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Abstract

After the failure of several large breakwaters in late 1970’s and early 1980’s where the role of rocking
and breakage of armour became apparent, the importance of understanding this rocking phenomenon
is given a great emphasis. Single layer randomly placed armour units are widely used in breakwa-
ter designs as they are more economical due to the less volume requirement. But these single layer
units have a much more “brittle” behaviour and strength of the units becomes a critical factor. As
the stresses developed after the impact is difficult to measure directly in the scale models, currently
percentage rocking is used as a design criterion. But a clear relationship between this quantity and
breakage has not been identified.Even though the single layer armour unit types are widely used the
knowledge on the rocking behaviour of this type of units are limited.

Therefore to get a better insight into the rocking behaviour of single layer armour units a previously
proposed technique of instrumented unit with embedded sensor was adopted. This technique was
found to be promising in detecting the rocking motion in stand alone mode. However, one issue of
that technique was relatively lower sampling frequency. Because of that, enough data could not be
captured to resolve the rocking motion in time very accurately.

Therefore, in this report the measurements with standalone IMU sensor embedded in 3D printed model
armour unit has been developed further. Firstly , different techniques were adopted to get the optimum
sampling frequency and sampling frequency was increased from 25 Hz to 100 Hz.

Then 2D physical model testings were performed with two instrumented model units. The model units
were placed on the loosely placed underlayer which was supported by glued stones layer and a wooden
base. This set up represents a breakwater section with a impermeable core in reality. The water level
was kept constant during the testings. Tests were performed for two days and only wave heights and
periods were changed during the testings while keeping the constant wave steepness. Initially, both
units were placed at the water level. But, when the instrumented units seem well interlocked with
neighbouring units the spacing around the units were intentionally increased by disturbing the natural
interlocking pattern. Otherwise, evaluating the effectiveness of the technique will be difficult without
having sufficient movements. During the second day of testings after rebuilding the slope, initially both
instrumented units were placed at the water level but later on units’ positions were changed to obtain
sufficient motions so that a good record of data to analyze.

Then the data were analyzed and processed based on a matlab routing. This report includes further
details on the processing method and obtained results. It is the first time that stand alone rocking
motions are reported for single layer armour units. By increasing the sampling frequency from25 Hz to
100 Hz, rocking events can now be resolved in time by 5-10 measurements points. Gyroscope data and
accelerometer data were combined to separate the linear acceleration from raw accelerometer data.
Upward and downward rotational motions were distinguished and impact velocities were calculated
based on both accelerometer and gyroscope. By analyzing the data it was observed that the angle of
rotation during the rocking event is small and usually unit returns to its original position after a full
rotation.

According to the final results, calculated characteristic impact velocities are in the same order of mag-
nitude with the previously conducted researches. Also the results show that the magnitude of the
characteristic impact velocity and number of collisions are not solely depend on the wave height or the
stability number, as same order of magnitude of the impact velocities and number of collisions can be
observed with the smaller waves if the interlocking is less effective. Therefore it can be concluded that
for the single layer armour units, interlocking effect can significantly influence the magnitude of the
impact velocity and number of collisions.
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Also highest impact velocities were observed during the upward movement compared with the impact
velocities of the downward movement. Also results show that both vertical position and horizontal
position of the unit on the slope can influence the both impact velocities and the number of collisions.
Also testing results showed that amount of first settlement of top rows can also affect the rocking
motion of below rows due to the additional pressure provided by the settled units.

However, impact velocities resulted from accelerometer integration is relatively higher than the impact
velocities obtained from the gyroscope. As the impact velocity estimation from the accelerometer has
several uncertainties, the impacts velocity given by the gyroscope is more trustworthy.

The proposed technique is promising in detecting the rocking motion. After analyzing the data it was
realized that some rocking motions that was not identified during the visual observations (basically
due to higher foaminess and turbulence) were also detected by the instrumented units. Therefore it is
recommended to use the technique in future researches to further study on the rocking motion.
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1
Introduction

The focus of this research is to understand the rocking motion of Xbloc which is a commonly used
single layer armour unit type. This chapter will provide better insight into the purpose, motivation and
objectives of this research.

1.1. Background
Breakwaters are worldwide popular structures that are built on the coast to provide protection against
waves and currents. Primarily, these are constructed at the entrance of the ports and harbours to
provide safe navigation and sheltered basin. But these can also serve as shore parallel structures that
protect habitats in the hinterland and beach against erosion. Additionally, in some cases breakwaters
avoid or reduce the siltation of navigation channels and accommodate loading facilities for cargo or
passengers.

A conventional breakwater consists of three main layers, core from fine material, underlayer(s) to act
as filter layer to protect the core material being washed away and armor layer mainly to dissipate wave
energy (Figure 1.1).

Figure 1.1: Typical cross section of a rubble mound breakwater (Verhagen et al., 2008)

Traditionally, large natural rocks and very heavy concrete blocks were used as armour units which ob-
tain stability by self-weight. But with the availability problems of natural rocks and massive material
requirement of the concrete blocks, interlocking type armour units were introduced to optimize the
concept. Among them classical units such as Dolosse, Tetrapods, and etc were used in double layers
until the armor units such as Xbloc, Accropode, and Coreloc have been developed to use in a single

1



2 1. Introduction

layer (Figure 1.2).

Figure 1.2: Different types of armour units (Reedijk & Muttray, 2009)

Xbloc units are randomly placed armour blocks (Figure 1.3) invented by Delta Marine Consultants
(DMC). Due to the angular shape of the Xblocs, the porosity of the Xbloc armour layer is high and the
concrete consumption is low. Xblocs are best suited for breakwater slopes with a steepness of 3V:4H.

Figure 1.3: Xbloc placement on a breakwater

1.2. Problem Description
Designing of the armour layer of breakwaters predominantly based on the hydraulic stability and knowl-
edge on incorporating the strength (structural stability) of the armour units in breakwater design pro-
cedure remains poor. But during a large storm rocking and collision between armour units are inherent
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and consequent breakage of the armour units can be observed.

After the failure of several large breakwaters in late 1970’s and early 1980’s where the role of rocking
and breakage of armour became apparent, the importance of understanding this phenomenon is given
a great emphasis.

Single layer randomly placed armour units are widely used in breakwater designs as they are more
economical due to the less volume requirement. But these single layer units have a much more “brit-
tle” behaviour and strength of the units becomes a critical factor. As the stresses developed after the
impact is difficult to measure directly in the scale models, currently percentage rocking is used as a
design criterion. But a clear relationship between this quantity and breakage has not been identified
Hofland et al. (2018).

As the shape, placement and slope are different for each armour unit type, the rocking mechanism is
also different for each armour unit type. Even though the single layer armour unit types are widely
used the knowledge on the rocking behaviour of this type of units are limited. Especially, the magnitude
of the impact velocity and the stochastic and spatial distribution of this impact velocity has not been
addressed which are known as the important parameters of the rocking behaviour Hofland et al. (2018).

Measurement technique
In current practice percentage rocking is included in the design guidelines by means of both number
of events per element, and number of elements that move. These are usually taken from visual obser-
vations and results are very subjective to the observer. Also, it is a laborious process and by visually
observing the measurements like impact velocity that can ultimately be related to the breakage of the
units, is difficult to calculate. Even though this technique is possible to use in 2D modelling to observe
rocking, it can not be adopted in 3D modelling to calculate the rocking.

High-speed photography technique that captures a series of photographs taken at a high frame rate
also an alternative method to detect movements and frequency of the movements of the armour units
clearly. But this technique alone does not help in estimating impact velocity correctly and especially
when dominant mode of rocking is rotation rather than translation it requires to capture the motions
in different angles. Also, laborious and time consuming when processing the data. Next to that, with
higher turbulence generated after violent breaking it would be difficult to detect movements using
photos practically.

Also, rocking motions are completely random in nature and difficult to give an accurate representation
using numerical modelling. Modelling turbulence, and rocking motion need high level of programming
and super computers to run the model. Hence, numerically modelling of rocking is also difficult.

Developing a standalone measurement device with embedded sensor seems to be more realistic to
measure the impact velocity. But measuring this during the impact itself would require a device with
very high sampling frequency as the impact time is in the order of 1ms. But measuring the impact
velocity before the impact can be achieved with much smaller sampling frequency as the accelerations
in the movement before the impact are related to the wave period in the order of the 1s duration
Hofland et al. (2018). A state of the art measuring device with a 9 axis IMU sensor is used in the
previous study by Arefin (2017) appears to be a promising method to measure impact velocity before
the impact with the maximum sensor frequency of 100 Hz.

1.3. Objective
The objective of the study follows the problem description sated in Section 1.2.
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Objective

• Determining magnitude, spatial and stochastic distribution of impact velocities of Xblocs, that are
rocking under the wave action.

In order to achieve this main objective, following sub objectives are defined.

Sub-Objectives:

• Further improve and validate the dedicated measurement technique for rocking analysis

• Determine the parameters related to rocking of Xblocs and methods to derive these parameters
efficiently and accurately from these devices.

• Compare and validate the parameters with previous studies

1.4. Approach
In order to fulfill the above objectives, following methodology will be applied.

• Analysis of previously conducted studies on rocking motion of armour units and stability of Xblocs.

• Update and optimize the hardware settings by increasing the sampling frequency, water tightness
and etc.

• Develop an instrumented Xbloc unit and validate the required minimum sampling frequency to
achieve accurate measurement for impact velocity.

• Develop a physical model and measure the rocking behavior of Xblocs subjected to varying wave
height.

• Take measurements for acceleration and rotation with improved sampling frequency together
with video recordings to detect movements of the units.

• Process and Analyze the data.

• Compare the results from the current research project with the results from previously conducted
research.



2
Literature Review

This chapter summarizes the previous studies to contextualize the current thesis work under three
different sections. First section presents the research works relevant to understanding the behaviour
of both single layer and double layer armour units, rocking motion, determination of impact velocities
and incorporating the strength of the armor units in the breakwater design procedure. The second
section presents the research work on stability of concrete armour units particularly on Xblocs and is
followed by different applications of IMU sensors.

2.1. Rocking motion of armour units
In the 1980 ’s the Centre for Civil Engineering Research and Codes (CUR) paid the attention in incorpo-
rating the strength of the armor units in the breakwater design procedure by initiating a comprehensive
joint industry research programme. This was followed by two other research works performed by Tuan
Le (2016) and Syed Arefin (2017) in TU Delft for their master theses.

2.1.1. CUR C70 1989
Owing to the emphasis on the problem of damaged breakwaters with large slender concrete units, ba-
sic research project was developed under the coordination of the Centre for Civil Engineering Research
and Codes work group C70.

Overview
Being a very extensive research on strength of concrete armour units, several topics were studied dur-
ing this project including loading, strength of concrete armour units, measuring impact velocities and
measuring load time relationship for the colliding concrete bodies. The final aim of all these studies
was to develop an overall design procedure for the practical applications.

In order to fulfill this objective model tests were performed on breakwater sections armoured with
Cubes and Tetrapods which are typically considered as double layer armour units. Test programme
was divided into two parts; stability tests and tests on acceleration measurements. Stability tests re-
sulted in prediction of the number of moved units and the number of impacts as a function of wave
height, period and location on the slope. Based on these estimations the number of failed units on the
breakwater was calculated. Measurements on acceleration during impacts resulted in a description of
the distribution of impact velocities at the centre of the unit. The test results were transferred into an
applicable format by developing a numerical application, known as “Rocking” in which the calculation
procedure was conducted as a Monte Carlo simulation.

5
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Test programme
Each of the tests was conducted considering random waves with about 2000 waves and with increasing
wave height from about 0.08m up to 0.20m. Number of units displaced from their initial positions were
determined by both visual counting and overlay technique. Additionally, single-frame-technique was
used to determine the frequency of the rocking of the moving units.

In order to measure the accelerations in the rocking unit, instrumented units were developed for both
armour unit types by placing an accelerometer in the centre of the units. This accelerometer can only
measure in one direction and had a natural frequency of 100kHz. Four different positions of armour
units along the slope were considered; 2𝐷 over the still water line, at the still water line, 2𝐷 under
the still water line and 4𝐷 under the still water line, where 𝐷 is the nominal diameter of the particular
armour unit (𝑦/𝐷 = +2, 0, -2 and -4).

Number of moved units and Collisions
As for the double layer armour certain number of displaced units are allowed during design conditions,
the total number of moved units (𝑁 ) was calculated taking into account the number of displaced
units (𝑁 ), number of units moved more than 0.5 times the diameter (𝑁 . ) and the number of
units moved less than 0.5 times the diameter (𝑁 . ). After analyzing the data it was found that the
0.50 reduction in stability number (𝐻 /Δ𝐷 ) in the stability formula derived by Van derMeer for Cubes
and Tetrapodes ( equation 2.1 and 2.2) in a double layer gives the satisfactory representation for the
total number of moving units. The total number of collisions were roughly assumed as three times the
total number of moving units.

Stability formula for cubes in a double layer:

( 𝐻Δ𝐷 ) = [(6.7𝑁
.

𝑁 . ) + 1]𝑆 . (2.1)

Stability formula for Tetrapodes:

( 𝐻Δ𝐷 ) = [(3.75 𝑁
.

𝑁 . ) + 0.85]𝑆 . (2.2)

Where, 𝑁 is the number of waves and 𝑆 denotes the wave steepness.

