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1 Introduction

Background

The U.S. Army Corps of Engineers has built and maintains 19 major
concrete-armored breakwaters in the continental United States and Hawaii.
During 1992-94, many of these structures were surveyed to assess both the
hydraulic and structural performance of the concrete armoring (Melby and
Turk 1995a). Maintenance of some of these structures has substantially
exceeded original estimates, and much speculation has been made as to the
causes of premature armor failure. Some of the possible reasons are:

a. Construction placement practice.

b.  Armor concrete strength and quality.

¢. Reinforcement scheme.

d. Breakwater configuration.

e. Cross-sectional variations.

J- Uncertainty in local wave climate.

&- Rehabilitation methods.

Most of the Corps’ concrete-armored structures are armored with dolosse,
and many have been rehabilitated with additional dolosse of equal or larger
size. Some dolos-armored slopes repaired with dolosse show only a marginal

increase in performance over the original armoring, and may require addi-
tional maintenance.

Repair of Dolos-Armored Slopes

Maintenance and repair of concrete-armored slopes poses an entirely differ-
ent set of challenges from original armor construction. Depending on the
degree of damage to the armoring, the method of repair may vary. The type
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of damages seen on dolos slopes can be classified as individual unit or cluster
breakage, unraveling, or transition instability.

Single unit breakage can be evenly dispersed on the slope or can progress
into cluster breakage. A properly designed concrete armored breakwater will
exhibit some of this type breakage. It is uneconomical to design an armor
slope where 100 percent of the armor units remain intact throughout the design
life of the structure. For a properly designed armor layer, a small amount of
breakage is acceptable over the structure’s design life.

Cluster breakage is characterized by localized damage progression where
units break but remain in the vicinity of their original placement. This type of
breakage starts with a single armor unit. Over time, the damage progresses
because units adjacent to the failed unit become unconstrained and begin rock-
ing. The resulting unit-to-unit impacts cause accelerated breakage of surround-
ing armor.

Unraveling occurs when units are placed such that there is inadequate inter-
locking or when units are underdesigned with respect to weight. Inadequate
interlocking can be due to armor unit design, inadequate randomness, or a low
packing density of armor. It is characterized by unstable units displacing from
their original positions, thus unconstraining adjacent units. These newly
unconstrained units displace, causing more units to become unconstrained, and
they displace. The armor layer unravels. Unraveling can occur concurrently
with cluster breakage.

Transition instability occurs at the boundaries of the armor matrix. One
critical transition is found at the toe of the structure where concrete armoring
rests on the seabed. Units along the toe are vulnerable to scour and displace-
ment. Lateral transitions are the interfaces between dissimilar armor unit types
or sizes, and where the concrete armoring terminates along the alignment. It is
often difficult to achieve adequate interlocking between dissimilar armor.
Crown transitions occur on structures with caps, where the armor units are but-
tressed against a solid concrete surface. Unless the armor units are integrated
into the cap, they are susceptible to movement and breakage. Strict attention
should be paid to placement of armor at transitions because, in general,
damage is more likely to occur at these locations.

Two methods for repairing concrete armoring have been identified. The
authors of this report refer to them as: the spot repair method (SRM) and
V-notch method (VNM) (Figure 1). The SRM can be used for the repair of
cluster breakage. For these cases, the broken armor units are removed from
the slope and replaced with new armor. The VNM is a more extensive repair
than the SRM whereby the armoring is completely stripped away in the dis-
tressed area. The stripped-away notched area extends down the slope to the
lowest point of distress and may reach to the toe itself. The notch then is
reconstructed using either new units exclusively or a mixture of original intact
units and new ones.
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Figure 1.

Methods for repairing concrete-armored breakwaters, (a) spot repair method (SRM),
{b) V-notch method (VNM)

Purpose of the Study

This study is the first evaluation of the potential of the CORE-LOC"I_'M
(Core-Loc) concrete armor unit to repair dolos-armored breakwater slopes. It
is based on the results of three-dimensional physical model testing. The
U.S. Amy Engineer Waterways Experiment Station is investigating the Core-
Loc armor unit because of its superior structural and stability characteristics
and its ability to interlock with dolosse (Melby and Turk 1995b).

In this report, the degradation of a dolos-armored breakwater head section
is physically modeled at small scale. The modeling is done in such a way as
to reproduce damage as realistically as possible without the added expense of
actually scaling the structural strength of the armor units. A realistic, yet
accelerated, damage rate for the armor layer deterioration was attained by
sizing the units for marginal hydraulic stability. Turk and Melby (1994)
showed that moving dolosse are subject to excessive impact stress from unit-
to-unit contact and are very likely to fail structurally with excessive movement.
For these tests, once an armor unit fully displaced from its original position it
was considered broken. Assuming that broken units do not add to the inherent
stability of a deteriorating section, and thus for practicality, the displaced unit
was removed from the slope.

Because of time and budget constraints, this investigation focusses on the
performance of Core-Loc when used to repair dolos armor using the SRM
method. Future tests of Core-Loc-repaired dolos slopes using the VNM are
planned.
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2 Three-Dimensional Repair
Tests

The Model

Three-dimensional repair tests were conducted on a geometrically undis-
torted model of a detached offshore breakwater in a wave basin measuring
36.6 m (120 ft) long, 24.4 m (80 ft) wide, and 1.2 m (4 ft) deep.1 The break-
water measured 2.44 m (8 ft) from center to center between the two head
sections. The structure height of the test section at the offshore head, mea-
sured from the offshore toe, was 26 cm (10.2 in.) and its slope was 1V: 1.5H
(Figure 2). Only one water depth was tested and it measured, at the toe of the
test section, 23 cm (9 in.). The three-dimensional model, originally
constructed for the Noyo breakwater (Smith et al. 1995), was utilized for this
investigation. It was constructed with a fully molded irregular bathymetry,
extending approximately 3 m (10 ft) from the center line of the breakwater in
all directions.

