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The ability of concrete armour units for breakwaters to interlock and form an integral single layer is important for

withstanding severe wave conditions. In reality, displacements take place under wave loading, whether they are

small and insignificant or large and representing serious structural damage. In this work, a code that combines finite-

and discrete-element methods which can simulate motion and interaction among units was used to conduct a

numerical investigation. Various concrete armour layer structures were built using a carefully researched placement

technique and then subjected to a boundary vibration. By analysing the displacements and assessing the number of

units that were displaced by more than one-third their nominal size, the numerical test programme indicated clearly

that the initial build packing density was the most important parameter influencing the stability of concrete armour

layers under vibration. The size of the underlayer rock and the type of unit also affected the numerical performance

of the single-layer concrete armour systems under vibration. The results presented are for full-scale systems and

therefore add further insights into simple laboratory ‘shake tests’, although the oscillatory loading in this study is

acknowledged to be profoundly different to wave action.

Notation
cf coefficient of friction
cfnp coefficient of friction for numerical placement
D net downslope displacements of units after vibration (m)
Dh horizontal distance between units in a row (m)
Dn nominal size of the unit (i.e. cube root of the unit’s

volume) (m)
Dv upslope/downslope distance of units between rows (m)
H characteristic height of the unit (m)
N number of vibration cycles
Nmax maximum number of vibration cycles before a loss of

single-layer integrity observed
Vxy maximum velocity in the upslope direction, in (m/s) of

the sinusoidally displaced boundary vibration
(xy simply signifies it has components in the
horizontal (x) and vertical (y) directions)

Wa/Wr armour unit weight divided by underlayer rock weight

1. Introduction
Concrete armour layers have been extensively investigated since
their introduction in the construction of breakwaters as an
innovative alternative to quarried rock. However, their design
still relies on empirical formulae in current design codes – for

example, CIRIA/CUR/CETMEF (2007) and the US Coastal
Engineering Manual (USACE, 2002) – or in the specific con-
crete unit designer’s manual where special placement methods
and packing densities are given as additional vital criteria
for acceptable practice with the unit. Physical modelling of the
proposed structure together with experience from previous prac-
tice is considered essential for structures with significant capital
cost. Although the hydraulic performance of concrete armour
layers can be studied experimentally, the way the units are
placed, interact and behave as a whole system is not yet well
understood and certainly not at full scale. Numerical methods
may overcome some of the limitations of physical models and
provide the opportunity to investigate some of the properties of
concrete armour layers with different ‘as-built’ geometry charac-
teristics that could most beneficially be under greater control of
the designer if provided with greater knowledge. Following on
from a previous study by the authors, the long-term aim is
to provide a numerical tool that complements or replaces lab-
oratory experiments. Here, the focus is to accommodate stochas-
tic variability in the armour layer response to an oscillatory
loading more realistically than hitherto, and later to adapt the
methods step-by-step to the hydraulic context of breakwater
design.
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In this study, a numerical methodology that combines
the finite-element method and the discrete-element method,
named FemDem, is used. The research code used in this
study employs similar methods to the ‘Y3D’ code developed
by Jiansheng Xiang, which subjected to verification test cases
(Xiang et al., 2009). It is launched on the VGeST website
(VGeST, 2009). It now provides the foundation for numerical
modelling of concrete armour layers (Xiang et al., 2012) and
has many additional features such as a three-dimensional frac-
ture model (Guo et al., 2015). The gigantic and complex-
shaped concrete units can be represented in detail together
with their mechanical interactions at full scale (i.e. with proto-
type dimensions). It also allows for these systems of units to be
both built and analysed with a new set of methods and tools
customised for coastal structure applications (Anastasaki et al.,
2015; Latham et al., 2013).

Although the multi-body solids code has been coupled with
the powerful multi-purpose fluids code ‘Fluidity’ (Viré et al.,
2012), further research is needed either to add numerical wave
tank capability to ‘Fluidity’ or to fully couple the FemDem
solver code with other general-purpose computational fluid
dynamics codes, which poses the type of ‘numerical wave
tank tool box’ required for wave–structure interactions – for
example, OpenFoam (Higuera et al., 2013; Jensen et al., 2014;
Richardson et al., 2013), Flow3D (Dentale et al., 2009, 2015).
By applying vibration to the foundation of the armour layer (in
this case the breakwater underlayer and toe row of units), the
concrete units can be subjected to a disturbance of controlled
intensity.

A major preliminary part of this research on armour layer
simulation was devoted to the development of a method
for the numerical placement of CORE-LOC units (referred
to in this paper as Core-Loc or CL) on a single layer of a
breakwater as first described by Anastasaki et al. (2013) and
Latham et al. (2013) and further illustrated by Anastasaki
et al. (2015). The placement method was designed so that it
could be applied to all types of single-layer concrete units for
which an ‘irregular’ placement pattern, in terms of orientations
and interlocking, is critical or high priority for the concept
underlying the unit’s design. It may also have practical use if
the numerical placement configuration is found to be a simple
and effective one to adopt for orienting units during crane-
operated construction of real breakwaters on site.

