsius degrees or Kelvins1

‘To obtain Celsius (C) temperature rea dings from Fahrenheit (F) readings, use formula C = (5/9) (F — 32)

To obtain Kelvin (K) readings, usc formula K = (5/9) (F — 32) + 273 15
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SYM BOLS AND DEFINITIONS

C stone overlay wei ght per square foot (lb/ f t 2)
F -

C.F. coverage fraction (dimensionless)

I d stillwater depth in wave tank (ft)

HDO zero-damage wave height (ft)

I HD t  tolerable-damage wave height (ft)

r L wavelength (ft)

N8 conventional stability number, based on median weight ,
HD O
1/3 (dimensionless)

(W50/wr) (Sr - 1)

N~ stability number, based on average weight, 1
H DO

(dimensionless) (W/wr) ~~~~ (
~r - 1)

Sr specific gravity of armor unit (Sr = wr/ww) (dimensionless)

W average weight of riprap or stone overlay (lb)

• W50 median riprap cr stone overlay weight (lb)

Wr unit weight of stone (lb/ft 3)

unit wei ght of water (lb/ ft 3)

0 angle of the structure face relative to the horizontal (degrees)
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OVERLAY OF LARGE, PLACED QUARRYSTONE AND BOULDERS
TO INCREASE RIPRAP STABILITY

by
Bruce L. McCartney and John P . Ahrens

I. INTRODUCTION 
-

Conventional riprap (underlayer stone) revetment design requires an
armor layer thickness 1.5 to 2 times the median diameter of the armor stone .

• The armor layer completely buries the underlayer so the revetment derives
minimal benefit from the underlayer stone stability . This report presents
the results of an investigation of revetnient stability to wave attack for
a one-stone-diameter-thick armor overlay. The armor overlay could also be

• used to upgrade existing riprap or as a cost-effective initial design.

The reduced armor layer thickness concept was proposed by the U.S.

:~ 
Army Engineer Division, Missouri River, as a means of upgrading an exist-
ing riprap slope on the Oahe Reservoir in South Dakota. The slope was
damaged by unusually high storm waves in 1967. A case study of the Oahe
Reservoir riprap repair is presented in Appendix A.

II. WAVE TANK TESTS

H 1. General.

Wave tank testing to determine stability against wave attack for single-
layer quarrystone and boulde r overlays , for both 100- and 67-percent surface
coverage, was conducted at the U.S. Army Coastal Engineering Research
Center (CERC) in both the small and large wave tanks. The 100-percent
coverage is defined as all overlay stones touching; the 67-percent cover-
age used two-thirds as many stones per unit area as the 100-percent cover-
age. These general overlayer coverage definitions were converted to a
dimensionless parameter (coverage fraction) which provides a quantitative
measurement of coverage. The coverage fraction is the overlay stone weight
per unit area for a specific overlay percent and stone shape. Cover frac-
tion (C.F.) is defined by:

C.F. = 

(
w)L’3 Wr 

(1)

where C is the overlay weight (pounds per square foot) ,  wr is the un it
weigh t of the ston e (pounds per cubic foot) , and w is the average stone
weight (pounds).

Fourteen model tests were conducted at a model to prototype scale of
1:10 in the small wave tank, 1.5 feet (45.7 centimeters) wide , 2 feet

- ‘ - (61 centimeters) deep, and 72 feet (21.9 meters) long. The small wave
- 

- 

- 

- - tank tests were used to evaluate the stability of a single-layer overlay
of rounded boulders and angular quarrystone. Two prototype (full-scale)
tests, using a single layer of angular to blocky quarrystone, were
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conducted in the large wave tank, 15 feet (4.6 meters) wide, 20 feet
(6.1 meters) deep, and 635 feet (194 meters) long. The large wave tank

• tests were used to verify the validity of the stone overlay concept at
prototype scale. Test conditions for both wave tanks are given in Table
1 (see Coastal Engineering Research Center, 1971, for a detailed descrip-
tion of the tanks) .

• 2. Small-Scale Tests.

The small wave tank tests were run with a 1.5-foot water depth and
a wave period of 1.16 seconds which give a depth , d , to wavelength ,
L , ratio of 0.24 . This value (d/L = 0.24) coincides with a large number
of riprap stability tests previously run at CERC (Thomsen , Wohit , and
Harrison , 1972). At the normal perating water depth of 15 feet in the
large tank, d/L = 0.24 gives a wave period of 3.67 seconds, the approxi-
mate design wave period at the Mobridge, South Dakota, railroad embankment
on the Oahe Reservoir.

The core of the embankment in the small tank tests was composed of
packed sand with a median diameter of 0.2 millimeter. Between the core
and the riprap underlayer there was a 0.5-inch (12.7 millimeters) layer
of coarse fil ter sand with a median diameter of 1.2 millimeters . The
distinctive reddish-brown color of the f i l ter sand made exposure of the
filter easy to observe . Crushed bluestone with a median diameter of 11
millime ters was used as a riprap layer. This layer was designated the
riprap underlayer for the tests using an overlay. The small wave tank
test setup is shown in Figure 1.