Figure 2.  Typical cross section of the breakwater

1 Units of measurement in the text of this report are shown in SI (metric) units, followed by
non-SI (British) units in parentheses.
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When constructing all small-scale physical models of rubble mounds, scale
effects of viscous forces associated with flow through the underlayers and core
of the structure are of concern. In the reproduction of prototype conditions,
the model materials need to be properly sized to avoid Reynolds and other
scale effects. Selected scaling was based on available armor sizes and checked
for scale effects following the methods put forth by Keulegan (1973). The
geometrically scaled underlayer size was found to be satisfactory. The core
size, scaled from typical prototype condition, was modeled using small crushed
limestone. This sizing allows for a conservative design with no transmission
and maximum reflection.

The primary or initial concrete armoring was 125-g (0.276-1b) dolosse with
a waist ratio, r = 0.32 (Figure 3a). The waist ratio is the ratio of the dolos
shank width B to the fluke length Cp,,. This fluke length Cp is considered
the characteristic length of a dolos. In this case, Cpp = 7.1 cm (2.78 in.) and
it can be used to express the volume of an individual dolos Vj,, where

Vpo = 0.1561 Cpy’ ey

The packing density coefficient ¢ can be expressed as a function of the num-
ber of layers n, layer coefficient k,, and porosity P (Shore Protection Manual
1984) as

¢ =nk, (1-P/100) 2)

The number of individual armor units N per surface area of slope A as a func-
tion of packing density ¢ and the volume of an individual unit V is then given
by

NiA = V23 A3)

In these tests whenever the breakwater was armored with dolosse, care was
taken to place the dolosse on the slope at a packing density of ¢ = 0.83 (or
P =0.56,ky =094, n=2).

The repair concrete armoring was 145-g (0.32-1b) Core-Loc (Figure 3b).
These units have a characteristic fluke length Cr; = 6.6 cm (2.59 in.). The
relationship between the volume of a Core-Loc V; and its characteristic
length 1s

Vep =0.2234C,> @

These sizes of Core-Loc and dolosse have a ratio of Core-Loc fluke length
to dolos fluke length of C;/C,, = 0.932. When the two units are placed on
the slope together they are almost indistinguishable from one another

Chapter 2 Three-Dimensional Repair Tests




==l
A
H Length
4 Dimension (cm)
) I_D A 1.42
4 ¢ B 2.27
c 7.10
@ & D 0.40
/
Sl
(4 po-—8
a. 125-g dolos
’ —0 Length
J/2—-] .
I'_ = /2 Dimension (cm)
I A 1.18
Dl R i 2 -
; i / O — 421
T o e | 1w
] H ' .
ez [N 3 HAT Y x L . F 1.15
R Z j_/ J 6.58
er-__‘L"z‘ 17 wie-12 17

b. 145g Core-Loc

Figure 3.

Dolos and Core-Loc dimensions

(Figure 4). The sizes of model breakwater armor and underlayer materials are
listed in Table 1.

Test equipment

Waves were generated by a piston type electronically controlled hydraulic
wave maker. Displacement of the wave board was controlled by a command
signal transmitted to the wave board by a Digital Equipment Corporation
(DEC) MicroVax II computer. Waves were produced by the periodic dis-
placement of the wave board. Irregular wave tests were conducted where
command signals to drive the wave board were generated to simulate a Texel
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Figure 4.  lilustration of Core-Loc and dolos armor matrix

Table 1

Model Material Sizes

Component Type Weight

Primary Armor Type Dolos 125.2 g (0.276 Ib)

Repair Armor Type Core-Loc 145.2 g (0.32 |b)
Underlayer Stone 11 - 18 g (0.024-0.040 Ib)
Core Stone 5-11g (0.011-0.024 Ib)

Marsen Arsloe (TMA) shallow-water spectrum (Hughes 1984) for several wave
periods.

Data acquisition

Water surface elevations were recorded by single-wire capacitance-type
gauges. Data acquisition employed a sampling rate of 20 samples/sec. Wave
data were stored on a MicroVax II minicomputer and analyzed using the Time
Series Analysis computer program (Long and Ward 1987), which can execute
several analysis operations. For the irregular waves generated, single channel
frequency domain analysis was used to acquire peak period Tp, Zero-moment
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wave height H,_ . significant wave height H,, maximum wave height Hya
and spectral density plots for each gauge. Unidirectional spectral density inci-
dent/ reflection analysis was used to determine the incident and reflected wave

heights at each array.

Wave height calibration

The wave generator was placed such that the most severe waves impacted
on the seaward face of the offshore breakwater head (Figure 5). Wave heights
at the structure were calibrated without the breakwater in place for four wave
periods, 1.41 sec, 1.84 sec, 2.4 sec, and 2.83 sec. Two sets of three-gauge
arrays were positioned in the wave field. The first array, Array 1, was
positioned 4.5 m (14.8 ft) from the wave generator, and the second array,
Array 2, was positioned directly in the center of the offshore breakwater head
section. The gauge arrays allowed calculation of incident and reflected wave
heights by the methods of Goda and Suzuki (1976). Figure 6 shows a good
example of depth-limited breaking where the offshore wave heights are much
larger than the wave heights at the structure. Even though the offshore wave
height continued to build with longer wave generator board stroke, the maxi-
mum significant wave height at the structure was 13.8 cm (5.43 in.). Figure 7
shows a much smaller differential between offshore and nearshore wave
heights for the wave calibration time series with a peak period T, = 1.84 sec.
Figure 8 shows that for T, = 2.40 sec, the shorter board strokes produced
waves that would shoal to larger heights as they moved into shallow water,

/— QUAD 3

QUAD 4 YW
— D
v z%\x

x QUAD 1

Figure 5.  Plan view of offshore breakwater tested. Note position of wave
maker and head section divided into four quadrants
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Figure 6. Wave calibration for T, = 1.41 sec
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Figure 7. Wave calibration for T, = 1.84 sec
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Figure 8. Wave calibration for T, =2.40 sec
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Figure 9.  Wave calibration for T,=2.83 sec
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but the limited zero moment wave height was H,, = 15.3 cm (6.02 in.). Fig-
ure 9 shows this same trend for the 7, = 2.83-sec wave calibration. The
largest zero moment wave height was H,,, = 15.4 cm (6.06 in.). For these
wave calibrations, the maximum zero moment breaking wave height in terms
of water depth d was Hj, = 0.67d. :

Test Procedures

The experimental plan was to run increasingly energetic waves on the dolos
armoring until the damage progressed to imminent failure, then use the SRM
to repair the slope with Core-Locs and repeat the test sequence. This was
accomplished by running a specific test sequence consisting of 15-min wave
packets, with each subsequent wave packet having an increased wave height
(but same peak wave period). Each test sequence progressed from smaller no-
damage waves to larger waves, eventually producing considerable damage to
the dolos armor. Once a threshold level of damage (i.e., imminent catastrophic
failure) was reached, the structure was repaired with Core-Locs. The repaired
slope was then subjected to the same test sequence until damage reached a
similar level as the original dolos slope or the repaired section remained stable.
This procedure was repeated twice for each of the four peak wave periods.

