([ Technical Report CHL-97-4
el | March 1997
| ||
u

c

S Army Corps
of Engineers
Waterways Experiment

Station
L

oncrete Armor Units

(@)
@)
X
m
rl
(@)
(@)
(@)

Approved For Public Release; Distribution {s Unlimited

Prepared for Headquarters, U.S. Army Corps of Engineers



The 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 of this report are not to be construed as an
official Department of the Army position, unless so desig-

nated by other authorized documents.



Technical Report CHL-97-4
March 1997

by Jeffrey A. Melby, George F. Turk

U.S. Army Corps of Engineers
Waterways Experiment Station
3909 Halls Ferry Road
Vicksburg, MS 39180-6199

Final report

; distribution is unlimited

APt OVEC 100 PR 1TI0Co0, SRt o ¥

Prepared for U.S. Army Corps of Engineers
Washington, DC 20314-1000



O Uwl ||
| T ||
—
US Army Corps J—
of Engineers

Waterways Experiment Yaam B
Station |

)4

/ A
s/ L“ K NG %
N ey B
e AN
\\F@%\\V\\\\\ E'H
ROSEL® fof o

EOR INCARRIATION OOMNTADT
EAIIN SR WSENIVIZVE WA TS AT B B

DABAY A . 1
L UNNTAD S O VAN | PUBLIC AFFAIRS OFFICE
PRY 0N P Vet t.S. ARMY ENGINEER
wronees 1= LG | L) ) iammesml
N S AW S s O 40480.6150

=0 | anf VGRS SSIsoPR soaneros
Ry Ve e

G &
hﬂ W SOAE
d / 0 o pree
: R G G
\ 1
AREA OF RESERVATION « 27 sakm
e

Waterways Experiment Station Cataloging-in-Publication Data

c a crate armar unite / hu Teffrev A Melbv Georce F Turk : nrenared for
A3 A 1A\, v Q S i &4 UJ LAY VJ A, AN UJ NI w bv A A e | sahd il dnd .
U.S. Army Corps of Engineers

55 p. - ill. ; 28 cm. - (Technical report ; CHL-97-4)
Includes bxbhographlc references.
1. Shore protection. 2. Breakwaters I. Turk, George F. II United States. Army Corps

of Engineers. III. U.S. Army bngmeer Waterways Experiment Station. IV, Coastal and

Aenilina T abnent e ITT QA rna ngineer Waterwavs Experiment Stati nn\ V. Title. VI
11yu1auubb Lavvialuly \(U.o. n.uu_y LllélllCCl yvaiwvivwayd Aapuiiliviin ouauivl
I

Series: Technical report (U.S. Army Engineer Waterways Experiment Qtatlon) ; CHL-97-4.

CLIRLCAl ICpPOIL AV .2, Ly =gt

TA7 W34 no.CHL-97-4




o
-
reh
D

]
reh
»n

(

|7——Conclusi0ns ..................................... 30 I
[References .. ........... ... ... ... .. ... ... ... 32
IAppendix A: Initial Core-Loc Hydraulic Stability Results . ......... Al I

List of Figures

Figure 1.] Various concrete armor shapes . ... ................ 2

Figure 2.] Core-loc schematic . .......................... 6



...... ~ i SN | VRS [ R DI Rs |..JRSUIPIY o I ISR PR |
LUddlg diid pounddry ConuitoIis 10r wnivndi
StFESS COMPATISOM .+ v v v v v v e v vt i e et e e m e e e enn 9
igure 4. | Loading and boundary conditions for other load cases . ... .. 10
igure 5. | Tensile stress contours from FEM static torsional loading . . . . 11

igure 6.] Comparison of maximum tensile stresses from FEM analysis . 13

Structure layout ... ... .. .. o oo o 16
Profile view of structure astested . ................. 16
Figure 9.1 Flumelayout . ................. . ... c0vviu... 17

Figure 10] Required armor layer volumes relative to core-loc for

breaking waves on 1V:1.5H sloped structure heads . . . ... ..

™)
o

List of Tables

m
=)
as,
=
@
®©
=
=
o
@]
=
8
<N
g
@
=,
w
.
o
w
(@}
)
(@]
[«
-
¢
r'l\
(=]
&
~J

Tabie 2 FEM Static Stress Comparison . ................... i2

al1. 1 ) R D P I, Y Pt DI B ) PV e 1A
1dDIC O rroudc scdiig Iviodcl rdl ICLCID . v v v v v v vt t et o a0 o o 1«4

ol'\ln A ll‘f\l"ﬂl F(\f‘ﬂ=1 ner Q'\DI‘I lnof;nnc 1<
A AQUiv T AVAUMUVL VLV AUV uyvvnlluauuuo -------------------- 1
Table 5 Summary of Test Data for Maximum Wave Conditions . . ... 17
Table 64  Armor Unit Stability Coefficients . . ... .............. 27



Preface

Funding for CORE-LOC development, as discussed in this report, was
provided by the Coastal Engineering Research Program (CERP), and the
Repair, Evaluation, Maintenance, and Rehabilitation (REMR) Research
Program, which are both part of the Civil Works Research and Development
Program, Headquarters, U.S. Army Corps of Engineers (HQUSACE).
CORE-LOC was developed under CERP Work Unit 32536, "Concrete Armor
Unit Design" and REMR Work Unit 32662, "Breakwater Concrete Armor
Units for Repair” at the Coastal Engineering Research Center (CERC) of the
U.S. Army Engineer (USAE) Waterways Experiment Station (WES). CERC
and the WES Hydraulics Laboratory were merged in October 1996 to form
the WES Coastal and Hydraulics Laboratory (CHL). Dr. James R. Houston
is the Director of the CHL and Messrs. Richard A. Sager and Charles C.
Calhoun, Jr., are Assistant Directors. Many of the two-dimensional stability
tests reported herein were conducted under CERP Work Unit 32534,
"Breakwater Stability: A New Design Approach."