The new placement method (Anastasaki et al., 2015) was
applied to the creation of a single armour layer consisting of
21 rows (including the toe row) of Core-Loc units of 8 m3 with
a target average dimensionless packing density (PD) of 0·60
and where the ratio of the average armour unit size to the size
of the underlayer rocks was Wa/Wr = 10. In this work, this
combination of design parameters is taken as the reference

armour layer. It is presented in Figure 1. In recent years, a
growing set of analysis tools has also been developed for the
extraction of useful information about the performance of
such layer systems, including a new method for the accurate
calculation of PD on a local (per unit or per row) basis
(Anastasaki et al., 2015; Latham et al., 2013).

To compare performance, all the different armour layers were
tested under vibration conditions. For this study, the vibration
conditions were as follows: vibration was applied parallel to
the slope direction (termed x′) with an upslope and downslope
boundary displacement and with maximum vibration velocity
Vx′=5 m/s and vibration frequency= 2·5 Hz. When applying
vibration, the boundary geometry that is moved as a rigid
foundation with prescribed oscillatory velocity includes the
rock underlayer, the side-walls and the toe row while the
units are left free to respond, which is the point of the tests.
In contrast to previous work (Anastasaki et al., 2015), where
concrete armour layers were subjected to a ‘mild vibration’ of
ten cycles, the vibration cycling in this work was applied con-
tinuously up to the stage when the concrete armour layer
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Figure 1. Concrete armour layer consisting of 20 rows of

Core-Loc units of 8 m3 (and a toe row of units) numerically

created with PD=0·601 (reference case). The coordination

number (CN) of units (i.e. number of contacts with neighbouring

solids) is illustrated
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reached a maximum placement density for which the layer
integrity remained intact. This is by analogy with the ‘no
damage criterion’ that is applied in the new generation of
single-layer concrete armour unit systems.

Having developed the numerical unit placement and vibration
methods, which were presented in detail by Anastasaki et al.
(2015), in this work, single-layer concrete armour layers with
different characteristics such as PD, underlayer roughness and
unit type form the basis of the numerical study. The effects of
varying these characteristics on the performance under a
vibration disturbance are investigated. The numerical model
tests are presented in Section 2. Results are discussed in
Section 3. The different armour layers are analysed mainly in
terms of centroid positioning, from which measures of displa-
cement are derived together with details of how the PD
evolves during vibration cycles. In some cases, the average
coordination number (CN) (average number of contacts each
unit makes with the neighbouring units) provides a meaningful
parameter to illustrate mechanical tightening of the layer.
Section 3 introduces the tests with ACCROPODE II units
(referred to in this paper as Accropode II or AS) and this is
followed with a discussion of the responses under vibration
together with concluding remarks.

2. Numerical model tests
The performance of concrete armour layers with different
PDs, underlayer and shape characteristics was investigated as
follows.

2.1 Relative performance as a function of PD
Several additional armour layers of 20 rows were numerically
constructed to supplement those reported by Anastasaki et al.
(2015). Due to the staggered pattern this can be written as
20 rows� 12 (11) columns. The same size units (8 m3) were

placed on the same rough underlayer (with armour to rock
unit weight ratio of Wa/Wr = 10) but with different horizontal
and upslope spacing design grid (Dh and Dv) and/or different
initial numerical coefficient of friction during numerical place-
ment (cfnp values, see Anastasaki et al. (2015)). In all cases,
units were brought to rest with a friction coefficient cf = 0·9,
regarded to be a possibly reasonable estimate for prototype
scenarios although lower values are possible for wet smooth
concrete (see Latham et al. (2013) and Mohamad et al. (2015)
for discussion and experimental data). The seven resulting
PDs are listed together with the input design parameters in
Table 1.

2.2 Relative performance as a function of the size
of the underlayer

One underlayer numerical model was created by packing
realistic rock shapes on the slope and thereafter linear dimen-
sional scaling was applied to this underlayer model to produce
underlayers with different sizes of rocks. The choice of exact
scaling requires careful consideration in order to provide a
meaningful test range to investigate the effect of armour to
underlayer mass ratio in isolation from other factors. The
underlayer of the reference case (with Wa/Wr = 10) was suitable
for the placement of exactly 12 Core-Loc units on each row
(actually 11 on each alternate row) between the side-walls.
Key to setting the scaling factor was the requirement that
when placing the 8 m3 units in rows and columns, the units in
the first and last columns should fit snugly against the side-
walls. This helped to ensure that no model would be more
prone to a ‘side-wall collapse’ than any of the others. In this
way, the different numbers of units per row for the four
new models were: 13 (12) units, 14 (13), 11 (10) and 10 (9).
Note that alternate rows were designed to have one unit less,
as signified by the lower number in brackets (a good example
of this alternating number of units per row is also plain to see

Tests of different PDs Design grid of positions of units

Friction coefficient for
the numerical
placement of units, cfnp

PD of the
armour layer

CL_0·584 Dh = 1·12H Dv = 0·55H cfnp = 0·90 0·584
CL_0·594 Dh = 1·12H Dv = 0·55H cfnp = 0·30 0·594
CL_0·601 Dh = 1·12H Dv = 0·55H cfnp = 0·25 0·601
CL_0·604 Dh = 1·12H Dv = 0·54H cfnp = 0·25 0·604
CL_0·618 Dh = 1·12H Dv = 0·53H cfnp = 0·25 0·618
CL_0·628 Dh = 1·12H Dv = 0·53H cfnp = 0·15 0·628
CL_0·631 Dh = 1·12H Dv = 0·53H cfnp = 0·10 0·631