First, the breakwater slope was armored with dolosse, paying strict attention
to maintaining a constant packing density of ¢ = 0.83. A photograph was
taken of the slope prior to running waves. For the 125-g (0.28-1b) dolosse,
this density requires approximately 590 dolosse per square meter of slope
surface area. The test section on the offshore breakwater head had an area of
1 m? (10.76 ft2). It was divided into four quadrants (Figure 5) of
approximately the same size. The quadrants provided an indication of the
region of damage, and also indicated any variation in the location of damage
for the different wave periods.

The test sequence consisted of 15-min packets of irregular waves. The time
series was produced from TMA spectra with a spectral peak enhancement
parameter, y = 3.3, where the peak period was held constant while the H,,
was increased for each subsequent packet.

The dolos size chosen for the repair tests was carefully selected such that
the units woyld remain stable at the lower wave heights but become increas-
ingly unstable as the wave heights increased. The stability of the armor units
on the test section can be expressed in terms of the Hudson stability coefficient
K, determined from the equation

_H3
K, - @ &)

WS, - 1)? cota

11
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where

K ; = Hudson stability coefficient

]

Y, = unit weight of the armor unit

H = wave height at the structure that causes no damage, i.e., wave height
at which damage is less than or equal to 2 percent of the number of

primary armor units placed on the respective breakwater slope

W _ = weight of an individual armor unit

S, = specific gravity of the armor unit relative to the water at the
structure (S, = Y,/v,,» and v, = specific weight of water at the
structure)

o = angle of the structure slope measured from horizontal

Hudson also expressed stability in the form of a stability number
Ng = (K cota)!’ (©)

For the selected test sequences, N ranged from 2.3 (dolosse) to 2.7 (Core-Loc)
(Ky=17.710 13).

As each 15-min wave packet ran, the breakwater head was carefully
watched for destabilizing dolos. Whenever an armor unit was rocking
violently or displaced from its initial position, the unit was considered broken
and removed from the slope. This assumption was made because the strength
of the model unit is much greater than its prototype counterpart. Turk and
Melby (1995) have shown that when dolosse are allowed to rock back and
forth, they usually impact adjacent units. The internal stresses in the dolos far
exceed the typical concrete strength, thus prototype units break when allowed
to rock or displace. For some of the test runs, once a dolos displaced and was
removed from the slope with tongs, two pieces of a broken unit were put in its
place to determine their fate. For each 15-min packet, the number of displaced
units was counted and initial positions were logged.

If the damage at the end of the packet was not excessive, the next-most-
energetic wave packet was run. For each subsequent wave packet in the test
sequence, the wave height was incrementally increased until the wave board
stroke limitation (100 percent of the board stroke) was reached. The damage
was allowed to progress through these 15-min wave packets of a given wave
period until the researchers felt that the damage threshold was reached. If the
damage levels were not considered extensive enough, the 100-percent board
stroke wave packet was repeated until imminent catastrophic failure occurred
(i.e., the structure was uncontrollably unraveling), or the structure simply
remained stable. Catastrophic failure is defined as the point when a large
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number of armor units are stripped from a given area, extending from the toe
to the crown of the breakwater, and a significant amount of underlayer stone is
stripped from the breakwater and the core is exposed.

At the end of a test sequence, photographs were taken, the damaged area of
the breakwater armor was stripped of any remaining unconstrained dolosse,
and the surface was prepared for placement of the Core-Loc repair units. Prior
to the Core-Locs being placed, an estimate of the damaged area was made by
measuring the exposed underlayer. Then individual Core-Locs were placed,
one at a time with slings, to simulate a similar placement by crane in a
prototype repair (Figure 10). The Core-Locs were counted as they were placed
so a repair packing density could be calculated.

Once the Core-Locs were placed, photographs again were taken and the
previous test sequence of identical 15-min wave packets was rerun on the
repaired test section. As with the homogenous dolos armor layer, both dolosse
and Core-Locs displaced during the test were removed from the hybrid Core-
Loc/dolos layer until an equivalent amount of damage to the slope was mani-
fested. Again photos were taken to show the extent of damage. Once the test
was complete, the test section was completely rebuilt with dolosse and the next
test sequence commenced.

AN A/ A\ A/ A4

N

Figure 10. lllustration of Core-Loc suspended from crane by slings
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3 Repair Test Results

The results of these repair tests come from eight test sequences, two
repeated sequences of the same peak wave period. The results are shown in
Tables 2-9. Photographs A1-A18 in Appendix A document examples of the
damage progression from the test sequences.

Test Sequence 1 (Tp= 1.41 sec)

The first test sequence in the series, Test Sequence 1, was used to evaluate
relatively short period, steep waves with a peak period of T_ = 1.41 sec.
Significant wave heights ranged from 12.6 cm to 13.8 cm (4.96 to 5.43 in.).
Results are shown in Table 2. Photo Al shows the pretest, newly constructed
dolos armoring. For this and all subsequent test sequences, whenever the
dolos slope was built, units were placed at a packing density of ¢ = 0.83. The
extent of damage to the armor is shown in Photo A2.

During the test sequence, as the wave board stroke was increased for each
wave packet, depth-limited breaking became apparent, with many of the larger
waves breaking offshore of the breakwater head. As shown in Table 2, wave
packets 1A-1D, armor displacement continued to progress with increase in
wave height and/or time. By the end of wave packet 1E (1 hr 15 min),

24 dolosse were displaced. A decision was made to continue running waves
on the structure. Wave packet 1F ended without further damage, but the slight
increase in the wave energy of wave packet 1G displaced 22 additional
dolosse. At the end of wave packet 1G, after exposing the dolos slope to
waves for 1 hr 45 min, a total of 46 dolosse were displaced and removed from
the slope. The majority of the exposed damage area was concentrated near the
breakwater crown, with most of the damage in Quadrant 1 and some in
Quadrant 3. It was observed that units began to displace from the lee side of
the breakwater crown (Quadrant 3), which allowed units on the seaside
(Quadrant 1) to loosen, displace, and eventually unravel. In addition to this
concentrated damage, seven dolosse were also displaced from several locations
in Quadrant 4.