Mr. David Mathis, HQUSACE, was the CERP Coordinator and Mr.
William N. Rushing, HQUSACE, was the REMR Coordinator, both of the
Directorate of Research and Development. Members of the REMR Overview
Committee were Mr. James E. Crews, Chairman, and Dr. Tony C. Liu,
HQUSACE. Messrs. John J. Lockhart, Jr., Barry Holliday, and Charles
Chesnutt served as HQUSACE Technical Monitors. Ms. Carolyn Holmes,
CHL, was the CERP Program Manager and Mr. William F. McCleese, WES
Structures Laboratory, was the REMR Program Manager. Mr. D. D.
Davidson, CHL, was the REMR Coastal Problem Area Leader. Mr. Jeffrey
A. Melby, CHL, was the Principal Investigator of research Work Units 32536
and 32662. Mr. Robert Carver, CHL, was the Principal Investigator of
research Work Unit 32534.

CORE-LOC was developed from July 1992 through September 1994 by
Mr. Melby and Mr. George F. Turk, Research Hydraulic Engineers, CHL.
Much of the two-dimensional stability testing was done by Mr. Carver and
Ms. Brenda Wright, CHL, beginning in June of 1993 and continuing through
the present. The studies were done under the general supervision of Dr.
Houston and Mr. Calhoun, and under the direct supervision of Mr. C. Gene
Chatham, Chief, Wave Dynamics Division, and Mr. D. D. Davidson, Chief,
Wave Research Branch, CHL. Mr. Davidson and Dr. Steven A. Hughes,
CHL, provided technical review of this report.
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Authorization and funding for the Noyo Stability Study, also discussed
herein, were provided by the USAE District, San Francisco (SPN). The
CORE-LOC stability tests on the Noyo breakwater were carried out between
August and September of 1994, Mr. Ernest R. Smith, CHL, was the Project

Engineer on the Noyo Study. Periodic consultation was provided by SPN
engineers.

At the time of publication of this report, Director of WES was Dr. Robert
W. Whalin. Commander was COL Bruce K. Howard, EN.

The 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.



el
=1
o L
-
(@]
Q.

[
I

Concrete armor units are commonly used to protect coastal rubble structures.
The units are individually placed on the breakwater in a regular pattern or quasi-
random matrix. Concrete armor units come in a variety of shapes and sizes, and
some have several recommended placement configurations. Concrete armor
units are used on structures when stone of a sufficient size to resist wave action
is not available or is uneconomical.

In the past, the choice of armor unit shape and method of application have
relied in large part on engineering judgement, partly because no optimal armor
unit existed. All of the existing armor units had some distinct weakness in the
form of low stability, high structural stresses, low on-slope porosity or rough-
ness, and/or complex and sometimes impossible specified construction tech-
niques. Some units have overly specific placement requirements and are nearly
impossibie to construct in iow visibility or deep water. In addition, some armor
shapes are simply inefficient, producing layers requiring excessive amounts of
nct hese weaknesses, concrete armor units have historically
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The Coastal Engineering Research Center at the U.S. Army En
Waterways Experiment Station (WES) has an ongoing research ef

improved concrete armor unit shapes for both new coastal construction and re-
pair of existing coastal concrete-armored rubble structures. This development
requires incorporating all of the best engineering features from the various exist-
ing armor shapes into a single unit while eliminating the major weaknesses.

ort to develop
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Figure 1. Various concrete armor unit shapes
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a. High hydraulic stability when placed in a single-unit-thickness layer at
anv slone angle
bt e v~
b. Reserve stability for wave conditions that exceed the design event

c¢. No tendency for units to rock on slope.

d. Continued stability when broken or following renesting resulting from
local instability.

e. Efficient combination of porosity and slope roughness to dissipate the
maximum wave energy.

/- Maximum performance with a minimum concrete armor layer volume.
g. Hydraulically stable when placed as a repair with other shapes.
h. Low internal stresses, so no reinforcement required.

i.  Easy to cast.
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require larger units and more concrete than layers of slender armor. Pattern-
placed blocks such as Shed and Cob (Wilkenson and Allsop 1983), Haro (de
Rouck et al. 1994), and Seabee (Brown 1983), have improved economies over
solid blocks, but require idyllic construction conditions to assure the armor layer
transitions will not be mobile. Pattern-placement of any shape, particularly
without interlocking, will always be subject to unraveling if any single unit is
removed from the layer (weakest link analogy). Also, hollow block shapes can
be structurally fragile and generally require reinforcement. Slender interlocking
units, such as the dolos, gassho, and tribar, have long legs and slender central
sections producing very high stresses in the central region. Requiring reinforce-
ment makes these units too expensive and breakage of unreinforced units has
been a recurring probiem (Meiby and Turk 1995). The accropode shape pro-
duces a more economical armor layer than most units but could be improved by

_ ) s

modifying the shape to increase layer porosity and stability.
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pected to be the most widely used unit.

Core-loc units have been designed to be placed in a single-unit-thickness
layer on steep or shallow slopes. Steep armor layer slopes typically are between
3V:4H and 1V:1.5H. The core-loc shape has been optimized to maximize hy-
draulic stability, unreinforced strength, and residual stability, but minimize cast-
ing yard space.