Table 1. Design parameters set in the numerical model for the

creation of armour layers with different PDs (Dh and Dv are the

horizontal and upslope distances between centroids of units along

the Z-axis and the parallel to the slope, S-axis, respectively)

(text and numbers in bold font represent the reference armour)
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in the placement pattern of Accropode II (AS) units shown in
Figure 8). The scaling factors chosen to give these precise
integer values for number of units per row, while retaining the
snug fit requirement, were determined by a combination of cal-
culation and model application. The five models thus con-
structed gave a test series with a range of Wa/Wr from 6·9
to 19, as shown in Table 2. The vibration energy applied was
the same regardless of the extent to which the underlayer had
been re-scaled. Therefore, the five models created and dis-
turbed with this scaling methodology can provide a compari-
son for a study of underlayer size effects even though the
underlayers were built with the same geometric model.

2.3 Relative performance of Core-Loc and
Accropode II layers

Tests were conducted using the placement of Accropode II,
both the standard form with and modified form without ‘sacri-
ficial friction studs’ (tests AS and AM, respectively). For the
placement of a different unit type, the initial target distances
between units were: Dh = 1·10H and Dv = 0·55H. Four different
types of orientations – two with axes normal to the slope and
two which are oblique – were selected for this type of unit in
order to apply the placement method presented by Anastasaki
et al. (2015). The units enter the domain and fall vertically
with the initial friction coefficient cfnp = 0·25. Then, they are
brought to rest with cf = 0·9. The resulting PD values for each
of the armour layers AS and AM are presented in Table 3.

2.4 Test programme
The test programme and selected results are presented in
Table 3. Once the different concrete armour layers were
numerically created they were vibrated under the same con-
ditions (maximum velocity Vxy=5 m/s and frequency 2·5 Hz)
in the plane of the armour layer (up and down the slope).
Typically, increments of ten vibration cycles were applied and
then the models were analysed. Further vibration cycles were
found to lead to tighter packs but only up to a critical period
in the layer’s evolution when further vibration led to the start

of deterioration of layer integrity. This stage was approximately
captured to within the nearest ten cycles, as denoted by Nmax

in Table 3. Nmax is determined for each different armour layer
when it has been transformed to a very tight pack but has not
lost the main functions of a single concrete armour layer –

that is, it is determined semi-quantitatively (see further discus-
sion in the last paragraph of Section 3.1). This is the
‘maximum’ PD that a particular armour layer can reach.

For all the tests, the characteristics of the armour layers tested
together with the results, in terms of average PD before
vibration and the maximum number of vibration cycles (Nmax)
needed to achieve a ‘maximum’ PD after vibration are pre-
sented in Table 3. The performance of the armour layer is also
described in terms of the unit downslope displacement distance
(D) normalised by the nominal size of units (Dn), D/Dn.
A stability measure can be defined by setting a ‘safe’ displace-
ment threshold D/Dn < 0·3 and counting the proportion of
units that are ‘safe’ in the sense that their centroids are dis-
placed less that this ‘acceptable’ value. The safe displacement
number or safe displacement percentage (SDP) is the number
or percentage of units with D/Dn < 0·3. The SDP describes a
form of relative stability for a given disturbance and is used in
this paper to compare performance in terms of displacements.
Values for D/Dn < 0·5 are discussed later in the paper and are
also presented in Table 3.

3. Results analysis
Tests for the first series are named with the following conven-
tion: the test identifier letters refer to the unit type – for
example, CL is for Core-Loc, AS is for Accropode II standard
geometry and AM is for a specially modified geometry of
Accropode II. This is followed by a number representing the
PD before the vibration and then the weight ratio between the
armour and the underlayer Wa/Wr. Note that the results
reported in this paper do not represent values that would be
observed on site (or in the laboratory) for a hydraulic wave
loading but might well be matched by a shake test. For
example, wave action is focused at still water level whereas
the response to vibration is an approximately even downslope
jostling with maximum movements at the top and zero at a
fixed toe. However, since the methods used for the creation
and analysis of the different armour layers are all the same,
the influence of their characteristics on performance under
vibration can be cautiously compared as a possible indicator
to rank design variables.

3.1 Armour layers of different initial PD
In addition to the reference armour layer (CL_0·601), two
tests started looser (CL_0·584 and CL_0·594) and four started
denser (CL_0·604, CL_0·618, CL_0·628 and CL_0·631)
making seven layers of different PDs in all. These structures
are heterogeneous and perform differently under disturbance.