Chapter 3 Repair Test Results




Table 2
Results from Repair Test Sequence 1 (T 1.41 sec)

Number

Wave |[H, of Number of Location of Displaced Units Cumulative
Packet |(cm) @ |Dolosse [C-L Displaced
No. Toe Displaced | Displaced |Quad 1 |Quad 2 | Quad 3 |Quad 4 | pits
Complete New Dolos Armoring

1A 12.6 6 N/A - - 5 1 6

1B 134 5 N/A 3 - 1 1 11

iC 13.6 3 N/A 3 - - - 14

1D 13.6 3 N/A 2 - - 1 17

1E 13.6 7 N/A 3 - - 4 24

1F 13.7 0 N/A - - - - 24

1G 13.8 22 N/A 14 - 4 4 46

imminent failure - 46 dolosse displaced - Duration: 1 hr 45 min.
Structure Repaired with 39 Core-Locs, Area of Repair = 800 cm? (124 in.2)

1H 124 0 0 - - - - 0
1l 12.6 1 0 - - 1 - 1
1J 134 0 0 - - - - 1
1K 13.6 0 0 - - - - 1
1L 13.6 0 0 - - - - 1
M 13.6 0 0 - - - - 1
1N 13.7 0 0 - - - - 1
10 13.8 3 0 - - 3 - 4
1P 13.8 0 0 - - - - 4
1Q 13.8 0 0 - - - - 4
iR 13.8 0 0 - - - - 4
18 13.8 4 1 - - 5 - 9
1T 13.8 0 0

Test sequence terminated - structure remained stable - Duration: 3 hr 15 min.

The damaged area was repaired with a total of 39 Core-Locs. Thirty-five
Core-Locs were used to repair the 800- -cm? (124-in. ) damaged area and four
units were used in single unit spot repairs (Photo A3). The packing density
for the Core-Loc was 0.71, slightly higher than the 0.58 packing density found
during earlier tests of “all” Core-Loc armor slopes (Melby and Turk 1995c¢).
Each unit was placed with a sling to simulate crane placement in a prototype
condition.

Test Sequence 1 was continued, exposing the repaired breakwater head to
wave packets 1H-1T (Table 2). By the end of wave packet 1T, after 3 hr
15 min of wave exposure, eight dolosse and one Core-Loc were displaced
from the slope (Photo A4). Test Sequence 1 was then terminated as the struc-
ture was deemed stable.
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Test Sequence 2 (Tp = 1.41 sec)

Test Sequence 2 was a repeat of Test Sequence 1 and is summarized in
Table 3. The initial dolos armoring was subjected to five, 15-min wave
packets (wave packets 2A-2E) with zero moment wave heights ranging from
12.6 to 13.6 cm (5.35 in.) for a total duration of 1 hr 15 min. At the end of
wave packet 2E, 29 dolosse had dlsplaced leaving an area of exposed under-
layer layer of approximately 500 cm? (77.50 in.). The majority of damage
was just above the still-water level in Quadrant 1, and extended over the crown
to Quadrant 3. The damaged area was repaired with 23 Core-Locs, 21 of
which were placed in the damaged area and two in separate locations in Quad-
rant 4. The Core-Loc packing density was found to be 0.68. The sequence
continued with the incremented wave time series reinitialized, with zero
moment wave heights ranging from 12.6 to 13.8 cm (4.96 to 13.80 in.). At
the end of wave packet 2T, after 3 hr 15 min of wave attack, only one dolos
had displaced from the slope. No Core-Locs had displaced. The structure was
deemed stable and the test sequence was terminated.

Table 3
Results from Repair Test Sequence 2 (TQ = 1.41 sec)

Number
Wave |Hp, of Number of Location of Displaced Units Total
Packet |(cm) @ |Dolosse [C-L Displaced
No. Toe Displaced | Displaced |Quad 1 Quad 2 |Quad 3 |Quad 4 | ypjts

Complete New Dolos Armoring

2A 12.6 0 N/A - - - - 0
2B 13.4 0 N/A - - - - 0
2C 13.6 8 N/A 3 - 2 3 8
2D 13.6 14 N/A 9 - 3 2 22
2E 13.6 7 N/A 7 - - - 29
Imminent failure - run terminated - 29 dolosse displaced - Duration: 1 hr 15 min.
Structure Repaired with 23 Core-Locs, Area of Repair = 500 cm? (77.5 in.2)
2F 12.6 0 0 - - - - 0
2G 13.4 0 0 - - - - 0
2H 13.6 1 0 - 1 - - 1
2 13.6 0 0 - - - - 1
2J 13.6 0 0 - - - - 1
2K 13.7 0 0 - - - - 1
2L 13.8 0 0 - - - - 1
2M 13.8 0 0 - - - - 1
2N 13.8 0 0 - - - - 1
20 138 0 0 - - - - 1
2P 13.8 0 0 - - - - 1
25 13.8 0 0 - - - - 1
2T 13.8 0 0 - - - - 1
Test sequence terminated - structure remained stable - Duration: 3 hr 15 min.
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Test Sequence 3 (Tp = 1.84 sec)

Test Sequence 3 was unique in that the structure was repaired twice
(Table 4), once with Core-Locs and once with dolosse. The peak period for
this sequence was T, = 1.84 sec and zero moment wave heights ranged from
12.6 to 15 cm (4.96 to 5.91 in.). These wave heights correspond to Hudson
stability numbers N = 2.6 t0 3.1 (K; = 11.6 - 19.6). The test started with the
initial dolos armoring (Photo AS), which failed after a 2-hr duration. By the
end of wave packet 3H, 53 dolosse were displaced from the slope.