The primary intent of the shape optimization is to produce a very stable ar-
mor layer and yet have stresses low enough that regular strength unreinforced
concrete can be used with little or no armor breakage occurring during the life of
the structure. Many breakwater concrete armor layers built between 1950 and
1985 in the United States have lasted less than 10 years between rehabilitations,
primarily due to armor breakage (Melby and Turk 1995). The core-loc strength
has been maximized, through optimization of the unit shape, to minimize armor
unit breakage. During the last few years of research on the structural response of
dolos units it was found that very high flexural and torsional stresses occurred in
the slender central cross sections on the dolos units (Melby and Howeil 1989,
Melby and Turk 1992). Field inspections and finite element analyses have
shown a similar response in tribar units. Because of the comlguous snape f the

v
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rically tapered appendages promotes wedging and assures good interlocking
between units.

The core-loc unit was specifically designed to interlock well with dolosse so
that it could be used as a repair unit. Dolosse are usually designed with a waist
ratio of 0.32. This is the ratio of the maximum unit dimension, the fluke length,
to the depth of the central shank. The most commonly used core-loc shape was
designed such that the separation and taper of its flukes are approximately the
same as that of a dolos with a waist ratio of 0.32.

Chapter 1 Introduction



Figure 2 shows schematicised dimensions of commonly used chamfered
core-loc. Table 1 summarizes engineering characteristics of core-loc units and
core-loc layers. The table includes the range of values measured for model core-
locs with and without chamfers and typically recommended values for a proto-
type design using smaller core-loc. The table also includes similar values for the
dolos unit for comparison. Engineering characteristics herein are defined as per
Chapter 7 of the Shore Protection Manual (SPM 1984). The outer dimension,
sometimes called the fluke length, of both units is denoted as C. Dolos calcula-
tions are done for the usual dolos application with waist ratio 0.32. The number
of units per unit area can be determined using the equations

N, -2i3
e = (bV ) (])
A
ky 1- P 2
(p -n Al 1nnl ( )
\ J.UU/
1
A w)”?
r = nkAl Tl 3)
\¥r)
where
N, = number of units in a given onslope area
A = onslope area
V = armor unit volume
¢ = packing density coefficient
n = number of layers
P = porosity
k, = layer coefficient
r = layer thickness
W = armor unit weight
y. = specific weight of the concrete

(&)
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The packing density coefficient for core-iocs has not been defined with accuracy
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yet. Simple box tests yield a packing density coefficient from
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fficients are achieved by carefuily placking the units and may not be
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estimating the surface area perimeter. Moreover, th



pack as tight as model units because the frictional force is believed to be rela-
tively higher in the prototype and crane maneuverability less than that achieved

by hand placement. This difficulty in handling large units will also lead to

smaller prototype units packing tighter than larger units.

For a single thickness of armor, a higher packing density will usually produce
a more reliable armor layer with respect to stability, particularly if the toe can
move. Therefore it is reasonable to use the highest packing density coefficient
that can be resonably achieved, within the funding and construction constraints
of the project. Also, underestimation of the number of units required can cause
serious contractual and logistical problems during the final period of armor layer
construction. But an attempt to over-pack the layer can result in bridging of the
units, which can lead to settlement problems. Packing density coefficient and
porosity are given for a smaller unit in Table 1, but prototype experience by
Sogreah (1997) indicates the packing density coefficient should be reduced as
the unit size increases. Consult the Core-Loc Technical Guidelines (Turk and
Melby 1997) for selection of design values for a particular case.

Table 1

Engineering Characteristics of Core-Loc

|

) Nondimen- Packing

Nondimen- Typical sional Layer Density

sional Number of | Layer Coeffi- Coef- Typical

Volume Layers Thickness | cient Porosity ficient Slope
Unit V/C? n r/C K, Pas % ¢ cot a
Uncham-
fered Model
Core-Loc 0.2240 1 1.00 1.60 66 0.54 1.33-2.0
Chamfered
Model
Core-Loc 0.2234 1 0.85-1.10 1.39-1.77 54-67 0.58-0.64 1.33-2.0
Example:
5 t Prototype
Core-Loc 0.2234 1 0.92 1.51 60 0.60 1.33-2.0
Dolos 0.1561 2 1.02 0.94 56 0.83 2.0

Chapter 2 Core-Loc Characteristics
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Finite element method (FEM) structural analyses were performed by Jaycor,
Inc. of Vicksburg, MS, to compare the structural response of dolosse, tribar, and

1 S. > )
( 10 tons), modulus of elasticity was
3.5*10* Mpa (5.1*10° psi), Poisson's ratio was 0.21, and specific gravity was
2.32 relative to fresh water. The FEM grids for the four units are shown in
Figure 3. An example loading, shown in Figure 3, imposed the worst case
torsional condition with four 4.5-tonne (5-ton) loads applied to the four fluke tip
ends to generate the maximum twisting force on the unit. The unit was pinned at
the center for this case. Another loading condition imposed a 9-tonne (10-ton)
flexural load on one fluke tip with the opposing fluke fixed rigidly along the
outside surface (Figure 4a). This condition generated the maximum flexural
stresses at the internal intersection on the unit. Another pure flexural loading
and a combined torsion and flexural loading also were analyzed (Figures 4b and
4c, respectively). For the other pure flexure load condition, the load of 9 tonnes
(10 tons) was applied transversely at the center of the fluke while the opposing
fluke was held rigid. For the combined loading case, two 9-tonne (10-ton) loads
imposing torsion and flexure were applied to one fluke end while the opposing
fiuke was heid rigid aiong its entire iength.
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that have proved less than satisfactory are dolos layers where the units were
undersized with respect to stability. Note that on Figure 5 the highly stressed



regions near the ends of the flukes are point stresses due to the loads and are not
of interest.
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Figure 5. Tensile stress contours from FEM static torsional loading

Chapter 3 CORE-LOC Structural Response
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Maximum tensile stresses from the FEM analyses are summarized in Table 2,
11 load cases wer ed for the dolos a ore-loc but onlv the pure torsion

nd co ut only the pure torsion
for

maximum tensile stresses for each unit for torsion and fluke-tip ﬂexure are
illustrated in Figure 6. As shown in Table 2 and in Figure 6, for equivalent
weight units, the core-loc maximum tensile stress for static loads ranges from 46
percent to 62 percent that of dolos. The maximum core-loc tensile stress is 74
percent for torsion and 74 percent for flexure that of accropode, and 38 percent
for torsion and 33 percent for flexure that of tribar.