Impact velocity
Determination of stresses after the impact is important to decide whether the armour unit tends to
break or not. Therefore, to calculate the resulting stress step by step approach was adopted. Firstly,
acceleration of units during the impact was measured and impact velocity was determined from ac-
celerometer measurements. Then resulting stress was estimated by calculating the momentum during
collision together with impact velocities and the type of movement.

When processing the data only acceleration peaks larger than one third of the maximum peak values
were used to calculate the impact velocities. A relation between hydraulic conditions and acceleration
peaks were used instead of using the integrating the acceleration signal over time to determine the
impact velocity. The largest impacts were measured near still water level. The impact velocity was
used together with the rocking mode to calculate the momentum. The rocking mode (translation or
rotation) determined the type of calculation. It was assumed that in 50% of the cases the Tetrapodes
rotate and in the remaining percentage the Tetrapodes translate. In addition, only translations were
assumed for cubes in a double layer.

As accelerations were measured in the center of the unit, following relationships were used to translate
these measurements to the velocity at the position where collision is considered. For translating unit:

𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚 = 𝑀𝑉 (2.3)
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𝑉 = 𝑉 (2.4)

Where, 𝑀 is the mass and 𝑉 is the velocity from the impulse of impact of the armour unit. For rotation:

𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚 = ( 𝐼 𝜔𝑎𝑟𝑚 ) (2.5)

𝜔 = ( 𝑉
0.65ℎ) (2.6)

𝑉 = (𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚𝑀 ) (2.7)

Where, the moment of inertia is 𝐼 , 𝜔 is the angular velocity and the distance between the place of
collision and the center of rotation is 𝑎𝑟𝑚 .

Summary
According to aforementioned details this research has addressed several important topics extensively.
But some aspects that need careful attention are discussed below.

It is arguable that rocking also results in collisions with neighbouring armour units and under layer.
Hence, estimation of number of collisions by total number of moving units might have underestimate
the number of colliding units. Further, analysis of changes in the unit’s position before and after the
test does not give satisfactory results in cases where the units rotate and fall back to its original position
with rocking. Also, the number of collision calculated using the average number of collision was only a
rough assumption and should be further addressed in future research works.

The tests were conducted using non directional wired accelerometer and these measurements were
accurate when the acceleration is in the direction of the installed accelerometer. Connection with wires
might have influenced the degrees of freedom of the armor units at least for some extent. Next to
that, mode of movement is restricted to either rotation or translation for simplicity but no attention has
paid if the rotation or translation both causes movement. Further, measuring acceleration during the
impact itself might have led to scale effects in small scale model Van der Meer & Heydra (1991).

2.1.2. Rocking of a single Cube on a breakwater slope
Le (2016)
As the existing knowledge on rocking motion of single layer armour units is limited, a study to under-
stand the behaviour of single layer armour units was performed by Tuan Le for his master thesis.

Overview
Firstly, a theoretical assessment is conducted for an exposed cube, which rotates around a hinge. The
magnitude of movement is expressed with Newton’s second law, in which the acceleration is calculated
as a function of the sum of forces and mass of the element. The resulting velocity of the cube is
estimated by integration of the acceleration over time. However, due to the assumptions made for
the simplification the theoretical model overestimates the impact velocities and therefore, found as too
conservative. Further, an experimental set up was developed along with the theoretical analysis to
have a better insight in the physical processes.

The effect of wave steepness to the rocking motion was also addressed during the research which
has not been addressed in CUR C70 (1989). The tested parameters are: degree of exposure of cube,
wave height, wave steepness and position on slope in relation to the water level. Instead of measuring
accelerations due to the mechanical impacts the accelerations due to movement are measured.
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Test programme
The wave flume experiments were conducted with the purpose of reviewing and updating the results
from computer application “Rocking”. Aforementioned parameters were selected as most important
variables. Additional tests are done with a more representative configuration for breakwaters using an
embedded cube.

The tests were carried out considering following hydraulic conditions. Model wave height (𝐻 ) of
0.06-0.16 m, wave steepness (𝑆 . ) of 0.02 -0.04 and a range of wave periods (𝑇 . ) of 1.1-2.5 s.
Due to time limitations, the cube was placed at only three positions relative to the water level: 𝑦/𝐷
= +2, 0 and -2 .

The measurement was done using a three-axis accelerometer (ADXL335) to calculate the angular
acceleration of the center of the armor unit. The accelerometer can measure in three directions with
a measurement range from ¡5g to Å5g . The maximum sampling frequency is 1600 Hz for the x and
y direction and 550 Hz for the z direction The device was placed in the center of the armor unit and
connected to thin wires. As the accelerations are linked to the wave conditions, wave gauges (Deltares
Wave Height Meters) were used to measure the wave conditions. To determine the applicability of the
accelerometer for measuring movement of an armour unit, validation tests were conducted.

Number of collisions
Due to crosstalk, only the signals from the accelerometer z axis were available and the velocities of the
cube were obtained by processing the data of this axis.

The collisions are taken into account only if a full rotation is observed and one impact is counted as
one collision. The start of collision is regarded as the wave condition prior to the wave condition in
which collisions are observed and relations between number of collisions and the stability number are
derived. The results of the research however show that the number of collisions is dependent on the
wave height, wave steepness and position on the slope. Also it was found that the start of collisions is
independent from the wave steepness. In addition, position 𝑦/𝐷 =-2 gave the highest probability of
exceedance.

Impact velocity
A synthetic model is used to calculate the impact velocities, which takes the time period of movement
and the angle of the cube before and after movement as input values. The measured signal in the
accelerometer is approximated, with an iteratively fitted tangential acceleration of the cube in time.
The resulting approximations for tangential and normal acceleration are imposed in the equation of
motion for the rotating cube. Afterwards, the output was obtained as the angle of the cube in time.
Differentiation of the angle in time results in the angular velocities where the impact velocity is taken
to be equal to the velocity before collision.

It has been found that the wave steepness influences the magnitude of impact velocities significantly.
In addition, the probability of exceedance of a certain angular velocity is influenced by the positioning
of the cube relative to the water level and position 𝑦/𝐷 =-2m resulted in the highest probability of
exceedance.

Summary
With the purpose of having a better insight into behaviour of single layer armour units and the rocking
motion, this research was conducted. Most realistic observation for the test program was with the
embedded Cubes. But some limitations can also be identified in the experimental set-up, for instance,
the breakwater porosity is not represented and the slope roughness is not equal to the roughness
of a prototype breakwater. Moreover, this study recommended to develop a wireless device that con-
tains an accelerometer and a gyroscope, to capture and process the armour unit movements accurately.
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2.1.3. Measurement on rocking of Cubes in a double Layer on a breakwater
Arefin (2017)
This research was performed to estimate the order of the magnitude of the impact velocity and distri-
bution of the impact velocity and then to compare, validate and conclude the new findings those did
not address in CUR C70 (1989) research.

Overview
As there was no any research carried after CUR C70 study to validate their findings, this study was
carried out using a state of the art measurement technique developed at Deltares and TU Delft. Mea-
surements were taken using 9-axis IMU sensors that measure acceleration, rotation rate (gyroscope),
and magnetic field (compass).

To check the applicability of the new measurement technique in this type of studies physical model
tests were carried out using two different types of armour units; Tetrapodes and Cubes. The maximum
sampling frequency of the sensors is 100 Hz. Therefore, with this relatively slow sampling rate this
study adopted a different principle to obtain the impact velocity. As the typical mode of movement is
identified as rotation rather than rocking, the gyroscope readings were used instead of the accelerom-
eter readings. This approach comparing with previous approaches is illustrated below (Figure 2.1).
The vertical dashed lines indicate the required sampling frequency for a direct (angular) velocity mea-
surement of prior to the impact, and the required sampling frequency to resolve the acceleration or
angular velocity during the impact Hofland et al. (2018).

Figure 2.1: Schematic representation of the time variations of acceleration a and angular velocity ω during rocking and collision,
starting at vertical solid line (Hofland et al., 2018)

Test programme
A first test was performed with a stand-alone instrumented Tetrapod unit. As data was written into a
SD card the actual sampling frequency is even smaller than the sensor frequency. Therefore, the data
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were capture with 32.5Hz frequency. Two test series were performed with 𝐻 =0.09m and 0.11m
,𝑇 = 1.84s and 1.81s respectively.

Tests with Cubes were performed using eight instrumented cubes. Cubes were connected with flexible
wires and collected real-time data with 50Hz frequency. The tests were performed with stability num-
bers up to the initiation of damage. Three different positions of cubes were considered 𝑦/𝐷 = 0, -2
and -4 by changing the water level. The test duration was set as 1000 waves per test.

To validate the sensors they were placed on a bar that was rotated over 90 degrees (Figure 2.2). It is
clearly showed that the gyroscope shows less noise than the accelerometer measurement. Overall the
sensors seemed accurate enough.

Figure 2.2: Change in angle over time due to falling test of eight sensors (Arefin, 2017)

Number of collisions
To estimate the number of collisions it was assumed that it is equal to the number of peaks in the
time signal of the absolute angular velocity |ω|. Then the relationship between number of collisions
and the stability number was identified by plotting the two variables together. For the cubes it was
observed that the number of collisions increases with the stability number. Further, it was observed
that the number of collisions is largest below the waterline, at the 𝑦/𝐷 = -2 location, and the fraction
of collisions increases with wave steepness.

Impact velocity
In order to calculate the impact velocity absolute value of angular velocity was calculated using angular
velocity components measured for x, y and z directions (equation 2.8).

|𝜔| = √𝜔 + 𝜔 + 𝜔 (2.8)

Then peaks of this signal above a selected threshold was considered and the impact velocity (𝑣 ) was
calculated assuming pure rotation (equation 2.9 ).

𝑣 ≈ 𝐷 |𝜔| (2.9)

Then the exceedance curve was made and the exceedance probability was estimated as using the
equation 2.10. Where, 𝑁 is the number of collisions in the test and 𝑣 , is the largest impact velocity.
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𝑃(𝑣 > 𝑣 , ) =
𝑛
𝑁 (2.10)

The results clearly showed that the measured impact velocities are in the same order of magnitude
as those obtained in the CUR research (1989, 1990-a,b). Moreover, it was also found that the impact
velocity magnitude depends on the wave steepness.

Summary
This study creates good future opportunities by introducing and validating embedded IMU sensor to
measure an important engineering parameter, the impact velocity. However, the proposed methodology
can further be improved to distinguish upward and downward motion. Also spatial distribution of impact
velocities need to be addressed. However, by assuming number of collisions are equal to the number
of peaks in the absolute angular velocity signal, number of collisions might be overestimated Hofland
et al. (2018).

2.2. Stability of single layer armour units
A research was carried out by Zwanenburg (2012) in which the stability of single layer armours units
were evaluated according to the rocking behaviour of them.

2.2.1. The influence of the wave height distribution on the stability of single
layer armour units.

Zwanenburg (2012)
This study was focused on evaluating the influence of the wave height distribution on the stability of
single layer armour units according to rocking.

Overview
During this study, the influence of the wave height distribution on the stability of single layer interlock-
ing armour units has been investigated in general and experimental study was performed particularly
for Xblocs and influence of exceptional larger waves on the stability of Xblocs was tested.

Rocking has considered as the most reliable stability indicator than the armour units displacement. The
outcome of the tests resulted in relation between rocking probability and wave height of Xblocs.

Stability of Xblocs
This study has found that the wave height is the main parameter that influence the probability of rock-
ing Zwanenburg et al. (2014). Further, study concluded that most suitable indicator for the rocking
is not the significant wave height (𝐻 ) but the wave height with a probability of exceedance of 2%
(𝐻 %). As it was found that the stability of single layer interlocking armour units can be described
by the stability number, a new stability formula was derived for the Xblocs based on the results of
experiments (Equation 2.11).

𝐻
Δ𝐷 ≤ 𝑚𝑖𝑛[2.77; 4.26 𝐻𝐻 %

; 5.12 𝐻
𝐻 . %

] (2.11)

Also, the influence of the relative packing density on rocking was found as significant whereas a weak
relation was found between wave steepness and rocking.
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Rocking analysis
According to design criterion of Xblocs, during the design conditions in a model test, not more than
2% of the units are allowed to move during more than 2% of the waves. During the 2D physical model
testings, rocking was observed visually and was recorded by manually activating a pulse on one chan-
nel of the data collection device. Then the total number of rocking units was estimated for each pulse
by video analysis. The probability of rocking for the armour layer of the model tests can be described
according to the equation 2.12 where 𝐻 is the wave height (when the influence of wave groupiness is
omitted).

𝑓 (𝐻) = 1
1 + 𝑒 . . (2.12)

Summary
The influence of the larger waves on the stability of Xblocs has been investigated in this study and
new stability formula for Xblocs has been proposed based on a rocking criterion. It is expected that for
other interlocking single layer armour units, rocking probability will be similar. However, the rocking
behaviour can be influenced by the interlocking mechanism of different types of armour units, thus the
suggested coefficients can be different. Therefore, further model testing is recommended to determine
the rocking probability functions for other types of armour units.

2.3. Different applications of Inertial Measurement Units (IMU)

IMU sensors initially restricted only to bulk applications like in aircraft navigation because of its con-
straints mainly in size, cost, and power consumption. But recently the demand has increased to wider
area of usage with the invention of micro-electromechanical system (MEMS) and IMU is introduced
with a very attractive feature of low cost, compact, and low processing power. Among its wider range
of applications, IMUs are also being used as measuring devices in various scientific studies.