Table 4

Results from Repair Test Sequence 3 (TQ = 1.84 sec)

‘Ii\;a;(eet ("’:m:) o gg;:::; of Ic\l:ixrber of Location of Displaced Units ;?st::aced

No. Toe Displaced | Displaced |Quad 1 |Quad 2 |Quad 3 |Quad 4 | ynjts
Complete New Dolos Armoring

3A 12.6 0 N/A - - - - 0

3B 12.9 2 N/A 1 - - 1

3C 14.0 3 N/A 2 - - 1 5

3D 14.3 10 N/A 3 2 2 3 15

3E 14.6 3 N/A 2 - - 1 18

3F 14.7 6 N/A 3 - 1 2 24

3G 14.8 4 N/A - - 2 2 28

3H 15.0 25 N/A 5 5 8 7 53

Imminent failure - 53 dolosse displaced - Duration: 2 hr 0 min.

Structure Repaired with 34 Core-Locs, Area of Repair = 830 cm® (128.65 in.2). (Additional 30
Core-Locs Placed in Single Unit Spot Repair)

3 12.6 0 0 - - - - 0

3J 12.9 0 0 - - - - 0

3K 14.0 0 0 - - - - 0

3L 14.3 0 0 - - - - 0

M 14.6 0 0 - - - - 0

3N 14.7 0 4 - - 2 2 4

30 14.8 1 0 - 1 - - 5

3P 15.0 16 7 4 6 7 5 28

Test sequence terminated - imminent failure - 17 dolosse and 11 Core-Locs displaced - Duration:
2 hr 0 min.

Special Test - Structure Repaired with 58 Dolosse, Area of Repair = 850 cm? (131.75 in.2).
Additional 35 Dolosse Replaced Core-Locs in Single-Unit Spot Repair

3Q 12.6 5 N/A 4 1 - - 5
3R 12.9 4 N/A 2 - 2 - 9
3s 14.0 2 | A . - 2 . 11
3T 14.3 4 N/A - - 4 - 15
3U 14.6 8 N/A - 2 3 3 23
3V 14.7 14 N/A - 12 2 - 37
3w 14.8 34 N/A 5 10 8 11 71

Test sequence terminated - imminent failure - 71 dolosse dispiaced, 46 repair units and 26 origi-
nal units - Duration: 1 hr 45 min.
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During this portion of the test sequence, whenever a dolos was displaced and
removed from the slope, two broken pieces of dolos were put in the removed
dolos’ place. Approximately 100 pieces of broken dolos replaced the 53 dis-
lodged dolosse. By the end of the 2 hr, only 10 pieces remained on the slope.
The rest of the pieces were swept off the breakwater and ended up shoreward
of the structure. In Photo A6, the damaged area is centered at the confluence
of Quadrants 1-4, and several of the broken pieces of dolosse remaining on the
slope can be seen.

The 830 cm? (128.65 in.z) of damage was repaired with Core-Locs,
34 used as a patch (packing density of 0.67), and 30 additional units placed
in single unit spot repairs (Photo A7). Most of the 30 units were placed out-
side the test section, on the lee of the structure. They were used as a precau-
tionary measure against premature failure of the non-test-section trunk and also
for observing how the Core-Locs performed after simply being placed in a
small hole. The wave packets were rerun on the Core-Loc repair and this time
the structure was in imminent danger of failing after 2 hr at the end of wave
packet 3P (Photo A8). The performance of the repair was similar to the origi-
nal dolos construction. While only 11 Core-Locs and 17 dolosse displaced,
had the structure been exposed to another wave packet, it probably would have
degraded to a similar state as a dolos-only structure.

Instead of terminating the test sequence, a special check test was performed
to see how dolosse performed as a repair unit for dolosse. After the Core-Loc
repair was sufficiently damaged by wave packet 3P, the Core-Locs were
removed and the 850-cm? (131.75 in. ) damage area was repaired with 58 of
the same dolosse as the ones used originally. In addition, 35 dolosse were
used to replace the Core-Locs from the single unit spot repair. Photo A9
shows the structure with all the repair dolosse in place. These dolosse were
placed tightly with slings and the packing density was calculated to be 0.99, 18
percent higher than a typical 0.83 packing density found on new dolos struc-
tures. Even at the higher packing density at the end of wave packet 3W (1 hr
45 min), 71 of the dolosse, 45 of the repair units, and 26 of the original units
were displaced from the slope (Photo A10). The dolos repair was not as stable
as the original dolos construction or the Core-Loc repair.

Test Sequence 4 (T p= 1.84 sec)

Test Sequence 4 was a repeat of the T, = 1.84-sec wave packets. Results
are shown in Table 5. The dolos armor was tested for a duration of 1 hr
15 min. During wave packets 4A-4E, with zero moment wave heights from
12.9 to 14.7 cm (5.08 to 5.79 in.), 25 dolos had displaced. Most of the
units came off of Quadrants 2 and 4, exposing a damage area of 440 cm?
(68.20 in. ) For this repair, 27 Core-Locs were used, 19 for the patch
placed at a higher packing density of 0.70, and 8 Core-Locs for single unit
repairs. At the end of 2 hr 30 min (wave packets 4F-40), 44 dolosse and
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Table 5
Results from Repair Test Sequence 4 (TE = 1.84 sec)
‘Fl’?g;(eet gnl:’ci @ g:::::; of 2:{““’ of Location of Displaced Units g?:?::aced
No. Toe Displaced |Displaced |Quad 1 IQuad 2 | Quad 3 IQuad 4 | Units
Complete New Dolos Armoring
4A 12.9 1 N/A - - - 1 1
4B 14.0 1 N/A - - - 1 2
4C 14.3 6 N/A - 1 1 4 8
4D 14.6 4 N/A 2 - 1 1 12
4E 14.7 13 N/A - 2 - 11 25
Imminent failure - 25 dolosse displaced - Duration: 1 hr 15 min.
Structure Repaired with 27 Core-Locs, Area of Repair = 440 cm? (68.20 in.2)
4F 12.9 0 0 - - - - 0
4G 14.0 0 1 - - - 1 1
4H 14.3 4 0 1 3 - - 5
4] 14.6 1 0 - 1 - - 6
4J 14.7 4 2 - 2 2 2 12
4K 14.8 4 1 - 2 1 2 17
4L 15.0 8 0 - 8 - - 25
4M 15.0 5 1 - 2 3 1 31
4N 15.0 8 0 - 1 4 3 39
40 15.0 10 12 - 10 2 10 51
Test sequence terminated - imminent failure - 44 dolosse and 17 Core-Locs displaced - Duration:
2 hr 30 min.