[ Tabe2 ]
FEM Static Stress Comparison

Stress, o,, Mpa (psi)

Load Case Core-Loc Dolos Accropode Tribar

Torsion 1.12 (162) 2.08 (302) 1.52 (220) 2.98 (432)

Flexure - fluke tip load 1.12 (162) 2.41 (350) 1.52 (220) 3.36 (487)

Flexure - fluke center 2.10 (305} 3.42 (496) N/A N/A

load

Combined flexure and 1.91 (277) 3.83 (5586) N/A N/A

torsion |
= |

For Crescent City 38-tonne dolosse, the design stress level corresponding to a
2 percent exceedance was approximately 4.8 Mpa (696 psi). This structure is
performing reasonably well with 2 percent breakage since the 1986
rehabilitation. The core-loc design stress, estimated at 62 percent of this value,
would be approximately 3.0 Mpa (435 psi). This stress is below the 28-day
splitting tensile strength met on all Corps concrete armor projects. Further,
recent concrete armor 28-day strengths have ranged from 4.5 (650) to 5.0 (720)
MPa. Thus, core-loc maximum stresses should be well below design strengths,
even for large unreinforced units.

o

Chapter 3 Core-Loc Structurai Hesponse
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Experimental setup

Preliminary hydraulic stability tests were conducted using core-loc to test the
feasibility of the unit. These tests were kept very simple and were only intended
to provide an initial estimate of the core-loc stability relative to other commonly
used armor units. Test results were to be used to determine whether or not to
proceed with development of engineering guidance for the core-ioc.

The model parameters were determined using Froude scaling (Stevens et al.
1942) (Table 3). The model units, schematicized in Figure 2, were cast using a
polyester resin (Richter 1988). Specifications for the intially tested model core-
loc are given in Table 4.

I

| ............ Model-Prototyne

| Scale Relation |
!. Length L N,

H Area L? Ny = N2

" Volume L® Ny = N2

!! Time H Ne =N "




Tabie 4
iModei Core-iLoc Specifications
C B J A Mass Volume Specific
Gravity
cm (in.) gram (Ib) em?
- 1 (in3)
7.2 | 2.7 8.0 15 220 (0.49) I 93.2 2.35
(2.83) | (1.06) (3.15) (0.59) | (5.69)
Dimensions are defined in Flﬁure 2. Note that these initial model units were not chamfered and

had slightly different dimensional refationships than those shown in Figure 2. ||

The structure layout schematic is shown in Figure 7 and a profile view photo-
graph of the structure is shown in Figure 8. The core material was sized at the
lower end of that recommended by the SPM to achieve a nearly impermeable
structure, which increases the back pressures and is conservative for armor
stability. Using the SPM recommendation for randomly placed armor, the
underlayer mean weight was one-fifth of the armor weight with a gradation of
+30 percent by weight.

The tests were conducted in a 61 cm (24 in) wide, 45.7 m (150 ft) long, 1.4 m
(4.5 ft) deep flume. Figure 9 shows the flume layout. Four electrical-
capacitance wave gages were used to measure the water surface oscillations in
the flume. A single wave gage was placed near the wave generator while three
gages were placed in an array near the structure. Incident and reflected waves

were resolved llSll'lg the method of Goda and Suzuki (19 /()) Wwaves were

generated by an electro-hydraulic powered, computer-controlied, bottom-hinged
paddle
Experimental results

Table 5 summarizes the initial stability tests accomplished for the core-loc
unit. Only the maximum wave heights tested for each wave period-water level
combination are shown in Table 5. The full list of tests is shown in Appendix A,
Table Al. All tests utilized monochromatic waves

The only test condition that showed any instability during the hydraulic
stability tests is the first entry in Table 5; a wave 36 cm (14 in.) high with a
period of 1.4 sec in a water depth of 46 cm (18 in.). For this case, the entire
layer slumped downslope due to the long slope length and extraordinarily large

waves.

Chapter 4 Core-Loc Hydraulic Stability



COVER LAYER: Number/A = 8 units/sq. ft.
Layer Thick = 3.1"

FIRST FILTER LAYER: Gradation = + 30% by weight
Layer Thick = 2.75"
CORE: Seive =4mm + 1 seive size

1V:1.33H
epth at toe ) _.\.t-@agj_'qi“ We=2g
1V:20H flat

Figure 7. Structure layout

Figure 8. Profile view of structure as tested

Chapter 4 Core-Loc Hydraulic Stability
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Figure 9. Flume layout

1l
[ Table 5 f
[LSummary of Test Data for Maximum Wave Conditions f
Gain Depth at Wave Incident Reflec- Move- Stability “
Toe Period at Wave tion ment Coeff "
cm Gage Height Coeff Kp "
{in) {car) em (in)
Aty IS 1R UL, il
64 46 (18.1) 1.38 | 36 (14.2) 0.23 rocking 159
68 46 (18.1) 1.78 32 (12.6) 0.51 none 111!
94 38 (15.0) 1.26 45 (17.7) 0.27 none 321"
04 20 (15 N 160 26 114 2\ 028 nana 12t I
v o \ I\J.UI 1.00 U \ I'T.LI V.0 HUVIIG 11U lI
94 38 (15.0) 1.96 31 (12.2) 0.51 none 102'
90 38 (15.1) 2.09 18 (7.1) 0.61 none 21!
il ' Wave generation capacity iimited, no instabiiity.
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The Hudson stability equation is as follows:
o rr3
Y, 1