.Gsnsrator
I
mode 45 ft

Wave Gage

~~~~~~~t)

• I • I
0 I 2

Figure 1. Details of small wave tank test section .

In 13 of the 14 small tank tests, waves were run in burst dura tions
of 20 seconds. The 20-second burst duration prevented wave energy reflec-
ted from the slope from being re-reflected from the wave blade while it
was still in motion. Such a condition would cause two distinct wave
trains to travel toward the embankment, making it more difficult to mea-
sure and describe the incident wave height. The 20-second burst duration

8
- 
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al so allowed the generation of 14 to 15 well-formed waves at a test per-
iod of 1.16 seconds .

The wave hei ghts referred to in thi s report are the sign ificant wave
hei ghts of the 14 or 15 well-formed waves in each burst. The significant

- • wave height is the average of the hi ghest one -third of the waves in the
• burst. This does not necessarily correspond to the significant height

- in an ocean wave spectrum. Although the wav e height was spot checked
• during the stability tests, the actual wave heights used were obtained

from a previous calibration of the wave generator. Both the small and
large wave tanks were calibrated for wave heights using absorber beaches
at the location of the embankment toe. Therefore, the wave heights used
in this report represent the actual incident height at the embankment toe.

— The wave height for each condition tested was predetermined by calibra-
ting the wave tank and running-in bursts. The location of the wave gages
used to spot check the wave height in the small tank is shown in Figure 1.

The basic data in this study consisted of surveys of the embankment
taken after each run was completed. A run (series of bursts) continued

- 
- until the embankment slope had reached equilibrium at a particular wave

height; however, never less than 50 waves bursts (about 750 well-formed
waves) were considered sufficient to constitute a run. Normally, after
50 bursts the slope became stable, the run was terminated , and a survey
was taken. In the small wave tank the wave height was increased in incre-
ments of from 0.015 to 0.030 foot (4.6 to 9.1 millimeters) between runs.

Tests S-i , S-2, and S-3 (Table 1) were used to establish the zero-
damage stability of the crushed bluestone which constituted the model
riprap layer without overlay, i.e., base condition.

Tests S-4 to S-l3 (Table 1) determined the stability characteristics
of armor stone overlay. The overlay stones were of two general types,
rounded boulders and angular Sioux quartzite quarrystone. Three sizes of
boulders were tested and designated 0.75 to 1 inch (19 to 25.4 millimeters),
1 to 1.5 inches (25.4 to 38.1 millimeters), and 1.5 to 2 inches (38.1 to
50.8 millimeters). Both the boulders and the quarrystone had a specific
gravity of 2.65. Details on the type of stone, stone size, and weight and

• coverage fractions for the various tests are given in Table 1.

In test S-7 the wave generator was run continuously, as opposed to
wave bursts, for a fixed number of waves to see if continuous wave action
of less than design height could displace the riprap through the voids in

• the armor overlay.

• .: 

• Test S-l4 was considered to be a conventional overlay test, in that
• 

the overlay constituted a layer about two stones in diameter thick, rather
- 

I than 100- or 67-percent coverage of a single layer of stone on top of the
-

- 

- 
-
~~~~ riprap. Kimmswick limestone quarrystone at a designated size of 1 to 1.5

~~~~~~~~~~ inches was used for this test. The test was used as a reference for corn-
- - 

• parison with the overlay tests using considerably smaller coverage frac-
• tions.

- Small tank tests photos of quarrystone and boulders having 100-percent
H overlay and the boulders having 67-percent overlay are shown in Figures

2, 3, and 4.

10



— — •:~ T~ ~~~~~~~~~~
—- .--•-

~~~~~~
-
~~ 

-
~~~~

-
~~~~

- -  
~~~ 

-
~- •~~~~~~~~~ i — y ~~~ i

- r

—— ~~~~~~~~~ I _______________________ .1~1 4-i”7 ~~~~ g_•~~~~~~
• 
— ‘ — —- 5) 4J ~~4

~
. 

~~~~~
~~

bO Q~~~ _
0~.,-

~ +~ 5)

o (5 .r~
~~~~~~~~~~~~~ I

O~~O~~~14.4 . 0
—o o

Q4 II~~~~~~ 1 5)o .,-I L(i
• o

~ ) ~~~~~~~~~~~~~

5)

0
ill

4-,

5)
1.)

5)

C

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C

‘4-4
0

4-)

5)
4-)

• .. ‘

—
5)

4J

—-
• 

. 

J~j
5)

O . 4 5 ) 1~ U)
•1~1 4-.’ ~~a 

•
~~

r-i

O IJ 4-4 1 5)
•

, - 4 Ø . ~~~• C 5 ’~~~.-4 4..’
~~ a ..~ . 4  U.• • •

~

-
—.. ..,o.w i



- I ~~~
T
~~~T .