2.3.1. Smartstones: a small e-compass, accelerometer and gyroscope em-
bedded in stones

Gronz et al. (2015)
The movement of pebbles is important in a variety of engineering disciplines. In this research, a suf-
ficiently small probe is introduced: the Smartstone probe. It consists of a metal cylinder (diameter
8 mm, length 55 mm) with a flexible antenna and contains a Bosch BMX055 sensor composed of a
triaxial accelerometer, magnetometer and gyroscope, respectively. Additional components inside the
probe are memory to store data, active RFID (Radio-frequency identification) technique to transmit
data and two button cells as power supply.

In the device’s first software version, all three sensors – acceleration, compass, and gyroscope were
used. The acquisition of all values resulted in a sampling rate of 10 Hz. But as the acquisition of the
gyroscope’s value does not allow for higher sampling rates in the second version only compass and
accelerometer were used and sampled every 12 ms. For data analysis, the high-speed camera images
were merged with the device data using a MATLAB script. The pebble’s orientation is derived from
compass and accelerometer data using sensor fusion and algorithms for tilt compensated compasses.
The results show that the device is able to capture the movement of the pebble such as rotation (in-
cluding the rotation axis), sliding or saltation and method is promising. Further improvements are to
be carried out to minimize the errors by using different filtering techniques.

2.3.2. Inertial forces on shipping containers from a broken tsunami bore
Goseberg et al. (2016)
The paper investigates the motion of debris entrained by broken surge flow. The main objective was
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to derive the inertial forces exerted on the debris outer hull. To track the motion of debris and to mea-
sure the velocities and accelerations, a measurement concept called ’smart debris’ was introduced. It
is composed of a water proof rectangular device with embedded accelerometer, gyroscope and mag-
netometer. Inside this container model, motion sensors were used to record the three dimensional
orientation of debris by using sensor fusing and Kalman filtering of integrated accelerometers, gyro-
scopes and magnetometers. In order to determine the debris positions a real time locating system was
also installed.

2.3.3. Smart pebble for monitoring riverbed sediment transport

Akeila et al. (2010)
In this research a smart pebble was developed to study and monitor the behaviour of sediment particles
in riverbed. Mainly to capture the initial motion of particles which lift them up in the water column.
This device is composed of embedded small size and low cost acceleration and angular motion sensors.

Accelerometers were employed to measure the linear accelerations along all three axes (x,y and z) with
respect to moving axes of the pebble (Body frame). Gyroscope measurements were used to measure
the rotational changes of the body frame and calculate the accelerometer readings along the original
reference frame. The ’Euler angle transformation concept’ was adopted as the main working principle
for these transformations. Further, a gravity compensation algorithm was developed to calculate the
linear acceleration eliminating the gravity components.

After collecting the data all necessary processing was done in offline using MATLAB. Sensor was cali-
brated to identify the bias and other sensor related errors and measurements were corrected accord-
ingly. Laboratory tests were carried out in a flume using this smart pebble and tests results showed
that the smart pebble device and processing methods performed satisfactory when measuring the lin-
ear and rotational accelerations.

Summary

According to above studies low cost, widely available inertial measurements units (IMU) perform promis-
ingly in a wide variety of disciplines to detect motions. With the rapid development of novel technolo-
gies, the performances of these sensors are further enhanced. Hence, implementing this technology
is proven to be propitious in breakwater testings and it opens and paves the way to development of
different instrumented breakwater armour units to study the rocking motions in a broader extent.

2.3.4. Forces and pressures on Core-Loc armour units in rubblemound break-
waters measured via instrumented smart units

Eden (2019)
In order to quantify the forces and pressures using an experimental approach, instrumented core-loc
units were fabricated. These units were 3D printed using PLA plastic and have the ability to mount on
the force transducers and six pressure sensors were embedded in the surface of each unit. The height
of the unit is about 0.12m and was powered by Linux based Raspberry pi 3 computer hence a cable
was used to interface with the Raspberry pi 3. Further, to avoid water penetration, the inner cavity was
filled with silicon and surface was sealed by applying a thing layer of epoxy based 3D printing sealant.
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Figure 2.3: Instrumented 3D printed Core-Loc unit a) Front b) Back (Eden, 2019)

Summary
This study also shows the new trend of implementing the smart units in coastal engineering researches
and its potential development. Even though current research work was initiated prior to the publication
of this thesis work, more or less the same approach was taken when preparing the instrumented single
layer armour units (Xblocs).
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Experimental studies -Instrumented

Xbloc Unit

In this chapter, construction of instrumented Xbloc units, hardware and software improvements and
calibration and validation techniques are described in detail.

3.1. Instrumented units construction and development
The previous researches (Arefin (2017)) conducted by implementing the same technique showed that
the technique is promising in detecting the rocking motion. Also the proposed technique can be adopted
without any wires being connected to it, so that motions are not disturbed. But the only issue with the
technique is its relative low sampling frequency. Therefore rocking motion can not be very accurately
resolved in time with the relatively low data samples

If further improvements of sampling frequency to capture sufficient data to resolve the rocking motion
in time is possible, this technique will open new paths for future researches in this field. Therefore, it
was decided to use the same technique and try to improve the sampling frequency to get the maximum
possible frequency and evaluate the effectiveness of the technique in detecting the rocking motion ac-
curately.

3.1.1. Model unit construction

To detect the rocking motion of Xblocs and quantify the impact velocity of them just before the colli-
sion with neighbouring units, an instrumented Xbloc unit was developed. Model units were designed
according to the standard dimensions with Google sketch-up and 3D printed at Deltares (Figure 3.1).
The size of the model unit was decided leaving enough space to embed the sensor and other small
electronic devices (D=56.4mm). Also the hollow units have enough space to house additional weights
(lead pieces) that were used to correct the density of these printed model units. The Model unit was
printed as two separate parts and then combined together after embedding all the instrumentation.
Further, extra precautions were taken to avoid water penetration by using a synthetic resin as a sealant.

15
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Figure 3.1: 3D printed Xbloc unit a) Design with Google Sketch-up b) After 3D printing

3.1.2. Instrumentation

A sensor that is capable of taking measurements was embedded in the printed model unit together
with few other circuit boards such as processor board with a lithium battery, micro USB connection
and SD card to store the data. Total size of this stack is about 2 cm x 2 cm x 2 cm. And total mass
of the sensor is about 10 g.mass of the Few magnetic switches (reed switches) were used to turn the
battery power and USB connection on and off. Soldering was done to make a small circuit between
these electronic boards and magnetic switches. Therefore, this instrumented unit is capable of taking
measurements stand alone. Also, longevity of the battery life is enough to perform the testings for
about two hours and the unit can be recharged by connecting the USB cable without removing it from
armour layer.

While taking the measurements, unit can be turned on using magnetic switch and then turned off after
performing the test. Then the stored data can be retrieved with the USB cable.

Sensor

IMU sensor with nine degrees of freedom (9 DOF) including a 3D digital linear acceleration sensor
(accelerometer), a 3D digital angular rate sensor (gyroscope), and a 3D digital magnetic sensor (com-
pass) was used to take measurements. This sensor is based on the Arduino platform (www.arduino.cc
(2019)). This sensor can take measurements at a frequency of 100Hz approximately. For this study
measurements from accelerometer and gyroscope were only recorded due to the limitations with stor-
age capacity and the speed of the device.

3.1.3. Assembly and Fabrication

After printing the model unit all necessary instrumentation were embedded together with few lead
pieces to get the correct density similar to the same size concrete model units. Figure 3.2 shows few
important components required to make internal circuit and waterproofing.
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Figure 3.2: Main components required to make the circuit and waterproofing

Soldering and unit preparation
As explained in the section 3.1.2 to make the instrumented unit work some soldering works has to be
performed. Internal circuit that is embedded inside the unit is shown in figure 3.3.

Figure 3.3: Internal circuit

As shown in the figure the internal circuit is very simple and requires soldering to get the connection
between external waterproof USB connector and USB connector on the Arduino circuit board and con-
nection with the battery. Soldering between USB connectors was very tricky due to the micro scale
dimensions and therefore, very thin flexible wires are essential to do the soldering successfully. After
soldering keeping the connection as it is without allowing it to damage until the assembly is also im-
portant. Hence, connections were covered with a non conductive resin that is capable of keeping the
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soldering rigid and preventing the possibility of damage.

Two reed switches were inserted. One reed switch was connected to the positive end of the USB con-
nections. This reed switch is in normally open position (no). Therefore, if one needs to connect the
unit with a computer via a USB cable, a magnet should be placed on the switch to close the circuit.
The other reed switch was connected between sensor and the battery. This switch is in normally close
position (nc). Hence, to stop taking the measurements and save the battery life a magnet has to be
placed on this switch to open the connection.

Figure 3.4 illustrates few intermediate steps towards the final development of the instrumented Xbloc
unit. The picture one shows the connection after soldering at the one end of the USB connection. the
other end of the wires were soldered to the external USB connector. The picture two shows completed
sensor with all the connections.

The battery was also attached to the bottom of the sensor stack and rapped it tightly to avoid pen-
etrating the waterproof compound through the circuit. Picture three shows both parts of the model
unit with inserted lead pieces. The placement of the lead pieces are further described in the following
section. Reed switch that is connected to the battery was placed in the cylindrical hole created in the
design stage of the model unit and other reed switch was attached close to the USB connector. Tightly
rapped sensor stack was placed at the middle and glued to the unit to avoid the tilting.

Before closing and sealing the unit it is important to check the connections again and make sure every-
thing works fine. The final step shows the developed unit after injecting the water proof compound.
To inject the compound, a small hole is placed at the bottom and resin was injected from bottom to
top. Attention should be paid to avoid the air entrapment while injecting the resin.

Figure 3.4: Development of the instrumented Xbloc unit

Density correction
As weight of the instrumented unit with the sensor and the resin alone is not enough to get the sim-
ilar density of the concrete model units, extra weight had to be placed. As lead has relatively higher
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density, it was chosen to place lead pieces inside the unit. To get the similar density it was decided to
place 14g of lead pieces in all four legs and 12g of lead pieces in each nose of the unit. Available lead
pieces were cut and reshaped to get the desirable weights.

Since the weights provided by the lead pieces are not equally distributed over the unit, the moment
of inertia around any axis through the center would be different than concrete model units with same
weight. Instrumented units with lower moment of inertia requires smaller force to get the same angular
velocity compared to concrete model units. Hence, the distance required from the center to each lead
piece was calculated to obtain the similar moment of inertia.

Moment of Inertia
The instrumented unit should more in a way similar to the prototype block as rocking movement typically
governed by rotation and hence moment of inertia should be represented well. The moment of inertia
of the unit was calculated around the local Z axis (axis through the center of unit). As shown in the
figure 3.5 for the simplicity, lead pieces placed distance 𝑟 from the center were assumed as four masses
of 14g per each and the masses placed at the center were considered as cubes of 1.2x1.2x0.75 𝑐𝑚
when calculating the moment of inertia. Moment of inertia was calculated according to the equation
3.1.

𝐼 =∑𝑚 𝑟 +∑𝑚ℎ 12 (3.1)

Figure 3.5: Positions of the lead pieces

Table 3.1: Summary of the calculation of Moment of Inertia

Element Equation of I Density/(𝑔𝑐𝑚 ) Moment of Inertia (𝑔𝑐𝑚 )
Concrete model unit from Autocad 2.34 559.54
Model unit with resin from Autocad 1.2 286.95
Masses at the center 1/12𝑚(𝑎 + 𝑏 ) 11 5.76
Masses on the Legs 𝑚𝑟 11 266.84 (Required)

Therefore, to get a moment of inertia similar to the concrete model units, the lead pieces on the legs
should provide about 267 𝑔𝑐𝑚 of moment of inertia. Hence, the required distance 𝑟 was calculated
approximately as 22mm from the center of the unit. So that, the lead pieces were placed about 22
mm distance from the center when developing the instrumented model unit.

However, When the rotation happens around a point outside the body of the unit, the force needed to
rotate the unit is same in both cases, as the point of action of the total weight of the body is acting at
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the middle in both units and both concrete units and the instrumented units have same weights. When
units are lying on a slope they are not likely to rotate around the center but around the support points
and because of that, the different moment of inertia does not influence the damage that occurred to
a very large extent De Leau (2017).

3.2. Hardware/Software improvements
In order to improve the performance of the developed Xbloc model unit some improvements were
introduced in Hardware/Software settings.

3.2.1. Improving Sampling Frequency
Reduced recording speed of the data was one of the key issues encountered when store up the data in
micro SD card with the initial arduino sketch. The initial arduino sketch available to read sensor data
and write them to the SD card can achieve a maximum frequency of 25-30 Hz only with class four SD
card. Hence, considerable amount of data taken by the sensor is not stored in the SD card. The main
reason for this was caused by additional delay due to regular opening and closing of the SD after each
set of readings. Therefore, some modifications were done in the programme to achieve the optimum
sampling frequency minimizing the data loss. However, the lower writing speed of the class four SD
card also affects problem of reduced recording speed.

Following methods were tried out to solve the issues with lower sampling frequency.

• Change the default Arduino SD library

• Use Char array to print data directly to the SD

• Write data to the SD as chunks and limit the opening and closing (or flushing) times of the SD

• Use higher class of SD card that has higher writing speed

• Use flash memory to store data instead of the SD card

Changing default Arduino SD library
The default Arduino SD library that allows for reading from and writing to SD is found as not efficient.
Because it has set the SD to flush after every write (http://forum.arduino.cc (2019)). Therefore, more
efficient ’SDFat’ introduced by Bill Greiman (https://github.com (2019a)) was installed from Arduino
Library Manager. Then the initial sketch was modified in a way it supports with the new SDFat library.
This was resulted in an improved sampling frequency of 40 Hz with class four SD card.