W D ——————
K, (S, -1)*cota

I~
N’

where
W = stable armor weight
Y, = armor specific weight
H = wave height

S, = armor specific weight relative to the specific weight of water in
which it is piaced, i.e. S, = y/y,, Where v, 1s the specific weight
o

OI water
@ structure slope
r TTevAdonm otabhilitc: A~nfFiriannt
I\D TTUUDUIL DL Ullll.y LUCILIUICIIL

A comprehensive series of two-dimensional hydraulic stability tests of the
core-loc has also been carried out (Carver and Wright 1994). These tests were
done in a 0.9-m-wide (3-ft-wide) section of a 3.4-m-wide (11-ft-wide) flume
which was 75 m (245 ft) long. The remainder of the flume width was left clear
for waves to be dissipated on a rock wave absorber on the rear waii of the filume.
Monochromatic and irregular waves were generated by an electro-hydraulic

1rregula“ waves, uic Spé
Tnridant and ra
1NCIGCT alll 1T

made with two

magGe wWiul iwWo

of Goda and S
1V:1.5H. The a
structure, 1V:75

it. The dee

depths at the structure toe were 36 cm (14.2 in.) and 61 cm (24 in.). The
incident wave height H,,, at the shallow water gage array ranged from 4.6 cm
(1.8 in.) to 39 cm (15.4 in.) and the peak wave period 7, from 1.5 to 4.7 sec. The
armor layer was composed of 219-g (0.48-1b) core-locs with a stone underlayer
mean mass of 45 g (0.10 Ib) and a stone core mean mass of 1 g (2.0E-3 1b). As



in the previous tests, this core had a very low permeability and was also more
critical to armor stability. The structure was 0.9 m (2.95 ft) tall and 2.7 m (8.86
ft) wide at the base. For these tests, several parameters of relative measure were
calculated including the relative depth d/L,, the wave steepness H,,,/L,, and the
surf similarity parameter or Irribarren number

E _ tan ¢
H_ /L )
v mo' ™o
ol aea
WIICIC
~r — ctemrntrien Fennt clama nnsla
[0 -_— Structut 1TUIIL DIUPC 1110
|3 — imecidant wava haight at tha challay gage arravy
i, imciaent wave neignt at tn€ snaiow gage arrd
T -— V1/laT 2 —_ deen water wave lanoth commited fram the nealr
L, = LRiga, = GECPp wallr wave iCngiun Computea irom né péax
neriod at the challow gaoe arrav
PEriog at (e Snaiiow gage array
T = neak neriod
» peax period
d = structure toe depth
g = acceleration of gravity
1) & J

The range of £ tested was 2.13 to 15.9, the range of relative depths was 0.012 to
0.175, and the range of wave steepnesses was 0.001 to 0.098.

These early tests showed that the core-loc armor layer was two-dimensionally
stable for wave heights far exceeding those causing damage to most other armor
shapes. No-damage Hudson coefficients were consistently over 150. En-masse
sliding of the armor layer was observed for the largest waves due to the long
slope length and the high rundown velocities. As long as the prototype toe is
reasonably stable, this would not be of concern because a conservatively
designed armor layer would never be subjected to these extreme wave
conditions. A conservative design would never specify armor weights using
very high stability coefficients, such that the non-interlocked armor stability was
significantly different from the interlocked stability, because of the risk of
catastrophic failure. Therefore, based on 2-D testing reported herein, a
conservative K, of 16 is recommended for core-ioc used on a breakwater trunk.
It is clear from these tests there should be con51aera01e reserve stability beyond
the design wave or when repeatedly subjected to the design wave.
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armor 1ayer for a site-specific test of the onsnore Noyo, California, Harbor
is site is subj i d 7- to 9-m (23- to 30-ft) waves
1

it
| IR RS RIS, . I
UDJECICU L0 VEIY ll]g[l 1HOW

AN £

O
—

‘:3‘

Iagehc 1d, 20 m(6

crown widths of 29 m (95 ft) on t

on the larger, more seaward head. The slope of the breakwater was lV. 1 .5H and
prototype specific gravity was 2.34. The initial storm series consisted of 17 tests
of 15 min each with a succession of 13-, 17-, and 20-sec peak period waves of
increasing significant wave heights from 3.4 to 8.4 m (11 ft to 28 ft) (Storm I).
The maximum wave height was depth-limited and the shallow-water spectra
were fully saturated.

The accropode toe repeatedly failed due to erosion of the toe apron at higher
wave heights in the design storm series. Upon further testing of higher waves,
the main armor would fail. Various toe apron configurations were tried but none
provided toe stability for the entire storm series. The armor was stable with no
damage if the toe was firmly scotched with a metal strip around the entire
structure. The structure was stabie when additionaily subjected to the 10 highest
wave height tests in the Storm I series (Storm 1A).

Although the accropodes were placed by hand according to the technique
prescribed by Sogreah, Inc. representatives, several placement techniques were
tested for the core-locs. These included selective hand placement, non-selective
hand placement, and slinging the units with a small string or cable. The
selective hand placement technique proved to be more stable because the unit
orientations were optimized. But it is doubtful that quality control measures



could ever be employed to match this placement in the field. Dynamic
placement, where the units were dropped from a small height in order to
promote wedging, was tried. This method is probably more effective with
higher friction prototype concrete units. With the plastic model units no
advantage to using this method could be observed. The two techniques used for
the majority of the tests were non-selective hand placement and sling placement.
For these methods, if a unit was mistakenly dropped or if it rolled during release,
it was left in place. By placing each unit with a small string in a slinging
fashion, to simulate crane placement, a more realistic representation of
prototype piacement was realized. No discernabie difference in the performance
of the armor layer was noted for these two methods.
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coefficients were 23 and

hi gher wave energy dlss1pat10n and therefore reduced runup and overtopping
velocities on the core-loc layer.