A .~~ L :~~~~
o-.r

~~~~~\ I~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
~-‘~~~ ~~~~~~~ . ~~~~~ - __ .

~~14 )ìö A ~~~~
‘ ‘~ ~~~~~~ - ~“~~~_ A ~‘ 4-) ~

~j  ~~ ~ •r’ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~. .
~~ 

-
~~

~~~~~~A’ I ~~~~%I..4 ~d . ,  t~~~ 4 W M~~~~~~~~~~~~~~ CS C) —r ~~~~~~~ 
g~~~~~ ~~~~~ ~

k ~~~~~ ~~__V 1I,s! ‘~~~~~~~~4~ • ~~~~~~~~~~~~~
‘ ‘4. .. . 0 CS 0—, ~~~~ I ~W F’~~~~ ~~~~~~~~~ ‘~~~~~~~~~~ a .  — U U .0

A.J ~~~~~~~~~~~~ 7 1— — ~~~ ~~~~~~~ I # y ~ —‘q.. , p,~ ~~~ ~ .~~ 4-, 5)
~~~~~~~~ 

,,
‘I•-~~~~~~~ )~~~~‘•-Ti• ~~~ .- .~~~~~~~ j  ~~~~~__1~~~~~~~~~ — ~ 14-4 bO

— ~~~~~ _a.J ~~~~~~~~~ a•
_I__ -“~~~~ ~~~~~~~~~~~ w__ 0 CS .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
I 

— U) E I
- 1 C ~~ C—~

.‘~ ‘. 0 ’J ) ’~ 5)
‘4.4 . 0

0
- 5) 0

~~.I I~~~~~~ I
0 •.-4 L1)

0

- 4-)

5)
U

C)

C
C

14.4

0
4-)

• VI

C)

- -  
~~~~~~~~~~~~~~~~~~~~~~~~

:~
t-
~~~~~~~~ 

_ _ _  

_ _  

~~~~~~~~~~~~

• 

.‘

‘ 

• 

~~~
• 

•
;
, 

%.~~~~~~~

____ 

12 

—

_ _ _ _ _  _ _ _  ~~~~-- 
_ _



• - •• “•••••  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • - —~~~• --- - -• ~~~~~~~~~~ --~~~~~ -~~ •~~~ ~~ - - - • • -~~~~~ -~~~~ - -~~~~~~~~~~~~~~~ 
— 

— 4-)

• Lfl S)

0 0
.
~~ C)• 

. 
II

C) 
—

- 
0• U

- • 
C)

CS
— I —..4 (.1
CS 5)
‘41 0

- 
5)

4-) 0
• • 

~~
. ‘ C)O U )

— .  0
4-)
U)

• -• -~~~~~~~~~
- - - -

~~i~~~’~ri i*~&N p~~~ .~~~~~ I A.~ . ,~ . - —
• • 0 . , l C ) t S

.~-4 4J~~~~~UH
4 , • •  

.1•4 
~~ C)

s-I- • • •

• 
0 4’ 4l I
1) 0  14

U.

p-4 1-4 4-’~~~•4
~~

- •
~

• i - •• •
_•~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ r22 _ _ _ _

—

3. Prototype Tests.

Two prototype overlay tests were conducted in the large wave tank..
The riprap underlayer for these two tests was Sioux quartzite quarrystone
with a median weight of 3 pounds (1.4 kilograms). Between the riprap
underlayer and the core of the embankment there was a crushed stone filter
layer 6 inches (15.2 centimeters) thick, using stone with a median diameter

I of 1.5 inches. The core was compacted bank-run soil. Details of the large
I wave tank test section are shown in Figure 5.

-
• 

24 T of Side Soords

Figure 5. Details of large wave tank test section.

Test L-l determined the stability of the 100-pound (45 kilograms)
median weight Sioux quartzite quarrystone overlay. The largest overlay
quarrystone weighed 290 pounds (132 kilograms); the smallest, 20 pounds
(9.1 kilograms). This 100-percent overlay was tested for a 3.67-second
period wave with a 15-foot stillwater depth in the tank. Wave heights
ranged from 2.8 to 3.8 feet (0.85 to 1.16 meters). A total of 100 wave
bursts with 19 waves per burst were run at each height.

Test L-2 evaluated the stability of a 100-percent overlay of Sioux
quartzite quarrystone with a median weight of 209 pounds (95 kilograms).
The largest overlay quarrystone weighed 675 pounds (306 kilograms); the
smallest, 100 pounds. The water depth was 15 feet and a 4.2-second wave
period was tested. Wave heights ranged from 3.2 to 4.4 feet (0.98 to

j 1.34 meters). A total of 100 wave bursts with 14 waves per burst were
run at each height. In the large tank the wave height was increased in
increments of from 0.3 to 0.4 foot (9.1 to 12.2 centimeters) between runs.

The large wave tank testing at prototype scale was done to determine
- ~•~-7 what corrections were needed for the small-scale test results to make the

small tank test representative of prototype conditions; i.e., determine
;~~ 