Print data to the SD as Char arrays instead of numbers
As it is easy to print data to the SD card as Char array than a number (HobbyTronics (2019)) the mod-
ified sketch was further developed by printing them as Char arrays rather than numbers. This sketch
resulted in even higher sampling frequency of almost 50Hz with class four SD card.

Writing data to the SD as chunks
Even though the proposed modifications could improve the sampling frequency, it still could not gain
the maximum frequency of 100 Hz. Therefore, to limit the number of opening and closing times of the
SD card, the data can be written as chunks than single readings. When the data are written to SD, the
data are actually placed in a buffer. When the buffer is full, the data is written to SD. As SDFat library
typically has 512 bytes buffer it was decided to close the SD only at once per ten readings (index=10).
It is important to note that, in order to save the data physically to the SD card closing or flushing the
SD is essential. Therefore, the closing time should be decided considering the allowable buffer limit.
Otherwise, closing the SD after the allowable buffer limit may cause data loss.

However, with the class four SD card the time taken to open and close the SD gradually increases with
the increasing data storage of the SD card. Most of the time during model testings, it was observed
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that the armour unit stays in the static condition without any significant motion. Therefore it was de-
cided to write the data to the SD card only when a significant movement is observed. From this way a
large amount of data can be eliminated without writing to the SD. But at the same time, data taken at
the static condition is important as it only accounts the gravitational acceleration, especially when pro-
cessing the accelerometer data to find the linear accelerations while the unit is translating and rotating.

Therefore, using a higher class SD card that is capable of writing the data faster may also help to sort
out the issue. Further, it was identified a common issue of occasional slowing down of the recording
speed with all these sketches with class four SD card. It can be due to internal memory management
of the SD card and better quality SD card may work better than lower class SD.

Using a flash memory
The key advantage of using the flash memory is, it can reach frequencies up to 200 Hz when writing
the data unlike the SD card. But on the other hand, this has smaller storage capacity (1 MB) compared
with the SD card. The example arduino sketch available for the flash memory (https://github.com
(2019b)) was modified to read the sensor data and store them to the flash memory. However, it was
found that writing the data to the flash memory as numbers did not result in higher sampling rates
as expected. But if one could try out to take sensor output in bytes before doing the conversion to
the numbers and then write the data to the flash memory in bytes would be resulted in much more
efficient data storage. Not only with flash memory , writing data to the SD with bytes would also be
resulted in higher sampling frequencies. But this was not considered in the scope of this study as it
was not that straight forward approach.

3.2.2. Performances with different classes of SD cards
As explained in the section 3.2.1 three different classes of micro SD cards were considered and per-
formances of them were compared. Figure 3.6 illustrates the chosen classes of the micro SD cards;
S4,V30 and V90.

Figure 3.6: Different classes of micro SD cards considered for the comparison and their writing speed limits
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Comparison of the performances of different classes of SD cards using different Arduino
sketches
In this section performances of the each selected SD card class were evaluated and compared based
on different ways of storing data in the SD card.

Initail Arduino Sketch
Firstly, how the different speed classes of micro SD cards affect the recording speed of the data was
studied by recording data in each different SD card for 30 minutes period with the original Arduino
sketch available.

Figure 3.7: Comparison of sampling frequencies achieved by the different SD classes without any modification in original sketch

As shown in the figure 3.7 it can be clearly seen that lower class SD (Class 4 ) can only achieve a
sampling frequency of 20-30 Hz in more than 90% of the considered time duration. Even without any
modification to the initial sketch both V90 and V30 classes can achieve 30-40 Hz frequency in more
than 90% of the time.

But the optimum frequency that can be achieved can not be maintained constant throughout the sam-
pling duration. As shown in the figure 3.8, with increasing storage of the SD card, S4 type can go to
10-20Hz lower sampling frequency whereas class V30 and V90 can have 20-30 Hz reduced speed. But
this reduced speeds occupy less than 10% of the total record. Other than that, some random slowing
downs cause even lesser sampling frequencies than aforementioned frequencies. They are shown in
the figure 3.7 with less than 0.5% of the total record. This gradual slowing down with time is illustrated
clearly in figure 3.8.

Despite the fact that V90 being the highest class, performances of V30 class outweigh the performances
of V90 class. This may due to the incapability of micro SD card adapter on the current circuit board,
to get the full use of V90 class. Therefore, it was concluded that the V30 class is the most compatible
type and hence, it performs better than other two types. Figure 3.9 also conforms this conclusion.

After modifying the sketch
Then performances were re-evaluated after modifying the initial Arduino sketch to achieve the max-
imum sampling frequency. According to the current modification, SD card closes only one time per
ten readings which takes more time and rest of the time it can achieve maximum frequency of 100
Hz. Similar to the previous, data were written for 30 minutes period. As shown in the figure 3.9 class
S4 has acquired data in 100 Hz frequency (time between two readings =10ms) for 70% of the total
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Figure 3.8: Average frequencies achieved without any modification and their slowing down with time

duration, whereas V90 class and V30 class acquired the same frequency for about 73% and 78% of
the total duration respectively. However, S4 has the highest relative slowing down with time and the
time taken to open and close the SD card has increased gradually. This may due to high storage of
the SD card with fast recording speed. The slowing down can be seen in other two classes as well but
in V30 class the observed maximum time between two readings is between 40-50 ms and it occupies
less than 0.01% of the total record.

Figure 3.9: Comparison of time between two readings achieved by different classes after the modification
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3.2.3. Comparison of the different techniques used to improve the data record-
ing speed

In this section proposed techniques described in section 3.2.1 are compared by recording data for 30
minutes with V30 class micro SD card. The average sampling frequencies achieved from each method
is illustrated in figure 3.10. Method 1 refers to the initial sketch, Method 2 refers to changing the Ar-
duino SD library and data printing method and Method 3 refers to the method of writing data as chunks.

Figure 3.10: Comparison of different improvement techniques

It should be noted that the average frequency of method 3 is given as less than 100 Hz even at the
beginning, because of the lower frequency achieved when closing and re opening the SD card in every
10 readings. The gradual slowing down of the frequency with time can also be observed clearly. After
testing duration of 30 minutes the largest storage of the SD card can be expected in method 3 and
because of this, the difference between initial average frequency and final average frequency is high
for method 3 compared with method 1. This observation also inline with the conclusion of slowing
down of the SD card with increasing storage.

To overcome this issue of slowing down, Method 3 was further modified to store the data when there is
a movement only. More than 85% of the data can be eliminated by implementing this method. Apart
from that, in order to process the accelerometer data, readings of the static condition were decided to
record in every 0.5 seconds only.

3.3. Sensor Calibration and Validation
If the IMU sensor is placed static on a horizontal surface, it measures gravitational acceleration as
a positive value. The data is given in 𝑔. Therefore, to get the acceleration in 𝑚𝑠 the value ob-
tained should be multiplied by gravitational acceleration of 9.81 𝑚𝑠 . In the static condition the
accelerometer measures a resultant acceleration equals to the gravitational acceleration irrespective
to its orientation. But when it is accelerating it measures both linear acceleration and the influence
of the gravity. Therefore to get the linear acceleration the influence of the gravity should be eliminated.

Gyroscope measures the angular velocity in 𝑟𝑎𝑑𝑠 . Counterclockwise rotation around the each axes is
measured as a positive value. The axis convention with respect to sensor local axes are shown in figure
3.11. Before taking the measurements it is important to check the accuracy of the sensor. Therefore,
some measurements were taken when sensor was in the static condition and after rotating a known
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angle.

Figure 3.11: Axis convention of the sensor

Static measurements
All the sensors were kept in the static condition for about an hour and checked the accuracy. Bias was
determined by measuring the gravitational acceleration before and after rotating the sensor around a
horizontal axis reversing the gravitational effect Ferraris et al. (1995). Bias was determined by aver-
aging the two measurements. This was performed for all three axes separately. When the considered
axis is gravity parallel and non parallel it shows more or less same value as bias, but at the same time
considerable noise was observed. Different accelerometer axes showed different values for bias but,
overall the average values varies between +/- 0.05g. In the static situation bias in the gyroscope is
negligibly small.

Table 3.2: Bias of the acceleration measurements

Sensor Bias-X (g) Bias-Y (g) Bias- Z(g)
Sensor 1 0.02 0.01 -0.02
Sensor 2 0.04 0.005 -0.055
Sensor 3 0.04 0 -0.025
Sensor 4 0.025 0.005 -0.035
Sensor 5 0.02 0.005 -0.002
Sensor 6 0.025 0.05 0
Sensor 7 0.02 0.01 0.025

Rotating a known angle
To check the accuracy of the sensor in angle estimation six sensors were attached to a plate and ro-
tated 90 degrees manually against a fixed reference block. Initially sensor Y axis is parallel to the
gravity and after rotation it is perpendicular the the gravity. Then the acceleration measurements and
gyroscope measurements were used to calculate the rotated angle using following formula ( equa-
tion 3.2 and equation 3.3). Where, 𝜔 is angular velocity around Y direction, 𝑡 is time taken for the
rotation, 𝛼 is angle calculated from gyroscope measurements, 𝛼 is angle calculated from accelerome-
ter measurements and 𝑎 ,𝑎 , 𝑎 are acceleration measurements along x,y and z directions respectively.

𝛼 = ∫ 𝜔 𝑑𝑡 (3.2)

𝛼 = arctan(
𝑎

√𝑎 + 𝑎
) (3.3)
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Figure 3.12: Rotation of 90 degrees

Angle was calculated by fusing both acceleration and gyroscope measurements as well (Section 3.3.1).
As shown in figure 3.13 𝑎𝑐𝑐 refers to the angle calculated from accelerometer data, 𝑔𝑦𝑟𝑜 refers to
the angle calculated from gyroscope data and 𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 refers to angle obtained from sensor fusion.
overall, the sensors performed accurate enough in angle measurements. Acceleration measurements
are quite noisy but accurate in long term. A small drift can be observed in the angle obtained from
the integration of gyroscope measurements. However, filtered signal shows much more accurate value
eliminating the drifting and noise. Calculated angle showed an average value of 88.6 degrees. During
the manual rotation of the sensor, attention was paid to minimize the shaking but some deviations can
be caused due to unintentional shaking movements occurred during the rotation.

Figure 3.13: Change of angle with time for six sensors

3.3.1. Complementary filter
Generally accelerometer data are very noisy and can be influenced by external forces. Therefore it is
hard to get accurate measurement for tilting angle in vibrating environment with accelerometer alone.
But accelerometer data are stable and do not drift in long term.

Contrast to that, gyroscope measurements are more trustworthy in short term and are not susceptible
for external forces. But in long term angular measurements data tend to drift due to accumulation
of bias over time. Therefore sensor fusion is a known method to get more reliable estimation for the
tilting angle accounting advantages of both gyroscope and accelerometer measurements.

Among various algorithms available for IMU sensor fusion, complementary filter technique uses rela-
tively straightforward algorithm and it does not require complex computations. Hence, it is easy to



3.3. Sensor Calibration and Validation 27

implement Gui et al. (2015). The basic principle of the complementary filter is illustrated in figure 3.14.
The mathematical model for the complementary filter can be illustrated as equation 3.4. 𝜃 is the
tilting angle (pitch or roll), 𝛼 is the filter coefficient (generally 0.98), 𝜔 represents the angular
velocity from the gyroscope, and 𝑎 is the angle obtained through the data from accelerometer. The
filter coefficient 𝛼 is determined by equation 3.5 where 𝜏 is the time constant of the filter. Selection of
the filter time constant relies on the experience and the coefficient of the filter depends on that choice.

𝜃 = 𝛼(𝜃 + 𝜔 𝑑𝑡) + (1 − 𝛼)𝑎 (3.4)

𝛼 = 𝜏
𝜏 + 𝑑𝑡 (3.5)

Figure 3.14: Complementary filter algorithm (Gui et al., 2015)
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To analyze the rocking behaviour of single layer armour units using the proposed technique, 2D physical
model testings have been carried out with instrumented Xbloc units. In this chapter the preliminary
steps towards the model testings including the scaling rules, selection of hydraulic conditions and the
design of the cross section will be discussed.

4.1. Scaling Laws
Physical model testings are commonly used technique to get better insight into actual physical pro-
cesses that are difficult to replicate through numerical modelling. The key requirement of the physical
modelling is to ensure the model behaves same as the prototype condition. However, in a small size
model scale effects can always present to some degree. Therefore it is important to minimize these
scale effects according to the type of study by achieving the required similarities between the model
and the prototype.

”To yield qualitatively and quantitatively useful results, physical model have to be geometrically, kine-
matically and dynamically similar to prototype conditions, dynamic similarity being the most important,
followed by kinematic similarity“ Kirkegaard et al. (2011). The forces that can affect a flow field are
pressure, inertia, gravity, viscosity, elasticity, and surface tension. Hence to obtain dynamic similarity
between the model and prototype when all of these forces act, all corresponding force ratios must be
the same in model and prototype. But in the reality it is not possible to find a fluid that achieves the
similarity between all these force ratios. Therefore, depending on the application the requirements
to be fulfilled should be identified with respect to dominant forces acting on the system Dai & Kamel
(1969).