Wa/Wr

Planned number of units per
row (alternate rows have one

fewer unit, as shown)
Scaling factors for
the underlayer

10 12 (11) 1
14 11 (10) 0·913
19 10 (9) 0·826
8·6 13 (12) 1·087
6·9 14 (13) 1·174

Table 2. Tests of armour layers with different underlayers

(numbers in bold font represent the reference armour)
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In general, due to the vibration applied in the upslope and
downslope directions, units move mainly downwards and find
new tighter positions, resulting in an increase in PD which is
more significant in the lower part of the armour layer than
in the upper part. This is shown in Figure 2, which compares
the average per row PD before and after vibration for the
PD=0·628 case and the reference case PD=0·601. Most of
the armour layers reached a maximum PD value of around
0·64 before losing their single-layer integrity, but after slightly
different periods of vibration (Table 3). Understandably, the

loose packs need more vibration cycles than the tight ones to
tighten up to a given new PD. This may be an indication of
the better performance of the denser armour layers compared
with the looser ones. However, this is not necessarily always the
case. Each unique armour layer, irrespective of its difference or
similarity in average initial PD, was found to perform differ-
ently. One immediately obvious way of tracking the behaviour
is to assess it in terms of average PD, as in Figure 2. Another
way is to consider the displacement magnitudes statistically
using a measure like SDP for the percentage of ‘safe’ units.

Test name
Armour unit
type

Underlayer rock
weight, Wr (Wa is the
weight of the armour

unit)

PD of the
armour
layer

Total number
of vibration
cycles, N

PD of the
armour layer

after N vibration
cycles

Number of units (%)
of the armour layer

with ‘safe’
displacements

D/Dn < 0·3 D/Dn < 0·5

CL_0·601_10 Core-Loc Wa/10 0·601 30 0·629 50·00 76·09
CL_0·601_10 Core-Loc Wa/10 0·601 40 0·637 33·04 56·52
CL_0·601_10 Core-Loc Wa/10 0·601 50Nmax 0·642 23·91 45·65
CL_0·584_10 Core-Loc Wa/10 0·584 30Nmax 0·612 26·09 45·22
CL_0·594_10 Core-Loc Wa/10 0·594 30 0·646 18·70 30·87
CL_0·594_10 Core-Loc Wa/10 0·594 40Nmax 0·654 16·52 25·65
CL_0·604_10 Core-Loc Wa/10 0·604 30Nmax 0·644 22·17 33·48
CL_0·618_10 Core-Loc Wa/10 0·618 30Nmax 0·640 50·87 70·87
CL_0·628_10 Core-Loc Wa/10 0·628 20Nmax 0·644 74·35 94·35
CL_0·631_10 Core-Loc Wa/10 0·631 10 0·642 94·35 98·70
CL_0·631_10 Core-Loc Wa/10 0·631 20Nmax 0·653 82·17 92·61
CL_0·631_10 Core-Loc Wa/10 0·631 20 (cf = 0·1) 0·663 53·48 79·57
CL_0·611_19 Core-Loc Wa/19 0·611 30 0·652 37·37 54·74
CL_0·611_19 Core-Loc Wa/19 0·611 38Nmax 0·667 31·58 42·60
CL_0·602_14 Core-Loc Wa/14 0·602 30 0·626 50·37 62·38
CL_0·602_14 Core-Loc Wa/14 0·602 40 0·635 32·86 47·14
CL_0·602_14 Core-Loc Wa/14 0·602 50Nmax 0·650 26·67 40·00
CL_0·596_8·6 Core-Loc Wa/8·6 0·596 30 0·634 26·51 49·80
CL_0·596_8·6 Core-Loc Wa/8·6 0·596 40 0·648 21·20 38·00
CL_0·596_8·6 Core-Loc Wa/8·6 0·596 50Nmax 0·654 21·69 36·00
CL_0·587_6·9 Core-Loc Wa/6·9 0·587 30 0·616 50·37 72·22
CL_0·587_6·9 Core-Loc Wa/6·9 0·587 40 0·625 46·30 60·74
CL_0·587_6·9 Core-Loc Wa/6·9 0·587 50Nmax 0·634 40·37 53·70
AS_0·609_10 Accropode II Wa/10 0·609 40Nmax 0·659 31·74 45·65
AM_0·618_10 Accropode II

without
studs

Wa/10 0·618 40Nmax 0·659 25·65 43·48

cf = 0·9 in all cases except the last test in the first series; for the second test in the second series, the tightest packing before loss
of integrity was pinpointed more accurately at 38 cycles.

Table 3. Numerical simulation test programme and results after

vibration of the concrete armour layers with 8 m3 concrete units

(bold font represents the reference armour layer)
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In general, the looser the initial pack, the larger were the
typical displacements of units. Regarding the number of units
with safe displacements, the best performance was achieved
with the tightest pack of units, CL_0·631 (SDP=94%, i.e. 94%
of units moved by D/Dn < 0·3) followed by CL_0·628
(SDP=74%) and CL_0·618 (SDP=51%). For the cases of
PD equal to 0·601, 0·604 and 0·594, the values dropped to
24, 22 and 19%, respectively. For the very loose pack test
(CL_0·584) at the early stage where compaction had reached
only PD=0·612, already, only a few units had safe displace-
ments (SDP=26%) and further vibrations caused numerical
extractions to occur (i.e. where units are lifted in order to sit
above the main layer).