-
~~~~
;- scale effects. Large tank test photos of the 100-percent quarrystone over-

-~~ lay (W50 = 100 pounds) are shown in Figure 6.
9- ,( 

~
III. ANALYSIS OF TEST RESULTS

• • .4

• 

— 

- 
~
:- Changes in the embankment profile were observed from the survey data

collected after each run . These changes were converted to a volumetric
• • 

-
*~ 
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change relative to the initial survey taken before any waves were run .
The volumetric, changes were a measure of the damage to the embankment,
and were plotted versus wave height to estimate the zero-damage wave

• height. As each test progressed there was usually some wave height at
which an abrupt increase in the damage occurred. The wave height that
preceded this abrupt change in the rate of damage is considered the zero-
damage wave height, H~~0. The damage that occurred to the embankment be-fore reaching the zero-damage wave height was usually insignificant , and
resulted from the sli ght movement of a few stones which were in unstable
positions at the completion of construction of the embankment. As an
additional aid to establishing the zero-damage wave h eight , extensive
written records of visual observations during the testing were made .
Normally, the visual method of estimating the zero-damage wave height was
used to confirm the survey data method, and there was always close agree-
ment between the two.

Stability of riprap is often measured as the stability number, N8.
The stability number, which is a dimensionless zero-damage wave height,
can be used to compute a stable armor unit weight (Hudson , 1958), and is
defined by:

N8 = 

(
~~~~

)
1~/3 

- 1) 
(2)

where W50 is the median weight of the stone (pounds), W r is the unit
wei ght of the Stone (pounds per cubic foot), and Sr = w~

/ww; ww is the
unit wei ght of the local water. Since the weight distribut ions for the
overlay stone used in the small tank tests were not obtained, it was con-
venient to define a stability number based on average weight. The average
wei ght stability number is given by:

N =  

(
W)l/3 (s~ - 1) 

(3)

where w is the average weight of the stone (pounds) . N~ was useful
for making comparisons between various small-scale tests and between small-
scale and prototype tests since the average weight was known for all tests.
However, it should be noted that N is not the stability number normally

• used. -

•

An embankment with a stone overlay was considered a failure when enough
of the stone overlay and riprap underlayer had been removed by wave forces,
leaving the filter layer clearly exposed. An embankment without a stone
overlay was considered a failure when enough riprap had been removed to
clearly reveal the filter.

Another useful definition is the tolerable-damage wave height, H~~t,
which is the largest wave height that does not remove either filter or rip-
rap material through voids of the stone overlay. A wave height of H~~t
will move some overlay stones around but the damage is considered tolerable

16
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because the revetment integri ty  is maintained. Both H D O  and H D t
are given in terms of the significant wave height at the toe of the embank-
ment. Test conditions and results are presented in Table 1.

1. Discussion.

The tests show that riprap stability is greatly improved when a stone
• overlay is used. It might be suspected that when the waves become large

enough to move the overlay stone, open areas would be created in the over-
lay through which the underlying riprap could be removed by the wave action .

• Small open areas did appear between the overlay stone when the wave height
reached the zero-damage level and gradually enlarged with increasing wave
height. These open areas started near the stiliwater level and slowly
migrated upslope, sometimes extending to the upper limit of the active

- 

- 

wave action. The open areas developed through the general shifting around
• of the overlay stones, which tended to pack more tightly just below the
• stillwater level , rather than by the actual removal of overlay stones.

Even as the open areas enlarged, the exposed riprap underlayer had little
tendency to be removed and remained sheltered from the wave action by the
overlay stones until the waves approached the failure wave height. Near
the failure wave height, riprap was removed from the open areas, undermin- - -

ing the stability of the adjacent overlay stones which shifted around and
further enlarge the area; at times, the overlay stones were also removed .
The riprap and overlay stones once removed from the open area were depos-

— ited by the wave in the zon e just below the st i llwater  level .

In test S-7, where the wave generator was run continuously rather than
in 20-secon d bursts , the prol on ged att ack of hi gh wa ves failed to remove
the riprap through the overlay stones. There was no observable displace-
ment of overlay stones at a wave hei ght of 0.36 3 foot (11.1 centimeters) ,

• the wave hei ght increment just below the estimated zero-damage wave height.
These observations were supported by time-lapse movies of the riprap
motion. Table 2 shows the following three comparisons of the stone over-
lay stability, using the average weight stability number, N~ :

(a) The stability of 100- to 67-percent overlay coverage;

(b) the stability of a rounded to angular stone overlay;
and

I (c) the stability of a quarrystone overlay for small-scale
and prototype tests.

Since the number of tests involved in the comparisons (Table 2) were
small , the results are regarded only as trends. The last comparison m di-
cates surprisingly large-scale effects , but the differences in stabili ty
may be partly due to diffe rences in the gradat i on and shape of the over-

- 
:~~~~

‘ :~~ lay. The gradation of the stone overlay used in the prototype tests
- (Table 3) is considered wider than th e stone overlay used in the small-

~~
•
‘ scale tests, although the gradation of the overlays in the small-scale

- 
~~

- - tests were not documented. The quarrystone overlay used in the prototype

17 
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Table 2. Co~~arison su~~~ry of stone overlay stability .

Coi~~arison Tank No. of tests Avg. N Results

Boulders,

100-pet coverage small 4 1.72 A lO-pct reduction in
to N for 67-pct overlay.

67-pet coverage small 2 1.55

Boulders and quarrystone ,
lOO-pct boulders small 4 1.72 Boulders and qua rr ystone

to lOO-pct overlays have
- equal stability.

100-pe t quar rystone small 2 1.70

Qua rrystone ,
100-pet quarrystone large 2 2.38 Small-scale N ~~.‘st be

to increased by 40 pet to
corre spond to prototype

I 100-pet quar rystone small 2 1.70 tests results.

1•
Table 3. Comparison of stone gradations.

Comparison Wm~~ 
W7flj fl

Ahrens , 1975 4W50 0.125W 50

4 

This study (prototype tests) 3 .1W 50 0 .4W 50

‘ 4

• 
~4’•’ _  4

-
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tests appeared to be more blocky than the quarrystone overlay in the small-
• I scale tests (compare Figs . 2 and 6).  However , the scale effects shown in

Table 2 are consistent with the findings of Thomsen, Wohlt , and Harr ison
• 

• 
(1972) who found sizable scale effects on riprap stability in small-scale

• model tests.

To determine how general the findings of thi s study are, it would be
• valuable to compare the results with a study of conventional riprap sta-

bility. Altrens (1975) is a convenient and useful comparison sin ce the
stone gradations are similar and a wide range of wave and slope conditions
were tested at prototype scale. A comparison of stone gradations used in
Ahrens (1975) and this study is given in Table 3. The tests by Ahrens
were conducted in the CERC large wave tank and most used a riprap layer
between 1.5- and 2-median-stone diameters thick . A riprap layer thickness
between these diameters is considered a conventional two-layer riprap.
Revetment slopes of 1 on 2.5, 1 on 3.5, and 1 on 5 were tested at prototype
scale for wave periods between 2.8 and 11.3 seconds. The conditions and
corresponding results which most closely matched these stone overlay tests
are:

No.
Slope Period of tests Avg. N3

_______ 

(s) 
_________ ________

1 on 2.5 4.2 4 1.99

1 on 3.5 4.2 4 2.42
Estimated N8 for I on 3 slope = 2.21

The interpolated N8 = 2.21 for a conventional 1 on 3 riprap is approxi-
mately equal to the N3 = 2.26 for a 1 on 3, 100-percent stone overlay
armor (Table 1). The simi larity of the zero-damage stability between the
stone overlay and conventional riprap suggests that the stability equa-
tion for conventional riprap design, developed by Ahrens and McCartney
(1975), can be used with equation (2) to estimate stable stone overlay
weights. This equation is:

N8 = 1.46 (cot 0)2/9 (4)

where 0 is the angle between the embankment face and the horizontal.
- — 

4 Equation (4) is intended for design use, and was made conservative enough
-~~~~•~~~~~~ 

• to account for the worst wave conditions and scatter in the test results.
No allowance is made in equation (4) for uncertainty in predicting the
design significant wave height. If equation (4) is solved for cot 8 3,
the stability number is 1.86, which is about 20 percent lower than the

- - ~~~ 
- - large wave tank overlay test results. The lower stability number is

4 
•

-
~~~~~~~~ 

indicative of the conservatism included in equation (4).

- 

• The limit of tolerable damage is the maximum wave height a structure
can withstand without some loss of structural integrity. The ratio of
tolerable-damage wave height to zero-damage wave height is a measure of

‘9

_______  • ~~• - - ____



the structure ’s reserve stability. The reserve stability of the 100-
percent overlay armor is estimated by the following large wave tank
resul ts:

Test H~~0 H
~~t 

Reserve stab il ity
(ft) (ft)

L-l 3.15 3.50 1.11

L-2 4.02 4.38 1.09
-

• Average 1.10

Reserve stability of conventional two-layer riprap was determined in the
large wave tank by Ahrens (1975) as follows:

Slope No. of tests Avg. reserve
______ 

considered stability —

lon 2.5 9 1.16

1 on 3.5 13 1.22

Interpolation of this data for a 1 on 3 slope yields a reserve stability
of 1.19; i.e., the riprap still protects the embankment from damage for
a wave about 20 percent higher than the zero-damage wave height. By com-
parison , the 100-percent overlay has only one-half as much (10 percent)
reserve stability as the conventional two layers of armor.