17 Core-Locs were displaced. Like the dolosse, the majority of these units
displaced from Quadrants 2 and 4.

With the higher packing density, the Core-Locs appeared to remain inter-
locked longer as the patched area widened and thinned. This thinning was due
to dolos dislodging adjacent to the Core-Loc patch. As the Core-Locs filled
the voids left by the displaced dolosse, the patch started to loosen and the
Core-Locs destabilized as they started migrating downslope. The higher pack-
ing density provided more units on slope to “feed” these voids. For Test
Sequence 4, the Core-Loc patch lasted longer than that of Test Sequence 3.

Test Sequence 5 (Tp = 2.4 sec)

Test Sequence 5 used wave packets with 7 = 2.4 sec and zero moment
wave heights from 11.0 to 15.3 cm (4.33 to 6.%2 in.) (Table 6). Photo All
shows the new dolos test section. For this longer period wave, the damage
progressed quickly during wave packet 5C (13.7-cm wave). The structure
experienced zero moment damage after only 45 min of waves (wave
packets 5A-5C). Photo A12 shows the damaged area in Quadrants 1 and 3.
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Table 6 ‘
Results from Repair Test Sequence 5 (L, = 2.40 sec) |
Wave (H_ Number of | Number of Location of Displaced Units Total

Packet |(cm) @ |Dolosse C-L Displaced

No. Toe Displaced |Displaced |[Quad 1 lQuad 2 |Quad 3 IQuad 4 | units
Complete New Dolos Armoring

5A 1.0 4 N/A 2 - - 2 4
58 12.5 8 N/A 5 - 3 - 12
5C 13.7 60 N/A 40 - 15 5 72

Imminent catastrophic failure - 72 dolosse displaced - Duration: 0 hr 45 min.
Structure Repaired with 60 Core-Locs, Area of Repair = 1,400 em? (217 in.z)

5D 11.0 2 0 - - 1 1
SE 125 2 0 1 1 - -
SF 13.7 1 0 1 - - -
5G 14.1 7 2 3 4 1 1 14
SH 15.0 2 0 - - 2 - 16
5l 15.3 9 1 2 5 2 1 26
SJ 15.3 18 35 18 30 4 1 79

Test sequence terminated 11 min into packet 5J - imminent failure - 41 dolosse and 38 Core-
Locs displaced - Duration: 1 hr 41 min.

The area was estimated to be 1,400 cm? 217 in.z). In the photo, several of
the 72 dolosse displaced can be seen on the lee side of the structure. These
units were washed off the head during some of the larger waves in wave
packet 5C. The structure was repaired with 60 Core-Locs (Photo A13) using a
packing density of 0.70.

The Core-Loc repair portion of Test Sequence S was terminated 11 min
into wave packet 5J. By this time, the structure had experienced catastrophic
failure after a total wave attack duration of 1 hr 41 min. The waves displaced
79 units, 41 dolosse, and 38 Core-Locs, cutting a diagonal swath of damage
(Photo A14) extending from the toe in Quadrant 2 to over the crown into
Quadrant 4. Armor units, underlayer stone, and apron stone were all dislodged
during the wave attack.

Test Sequence 6 ( Tp = 2.4 sec)

Test Sequence 6 (Table 7) was a repeat of Test Sequence 5. The break-
water head was reconstructed with dolosse and the sequence initiated. After
45 min of wave action (wave packets 6A-6C), 26 dolosse were displaced,
the majority coming from Quadrant 2. The damaged area was 500 cm
(77.50 in2). The structure was repaired with 22 Core-Locs placed at a packing
density of 0.72. Wave packets 6D-6H (1 hr 15 min) were run before the
sequence was terminated. The damage mostly occurred in Quadrant 2 and
resulted from 28 dolosse and 14 Core-Locs being displaced.
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Table 7

Results from Repair Test Sequence 6 (TE = 2.40 sec)

‘liv::keet (’:r'r;s @ :g:::se; of :l:::nber of Location of Displaced Units .l;?:)llaced

No. Toe Displaced | Displaced |Quad 1 |Quad 2 |Q“ad 3 IQuad 4 | units
Complete New Dolos Armoring

6A 13.7 0 N/A - - 0

6B 14.1 13 N/A - 4 4 13

6C 15.0 13 N/A 1 10 1 26

imminent failure - 26 dolosse displaced - Duration: 0 hr 45 min.

Structure Repaired with 22 Core-Locs, Area of Repair = 500 cm? (77.5 in.2)

6D 13.7 0 0 - - - - 0

6E 14.1 2 0 - 2 - -

6F 15.0 4 0 - - 4 - 6

6G 15.3 5 0 - 2 3 - 11

6H 15.3 17 14 - 18 5 8 42

Test sequence terminated - imminent failure - 28 dolosse and 14 Core-Locs displaced - Duration:

1 hr 15 min.

Test Sequence 7 (Tp = 2.83 sec)

Test Sequence 7 had the longest wave periods used in the investigation,

= 2.83 sec, and zero moment wave heights ranging from 11.1 to 15.4 cm
(4{) 37 to 6.06 in.). Results are shown in Table 8. Photo Al5 shows the
new dolos armoring. During the first part of the sequence, through wave
packet 7C, broken dolos pieces were used to replace dolosse displaced from
the slope. The dolos slope was in danger of imminent failure after 45 min of
waves (wave packets 7A-7C). Most damage occurred during wave packet 7C,
in which H,,, = 14 cm (5.51 in.). Many of the pieces of broken dolosse
moved from their initial location in Quadrants 1 and 3, and were scattered over
the breakwater head and in the lee of the structure (Photo A16). The 51
dolosse displaced from 900 cm? (139.50 in.2) of damaged area were replaced
with 40 Core-Locs, and an additional 5 units were used for single unit repairs
(Photo A17). The packing density was calculated to be 0.72. The repaired
structure withstood wave attack for 1 hr 30 min and significant wave heights
up to 15.4 cm (6.06 in.). With Test Sequence 7 ending with wave packet 71,
the majority of the damage occurred in Quadrants 1 and 3, with 33 dolosse
and 10 Core-Locs displaced (Photo A18).