Accropode armor weight was increased to 48 tonnes (53 tons) for the large
head. This armor layer lost several units but was considered stable for a
succession of five Storm IB series. The stability coefficients for this larger
accropode were 16 for H,;,, and 8 for H..

The design waves tested above were considered to be quite conservative, so a
somewhat more realistic wave condition also was tested. The final storm series
consisted of a five-Storm-IB sequence, except that the 20-sec, 8.4-m (28-ft) test
was omitted from the middlie three series. The 28- and 16-tonne (31- and 18-
ton) core-locs were stabie for this sequence of storms, with four units or 0.4
percent displaced.

coefficients when subjected to the repeated attack of very hlg‘n energy design
storm events. However, the final stable core-loc structure had 19 percent less
concrete than the stable accropode armor layer. The core-loc structure also met
the required economic benefit-to-cost ratio and therefore was accepted as the

loc units was eviden sts. e
became moblle the armor lave would begin to loosen gradually. Even af
significant instability of the units, the slope destabilization rate was gradual.
Rapid failure of other single layer armor has been noted on other studies but

Chapter 4 Core-Loc Hydraulic Stability
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only at wave heights greatly exceeding the non-interlocked stability threshold
(van der Meer 1988). The Noyo tests confirmed that, for high stability units,
such as the core-loc, the failure rate is a function of armor interlocking rather
than the layer thickness and significant damage occurs only at high stability
coefficients.
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A short series of two-dimensi
the comparative stability between d 1 ,andad ]
with core-locs. The tests were performed in shallow water with a 1.5-m-wide
(5-ft-wide) fronting reef in a 0.6-m-wide (2-ft-wide) flume. The structure was
17 cm (6.7 in.) high with a front slope of 1V:1.5H. Monochromatic waves were
generated, producing a maximum incident wave height of 22 cm (8.7 in.) and
period of 3.75 sec in a depth of 17 cm (6.7 in.) at the structure. A very high
wave height-to-depth ratio occurred at the structure because the fronting reef
was narrow relative to the wavelength; therefore, wave height was not stabilizing
before it hit the structure. Approximately 180 waves were generated per run.
The number of wave cases and complexity of this experiment were kept to a
minimum for this proof-of-concept test.

The first series of tests utilized 82 core-locs placed at a packing density of
0.54. The armor unit mass was 104 g (0.23 Ib). For these tests, only a single
unit was displaced more than one characteristic armor length, even though the
incident waves were very severe. The no-damage Hudson stability coefficient
for this monochromatic wave case was approximately 72.

[o o TRESRSRSR RS  NDEIES SR oV I R S DR S I TSR B c

1Ne secona series or 1esis ulizea ¥/ a S§S€ placea at a packing aensity or
n o7 M armane 337714 o000 /a0 1AL -~ /N DT 1N\ T 4 oty 18 S a . o
VU.00. 1HEC dITHOL ULl IHASS Wad 140 g (V.47 10). I'OT LHESC IESLS, 10 UIits were
dignlacad and mact af tha Aalacon wwara mnhila divsing tha tacte Tha LT Ao ~en
ubdpliattlu aliu 1HUBL UL UHIT UULIUSST WUIT 1HIUVIIC Uull 15 LT OO, 1110 1uUUdUIl
stability coefficient for this case was approximately 61, but represented
excessive damage (15 percent displacement)

For the third series of tests, the damaged dolos slope was repaired with

1aphazardly along th d in C | 1e remaining
dolosse were not touched. This is not a recommended repair procedure but

represents a worst-case emergency spot repair. For this test series, three core-
locs were displaced off the slope and three additional dolosse were displaced. It
was noted that, where placed in groups, the core-locs had interlocked and
stabilized the original damaged regions on the slope. The displaced units were
lone repair units placed near the cap and were never interlocked. For an actual
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repair, the existing armor near the repair region would be removed from the
slope so the core-locs could be interlocked with these units as they were placed.
It is expected that this more careful repair procedure would have resulted in a
much more stable armor layer.

Although very brief, these tests showed that the core-loc-repaired areas were
qualitatively more stable than the original dolos slope, and the higher structural
strength of the core-loc further justify its use as a repair unit for dolos slopes.
More extensive tests are being done to systematically quantify the stability of a
core-loc-repatred dolos siope and to determine the most effective repair
methods.



The cost of an armor layer, for a given structure, depends primarily on the
volume of concrete on the slope, number of units, unit material cost, and the unit
construction costs. The unit construction costs include casting yard, transport,
and placement costs. Yard costs include construction of forms; unit pouring,
storage, and handling; and the cost of equipment necessary to handle the units.
Per unit yard costs will increase with unit size but decrease with the number of
units, due to economies of scale. Per unit transport costs are due to costs
associated with trucking the units and, sometimes, barging the units to the site,
and are a function of the unit size. Unit placement costs include rental of crane
and are primarily a function of the time required to place each unit. Obviously,
larger units will cost more to place than smaller units. For a given construction
technique and armor type, the construction costs are primarily a function of the
size and number of armor units.

The cost optimization can be fine-tuned by adjusting the armor unit size. The
total volume of armor material 0nsnope is propomonal to V' while the number
. it
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armor lay hlckness Of cour%e if the crest helght is to be mamtamed then as
the armor layer thickness is reduced the core height must be increased. On the
other hand, if we assume that the core height and underlayer thickness are fixed,
then the armor layer runup performance becomes very important. In the
following analysis, we assume that the core and underlayer heights are constant
so that we can focus on the armor volume comparison. This is reasonable for
comparing other armor to a core-loc layer because the core-loc layer has
excellent wave energy dissipation characteristics, similar to that of a dolos layer.
But for design, the effects of variation in crest height between armor layers must
be considered.