The number of stones per unit area necessary to have the 100-percent
stone overlay condition (all stones touching) is different for boulders
and quartzite quarrystone because of stone shape. The coverage fraction
(Table 1) shows 100-percent coverage of boulders having a coverage frac-
tion between 0.53 to 0.59; the 100-percent coverage for quarrystone
(including prototype and small-scale tests) has a coverage fraction
between 0.41 and 0.43. This means that to obtain 100-percent coverage
about 30 percent more of the rounded boulders would be required per unit
area th an the blocky quarrystone .

The variation of coverage fraction between boulders and conventional
shape riprap used in these tests is consistent with an evaluation of rip-

- 

- 

rap layer thickness reported by Hudson (1958). This change of coverage
fraction with layer thickness for various stone shapes is shown in Figure
7.

The variation of coverage fraction in Figure 7 can be used to make
J comparative cost estimates of alternative stone types for reve tment

- 
4 -  desi gn. An example of the use of Fi gure 7 is given in Appendix B.

- 
- 

- • 
• 2. Conclusions. -

- -

The general conclusion of these prototype and small-scale wave tank
tests is that a one-layer stone overlay greatly improves riprap stability

J ‘ku’ -
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Figure 7. Stone coverage fraction for overlay coverage and
armor shat)e .

• • . •4.
..•.~ • -

- ~~~~~ - •:~
•.

~ •••4••~

-. ~~

- - 
.—

21 

~~~~~~~~~~~~~~~~~~ - -~~~~~~~~ - --~~~~~~~~~~~~~~~~~~~~~~ 4- _.~~~~~~~~~~ . A



- ~~~~~~~~~~~~~~~~~~~~~~~ 

and can be usefu l for upgrading smaller riprap slope protections. The
following specifi c conclusion s were also made :

a. A 100-percent stone overlay coverage gives about the same stabil-
ity number , N8, as a conventional two-layer armor stone thickness.
Overlay stone stability numbers for a 100-percent overlay can be computed
f rom the formula:

N3 = 1.46 (cot 0) 2/9

b. A 67-percent overlay coverage gives stabili ty numbers about 10
percent less than a 100-percent overlay coverage.

c. The reserve stability of a 100-percent stone overlay coverage is
about one-half of a conventional two-layer armor stone thickness.

d. Rounded boulders were about as stable as a stone overlay as
angular quarrystone; however, because of their shape, more boulders are
needed per uni t area to obtain the same percent coverage .

e. The stability numbers obtained in the prototype tests were 40
percent higher than those in small-scale (1:10) tests. Howeve r , this
apparent scale effect is based on only two prototype and two small-scale
tests.

4 I r~~~-~ •~
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APPENDIX A

:1 CASE S I1JDY OF OAHE RESERVOIR

Oahe Darn is a 9 ,300-foot-long (2 .83 kilometers), 230-foot-high (70.1
meters) earthfill dam located on the Missouri River in central South
Dak ota (Fi g. A-l) .

N 0 D A K O T A
- 4 .- __ .J -- M

p~ G~~cT

( 
s o 1 / H  N

I 
N

I A
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L.OCATION MAP
N •_ ~ MILE)

Figure A-l . Oahe Dam.

The reservoir behind Oahe Dam, filled in 1962, is about 190 miles
(360 kilometers) long and S to 10 miles (8 to 16.1 kilometers) wide .
About 100 miles (161 kilometers) upstream from the dam, a railroad
crosses the reservoir near the town of Mobridge, South Dakota. The rail-
road crossing is made by a 4 ,500-foot-long (1.37 kilometers) earth emb ank-
mont reveted by riprap and a 2 ,000-foot-long (610 meters) bridge . Figure
A-2 is a project map showing the railroad embankment and the reservoir
segment near the embankment.

The embankment core is dredge-fill material with 1 on 3 side slopes.
- • Both upstream and downstream slopes are reveted with a 6-inch-thick bed
• of gravel, 6-inch-thick layer of spalls, and a 24-inch-thick (61 centi-

meters) layer of riprap armor. This riprap revetment has a top elevation
of 1,627 feet (496 meters) mean sea level (MSL) on both upstream and
downstream sides. The toe elevation of the upstream side is 1,543 feet

• (470 meters) MSL and 1,588 feet (484 meters) MSL on the downstream side.
The reservoir operating levels (U.S. Army Engineer District, Omaha, 1969)
in feet above MSL are:

Maximum operating pool 1,620
4 Maximum norma l operating pool 1,617

Minimum flood control pool 1,607.5
Limit of draw down 1,540
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Figure A-2 Project map, railroad embankment in Lake Oahe 
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The specified armor stone gradation called for riprap with a medium
weight of 125 pounds (57 kilograms). However, the actual median riprap
weight in place ranged between 10 and 75 pounds (4.5 and 34 kilograms),
which was considerably less than specified. The specified riprap grada-
tion and actual riprap gradations are shown in Figure A-3.