For wave models, the relevant forces are the forces of gravity, friction and surface tension. For most
of the small-scale coastal engineering models, however, the effects from friction and surface tension
can often be neglected by ensuring the model is not too small and the model Reynolds number is in
the same range as the prototype. Hence, Froude scaling can be applied assuming gravitational effects
are dominant when waves interact with the structure. Therefore, for the realistic application of Froude
similarity, the viscous, elastic and surface tension forces should be negligibly small. Usually in a real
breakwater, flow through the layers and the core are fast enough to cause turbulent flow. Hence, to
eliminate the viscosity effect, flow through the armour layers, under layers and the core should be high
enough to cause turbulent flow instead of laminar in the model scale as well. Therefore, permeability
of the materials use in the layers and the core is also important when it comes to the small scale model.

Another important scale effect is the friction. As the difference between the surface roughness of the
model and the prototype can not be directly addressed, the friction forces may not be in similitude.
But for the interlocking armour units, this effect is not crucial and by applying a paint or making model
units in plastic, the surface roughness can be reduced in the model units. Following dimensionless
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scaling ratios are usually considered in the wave modelling.

4.1.1. Dimensionless Scaling
Froude Number
The Froude number (Equation 4.1), representing the ratio between inertia and gravitation. When
the gravity force dominates, leading to the Froude similitude law, the Froude number in model and
prototype should be the same. U is the flow velocity and L is the length scale.

𝐹𝑟 = 𝑈
√𝑔𝐿

(4.1)

Reynolds Number
As shown in the equation 4.2, Reynolds number represents the relation between inertia and viscous
forces. When viscous forces are significantly dominant Reynolds similitude law should be applied. Ac-
cording to Dai & Kamel (1969), to maintain the turbulent flow in the model avoiding viscous scale
effects 𝑅𝑒>3𝑥10 . The flow velocity, 𝑈 = √𝑔𝐻𝑠 in the armour layer Kirkegaard et al. (2011). The
kinematic viscosity of water is 𝜈 (1𝑥10 𝑚 𝑠 ) and 𝑑 is the nominal diameter. However, if one
applied the Froude similarity in wave modelling and in case of drag forces, as there are range of 𝑅𝑒
where drag coefficient is constant, 𝑅𝑒 doesn’t need to be exactly equal in model and prototype.

𝑅𝑒 = 𝑈𝑑
𝜈 (4.2)

Weber Number
The Weber number represents the ratio between inertia and surface tension (Equation 4.3). Surface
tension is generally negligible in prototype condition and if wavelengths are much greater than 2 cm,
wave periods >0.35 s, and water depths >2 cm Weber similitude can be neglected in small - scale
models as well Kirkegaard et al. (2011). Otherwise the model will experience wave motion damping.

𝑊𝑒 = 𝜌 𝑈 𝐿
𝜎 (4.3)

Moreover, these experiments were carried out assuming equal stability numbers (Equation 2.11) be-
tween the model and the prototype conditions according to the guidelines given by DMC (2003) and
DMC (2011).

4.2. Test Programme
The main aim of the study is analyzing the rocking behaviour of single layer armour units with in-
strumented Xblocs units and evaluate the effectiveness of the technique to detect the rocking motion.
Therefore, it is vital to select the test conditions and design the armoured slope in a way that accept-
able rocking motion can be observed. Therefore as described in the following section, how the various
phenomena affect the stability of armoured breakwater section were evaluated.

4.2.1. Phenomena that affect the stability of the armour layer
In this section both hydraulic and structural parameters that affect the stability will be discussed.

Breaker type
Wave breaking is an important phenomenon that influences the magnitudes of the forces experienced
by the structure through wave structure interaction. The amount of run up and run down depend on
the breaker type and accordingly the magnitudes of the destabilizing forces acting on the armour layer
depend on that. The type of wave breaking on a slope can be determined by so called surf similarity
parameter or Iribbarren number (𝜁). Iribarren number is basically a function of slope angle and wave
steepness (Equation 4.4 and 4.5).
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𝜁 = tan𝛼
√𝑠

(4.4)

𝑠 = 𝐻
𝐿 (4.5)

Figure 4.1 illustrates different breaker types. Steep waves on the very gentle slopes break by spilling
water down the face of the wave. spilling waves break for a longer time and there is little reflection of
incident wave energy (𝜁 < 0.4). Plunging breakers (0.4 < 𝜁 < 2.3) occur on steep slopes dissipating
most of its energy at once in a violent impact. Because of this quick release of energy, the run-up and
rundown velocities along the slope are relatively small even though the impact is violent.

In contrast, long waves on very steep slopes tend not to break. They usually surge rapidly up and
down the slope with relatively high velocities where maximum down rush velocities occur just below
the water level. This surging breaker (𝜁 > 3.2) reflects most of its energy and cause high destabilizing
forces on the armour layer.The transition between plunging and surging breakers is known as collaps-
ing breakers (2.3 < 𝜁 < 3.2). Considering these facts it was decided to conduct the testings with
𝜁 = 3.2 taking both surging and collapsing breakers into account as they can cause higher impact on
rocking motion of armour layer.

Figure 4.1: Breaker types

Slope of the structure
Generally, Xblocs are applied on an armour slope steepness of 3V:4H and 2V:3H. Xbloc being a randomly
placed single layer armour unit type, gains the stability mostly from interlocking with its neighbouring
units. However, on a steep slope interlocking is very effective and consequently the stability increases
significantly. Therefore, to reduce the stability from interlocking for some extent slope of 2V:3H was
applied.

Permeability of the Core
A low core permeability causes higher flow velocities and large pressures in the armour layer and hence
reduce the armour layer stability. The permeability of the core depends on the materials used and the
distance at the water line between the armour layer and the impermeable layer DMC (2011). Largest
destabilizing forces tend to occur during the down rush. To get the rocking motion with fairly larger
Xbloc units, an impermeable core was applied reducing the stability of the structure.

Relative freeboard
Larger relative free board usually results in increased number of rows which in turns increases the
downward pressure on the bottom rows of Xblocs and enhances the stability due to interlocking.
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Therefore,on one hand minimizing the relative free board helps in reducing the stability of armour
layer. But on the other hand, reducing the free board will cause significant overtopping which conse-
quently reduce the down rush. Hence, selecting the freeboard is a trade off between these two factors.

Packing density
A larger packing density increases the wave height which causes damage and the wave height which
causes failure. Therefore, having more units per area increases the stability of the armour layer.

Stability number
According to the model tests performed by DMC when developing the design formula for Xblocs (DMC
(2003)) , the start of damage value of 𝐻𝑠/Δ𝐷𝑛 as observed in the tests is in average 3.5 (only randomly
placed units considered) and varies between 3.25 and 3.85. Rocking starts approximately at 𝐻𝑠/Δ𝐷𝑛
= 3.1. Start of failure is in average at 3.9 and varies between 3.61 and 4.31. This is further illustrates
in figure 4.2.

Figure 4.2: Design stability values (DMC, 2003)

Moreover, as shown in table 4.1 limiting wave conditions for design purposes can be defined DMC
(2003). Where 𝐻 is the significant design wave height.

Table 4.1: Limiting wave conditions for design purpose

Criteria Effect on Xbloc slope
1.0 ∗ 𝐻 Slope is completely stable
> 1.1 ∗ 𝐻 Start of rocking
> 1.25 ∗ 𝐻 Start of damage (1 or more units displaced)
> 1.3 ∗ 𝐻 Continues damage (further units displaced)
> 1.4 ∗ 𝐻 Start of progressive failure

4.2.2. Hydraulic test parameters
The hydraulic conditions were selected considering aforementioned phenomena to get sufficient move-
ments with instrumented Xbloc units.
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Water Depth
Considering the flume restrictions and to have sufficient freeboard minimizing the number of rows
above the water level, it was decided to carry out the experiments with constant water level of 0.5m.

Wave conditions
It was decided to carry out the testings for two series with irregular waves. With the time restrictions,
the slope will be rebuilt only one time after the first test series. The second series will be carried out
considering the observations of first time series.

Further, as the armoured slope for testings was decided to build with impermeable core, aforemen-
tioned stability numbers given for the breakwater section with permeable core may overestimate the
required wave conditions. Therefore, to avoid the risk of entire slope being washed out at once, the
first test series will be carried out applying the correction factor for the impermeable core. The cor-
rection factor on unit weight for the impermeable core is two DMC (2011). But as the factor of two is
given to ensure the stability, it may be conservative in this experiment and the advantage of getting
more motions with impermeable core will be diminished. Therefore, it was decided to further increase
the wave height progressively beyond the limit of rocking until sufficient movements are observed.
The correction for the stability numbers (𝑆) was done using the following equation (Equation 4.6).
𝐷 = 0.693𝐷 where D is the height of the unit and correction factor, 𝐶 = 2.

𝐷 = (𝐻𝑆Δ) ∗ 𝐶 (4.6)

Table 4.3 shows the wave conditions selected for the first test series. In accordance with table 4.1 and
4.2, input wave conditions were selected as Design wave height, 𝐻 (With the correction for imper-
meable core), 1.1𝐻 , 1.20𝐻 , 1.25𝐻 and 1.35𝐻 . Constant wave steepness of 0.04 was considered
considering 𝜁 = 3.2 and slope of 2V:3H. Wave heights were calculated considering the density of fresh
water (1000 𝑘𝑔𝑚 ) and density of model units (2341 𝑘𝑔𝑚 ). The Reynolds number ( section 4.1.1)
calculated for the smallest wave height is 4.2𝑥10 . Hence, viscous scale effects can be neglected. Also,
selected wave conditions are large enough to avoid surface tension effects.

Table 4.2: Correction for Stability numbers

Stability number
Before correction

Wave height/(cm)
Before correction

Stability number
After correction

Wave height/(cm)
After correction

2.77 14.52 2.20 11.52
3.10 16.25 2.46 12.90
3.50 18.34 2.78 14.56
3.90 20.44 3.10 16.22

Table 4.3: Selected Wave conditions- Series 1

Input 𝐻 /(cm) Stability number Wave steepness Input 𝑇 /(s) Water depth/(cm)
11.50 2.19 0.04 1.30 50
13.00 2.48 0.04 1.39 50
13.80 2.63 0.04 1.43 50
14.40 2.75 0.04 1.46 50
15.50 2.96 0.04 1.58 50

After performing the series 1, wave conditions for the series 2 were decided. As not much rocking
was observed for long period series 2 was conducted considering the same wave steepness, but wave
heights were further increased until the maximum limit that wave paddle can generate. Starting from
the final wave condition of the first wave series, wave heights were further increased with about 1 cm
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increment each time. Further details about the testing conditions can be found in following chapters.
Table 4.4 shows the selected input wave conditions.

Table 4.4: Selected Wave conditions- Series 2

Input 𝐻 /(cm) Stability number Wave steepness Input 𝑇 /(s) Water depth/(cm)
15.50 2.96 0.04 1.58 50
16.50 3.15 0.04 1.63 50
17.50 3.34 0.04 1.67 50
18.00 2.43 0.04 1.70 50
19.00 3.63 0.04 1.74 50

4.3. Model layout
In this section main dimensions of the armoured slope and its individual components will be discussed.

4.3.1. Main dimensions
As discussed in section 4.2.1, slope for placing the Xbloc units was prepared using a wooden base.
This way the effect of impermeable core can be represented easily. The set up was kept as simple as
possible, so that it can be easily installed inside the flume when required. The total height of the slope
is 0.73m with a freeboard of 0.23m (1.2𝐻 ). The figure 4.3 shows a sketch of the prepared slope
with main dimensions.

Figure 4.3: Slope dimensions

Xblocs were placed on a loosely placed under layer. Therefore, as shown in the figure 4.4 to increase
the surface roughness of the smooth slope and place the underlayer on that, an additional layer of
stones were glued to the wooden board which acts as an intermediate filter layer between the core
and the underlayer. For this intermediate filter layer stones with 1cm diameter (Approximately the
lower limit of the Underlayer stone size) were used and the thickness of the layer was 2cm.
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Figure 4.4: Slope preparation a) Wooden slope b) After gluing the stone layer

4.3.2. Armour layer
For the armour layer, Xblocs with height (D) of 5.64cm (𝐷 = 3.9𝑐𝑚) was selected. Because, it is
the minimum available standard size that has enough space to accommodate all necessary electronics
inside the instrumented unit.

Figure 4.5: Geometry of the Xbloc

The density of the Xbloc model units are 2.34 𝑔𝑐𝑚 . Due to some practical issues and time restric-
tions, only two instrumented Xbloc units were able to prepare before start of the model testings. These
instrumented Xbloc units were placed on the slope together with other model units. The first instru-
mented unit has the density of 2.13 𝑔𝑐𝑚 (about 9% lower density) and the second instrumented unit
has the density of 2.42 𝑔𝑐𝑚 (about 3% higher density). The first instrumented unit was prepared
inserting V90 class SD card and the second instrumented unit was prepared inserting V30 class SD card
to record the data.

4.3.3. Under layer
Generally Underlayer has two main functions. First function is to act as a filter layer to prevent core
material being washed away through the armour layer. Second function is to provide surface for place-
ment of the armour layer. DMC (2011) provide following guidelines for the selection of underlayer
based on the weight of the Xblocs with regular concrete (Density=2400𝑘𝑔𝑚 ).