A new method of visualising such results without limiting
oneself to the precise threshold of D/Dn < 0·3 is presented in
Figure 3, where the range of displacements of units indicated
by different threshold levels is illustrated row by row. It is con-
firmed that the denser the armour layers, the less significant
are the displacements of units as assessed by all the threshold
values. In this plot, the height in the structure – that is, row
numbers with high SDP values (many units with D/Dn < 0·3) –
can be identified by the light grey areas. Although the refer-
ence armour layer (CL_0·601) has almost the same PD value

as CL_0·604, it may be considered marginally more stable due
to the more vibration cycles needed to reach PD=0·640 and
the smaller number of units with the very large displacements
(D/Dn > 2). The best performing layers in terms of SDP are
those with the tightest initial packs CL_0·631 and CL_0·628.
In the CL_0·618 test, there were a few units with displacements
D/Dn > 1. However, significant displacements of D/Dn > 2 were
observed mainly in the looser layer tests, CL_0·604, CL_0·601
and CL_0·594. These plots also indicate that the largest displa-
cements occurred in the upper rows of the structure, while for
the lower rows the movements of units may be considered on
the safe side.

The performance of an armour layer may also be related to
the ‘quality’ of the placement of units. In this paper, the stat-
istics for the number of contacts each unit makes with its
neighbour (CN) is considered an indication of the effectiveness
of interlocking. Figure 4 highlights the profoundly different
properties of the 0·584 pack compared with the others.
Furthermore, the sequence of PD curves is found to shift in
subtle ways as the curves cross each other – a portent that be-
haviour may not simply follow the initial PD in a predictable
way. Reassuringly, the results strongly confirm that the denser
the pack, the further the cumulative curve shifts to the right,
resulting in a larger proportion of high CN values. Figure 5
presents a cumulative frequency plot showing the spread of dis-
placements after vibration to varying degrees needed for that
structure to arrive at its limit of stability. Here, the curves
further to the left indicate the least mobile armour layers so
that the resulting data support the general conclusion that the
larger the initial PD of the armour system, the less vulnerable
is the structure. The variation from this trend can be linked to
models being run to different numbers of vibration cycles and
the natural variability that exists when two different layers are
created with a similar average PD. The trend in CN statistics
given in Figure 4 approximately follows the displacement stat-
istics given in Figure 5 for the stability performance of the
armour layers. Note that the D/Dn < 0·3 threshold appears to
be a very good discriminator for defining the stability indicator
SDP for the higher density packs but not for the lower ones,
while D/Dn < 0·5 is perhaps capturing the entire range of
responses most evenly.

The above discussion of results focused on vibration test runs
where, irrespective of the number of vibration cycles, the PD
value signifying the beginning of single-layer integrity loss was
0·64. However, there were two cases of simulated armour
layers where, before unit extraction and integrity loss were indi-
cated, a very tight final PD of 0·65 was achieved (these are
CL_0·594 after 40 cycles and CL_0·631 after 20 cycles; see
Table 3). Even though it was not within the main scope of this
study, in order to find the limiting average PD that an irregular
armour layer (of Core-Loc) can reach after a vibration
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disturbance but without units becoming extracted or squeezed
out from the armour layer, the CL_0·631 model was vibrated
under the same conditions (20 cycles) but assigned a very low
Coulomb friction coefficient, cf = 0·1, to ease the resistance to
reposition rotating and sliding movement of units. The armour
layer was transformed to an extremely tight pack with a
PD=0·663. It has been suggested (W. F. Baird, personal com-
munication, 2012) that an average PD value of 0·66 has also
been observed/deduced in a field survey and/or a laboratory
survey after wave disturbance conditions and without clear
signs of layer integrity loss. However, whether the integrity
within one layer was retained in such observed cases or
whether the sample area used to calculate the PD had

un-knowingly become extended near the toe remains uncer-
tain. It is interesting to speculate that a given unit does have a
certain maximum PD for a truly irregular single layer and that
this may well differ from a regular lattice-patterned placement.
It does, however, seem reasonable to speculate that a damage
mechanism operating under wave action could be one related
to a similar one observed in these vibrated numerical tests
which showed a squeezing or buckling action causing units
locally to rise up and hence become potentially vulnerable.
Moreover, an average value higher than 0·66 might well indi-
cate that units are not well locked down to the underlayer and
may have an uneven outer enveloping surface with more units
vulnerable to greater instability.
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3.2 Armour layers with different size
underlayer rock

How underlayer roughness affects the nature of the placed
layers is now discussed before moving on to the subject of its
response to a disturbance. A clear influence of the size of
underlayer rocks during the placement of units can be seen
and the precise results for the average PD of the resulting
armour are given in Table 3. It is worth noting that, for the

second test in this second series, the tightest packing before
loss of integrity was pinpointed more accurately at 38 cycles,
whereas all other results are reported as at 40 cycles. The refer-
ence case, PD=0·601, sets the ratio Wa/Wr at 10. When the
underlayer rock sizes are increased, the ratio is decreased, the
roughness is relatively greater and the initial PD created during
the standard placement process decreases (Table 3), as one
might expect. The pack of units placed on the underlayer with
the smallest rock size (with ratio Wa/Wr = 19) became tight
with PD=0·611, while for the largest rocks (Wa/Wr = 6·9) was
lower, PD=0·587.

Turning to the effect of vibration disturbance; despite the
observation that smoother underlayers promoted the construc-
tion of tighter packs, the performance of the structure in terms
of displacements of units after 40 cycles presents a rather
unclear trend (Figure 6) partly because the starting PDs were
quite varied. When the rocks of the underlayer are large
(Wa/Wr = 6·9), the SDP is larger than for smaller underlayer
rock systems, despite the fact the other tests had an initial PD
tighter than Wa/Wr = 6·9. The other significant observation is
that, for the smallest underlayer tested Wa/Wr = 19, movements
between 1·5Dn and 2Dn were much more common than in the
other models (Figure 6).