~~~~~~~~~~~~~~~~~

C •& .~~ .—~—- • & .~~ — . •,_ _)_ I — 100

~ 
N

t. I $I~ s Ws4it (Ib) Sp.ciflc GqS,Itpof Stone 2.65

Figure A-3. Riprap gradation for railroad embankment (U.S. Army Engineer
District, Omaha, 1969).

From 1962 to 1967 the reservoir pool level fluctuated between eleva-
tions of 1,555 and 1,597 feet (474 and 487 meters) . The first riprap
failure was noticed on the upstream face in June 1967. Damage consisted
of a 2,700-foot-long (823 meters) wave-cut notch similar to that shown in
the photos in Figure A-4. This damage was attributed to storm waves from
the northeast on 30 April and 1 May 1967 during which the Mobridge Weather

4 Bure au Station reported gusts to 70 miles (113 kilometers) per hour .

More riprap damage occurred on the upstream slope during 1968 at a
higher reservoir pool level. This damage notch was not as extensive as
the 1967 damage although it was about 2 ,500 feet (762 meters) long.
Typical sections of the damaged riprap revetment are shown in Figure A-S.

U.S. Army Engineer District, Omaha (1969) estimated a 5-foot (1.52
meters) wave caused the 1967 and 1968 slope damage . This estimate was 

- 
-

based on the wave-cut notch and position of driftwood on the slope .
Further analysis by the District concluded that the embankment would be
exposed during a 100-year period to 250 waves with a height of 5 feet or

• higher. This 5-foot wave height was selected as the design wave for the
permanent revetment repair. Assuming the 5-foot hei ght approximately
represents the 1-percent exceedance wave height of a Rayleigh distribu-

• 
:~~ _ • tion, the significant height is 3.3 feet (1.01 meters). The 1-percent

• • .~~~~ • exceedance wave height is the height exceeded by 1-percent of the waves.
Therefore, the design significant wave height, H8, is 3.3 feet.
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I Figure A-4. Storm damage to riprap embankment duringI 1967 and 1968.
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Fi gure A-S. Typical damaged riprap sections (U.S. Army Engineer District ,
Omaha , 1969) .

The upstream embankment slope is exposed to an effective fetch across
the reservoi r of about 1.4 miles (2.25 kilometers); the downstream slope
is exposed to a 1.5-mile (2.41 kilometers) effective fetch . Using the
deepwater wave forecasting curve s in U. S. Army, Corps of Engineers ,
Coastal Engineering Research Center (1975) , a H8 = 3.3 feet can be gener-
ated by a wi nd of about 55 miles (89 kilometers) per hour blowing over
a 1.5-mile fetch . A 3.6-secon d wave period is associated with this 3.3-
foot-high significant wave height. Thus, a storm with gusts of 70 miles
per hour over a 1.5-mile fetch is capable of generating some waves as high
as 5 feet, the designated design height.

Both the 1967 and 1968 damage was temporarily repai red by dumping
quarrystone into the notches from a barge. While these emergency repairs

• provided temporary protection , a permanent solution to the inadequate
riprap stability problem was needed. U.S. Army Engineer District , Omaha
(1969) evaluated the following methods of upgrading the riprap stability:
(a) Overlaying with wire mesh or chain-link fence anchored in place to

-
~ hold the stone and prevent movement; (b) placing grout by various methods

into the voids between the existing stone to bind smaller stone together
4 into either larger or continuous solid units that are more wave resistant ;

(c) overlaying with grouted preplaced mesh-enclosed coarse aggregate as
suggested by Milwaukee railroad officials; (d) overlaying with manufac-
tured concrete armor units such as tetrapods or tribars; and (e) over-
laying with quarrystone or boulders. Method (e) was selected as the cost-
effective plan with a good chance of success.

To assure success of the stone overlay design , the U.S. Army Engineer
Iflstrict, Omaha requested a series of wave tank tests be performed at
the Coastal Engineering Research Center (CERC). These tests were intended
to determine stability of various stone overlay coverages for both quarry- .4

stone and boulders.
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Application of Model Test Results.