• The W85 of the underlayer grading shall be smaller or equal to W/7,

• The W50 of the underlayer grading shall be between W/9 and W/11,
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• The W15 of the underlayer grading shall be larger or equal to W/15,

Where, 𝑊 is the weight of the Xbloc, 𝑊 5 is the rock weight that is exceeded by 15% of the rocks in
the underlayer, 𝑊 0 is the rock weight that is exceeded by 50% of the rocks in the underlayer and𝑊 5
is the rock weight that is exceeded by 85% of the rocks in the underlayer.

However, in this study with instrumented Xblocs the weight of the model units can be slightly deviated
from the actual model units. As the filter criteria is more important than the weight, the diameter
ratios were calculated as follows from aforementioned weight ratios considering regular concrete of
2400𝑘𝑔𝑚 and rocks of 2600𝑘𝑔𝑚 density.

• 𝐷 /𝐷 =1.96,

• 𝐷 /𝐷 =2.14-2.28,

• 𝐷 /𝐷 =2.53,

In which, 𝐷 is the nominal diameter of Xbloc units, 𝐷 is the 85% passing value of the un-
derlayer material, 𝐷 is the 50% passing value of the underlayer material, and 𝐷 is the 15%
passing value of the underlayer material.

According to the current size of the Xbloc model units, these criteria resulted in 𝐷 =19.9mm,
𝐷 =18.3mm-17.1mm and 𝐷 =15.4mm. To sieve these material the mesh size of the sieve should
be about 1.2*required diameter of the stones. Hence, the required sieve sizes are 23.8mm, 21.2mm
and 18.5mm respectively. But with the available material and sieve sizes in the lab these requirements
could not be able to fulfill exactly. Therefore, underlayer was prepared as a composition of 70% of
22mm sieve passing and 16mm sieve retained, 15% of 25mm sieve passing and 22m sieve retained
and 15% of 16mm sieve passing and 11mm sieve retained. Layer thickness is about 3.5cm (2𝐷 ).
Figure 4.6 illustrates the prepared model section in the flume.

Figure 4.6: Model section

4.3.4. Armour layer placement
The basic principles of Xbloc model units placing can be summarized as follows (DMC (2017)).
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• Units are placed in a single layer and the orientations of the units should be random.

• Units are placed in diamond shape, staggered pattern The horizontal grid distance between the
center of gravity of two units in the same row is called Dx and Dx= 1.32*D. The upslope grid
distance between two rows of Xbloc is called Dy. Along the slope of the structure Dy= 0.63*D
(where D is the unit height). Please refer figure 4.7.

• Each unit must be in contact with the under layer and should be secured by two units in the
above row.

Figure 4.7: Placement of Armour layer

There are two options to place Xblocs on the slope.

• Starting with a Xbloc unit on either side of the flume against the side wall. The second row will
contain one unit less.

• Starting with a Xbloc unit on one side of the flume against the side wall, The second row will start
on the opposite side with a unit against the side wall. Each row consists of an equal amount of
units.

Considering the size of the selected Xbloc model unit and the available flume width it was decided to
choose the option one. Therefore starting from the first horizontal row, each odd row number (1,3,5...)
contained 11 units and every even row number (2,4,6,..) contained 10 units.

In the very bottom row all the xblocs are regularly placed. Therefore, they have the same orientation,
pointing one nose downward and supported by the wooden base and two other legs touching the
underlayer. Two instrumented units are shown in black colour in figure 4.7. In total there were 27
horizontal rows in the model. Before placing the units actually in the model, placements were done
few times to practise with the placement. Packing density was checked in several intermediate steps
as well as after placing all the rows by measuring the center to center distance between the second
row and the considered row.

Relative Packing Density
For hydraulic model experiments with Xbloc armour units DMC prescribes a packing density of 1.20/D2.
Relative Packing Density (RPD) can be calculated from the ratio of this theoretical packing density and
the actual packing density. It is recommended to maintain the packing density on the slope between
98% and 102% of the theoretical required packing density (DMC (2017)).
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Testings

This chapter will provide details about model testings, observations and changes did while testing.

5.1. Test Facility
The 2D hydraulic model tests have been carried out in the wave flume of Water Lab in TU Delft. The
flume has a length of 40 m, a width of 0.8 m and a height of 1.0 m. Waves are generated by the wave
paddle which is at the one end of the flume, after sending the signal relevant to the required wave
condition. The wave paddle has an active absorption system to absorb the wave energy of reflected
wave and generate the right wave back into the flume. For the testings JONSWAP spectrum was used
to interpret young sea state condition with irregular waves.

The structure was placed about 17m distance from the wave paddle location. Three wave gauges were
placed 2m from the location of the structure. The spacing between the first and second gauge was
0.3 m and the spacing between first and third gauge was 0.7 m. Reflection analysis was performed
to get the incident wave height separating from the reflected wave height. Incident wave conditions
obtained after reflection analysis and details of the test conditions are included in appendix A.

5.2. Data Collection
As described in the previous chapter, two instrumented Xblocs were placed at the waterline. Before
placing them on the slope the units were fully charged for 12 hours. Then the Arduino programme
was uploaded to the units to collect the data in standalone mode. It was decided to upload the Ar-
duino sketch which is capable of measuring the data at about 100 Hz frequency to capture all possible
movements. To limit the number of data while unit is in the stationary position, Two threshold values
were applied for both units.

For the accelerometer,initially applied threshold was; Absolute acceleration > 1.025g and for the gy-
roscope it was; Absolute angular velocity > 0.1 rad/s. After the data retrieval of the first three tests in
the second test series, the threshold values were decreased to 1.01g and 0.05 rad/s for accelerometer
and gyroscope respectively for the next three tests.

After performing the first test series, data were retrieved from the units. To collect and save the data
another software package called Coolterm was used that acts as a bridge for Arduino and the proces-
sors. During the second series, data were retrieved for two times after the first three tests and then
for the last three tests respectively.

39



40 5. Experimental studies -Model Testings

5.3. Observations during the testings
5.3.1. Test Series 1
For the test series 1 both units were placed at the waterline. The relative packing density of the Xbloc
layer was 99.7% of the theoretical packing density. As the purpose of the study is to observe sufficient
movements with fairly larger Xbloc units, instrumented units were placed with minimal interlocking
with surrounding units increasing the possibility of rocking. The two units were placed in two different
random orientations ( Figure 5.1).

Figure 5.1: Position of the instrumented units before starting the test series 1

The test series one was started with the smallest wave condition and continued with progressively
increasing the wave height as given in table 4.3. After starting the test, no visible movements were
noticed at the waterline but one unit at the flume side wall was clearly started rocking for few minutes
and then stopped. Even with the smallest wave height slight settlement of underlayer was observed.
Consequently, the spacing between rows above the waterline slightly increased (Figure 5.2). No rock-
ing movements were visually observed with instrumented units as it was difficult to observe small
rotations visually with its location on the slope and with the wave action.

Figure 5.2: Before and After situation- test 1,series 1

During the second test a few motions were noticed with Unit 1 and no motions were visually observed
with Unit 2. A progressive settlement of underlayer was observed. (All before and after images will
be included in the Appendix). After test two, interlocking between the instrumented units and the
surrounding units were checked. It was noticed that the Unit 1 still has the possibility of movements
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whereas unit 2 was quite interlocked with surrounding units.

During the third test also a very few rocking movements were observed with unit 1 at the beginning
but no movements were observed for long time at the latter part of the test. No movements were
visually observed with the unit 2. At the end of the test three it was noted that both instrumented units
were quite well interlocked with neighbouring units and settlement of the above rows also influenced
the bottom rows to compact well.

It was realized with the current interlocking effect, the chance of getting rocking with instrumented
units are very less even with the relative higher wave height in fourth test condition. But with the time
restrictions it was not possible to build the slope again before perform the test four. As evaluating the
feasibility of the technique in detecting the rocking is more important, the natural interlocking pattern
around two instrumented units were disturbed and spacing around two instrumented units were slightly
increased before starting the test four. As a result, with relatively higher wave height in test four some
clear rocking movements were observed specially with unit 1.

During the final test, some clear rotations were observed in unit1 for few seconds at the beginning.
After performing the first test series the slope was rebuilt.

5.3.2. Test Series 2
As not much rocking was observed during first test series specially with instrumented unit 2, the second
test series was performed similar way with increased wave conditions (Table 4.4). In the test series
2 both units were placed at the waterline at the beginning. The relative packing density of the Xbloc
layer was further reduced to 98.6% of the theoretical packing density. The two units were placed in
two different random orientations.

During the first test in the testing series two, a clear settlement of the rows above the waterline oc-
curred with the rapid rundown (Figure 5.3). One unit in the 10 row from the bottom was flipped out
from the slope. But it was really difficult to observe any movements with the instrumented units with
the high turbulence created with the wave - slope interaction.

Figure 5.3: Before and After situation- test 1,series 2

Before start of the second test, Unit 2 was swapped with a unit in row number 22 (above the water line)
as there was a clear space created around that unit with the settlement occurred during the previous
test. During the test, one blue Xbloc unit from the very top raw was displaced.

During the third test, three other units from the crest were flipped off.No visible rocking movements
were observed. After the third test it was observed that Unit 1 is very well interlocked with neighbour-
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ing units and possibility to movements are very less. Therefore, after the third test both units were
removed from the slope and data were retrieved. After checking the recorded data, it was decided to
further reduce the given threshold in Arduino as the recorded data were limited due to less rocking
movements. Then, units were placed back on the slope in the same locations around the waterline
(Unit 1) and above the water line (Unit 2). But around the unit 1 previous interlocking was reduced by
taking off the unit and placing it back. Unit 2 was not interlocked well with surrounding units before
removal and hence the interlocking was not disturbed.

During the test four a clear rocking of a unit just below the water level was observed. No clear rocking
with the unit number 1 which is at the water level was observed. Another unit from crest was flipped off.

Before starting the next wave condition, the unit 1, which was at the water level was carefully swapped
with the rocking unit just below the water level causing minimum disturbance to the surrounding units.
Then the same wave condition was repeated again as the test number five.

During test five, some rocking was observed with the instrumented unit 1 which was placed just below
the water level. During the test another two units were flipped off from the slope.

Then the final test, test six was performed without doing any changes to the locations of the instru-
mented units. The unit one started to rocking continuously under the waterline. Two other units from
the crest was flipped off during the test. All together, 7 units from the crest row was displaced from
the slope and three units were displaced from the lower positions of the slope.



6
Data Processing and Analyzing

This chapter is focused on the analysis of rocking measurements with instrumented Xbloc units.

6.1. Possible movements
In three dimensional space a Xbloc unit has six degrees of freedom in total including translations along
x,y,z and rotations around x,y and z. In general rotations are dominant in rocking motion.

Figure 6.1: Rotational motion A)Initial position B)Rotation around y axis (pitch) C)Rotation around x axis (roll) D)Rotation around
z axis (Yaw)

Figure 6.1 shows three rotations around each axis with respect to the local reference frame defined at
the center of the unit. Figure 6.2 shows translation motion along y axis. Moreover, in reality motions
can be due to both rotation and translations together.
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Figure 6.2: Translation motion A)Initial position B)Translation along Y axis

As shown in figure 3.4 the sensor is placed in the middle of the 3D printed xbloc unit and therefore,
similarly a reference coordinate system can be defined at the center of the xbloc unit according to the
local axes of the sensor that has been placed inside it. When the instrumented xbloc unit is placed on
the horizontal plane the local axes can be defined as shown in the figure 6.3 (Please note that the axes
shown in the figures are defined at the center of the unit and for the clear illustration axes are shown
at the top and only represent the respective directions). Apart from that a global coordinate system
can be defined along the structure slope where the units are placed on.

When instrumented Xbloc unit is placed stationary on the horizontal plane z axis measures the gravi-
tational acceleration whereas x and y axis show zero accelerations. But when the xbloc unit is placed
on the slope in a random orientation, the unit is already tilted and the measurement of gravity will be
given either by one axis or as components of different axes.

Figure 6.3: Local axes of instrumented Xbloc unit
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6.2. Data Processing
The recorded data were processed using a Matlab script. The processing method will be discussed in
the following sections. Initially, different threshold values were applied only to the gyroscope to pro-
cess the obtained raw data. But, to process the data obtained from accelerometer no initial threshold
was applied because, applying a threshold to raw accelerometer data can eliminate all the negative
peaks from the calculation. Figure 6.4 and 6.5 show the resultant accelerometer and gyroscope data
obtained from raw data. Two clear occasions can be identified with significant movements.

Figure 6.4: Raw accelerometer data (Resultant) of unit 1- / . - series 1:1

Figure 6.5: Raw gyroscope data (Resultant) of unit 1- / . - series 1:1

By further looking into the events with significant movements, some movements can be clearly identi-
fied with an time interval similar to the wave period (Figure 6.6).
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Figure 6.6: Variation of raw accelerometer data (Resultant) of unit 1- / . - series 1:1

Further, in unit one, two close peaks for each rocking event can be identified in most of the recorded
data. These peaks have the time difference about 0.3-0.5 seconds and visible in both accelerometer
and gyroscope data. When closely look into the raw gyroscope data, it was identified that these peaks
are related to upward and downward movement of the Xbloc unit. Therefore, when processing the data
one event of movement is considered as a full rotation of the unit. Therefore, one event can include
both upward rotation and downward rotation. Close comparison of few highest peaks in accelerometer
and gyroscope data during a single event of impact can be seen in Figure 6.8 and 6.9.