A clearer expression of the underlayer’s influence can be found
by pairing tests where the initial PDs are nearly the same but
where, for one test, Wa/Wr is not the reference value of 10
(Figure 7). In these plots, the number of vibration cycles are in
each case the same and curves positioned further to the left
represent relatively more stable structures. It can be observed
that in all the cases, underlayer rocks larger than the reference
underlayer with Wr =Wa/10 tend to prevent units from sliding
downslope, causing safer displacements in comparison with
the reference underlayer. When the underlayer rocks are
smaller than the reference size, the curves appear on the right,
indicating larger displacements of units. In these cases, an
increase in the PD after disturbance due to the smoother
underlayer is clearly observed.

3.3 Armour layers made with a different
type of unit

The placement method developed by Anastasaki et al. (2015)
was applied to the new generation Accropode II units. After
experimentation with a trial and error approach, and in order
to adopt the new placement algorithm, the initial orientations
shown in Figure 8 were selected. A comparison of different
types of concrete units is far beyond the scope of this paper.
However, one objective was to have an initial study with a
different type of single-layer concrete unit. Given that the
effect of the ‘studs’, which are a key feature of the Accropode
II unit, is not immediately obvious, another objective was to
compare this unit’s behaviour with studs (AS) and without

0

20

40

60

80

100

0 1·0 2·0 3·0 4·0 5·0 6·0 7·0 8·0 9·0 10·0

C
um

ul
at

iv
e 

fr
eq

ue
nc

y:
 %

CN

CL_0·584_10

CL_0·594_10

CL_0·601_10

CL_0·604_10

CL_0·618_10

CL_0·628_10

CL_0·631_10

Figure 4. Coordination number for the armour layers numerically

created with different PDs (before vibration)

100

80

60

40

C
um

ul
at

iv
e 

fr
eq

ue
nc

y:
 %

20

0
0 0·3 0·6 0·9

D/Dn

1·2 1·5 1·8 2·1

CL_0·584_10 (V40, 0·619)
CL_0·594_10 (V30, 0·646)
CL_0·601_10 (V50, 0·642)
CL_0·604_10 (V30, 0·644)
CL_0·618_10 (V30, 0·640)
CL_0·628_10 (V20, 0·644)
CL_0·631_10 (V10, 0·642)

Figure 5. Displacements of units D normalised with the nominal

unit size (D/Dn) after vibration for the seven armour layers

numerically created with different PDs

181

Maritime Engineering
Volume 169 Issue MA4

Numerical test for single concrete armour
layer on breakwaters
Anastasaki, Latham and Xiang

Downloaded by [ Imperial College London Library] on [30/11/16]. Copyright © ICE Publishing, all rights reserved.



50

40

30

20

10

0
0 0·2 0·4 0·6 0·8 1·0 1·2 1·4 1·6 1·8 2·0 2·2

D/Dn

Fr
eq

ue
nc

y:
 %

CL_0·611_19 (V38, 0·667)

CL_0·602_14 (V40, 0·635)

CL_0·601_10 (V40, 0·637)

CL_0·596_8·6 (V40, 0·648)

CL_0·587_6·9 (V40, 0·625)

Figure 6. Distribution of displacements of units D/Dn under the

same vibration conditions (�40 vibration cycles) for the armour

layers placed on five different underlayer rock sizes

0

20

40

60

80

100

0 0·4 0·8 1·2 1·6 2·0 2·4

C
um

ul
at

iv
e 

fr
eq

ue
nc

y:
 %

C
um

ul
at

iv
e 

fr
eq

ue
nc

y:
 %

D/Dn

0

20

40

60

80

100

0 0·4 0·8 1·2 1·6 2·0 2·4

C
um

ul
at

iv
e 

fr
eq

ue
nc

y:
 %

D/Dn

0

20

40

60

80

100

0 0·4 0·8 1·2 1·6 2·0 2·4

D/Dn

0

20

40

60

80

100

0 0·4 0·8 1·2 1·6 2·0 2·4

C
um

ul
at

iv
e 

fr
eq

ue
nc

y:
 %

D/Dn

CL_0·584_10 (V40, 0·619)

CL_0·587_6·9 (V40, 0·625)

CL_0·594_10 (V30, 0·646)

CL_0·596_8·6 (V30, 0·634)
CL_0·596_8·6 (V40, 0·648)

CL_0·601_10 (V50, 0·642)
CL_0·602_14 (V50, 0·650)

CL_0·608_10 (V30, 0·640)

CL_0·611_19 (V30, 0·652)

Figure 7. Comparison of armour layers with similar PDs but

placed on different underlayers. For the reference layer, the

underlayer armour to rock weight ratio was Wa/Wr = 10

182

Maritime Engineering
Volume 169 Issue MA4

Numerical test for single concrete armour
layer on breakwaters
Anastasaki, Latham and Xiang

Downloaded by [ Imperial College London Library] on [30/11/16]. Copyright © ICE Publishing, all rights reserved.



studs (AM). It is emphasised that the comparison of these two
types of units is just ‘a numerical exercise’ with no intention to
examine the effect of the studs of Accropode II units in a real-
life breakwater scenario.