Test Sequence 8 (Tp = 2.83 sec)

The results of Test Sequence 8, a repeat of Test Sequence 7, are shown in
Table 9. The new dolos slope withstood wave attack for 1 hr, with zero
moment wave heights to 14.5 cm (5 71 in.). Thirty-eight dolosse displaced
from an area of 750 cm? (116.25 in. ) For the repair, 35 Core-Locs were
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Table 8

Results from Repair Test Sequence 7 ( TQ = 2.83 sec)

:vaacv:et grgs o g::z::; of gf‘lj"ber of Location of Displaced Units B‘i);:aced

No. Toe Displaced [Displaced |Quad 1 lQuad 2 lQuad 3 lQuad 4 | units
Complete New Dolos Armoring

7A 111 0 N/A - - - - 0

78 12.5 13 N/A 8 - 5 - 13

7C 14.0 38 N/A 32 - 6 - 51

Imminent failure - 51 dolosse displaced - Duration: 0 hr 45 min.

Structure Repaired with 45 Core-Locs, Area of Repair = 900 cm? (139.50 in.?)

7D 11.1 0 0 - - - -

7E 125 3 0 - 2 1 - 3

7F 14.0 2 0 - 2 - - 5

7G 145 8 2 - 4 6 - 15

7H 15.1 15 0 4 0 9 2 30

71 154 5 8 - 8 5 - 43

Test sequence terminated - imminent failure - 33 dolosse and 10 Core-Locs displaced -

Duration: 1 hr 30 min.

Table 9

Results from Repair Test Sequence 8 ( Te = 2.83 sec)

:;a:l; ' Zm P g::;:::; of gimber of Location of Displaced Units ;?St:'lace d

No.  [Toe |Displaced |Displaced |Quad 1 |Quad 2 [Quad 3 [Quad 4 | ypiss
Complete New Dolos Armoring

8A 111 0 N/A - - - - 0

8B 125 5 N/A - 2 2 1 5

8C 14.0 9 N/A - 1 6 2 14

8D 145 24 N/A - 10 7 7 38

Imminent failure - 38 dolosse displaced - Duration: 1 hr 0 min.

Structure Repaired with 40 Core-Locs, Area of Repair = 750 cm® (116.25 in.)

8E 11.1 1 2 - - 2 1 3

8F 12.5 2 3 - 2 - 3 8

8G 14.0 3 3 - 3 1 2 14

8H 145 5 13 - 10 4 4 32

Test sequence terminated - imminent failure - 11 dolosse and 21 Core-Locs displaced - Duration:

1 hr 0 min.

tightly placed at a packing density of 0.76. For single unit spot repairs, five
more Core-Locs were used. The repaired structure also was subject to 1 hr of
wave attack, after which 11 dolosse and 21 Core-Locs were displaced from the
slope.
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4 Discussion of Results

In six of the eight test sequences conducted, the Core-Loc repair units out-
performed the original dolos armoring used on the breakwater. For the other
two sequences, the Core-Loc repair and the original dolos armor withstood the
same duration and magnitude of wave attack. Figure 11 compares the duration
of wave attack the original dolos armor withstood to the Core-Loc-repaired
structure for the eight test sequences.
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(1Dolosse only B8 Dolosse and Core-Loc

Figure 11. Duration of wave attack the original dolos armor withstood com-
pared to the Core-Loc-repaired structure for Test Sequences 1-8
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It was difficult to observe the evolution of the slope profile during the test
sequences because overtopping waves often obscured the view. In many cases,
at the end of the more severe wave packets, it was obvious that some of the
armor units had undergone an imperceptible shift in position during prolonged
wave attack. Sometimes the Core-Loc would loosen as a result of dolosse
adjacent to the repair area becoming unstable. These surrounding dolosse
would displace or migrate slowly downslope away from the Core-Loc patch,
allowing the Core-Locs to loosen. For the longer period waves that tended to
repeatedly overtop the structure, dolosse would often displace off the backside
of the structure causing the slope to steepen. Once this happened, failure
could almost be predicted to occur. With continued wave attack, the steep
dolos slope would begin to slump and unconstrain the Core-Locs. The Core-
Locs would then loosen and begin to displace. Often, the instability of the
Core-Loc patch was a function of the instability of the dolosse at the transition
area at the perimeter of the patch.

One of the more difficult tasks was determination of the damaged area on
the slope. The mean Core-Loc repair packing density ¢, for the eight
sequences was ¢ = 0.71. This value is higher than the packing density for
Core-Loc, found through past controlled investigations to range from ¢ = 0.54
to ¢ = 0.62. In the past investigations, the slope area is well- defined. In
these repair tests, exact slope area to be repaired could only be estimated using
a crude grid system. The “hole” often had iregular edges and was located on
the curvilinear head section. The Core-Locs were placed by slings as in previ-
ous experiments and the packing on the repair patch appeared similar to that
used in the past. But in determining the packing dznsity based on the number
of Core-Locs placed and the estimated area of repair, the repair packing
density was consistently higher than that found in newly constructed, Core-
Loc-only physical models (Melby and Turk 1995c).

In observing damage progression during the tests, it was found that wave
packets with longer wave periods caused instability in a much shorter duration
than those with shorter wave periods. The zero moment wave heights for all
the packets did not vary much (from 12.4 cm to 15.3 ¢m (from 4.88 in. to
6.02 in.)), but for T, = 2.4 sec or greater, the slope began to unravel much
quicker. Most of the larger waves would break on the foreshore slope regard-
less of wave period, but the longer period waves contained much more
momentum. They would overtop the structure and cause instability. It was
interesting to note that the location of the major damage always manifested
itself on or about the still-water level on the seaward side of the breakwater
head, normal to the angle of wave attack. In one case, Test Sequence 5
(Tp = 2.4 sec), severe wave attack caused the armoring to disintegrate from the
toe to the crown. Prior to the tests it was anticipated that backside instability
would be observed. But at the single water depth tested for the breakwater
configuration and wave parameters, only minor damage occurred on the back-
side of the breakwater.
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5 Summary and Conclusions

Summary

These preliminary three-dimensional repair tests show that Core-Loc can be
successfully used for the repair of dolos-armored breakwaters. Eight
test sequences were conducted with peak wave periods ranging from Tp =
1.41 sec to 2.83 sec. Zero moment wave heights ranged from 11.0 cm to
15.3 cm (4.33 in. to 6.02 in.). One water depth (23 cm (9.06 in.)), one weight
of Core-Loc (145 g (0.32 Ib)) armor units, and one weight of dolos (125 g
(0.28 1b)) were used for the tests. The ratio of Core-Loc fluke length C to
dolos fluke length Cp, was C;/ Cp = 0.93. The repair method used
throughout the tests was the spot repair method. The V-notch method was not
used for these tests, but its use is planned in the future.