Gyroscope measures the angular velocity measurements with respect to an inertial reference frame.
With the measured angular velocities, gyroscopes can also be used in angular orientation estimation.
Angular orientation can be defined as the position of the unit’s local coordinate system relative to a
initial reference coordinate system with the same origin.

Figure 6.7: Rotation measured by the gyroscope

Three axis gyroscope angular velocity output represents the simultaneous rotations around axes of x,
y and z. Therefore, the gyroscope represent a single rotation around a certain axis for a certain angle
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(figure 6.7). This rotation and the resulting angular orientation can be uniquely represented using
a rotation vector in which the vector aligned with the rotation axis and with the length equal to the
rotation angle (Stančin & Tomažič (2011)).

In general as the rotations around x, y and z are simultaneous, they are not commutative. Therefore,
rotations are not accurate to assumed as sequential rotations. Six possible sequences can be identified
around three orthogonal rotations and six different angular orientations can be obtained. However,
when the angles of the three simultaneous rotations are small, rotations become nearly commutative
and the difference between the six aforementioned sequences become negligible (Stančin & Tomažič
(2011)).

During the rocking motion the rotations around all three orthogonal x,y,z axes can be assumed as
small and therefore rotations can be assumed as nearly commutative. Therefore, commonly used zyx
sequence was used in the rotational transformation matrix calculation given in the section 6.2.1.
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Figure 6.8: Behaviour of motion during the impact 1-unit 1- / . - series 1:1

In the figure 6.8 and 6.9 both upward and downward movements can be clearly identified within a
single event of rotation. The corrected acceleration value refers to the linear acceleration data after
removing the gravitational acceleration ( section 6.2.1). The peaks can be identified as the move-
ment of collision and both accelerometer data and gyroscope data show the peaks at the same time.
Dominant axis of rotation during the events were identified by observing the raw gyroscope data (The
axis where the largest angular velocities can be observed) and the raw angular rotation values were
plotted as shown in the figure. It can be observed that during the event the direction of the dominant
rotation has changed according to the upward and downward rotation. Hence, upward and downward
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movements can be distinguished with the sign of the dominant rotation direction. For this particular
events the direction of rotation is clockwise (negative) for the upward movement and counterclockwise
(positive) for the downward movement.

Also from the figure 6.8 and 6.9 it can be seen that the peak for the upward movement is relatively
higher compared with the peak for the downward movement. Further, the magnitude of angle of ro-
tation around the dominant axis of rotation is less than 10 degrees in these particular events. Also it
can be observed that after the full rotation, the unit has come to its initial position. Therefore, it can
be approximated that the angle of rotation is more or less same for the both upward and downward
movement.

However, as mentioned in the section 6.2 the rotation around dominant axis does not represent the
correct resulting orientation and its rotational axis resulted from the rotations around all three x, y,and
z axes. Therefore, in order to calculate the correct angle of rotation during the upward and downward
movements the resulting orientation from all three axes should be considered. But in this analysis it
was not considered and only the rotational angle around the axis where highest angular velocities were
observed was considered and referred as dominant axis of rotation. Nevertheless, angle calculation
around this single axis clearly shows that after a complete rotation the unit returns to its original posi-
tion.
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Figure 6.9: Behaviour of motion during the impact 2-unit 1- / . - series 1:1

The same analysis was performed considering four highest peaks from the test series 2 after placing
the instrumented unit below the water level (appendix C). It was observed that, with relatively higher
stability number the accelerometer data are quite noisy compared with the data obtained for the low-
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est stability number. Also sometimes more than two peaks can be observed during one impact event.
This may due to impact with several other surrounding units while rocking. The maximum rotational
angle around the dominant axis was observed as around 10 degrees. Please note that this analysis
was performed without interpolating the raw data. Therefore, sampling frequency is not constant. But
around 100 Hz in average.

6.2.1. Impact Velocity Calculation
Impact velocities are calculated from two approaches.

• By taking the peaks of absolute angular velocity measurements

• By separating the gravity from each component of acceleration data and then by integration of
linear accelerometer data

Following assumptions were made when calculating the impact velocity from gyroscope and the ac-
celerometer.

• Number of collision is equal to the number of peaks in angular velocity signal and accelerometer
signal

• Impact velocity is equal to tangential velocity of the rotating unit.

• Integration of gyroscope data for small time period (less than one second) does not result in
significant drift

Data processing procedure
• Linear interpolation of raw data with 5ms intervals

• Identify the individual events with both upward and downward movements above a given thresh-
old (both in raw accelerometer and gyroscope data)

• Correct the accerlerometer data eliminating the gravitational acceleration within each individual
event

• Assuming there is no linear acceleration before start of the event and after the event, linear
acceleration data were corrected to make the linear acceleration zero after the event by removing
the offset. Brownjohn (1999)

• Apply low pass filter to the linear accelerometer data Brownjohn (1999)

• Separate the events into upward and downward movements

• Calculate the resultant angular velocity and resultant linear acceleration for both upward and
downward movements

• Get the maximum peak of the resultant gyroscope data for both upward and downward move-
ments - Assumed as the impacts

• Identify the maximum peak value of resultant linear accelerometer data -Assumed as the impacts

• Identify the stationary location to start the integration of linear acceleration data based on the
resultant angular velocity data.

• Integrate the accelerometer data for both upward and downward movements within each of the
impacts using trapezoidal rule.

Identify the individual events with both upward and downward rotation
Before separate the upward and downward movements, firstly different events were identified. Assum-
ing before and after the full rotation event there is no angular velocity (Resultant angular velocity ≈0)
individual events with both upward and downward movements were separated. Then to identify the
events with sufficient movements only, a threshold value was applied to the resultant angular velocity
and events with maximum value above this threshold were selected in gyroscope data and respective
data of the accelerometer were also extracted from raw accelerometer data.
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Separating Upward and downward movements
Generally, rocking unit moves upward direction of the slope with the wave run up and move backward
again with the rundown. This kind of full rotation can be clearly observed in the recorded data with
sufficient rocking movements. Therefore, this upward and downward movements were separated be-
fore determine the impact velocity. In figure 6.8 and 6.9 it can be clearly seen that the dominant axis
of rotation has different sign convention during upward and downward movements. Hence, upward
and downward rotations were separated using this sign. The identification of the rotational axis with
relatively highest rotation and its change in sign with the motion was manually identified for each test
and applied them in the matlab routing to separate the upward and downward movements.

Impact velocity calculation directly from Gyroscope data
To get the impact velocity from the gyroscope data, the absolute value for the angular velocity is ob-
tained from the three measured angular velocity components (Equation 2.8). Then the impact velocity
is based on these peak angular velocities by assuming a pure rotational motion of the unit. For the
calculation of tangential velocity (Equation 2.9), distance between the rotation point and the impact
location, 𝑅 was assumed as 1/2 of the height of the unit (Figure 6.10).

Figure 6.10: Simplified view of rocking event

Impact velocity by integrating the accelerometer data
In reality there can be situations with both rotation and linear translation. Therefore getting the lin-
ear acceleration separated from the raw accelerometer data is important. But removing gravity from
each component of accelerometer data is not straight forward approach, as accelerometer is also ro-
tating while taking the measurements. Therefore the accelerometer data are recorded with respect
to a sensor body frame. To remove the gravitational acceleration, the body reference frame should
be transformed to the initial reference frame. In order to do this transformation, the rotational angle
should be known. This can be obtained by integration of gyroscope data.

Initially, it was decided to calculate the pitch and roll angles (assuming yaw can be neglected) using
the complementary filter. But after performing the testings, by having closer look in the gyroscope
measurements some significant rotations were observed around the Z axis as well, because of the
orientation of the unit placed on the slope. Therefore, complementary filter technique can not be used
anymore as it does not give any information about the yaw angle.

Instead, rotational angles around all three axes were calculated by integration of the gyroscope data.
As impact happens within very short duration it was assumed integration of gyroscope data during
this short duration (only within the individual event ) will not cause any significant errors. Then the
conversion of accelerometer measurements from body frame to inertial reference frame was done by
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rotational matrix obtained from the Euler angle transformation.

Here the first stationary location of the unit just before the upward movement was assumed as the
inertial reference frame. The initial gravitation acceleration values related to the stationary location
was identified for the each individual impact events including both upward and downward rotation.
The initial stationary location was identified using the resultant angular velocity data assuming it is
approximately zero before start of the each individual event (see figure 6.8 and 6.9). The correction
for the accelerometer data by removing the gravity component was performed for the each individual
impact event separately.

Therefore the considered inertial reference frame is not constant for all the individual events as the
initial reference frame was considered as the initial gravitation values at the start of the upward move-
ment (stationary position where both linear acceleration and angular rotation is zero). The reason to
adopt this approach is to limit the duration of integration of the gyroscope data to obtain the orienta-
tion within and after the impact. Because if one considered the inertial reference frame as gravitational
data at the stationary position before starting of the test, the integration of gyroscope data has to be
performed from the beginning to required moment to find the orientation with respect to the initial
position and then rotational transformation matrix can be used to separate the linear acceleration. But
integration of gyroscope data for long period may not result in accurate output as it would drift with
time.

The work flow is illustrated in figure 6.11. Gravity compensation was done by using the equation
6.1, where 𝑎 is the linear acceleration in initial reference frame, 𝐶 is the rotational transformation
matrix to body frame to initial reference frame, 𝑔 , 𝑔 , 𝑔 are initial gravitational acceleration values in
stationary position and 𝑎 is the measured acceleration data in body frame Akeila et al. (2008). This
model assumes that there are no cross-axis alignment, scale factor, or bias errors in the measurement.
Then, after removing the gravity from all three x,y,z components of the accelerometer data, absolute
linear acceleration was calculated. Thereafter, impact velocity was obtained from the integration of the
absolute linear acceleration data until the peak.

𝑎 = 𝐶 𝑎 + [
−𝑔
−𝑔
−𝑔

] (6.1)

For the upward movement the integration of linear acceleration was started from the stationary posi-
tion defined above. But for the downward movement it was difficult to identify a completely stationary
position in between two rotations hence, integration was started from the timestamp related to the
closest local minima of the resultant gyroscope signal relevant to downward movement (refer figure
6.8 and 6.9).

Figure 6.11: Processing accelerometer data based on Euler angle transformation

6.3. Results Analysis
6.3.1. Probability of exceedance of impact velocity
After finding the impact velocities from both ways, curves for probability of exceedance of impact ve-
locity were made for both Units considering all test conditions with respect to number of waves, N
(Equation 6.2). Impact velocities were calculated for both upward and downward movements. Then
the characteristic impact velocity, 𝑉 % was determined by taking the value of impact velocity that has



52 6. Data Processing and Analyzing

the exceedance probability of 2%.

𝑃(𝑣 > 𝑣 , ) =
𝑛
𝑁 (6.2)
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Figure 6.12: Exceedance probability in upward movement for Unit 1- series 1:1

6.3.2. Upward movement with run up
Exceedance probability for upward movement were plotted for both test series considering only the
tests with significant motions. Refer figure 6.12 and 6.13. 𝑆 refers to the stability number calculated
according to the incident wave height (Appendix A).

As shown in figure, 6.12, 6.13 and appendix D accelerometer integration has resulted in higher im-
pact velocities compared with velocity obtained from the gyroscope. In the test series 1, sufficient
movements can be seen in all test conditions according to the recorded data in unit 1 even though
it was hard to identify the motions while performing the testings. These observations are inline with
the changes described in section 5.3. However, with the unit 2 no significant motions were observed
during the test series 1 compared with unit 1.

After increasing the space around the waterline in test four (S1:2 T4) the highest impact velocities
were observed (figure 6.12 and appendix D). However, in the fifth test (S1:2 T5) the movements were
observed only at the beginning and when instrumented unit finds its stable position after few rotations,
no more significant movements were observed. Also, despite of the higher stability number, the lower
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impact velocities observed in the test five can also be due to considerable settlement of the above rows
which resulted in increased pressure on the instrumented units.
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Figure 6.13: Exceedance probability in upward movement at waterline for Unit 1- series 1:2

The second test series was started with the highest wave condition of the first wave series and pro-
gressively increased the wave height. Because of the fairly larger wave height given at the start, and
due to the lesser packing density a sudden settlement of the rows above the water level was clearly
observed. Consequently , despite the higher stability numbers in the first three tests in the second test
series, significant rocking movements could not be observed. As described in the section 5.3 after the
third test, fourth test was performed after disturbing the natural interlocking pattern of the unit 1 which
was placed at the water level. As a consequence, considerable change in number of movements and
resulted impact velocities can be observed in figure 6.13. Therefore, it is clear that there is a significant
influence on the rocking motion from first settlement of the armour units. The settlement of above rows
can exert additional pressure on the below rows and can reduce the rocking in below rows. At the same
time, the impact velocities caused by the settlement alone can have an influence on the breakage of ar-
mour units. Further research is recommended to use the proposed technique to evaluate the influence
of the settlement on the breakage of armour units and to find the amount of settlement of armour units.

To identify the collision events with significant movement, a threshold value was applied based on
the measurements obtained from the gyroscope. Only the events that have certain maximum resul-
tant angular velocity were selected for further processing. For the unit 1, this threshold was kept as
0.35 rad/s in all the tests, except for first three tests of the second series. As observed movements
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are very few, a less threshold value of 0.15 rad/s was applied in the first three tests of the second
test series. For the unit 2, the threshold was kept as 0.15 rad/s in all the tests, except for last two
tests of the first series.A threshold value of 0.35 rad/s was applied in the last two tests of the first series.