The ori ginal riprap slope was damaged by storms which had an esti-
mated significant wave height of 3.3 feet . The original 1 on 3 slope
riprap gradation, as sampled on the constructed slope, was:

Large quarrystone area Small quarrystone area
4 (ib) (ib)

W,,~~ = 1,200 Wm~~ = 180

w50 = 75 W50 = 10

4 W,,~~~ = < l

The stability of these existing rock gradations for zero damage is com-
puted using the definition of the stability number (eq. 2) rearranged
to yield:

- 
wr H3

W50 — N83 - - 1)3
4 where

= median stone weight (pounds)

Wr = unit weight of stone (165 pounds per cubic foot)

H = significant wave hei ght (feet)

N8 = 1.46 (cot B) 2/’9 
= 1.86 (Ahrens and McCartney, 1975).

e = angle of structure slope with the horizontal (cot 0 = 3)

S1~ = armor specific gravity, = 6 2 4  = 2.64

Usin g thi s equation, the zero-damage wave heights for the damaged
railroad embankment slope follow :

Area W50 Zero-damage wave height

____ 

(ib) (f t )

Small stone (riprap ) 10 1.2
Large stone (riprap ) 75 2 4

This analysis of the original riprap showc it was considerably smaller
than the size required to be stable against the design waves. Using this
same equation for the design significant wave height of 3 3 feet, W~~ij 209

• 
- pounds is required for stability. This computed stable stone overlay

weight of 209 pounds was increased arbitrarily to 600 pounds (272 kilo-
• 

grams) 
to incorporate a factor of safety into the repair design and
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- cost as smaller overlay stone . Since W50 is proportional to H 3 ,
the 600-pound median weight stone overlay should be stable for waves

- with a significant height up to 4.7 feet (1.43 meters) .

The Mobridge upgrade stone overlay specifications for repair of the
- - rai lroad embankment riprap were :

Weight of Pct smaller
individual stones by weight

(lb)

1,200 100
- 600 35 to 50

300 6 t o lO

Overlay coverage was to be 50 tons per 1,000 square feet above water and
65 tons per 1,000 square feet below water (U.S. Army Engineer District,
Omaha , 1971).

The stone overlay on the railroad embankment was constructed in 1971
(Fi g. A-6) , and to date has performed satisfactorily without the need for
additional repair work .
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Figure A-6. Damaged revetment repair by stone overlay . 
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APPENDIX B

EXAMPLE PRO BLEM

This appendix illustrates how the findings of this study can be used
to calculate the weight of stone and amount of stone requi red for a

- stable overlay-type revetment. Guidance is provided on how this infor-
I mation can be used to develop a cost-effective design.

H ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ PROBLEM*****************e**********

GIVEN :

4 (a) I on 3 slope existing riprap revetment damaged by
H8 = 5 feet , T =  4 seconds .

(b) Stability number is N8 = 1.86 [N8 = 1.46 (cot 0) 2/19
1 for

a 1 on 3 slope riprap revetment .

FIND:

(a) A 100-percent stone overlay size (W50) necessary to sta-4 bilize slope against wave H8 = S feet , T = 4 seconds .

(b) Stone weight per unit area for overlay of (1) boulders,
(2) overlay of conventional riprap-shaped quarrystone,

H and (3) conventional two-layer overlay.
Stable quarrystone weight for :

H8 = S f e et

Sr = 
~~~~ 

= 2.64

Wr = 165 pounds per cubic foot

•1 W50 = H 3 
~rJp [(N8

3 (S~ - 1) 3]

- 

W50 = (5~ ) (165)/(l .86~ ) (2.64 —

W50 = 727 pounds

Use W50 = 730 pounds

From Figure 7, stone coverage fraction (C F ) for boulders and riprap

(a) C.F. = 0.55 for boulders (100-percent coverage) .
- -
~ ~~~~~~~~~~~~~.4 •

~~~ (b) C.F. = 0.43 for riprap (100-percent coverage , “E” stone
shape) .
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Weight of boulders needed per 1,000 square feet of revetment surface area:
weight

1,000 ft2 = C(1,000) = C.F. wr(l,000/2,000)

= 0.55 (730fl65)’~~(l65) ( 
~~~~~~~~~ 

)
= 74.5 tons per 1,000 square feet.

Weight of quarrystone riprap needed per 1,000 square feet of revetment
surface area:

________ = 0.43 (730/l65)”~(l65) (~
g
~

g)
= 58.2 tons per 1,000 square feet.. -

Conventional two layers of overlay have about the same zero-damage
wave height stability as the 100-percent overlay. Therefore, a conven-
tional two-layer overlay W50 = 730 pounds. From Figure 7:

C.F. = 0.95 quarrystone riptap for two layers

C.F. = 1.15 boulders for two layers

Quarrystone 730 1/3 000
H riprap weight = 0.95 165 

~~~= 128.7 tons per 1,000 square feet.

Boulder weight = 1.15 (.
~~~
)

1~/3 165 (
~‘~

) -J
= 155.8 tons per 1,000 square feet.

SLt44ARY:
Overlay Overlay W50 for Overlay

zero-damage H8 = 5 ft (tons per 1,000 ft2)

_______ 
(lb) 

__________________ 

—

100-percent boulders 730 74.5

100-percent quarrystone riprap 730 58.2

-j H~ ’-}H Boulders 730 155.8

Quarryston e riprap, two layers 730 128 7
I - ~ 

••~:4~t~1

~~

“ If uni t prices for boulders and conventional quarrystone riprap are avail-
~~

‘:-
~~~ 

able, an economic comparison can be made.

_____ 
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