N
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The text that follows gives the gross cost minimization for various armor
units based on total armor layer volume for a given slope area. This information
should be helpful in comparing the various types of armor shapes. Values for
Hudson stability coefficients (K,'s) and packing densities in Table 6 are per the
1984 SPM for dolosse, tetrapods, tribars, and stone; for accropodes,
recommended values from Sogreah informational reports are used; and Core-loc
K,'s are conservatively taken from both 2-D and 3-D physical model studies as
discussed previously in this report. K's listed in Table 6 are for breaking waves
that occur on the appropriate structure slopes. Please note the comments for
each armor type.

For the onslope concrete volume comparison, several "correction ratios” are
calculated in order to find the ra ween the total volume of concrete for a

H 1~
IS COmparisvi COIc-10C

0 Q.
R <0G
[« «

W

=

=5
5
(¢
o]
-~
o0
wn
o
[s5)
3
=3
<
[¢]
=
[e)

o
=
=
=

9]
z

aQ

z

z

<

2

J+

g Q
@

"

@]

)

=

w

Z

4

[ i
<
-
|= Ll
[¢]
5
j=d
2.
[0
[
=
=
=
-
<
Q
=
3
(¢}
=

by
Vum'tT _ S unit ¢mut ‘ KDu,ru',t cota,,, \ ’“"[ s“ml! ! \ h (6)
V‘v_LT S‘LL (‘lb_'fL I\ KDC L cotaC’L}I |\ S“C*L _lll

For the concrete armor units listed in Table 6, the individual parameter
correction factors in Equation 6 are provided in Table 7. Using Equation 6 and
the correction factors of Table 7, a rational comparative approximation of the
total volume of concrete needed to construct a particular armor section as
compared to a section constructed of core-locs built on a 1V:1.5H slope can be
made. These caiculations are summarized in Table 8 and graphically illustrated
in Figure 10.

“hapter 6 Armor Volume Comparison
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Breaking Waves
I Armor Unit Structure Slope Packing
“ cota Density Kons Ko, |
|| _ _ ) Head Trunk |
T - - 'l
| core-Loc 15 0.580" 13° 16 ¢ |
[[;
Core-Loc 2 0.580" 13°° 16 %
Tribar-u 2 0.599 7° 12°
Tribar-u 5 0.599 75° 12
Tribar 15 0.938 83° 9°
| Tribar 2 0.938 7.8°¢ 9°
| ibar 3 0.938 6 9°
l! Dolos 158 0.827 7 168!
Dolos 2 0.827 8° 15.8
Dolos 3 0.827 7° 16°
Accropode 15 0.650 109 109
Accropode 2 0.650 109 109
Tetrapod 1.5 1.040 5° 7 1
Tetrapod 2 1.040 45° 7 H
Tetrapod 3 1.040 35° 7€ ||
Stone " 2 1.260 1.6° 2 |
Stone” 3 1.260 1.3 2° H
COMMENTS: "
a) Values are based on no-damage criteria {<5% displacement) and minor overtopping (SPM
1984). (
b) U designates uniform, laid-up placement. All other units are random placement. ||

Y\ Thaca valiiae wara avroadad in tha aita.ananific Naun CA madal abdhy

C[ 1IIGOT vAQiIuTO YWUOIT TALCTUTU 11 UIT OILU'OPBUIII\J IVUyU, My HH1TUUTH DI.U\Jy.

d) Conservatively based on over 500 2-D tests where K|, ranged from 200 to 400 (<1%
displacement, no rocking).

&) Unsupported by model tests and are only provided for preliminary design purposes (SPM
1984). ’

Andta QODA
ests (SPM 1984).

g) These values are from Sogreah informational brochure but no delineation is provided for
various slope angles
) Rough anguiar stor

3
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e e s s e e s e e
—
— =%

Stability of dolosse on slopes steeper that 1V:2H should be substantiated by site-specific model

N
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Table 7
Volume Correction Factors
Stab. Coeff. Slope
Struc- | Slope Breaking Wave Steep- Specific
ture Length Packing ness Gravity
Slope Density
S Head Trunk cotal,/ (Sauwn-1)
Armor Unit cotlau,, Sc. :((Duunn/ l;mmn/ Pudber | cotac, (Sace-1)
L — L. DICL
Core-Loc 15 1.00 1.00 1.00 1.00 1.00 1.00
Core-Loc 2 1.24 1.00 1.00 1.00 1.33 1.00
Tribar 2 1.24 0.54 0.75 1.03 1.33 1.00
Tribar 5 2.83 0.58 0.75 1.03 3.33 1.00
Tribar 15 1.00 0.64 0.56 1.62 1.00 1.00
Tribar 2 1.24 0.60 0.56 1.62 1.33 1.00
Tribar 3 1.75 0.46 0.56 1.62 2.00 1.00
I Dolos 1.5 1.00 0.54 1.00 1.43 1.00 1.00
Dolos 2 1.24 0.62 0.99 1.43 1.33 1.00
Dolos 3 1.75 0.54 1.00 1.43 2.00 1.00
Accropode 15 1.00 0.77 0.63 1.12 1.00 1.00
Accropode 2 1.24 0.77 0.63 1.12 1.33 1.00
Tetrapod 15 1.00 0.38 0.44 1.79 1.00 1.00
Tetrapod 2 1.24 0.35 0.44 1.79 1.33 1.00
Tetrapod 3 1.75 0.27 0.44 1.79 2.00 1.00
Stone 2 1.24 0.12 0.13 217 1.33 1.25 Il
Stone 3 1.75 0.10 0.13 217 2.00 1 .2_5__J