The numerical placement of Accropode II units with the same
positioning grid gave a PD=0·609 for AS and PD=0·618 for
AM. This marginal difference in initial density was found to
be difficult to avoid, short of setting up a less dense spacing
for the AM units. This was because they were naturally more
prone to make tighter initial packs. Fortunately, a meaningful
comparison can be made as the final PDs were the same after
the same number of vibrations were applied, as discussed
below. Figure 9 shows the average row by row PD before and
after 40 cycles of vibration for both these armour layers. The
studded pack of AS starts out more evenly and seems to
develop a more even density of pack on a row by row basis
and therefore appears to have more homogeneous properties
than the armour made of AM. The model with no studs
appears to become relatively tighter in the lower rows while
retaining looser units in the upper rows.

After the same vibration duration of 40 cycles, both the con-
crete armour layers consisting of Accropode II with and
without the studs reached the same maximum PD=0·659. For
such a large shift in PD there will be significant absolute

displacements of units. Figure 10 illustrates the row by row
average displacements of units after vibration. The number of
units having D/Dn > 1 was 20% for AS and 14% for AM. The
slightly lower mobility under vibration of AM is most likely
due to the much tighter initial positions of AM compared with
the armour layer with AS units, but if measured in terms of
SDP (i.e. thresholds at 0·3D/Dn), the two packs have a very
similar response. In theory, if there is a statistical spread of
normalised displacements D/Dn within every row and there is a
uniform compaction driven by the vibrations from the top row
down towards the bottom row, the pattern to be expected for
the different D/Dn threshold contours in Figure 10 would be
straight lines radiating from the bottom right-hand corner.
Therefore, a more revealing contrast is the systematic nature of
the increase in settlement displacements from row 10 to row 20
seen in the model with studs (AS) as predicted by a uniform
compaction compared with the rather constant partitioning of
displacements everywhere between row 10 and 20 for the
model without studs (AM). It is therefore suggested that the
studs have contributed to a more even distribution of the gran-
ular deformation and displacement that has accommodated
the inevitable large settlement response (i.e. compaction to
average PD of 0·659) in response to such vigorous vibration
loadings.
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4. Discussion
To provide a graphical means to visualise the relative mobility
or instability of each armour layer system tested, there are
several options. Simply examining the initial rate of change of
PD with vibration cycles provides very little ability to predict
behavioural differences between packs. Furthermore, the rela-
tive ease of the transformation from an initial to a specific
final desirable tight state is of interest. The statistical distri-
bution of the normalised downslope displacements of all units,
either presented on a cumulative plot or on an average per row
basis plot, was considered the best graphical method to illus-
trate the relative instability of the various packs.

Large individual unit displacements, which in some cases were
twice the unit nominal size D/Dn > 2, were observed, especially
at the upper rows of the armour. The average lowering of the
top row after vibration did not exceed the nominal size Dn of
the armour unit for any of the cases considered.

A single measure of stability, the SDP, was defined. Based on a
movement threshold, SDP is the number of units (expressed as
a percentage) that move by less than what is considered a safe
distance (<0·3Dn). Using the SDP alone in a comparison of
performance of the tested structures greatly oversimplifies the
actual behaviour but provides a potentially suitable means to
compare performance. An SDP based on 0·5D/Dn was found
to tell much the same story. The initial PD is the most sensitive
geometric characteristic of the built layer, and is of first-order
significance. The SDP does not discriminate well the different
damage patterns for each of the four loose structures with PDs
between 0·584 and 0·604, each having a low SDP of �20.
Systematic improvements for the tighter structures when the
initial PD increased from about 0·62 to 0·63 were reflected
in SDP increases from 50 to >80. Trends that might be con-
sidered to be of second-order importance are those where,
as the weight ratio of armour layer to rock armour increases,
the SDP shows that the coarser underlayer (Wa/Wr = 6·9)
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has stability advantages. For different reasons, there is also
an apparent benefit from a relatively smooth underlayer
(Wa/Wr = 19). This is as a consequence of facilitating the cre-
ation of a tighter pack in the first place.

For a comparison of all the model cases, the cumulative fre-
quency plots of displacements of units after disturbance can
also be used, as shown in Figure 11, where the curves further
to the left indicate the more stable (least mobile) armour
layers. It is clear that the worst performance is for the loose
armour layers with PD=0·594 and 0·584. Best of all is the per-
formance of the armour layer with the highest PD of 0·631,
and its relative advantage over the other two tight packs with
PD=0·628 and PD=0·618 is systematic and clear.

Smoother underlayers with armour to rock weight ratios of
Wa/Wr = 14 and Wa/Wr = 19 are seen to be significantly less
stable than for the coarser underlayer. The use of the largest
size of rocks for the underlayer (Wa/Wr = 6·9) gave the most
stable result for the reference pack of PD=0·60. As discussed
earlier, this can be attributed to the greater resistance to sliding

during extended periods of vibration. However, the disadvan-
tage of the rougher large rock underlayer is that the creation of
a tighter initial pack is problematic, even for a target density of
0·60. Where the target density is 0·62, it is highly likely that
this effect of overly coarse underlayer rocks during construc-
tion is most critical. It can therefore be corroborated that
design code guidance set at Wa/Wr = 10 is a good compromise
between buildability and performance.