A breakwater head section with a 1V:1.5H structure slope was first armored
with dolosse. The structure then was subject to a series of 15-min wave
packets of sequentially increasing wave height. As the structure began to
degrade, dolosse displaced from their initial position were mechanically
removed from the slope. Once the dolos armor layer reached a point of
imminent failure, the waves were stopped and the structure was repaired with
Core-Loc. The same series of wave packets was run on the rehabilitated
structure until a level of damage similar to the dolos-only armor was reached.
Results before and after repair were compared. The Core-Loc repair was at
least as good, and in general, more hydraulically stable than the original dolos
structure. ‘

Conclusions

For the tests conducted, zero moment wave heights ranged from 11.0 cm to
15.3 cm (4.33 in. to 6.02 in.). The hydraulic stability of the dolosse and Core-
Loc expressed in terms of Hudson stability number ranged from N = 2.3
(dolosse) to 2.7 (Core-Loc) (K; = 7.7 to 13). Most of the dolos-armored
structures in the United States fall within this range of hydraulic stability
(Melby and Turk 1995a), and some have required repairs. In most cases, the
repairs have been made with dolosse of the same size as the original armor.
Slender dolosse of inadequate strength have, by the nature of their flexural
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structural response, a predisposition toward breakage under impact loading
(Melby and Turk 1994). Finite Element Analysis, comparing the structural
response of dolosse and Core-Loc, shows the maximum tensile stress in Core-
Loc to be 60 percent that of dolosse (Melby and Turk 1995c). For future
repairs of dolos slopes, Core-Locs, with their superior structural strength
characteristics and hydraulic stability, may prove to provide lasting repairs for
existing dolos-armored slopes.

During the tests, it was observed that the onset of armor unit hydraulic
instability occurred much sooner in the test series for longer period waves
(T, = 2.40 and 2.83 sec). This was the same conclusion reached by Carver,
Herrington, and Wright (1987), where the stability of dolos-armored rubble-
mound breakwater heads was investigated. Even though zero moment incident
wave heights reached depth-limited breaking, regardless of wave period tested,
the longer period waves contain much more momentum and tended to easily
overtop the structure. These overtopping waves were much more destructive
than the shorter period waves which expended much of their energy on the
foreshore slope.

The area of the breakwater head that repeatedly sustained the most damage
was the seaside slope facing the direction of wave attack. For the four peak
wave periods tested, the damage always started with instability in the armor
layer at or slightly above the still-water level. As units displaced, the armor
layer would shift and loosen. Adjacent armor units would lose interlocking
with the matrix as they migrated toward the hole left by the displaced units.
These units then would displace, and the matrix would begin to unravel.
When a dolos displaced and was replaced with broken pieces, these pieces
would rarely remain where they were put. Most of the broken pieces would
end up off the structure in the lee of the breakwater. From these tests, there
was no indication that broken pieces either aid or detract from the integrity of
the armor layer. It should be kept in mind, however, that the fate of broken
pieces in the prototype is not well understood, and they may act as projectiles
causing breakage of other units.

Markle and Davidson (1983) investigated the effects of dolos breakage on
the stability of rubble-mound breakwater trunks when subjected to breaking
and nonbreaking waves. They concluded that if uniform breakage does not
exceed 15 percent in the top layer, 15 percent in the bottom layer, a total of
7.5 percent breakage in both layers, or a cluster of five broken dolosse, the
overall stability of the dolos armor layer will be similar to an armor layer with
no breakage. In the three-dimensional repair tests reported herein, as a general
observation, once a cluster of about 25 dolosse was removed from the slope,
damage progressed very quickly. Catastrophic failure was usually imminent.
Questions often arise as to what damage level is appropriate to mobilize for
repairs. It is the authors’ opinion that if a cluster of five broken dolosse is
observed, the damaged area should be closely monitored for accelerated
damage rates and plans should be made for repair. It may take several years
to acquire funds and mobilize for a repair. If the damage is allowed to
progress to a level approaching 25 broken dolosse before making a decision to
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repair, an inclement season may severely damage the breakwater, resulting in
exorbitant rehabilitation costs.

From this preliminary test series, one lesson learned was that when a
breakwater slope is repaired, the patch is only as stable as the surrounding
original armor matrix. In many cases, a particular reach or location on a
breakwater is exposed to wave focusing effects where the wave attack is more
severe than on the rest of the breakwater. The breakwater should be carefully
inspected to determine if there is any evidence of dolos movement about the
perimeter of the damaged area. If so, and if a repair is to be initiated using
Core-Locs to repair a marginally stable dolosse slope, the repair area should be
expanded to cover the entire unstable region. If economics dictate that only
the damaged area can be repaired, extra Core-Loc repair units should be cast
for placement at a later date if the patch is observed to loosen.

Chapter 5 Summary and Conclusions
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Photo A4. TS1, after 3 hr 15 min. Core-Loc patch still intact

Appendix A Photographs of 3-D Repair Tests

A3



Al

.»u?
TEST SECTION ;
13

R ——

Photo A6. TS3, dolos armor failed after 2 hr. Note pieces of broken
dolosse

Appendix A Photographs of 3-D Repair Tests




CORE-LOC
PATCH

Photo A7. TS3, repair with Core-Loc. Note single unit spot repair on lee
side of breakwater

Photo A8. TS3, damage to Core-Loc repair after 2 hr
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Photo A11. Test Sequence 5 (TS5) 7, = 2.4 sec. New dolos armoring

Photo A12. TS5. Damage on breakwater after 45 min
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Photo A16. TS7. Damage to dolos armor after 45 min of wave attack
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Photo A18. TS7. Damage to Core-Loc repair after 1 hr 30 min
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