Chapter 6 Armor Volume Comparison
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Il seamm mliismnm Mamemaviane fav Duanml-icec WAWairan |I
II NOor voiuime Loimparison 10r oreaking vaves “
Structure Slope Head Volume Ratio Trunk Volume Ratio "
Armor Unit cotor,n Viun/Vred Vrun/VreL II
Core-Loc 1.5 1.00 1.00 “
Core-Loc 2 i.13 i.13 H
Tribar-u 2 1.40 1.28 ||
Tribar-u 5 2.35 2.15 "
Tribar .5 1.88 .96 H
Tribar 2 2.16 2.21 "
Tribar 3 2.91 2.73 !!
H Doios i.5 i.75 1.43
{ Dolos 2 1.89 1.61
!! Dolos 3 2.44 1.99
H Accropode 1.5 1.22 1.31
I
Accropode 2 1.38 1.48
Tetrapod 1.5 2.47 2.36 I
Tetrapod 2 2.88 2.66 H
Tetrapod 3 3.87 3.29 “
Stone 2 3.95 3.93 “
Stone 3 5.23 4.86 H
3
o (JHead Trunk
2.9
-
¢ '\ 2
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n
0.5 ++ Eig—r B b
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Core-loc Dolos Tetrapod
Accropode Random Tribar
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on 1V:1.5H sloped structure heads
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A new series of coastal rubble structure concrete armor units called core-loc
has been developed. The characteristics of the core-loc units can be summarized
as follows:

™

The core-loc units have been designed to be placed randomly in a single-
unit-thickness layer on steep or shallow slopes.

The core-loc shapes have been optimized to maximize hydraulic
stability, porosity, wave energy dissipation, unreinforced strength, and
reserve stability, but minimize onslope volume and casting yard space.

Core-Loc is designed to interlock well with dolosse so that it can be used
as a repair unit.

Finite element studies of core-loc showed maximum fiexural tensile
stresses to be 46 percent, 74 percent and 33 percent those of dolos,
accropoae and tribar, respecuvely Torsional stresses were 54 percen[
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Initial site-specific three-dimensional stability tests of the Noyo, CA,
breakwater showed that, under repeated attack of severe breaking-wave
storm events, the core-loc was stable for a Hudson stability coefficient
of 13, based on H, and less than 1 percent displacement. The units were
placed using a technique that simulated placement by a crane in the
prototype.



Initial hydraulic stability tests of dolos armor layers repaired with core-
loc showed core-loc to be an effective repair unit of dolos slopes from a
hydraulic stability point of view, without the inherent structural
weakness of dolosse.

Preliminary no-rocking, no-damage design stability coefficients for
core-locs are conservatively suggested to be 16 for trunk sections and 13
for head sections, based on H,. No differentiation of stability coefficient
has been made for breaking or nonbreaking waves or other parameters in
the Hudson equation.

P

ayers require significantly less

other, randmly placed armor units.

r 7 Conclusions
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Appendix A
Initial Core-Loc Hydraulic
Stability Results

A complete listing of the wave generation and wave height data acquired is
provided in Table A1. Wave height data were acquired from the three-gage
Goda array positioned in shallow water. Wave heights were verified by visual
inspection of a ruler gage mounted on the flume wall. In the table, wave heights
and depths are in feet and wave periods are in seconds.

Table A1
Initial Stability Test Data
Depth at Wave Wave Incident I
Toe Period at | Period at Wave
h Board Gage Height
T, To2 H, Reflection| Hudson
Coeffi- Stability
No. of ( ftﬂ‘ ( ftﬂ clent Coeff
. m=i m=ft*
Runs Gain 0.3048) sec sec 0.3048) R Ko
1 40 1.50 1.5 1.42 0.72 0.29
1 42 1.43 0.75 0.31
1 44 1.44 0.79 0.31
1 46 1.44 0.82 0.32
1 48 1.40 0.85 0.33
1 50 1.38 0.89 0.33
1 52 1.38 0.92 0.32
1 56 1.41 0.98 0.30
1 58 1.39 0.98 0.38
1 60 1.40 0.99 0.38
1 62 1.36 1.12 0.24 139
2 64 1.38 117 0.23 159
2 66 1.36 1.21 0.23 175

Appendix A Initial Core-Loc Hydraulic Stability Results
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| |
"iniilai Stabiiity Test Daia !!
| I 40 150 20 1.91 0.61 0.49 l
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1 70 1.36 1.18 0.28
1 72 1.29 1.24 0.31
1 74 1.30 1.23 0.34
1 76 1.34 1.22 0.33
1 78 1.34 1.28 0.30
i 80 1.30 1.32 0.31
1 82 1.28 1.33 032
1 84 1.28 1.35 029 243
1 86 1.28 1.38 028 260
1 88 1.25 1.38 028| 260
1 90 1.24 1.41 027| 277
1 92 1.26 1.45 027| 302
1 94 1.26 1.48 027 321
i 85 1.25 175 156 0.82 0.50
1 68 1,55 0.87 0.50
1 70 1.58 0.88 0.51
1 74 1.67 0.94 0.50
1 78 1,68 1.02 0.49
1 82 1,61 1.08 0.49
1 86 1,52 1.09 0.52
1 90 1.49 1.12 050] 139
1 94 1.58 1.18 038| 163 |
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{ 88 1.96 1.00 0.52 |
L1 94 96 1.01 0.51 102 ||
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1 65 2.30 0.42 0.64
1 70 2.25 0.45 0.64
1 75 2.21 0.49 0.63
1 80 2.17 0.52 0.63
1 85 2.13 0.57 0.61
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