For 8 m3 Core-Loc units, the developer’s guide table (CLI,
2012) suggests a placed target value of PD=0·619 or greater.
It has been independently confirmed in this study, through
numerical modelling, that it is better to select a high density of
placement of units as close to the apparent maximum of
�0·640 as possible and that, for vibration disturbances, no
more than 50% of the units will be displaced by D/Dn > 0·3 if
the initial PD is ≥0·618.

As mentioned earlier, hydrodynamic storm wave loading acting
on the placed and free-to-move armour units is mechanically
different to the action of vibration forces as modelled in this
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paper. In the work reported here, the entire frozen underlayer,
toe row of units and the surrounding toe and side-walls are dis-
placed en masse in the upslope and downslope directions
beneath free-to-move armour units. The reader may be think-
ing it is possible to perform some kind of calibration. When
the chosen vibration intensity is applied for a given duration,
in this case �40 cycles, the accumulated adjustment of units
exhibits a structural response that, in certain respects, may
seem like a close match to the structural response under mod-
elled storm wave action in a flume tank test. However, the reli-
ability of such a calibration to show a hydrodynamic response
remains questionable even if high-quality flume test data for
packs of different initial PDs were available. This is because
the two types of disturbance processes are quite different. For
the vibration test, the units are more uniformly involved from
top to bottom – the local PD is expected to be at its maximum
near the toe and varying (in a stochastic somewhat systematic
way) to reach a minimum local PD in the upper rows with the
maximum downslope displacement occurring to units in these
upper rows. The hydrodynamic disturbance from a storm
would involve more complex physics with reversing buoyancy
uplift and drag forces. Due to the focus of wave energy around
the still water level, units in the relatively unsubmerged upper
rows may have zero or only minor displacements. There is also
the possibility that the lower units near to the toe units, while
supporting the overlying rows of units, are not subject to sig-
nificantly varying reversing hydraulic drag forces. The hydrau-
lic forces combined with contact forces acting during storm
action in laboratory tests have been demonstrated in certain
cases to actually loosen the pack just above and tighten the
pack just below the sea water level (Garcia et al., 2014).
Having said this, it is worth noting that downward migration
and settlement of an entire armour layer creating a gap at the
wave wall with some breakage was reported by Jensen (2014)
in a recent survey of breakwater damage focusing on single-
layer armour systems. Understanding of settlement as well as
unit extraction mechanisms remains a challenge.

5. Concluding remarks
The ability of concrete units to interlock and form an integral
single layer is very important. If designed well, the armour
structure can withstand severe conditions. However, any dis-
turbance tends to displace the armour units. This paper has
focused on a numerical investigation of different geometric
characteristics of the structure with the aim of understanding
how to improve the performance of different concrete armour
layers under oscillatory loading disturbances. The placement
method, which was developed for the numerical creation of
single-layer concrete armour units using an in-house FemDem
code (described in detail by Anastasaki et al. (2015)), facili-
tated the modelling of concrete armour layers with different
characteristics. The mechanical modelling solver was then able
to load the structures using oscillating/vibrating boundaries

and analyse the displacements of units after disturbance
(Anastasaki et al., 2015).

Since vibration was used for the numerical disturbance and
this is not representative of real sea wave action, the displace-
ment results reported in this paper do not correspond to realis-
tic values to be expected on site and/or in the laboratory for
structures subjected to design sea-states. They may not be a
source of data for designing real structures. However, since the
methods used for the creation and analysis of the different
armour layers are all essentially the same, the influence of
their design and build characteristics under this type of dis-
turbance makes for an interesting comparison.

The different characteristics referred to in this study include
two of the main options open to the designer: initial PD and
unit/underlayer weight ratio. From this study, it was concluded
that PD is the most important parameter influencing the per-
formance of armour layers under disturbance. The tighter the
packs, the smaller are the displacements of units and the more
improved is the performance of the armour layer under dis-
turbance. The roughness of the underlayer influences the place-
ment of units. It is easier for units placed on a relatively
smooth underlayer to slide downwards and find tighter pos-
itions, causing higher values of total average PD. But when
disturbed, armour layers placed on a rough underlayer are
more stable (despite the high increase of their PD after
disturbance).

Assuming units other than Core-Locs are an option, another
key design variable, perhaps the most important, is the unit
type. This paper has shown the capability to model other unit
types with an illustration of Accropode II, but the comparative
behaviour of different unit types is well outside the intended
scope of this paper. This study of coastal structures armoured
with single-layer systems is based on vibration and is a first
step towards showing potentially important results for dis-
turbed layers.

The next step is to develop a more realistic imposition of
the hydraulic force–time history of a storm sequence for a 50-
or 100-year design sea-state. These ‘wave proxy’ methods are
undergoing active development and will be supported by
further experimental validation in collaboration with Ottawa
University and Baird Associates. These wave proxy models
apply hydraulic lift and drag forces calibrated from numerical
wave–structure interaction studies. Such force–time histories
for wave action are ‘one-way coupled’ to the solids forces using
the same FemDem methods that simulated the unit motions
for boundary vibration/displacement histories in this paper.
Progress with FemDem wave proxy models has been high-
lighted in recent international conferences on coastal engineer-
ing and coastal structures.
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