Further, the last two tests were performed in the second test series after changing the position of in-
strumented unit 1 from water line to location just below the waterline. Calculated characteristic impact
velocities for units in upward movement are listed in table 6.1, 6.2 and 6.3.

Table 6.1: Characteristic Impact Velocity- Upward movement- Unit1-Series 1/2-at the waterline

Test number Stability number
𝑉 % from accelerometer
(m/s)

𝑉 % from gyroscope
(m/s)

S1:1T1 2.03 0.0473 0.0447
S1:1T2 2.32 0.0728 0.0651
S1:1T3 2.43 0.0907 0.0650
S1:2T4 2.53 0.1818 0.1355
S1:2T5 2.74 0.0939 0.0749
S2:2T4 3.15 0.1491 0.0777

Table 6.2: Characteristic Impact Velocity-Upward movement- Unit1-Series 2- just below the waterline

Test number Stability number
𝑉 % from accelerometer
(m/s)

𝑉 % from gyroscope
(m/s)

S2:3T5 3.15 0.1626 0.090
S2:3T6 3.27 0.1889 0.089

Table 6.3: Characteristic Impact Velocity-Upward movement- Unit2-Series 1/2

Test number Stability number
𝑉 % from accelerometer
(m/s)

𝑉 % from gyroscope
(m/s)

S1:2T4 2.53 0.0570 0.0306
S2:3T5 3.15 0.0966 0.0665
S2:3T6 3.27 0.1109 0.0706

6.3.3. Downward movement with rundown
Similarly, exceedance probability for downward movements were plotted for both test series consider-
ing unit 1 and 2. Refer figure 6.14 and appendix D. Overall it can be observed that, impact velocities
for the downward movement is lower compared with respective velocities obtained for the upward
movement. But similar trends can be observed. Calculated characteristic impact velocities for unit 1 in
downward movement are listed in table 6.4, 6.5 and 6.6.

Table 6.4: Characteristic Impact Velocity- downward movement- Unit1-Series 1/2-at the waterline

Test number Stability number
𝑉 % from accelerometer
(m/s)

𝑉 % from gyroscope
(m/s)

S1:1T1 2.03 0.0382 0.0305
S1:1T2 2.32 0.0491 0.0360
S1:1T3 2.43 0.0585 0.0399
S1:2T4 2.53 0.1168 0.0907
S1:2T5 2.74 0.0458 0.0374
S2:2T4 3.15 0.0556 0.0394
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Table 6.5: Characteristic Impact Velocity-downward movement- Unit1-Series 2- just below the waterline

Test number Stability number
𝑉 % from accelerometer
(m/s)

𝑉 % from gyroscope
(m/s)

S2:3T5 3.15 0.1070 0.0719
S2:3T6 3.27 0.1156 0.0750

Table 6.6: Characteristic Impact Velocity-downward movement- Unit2-Series 1/2

Test number Stability number
𝑉 % from accelerometer
(m/s)

𝑉 % from gyroscope
(m/s)

S1:2T4 2.53 0.0219 0.0197
S2:3T5 3.15 0.0713 0.0637
S2:3T6 3.27 0.0721 0.0608
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Figure 6.14: Exceedance probability in downward movement at the waterline for Unit 1- Test series 1:1
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Figure 6.15: Exceedance probability in downward movement under the waterline for Unit 1- Test series 1:2

The figure 6.15 illustrates the impact velocities obtained for the downward movement just below the
waterline. A comparison of upward and downward velocities is shown in figure 6.16, 6.17 and 6.18.
Overall for both test series, an increase of the characteristic impact velocities can be observed with
the stability number, but for the last test performed in the series 1 the trend is different. Even with
the high stability number the impact velocity is low in that condition compared with the previous test
condition. This may possibly caused by the increased stability due to interlocking, after unit finding its
stable position. Further, gradual settlement of the rows above can also influence the amount of rocking.

By comparing test condition S1:2T4 for unit 1 and unit 2 (Table 6.2 and 6.3) it can be seen that there
is a clear difference in characteristic impact velocities even at the same horizontal level (at the water
level) of the slope. Therefore it is recommended to carry further research on this to find the depen-
dence of the impact velocities on the horizontal position of the slope.
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Figure 6.16: Comparison of characteristic impact velocities obtained at the waterline- Series 1

Moreover, the impact velocities resulted from the integration of the accelerometer data are larger than
the impact velocities obtained from the peaks of the gyroscope data. This may due to several uncer-
tainties of the integration of accelerometer data. Also, significant motions were observed with unit 1
in which V90 class SD card was inserted (due to some practical issues with obtaining V30 class SD
card when making the unit). Therefore, some random slowing downs can be observed with the data
recorded with unit 1. Therefore, the impact velocities obtained from gyroscope is more trust worthy
than the accelerometer. The possible reasons for the differences of impact velocities can be listed as
follows.

• Random slowing down of the sampling frequency can result in data loss and this can influence
in identification of the starting position of the movement. Correct identification of the starting
position is important to start the integration of accelerometer data to find the impact velocity.

• Data loss due to random slowing down can also cause erroneous results in integration of gyro-
scope data.

• In this study, the accelerometer is not corrected for errors such as the misalignment error and
cross axis effects. Correcting accelerometer data by taking all these errors would further increase
the accuracy.

• As accelerometer data are too noisy, noise removal using more advance filtering technique will
result in higher accuracy.

• If the data are lost just before the start of the upward movement linear interpolation will result
in the wrong interpretation for the start of the movement and can result errors in integration.

• Having more than a single peak in accelerometer data during one rotation event can also result
in overestimation of the impact velocity.

• Also the distance between rotation point and the impact location may be higher than the con-
sidered value for the calculation of the impact velocity from the gyroscope. (Further research is
required)
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Figure 6.17: Comparison of characteristic impact velocities obtained at the waterline for upward movement -Test series2

By considering the observation from test series two (figure 6.17 and 6.18) it can be seen that the
highest impact velocities are given after placing the unit below the water level. The impact velocities
obtained for the unit which was placed above the water level has given lowest magnitude. Hence, it
can be concluded that highest impact velocities can be obtained under the water level.
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Figure 6.18: Comparison of characteristic impact velocities obtained at the waterline for downward movement- Test series 2

6.3.4. Number of collisions
The number of collisions is presented in figure 6.19 in dimensionless manner. In the X axis the stability
number is presented and in the Y axis the number of collision over number of waves are presented.
The number of collisions were calculated based on the data obtained from the gyroscope considering
both upward and downward movement as a one event.
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Figure 6.19: Comparison of number of collisions for test series 1
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Figure 6.20: Comparison of number of collisions for test series 2

From figure 6.19 it can be observed that, several factors can affect the number of collisions and it does
not rely on stability number only. In the test series 1, first two tests show some increase of number
of collisions by increasing the stability number, but in the test three that trend can not be observed
as before. Generally, after rocking for few minutes the units tend to find its stable position and no
rocking can be observed after. A clear increase of the movements can be observed in both series in the
test 4, after increasing the spacing around the waterline (figure 6.19 and 6.20). Therefore, it can be
concluded that , both interlocking effect and the pressure of the rows above can influence the rocking
motion of singe layer armour units considerably.

Further, figure 6.19 illustrates that there is a clear difference in number of collisions in unit 1 and unit
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2 even though they were placed on the same horizontal row. However, they have a similar trend.

Figure 6.20 shows comparison of number of collisions obtained for the test series two when the unit
1 is at the waterline and after placing it just below the waterline and when unit 2 is at the waterline
and above the water line. A clear increase of the number of collisions can be observed just below
the waterline. Also similar to the test series one, an increasing trend of number of collisions can be
identified with unit 1 after increasing the spacing around waterline.



7
Discussion and Conclusions

This study was performed to understand the rocking behaviour of the single layer armour units based
on Xblocs, using the previously proposed novel stand alone measurement technique and to evaluate
the effectiveness of the technique to detect the rocking motion of single layer armour units.

To fulfill the intended objectives, firstly a proper literature study was carried out. Secondly, the pre-
viously proposed state of the art measurement technique was further developed by increasing the
sampling frequency from about 25 Hz to 100 Hz. Then, two instrumented Xbloc units were developed
with embedded sensors and 2D physical model testings were performed. Finally, the data were ana-
lyzed and important conclusions were drawn. This chapter focuses on these conclusions.

7.1. Measurement and processing technique
The standalone method with no wire attached gives the unit full flexibility of movement during the
experiment. Previously conducted researches with the same technique but with lower sampling fre-
quency showed that technique is suitable to detect motions but further improvements might need to
capture the full rotational motion. Because, with about 25 Hz sampling frequency, each peak value
was given with just a single data point .

After performing the testings and collecting the data with 100 Hz frequency it was observed that the
motions are well captured with the given sampling frequency and rocking event can be resolved in
time with 5-10 data points. The data analysis of this study shows that now it is possible to interpret
the complete rocking motion with both upward and downward movements clearly with the proposed
technique. Also, it is verified that the proposed technique is very promising to detect the motions that
are hard to observe visually while performing the model testings. Therefore it can be concluded that
100 Hz sampling frequency is enough to capture the motion just before the impact. Further, with the
minimum error corrections for the sensors still the results are promising and has the same order of
magnitude as previously conducted research of CUR70 (1989). As there are very limited studies on the
behaviour of rocking motion of single layer armour units this research will be good starting point and
paved the way to many opportunities of future researches.

7.2. Order of magnitude of Impact velocity
Comparing the characteristic impact velocities obtained for upward and downward movements, it can
be concluded that both are in the similar order of magnitudes. But relatively higher velocities are ob-
served with upward movement along the slope. This may due to reduction of downward flow velocity
due to the friction. Also this is inline with the observations of the research by Le (2016). Also, it can
be concluded that the magnitude of the characteristic impact velocity and number of collisions are not
solely depend on the wave height or the stability number, as same order of magnitude of the impact
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velocities and number of collisions can be observed with the smaller waves if the interlocking is less
effective. Therefore it can be concluded for the single layer armour units, interlocking effect can sig-
nificantly influence the magnitude of the impact velocity.

Further, it was observed during the testings, the first settlement can also significantly affect the amount
of rocking. Mainly the settlement of top rows towards the bottom exert additional pressure on the be-
low rows and hence stability due to interlocking increases consequently. Therefore, it can be concluded
that the amount of settlement also influences the amount of rocking.

7.3. Difference with respect to unit position on the slope
By comparison of the test numbers S2:2 T4, S2:3 T5S2:3 T6 it can be concluded that the vertical po-
sition of the unit in the slope can influence the both impact velocity and the number of collision. After
placing the unit just under the waterline, a clear increase in number of collisions can be observed. An
increase of the characteristic impact velocity also observed. This is also inline with the observations
from Le (2016) and Arefin (2017). However, after placing the units at the waterline, below the waterline
and above the water line, the lowest impact velocities were observed with unit placed above the water
line. Not only that but also after comparing the data of test S1:2 T4 it was observed that the horizontal
position of the unit on the slope also affects the amount of rocking and magnitude of the impact velocity.

7.4. Number of collisions
During this research the number of collisions is analyzed for varying wave height, and position on the
slope. Similar to the characteristic impact velocity, the stability number was found as not the only
parameter that governs the number of collisions. Hence, it can be concluded that pressure from the
upper rows and the interlocking effect has significant influence on number of collisions.

7.5. Amount of rotation during the rocking motion
By analyzing the angular velocity data around the axis where the largest impact velocities were recorded,
it can be concluded that the rocking unit with significant motions comes to its original position after
the full rotation. And the rotation around the aforementioned axis varies between 5 degrees to 10
degrees. Moreover, no pure translations were observed.

7.6. Impact velocity from gyroscope and the accelerometer
During the data analysis it was observed that angular velocity data from the gyroscope has a less noise
level than the accelerometer. However, in most of the test conditions peaks of the acceleration signals
were observed with peaks of the gyroscope. Therefore, from both observations impact velocity was
calculated. But as the calculation of the impact velocity from the accelerometer requires integration
and some error accumulation can be expected.

However, after correcting the measured accelerometer data and transforming it back to the initial ref-
erence frame, linear acceleration required to integration was obtained. After integration of the linear
acceleration components, the obtained impact velocities have some higher values compared with the
gyroscope measurements. But as these high values have lower probability, the characteristic impact
velocities calculated from the both measurements are in more or less same order of magnitude, but still
the values obtained from accelerometer integration have relatively higher characteristic impact velocity
value compared with gyroscope.

Nevertheless, it is recommended to use the impact velocity given from the gyroscope because the
higher value given from the accelerometer integration can be due to some error accumulations.



8
Recommendations

This section presents the recommendations based on the work performed and the future opportunities
will also be discussed.

8.1. Data Processing
8.1.1. Frame of reference
In the current study linear acceleration data was calculated with respect to the initial frame of reference
which was assumed as the orientation of the unit just before start of the upward movement. Instead
in the future researches a global reference frame can be defined along the slope of the structure and
orientation of the armour units can be estimated with respect to the global reference frame before start
of the test and after the test. But this may require to integrate the angular velocity measurements for
long time and suitable filtering techniques should be adopted to minimize the drifting errors.

8.1.2. Rotation angle of the unit during the rocking
In this study maximum rotation angle and axis around which the unit rotates while rocking was obtained
considering the axis with largest angular velocities only. But future researches can be performed to
evaluate the resulting angle of rotation and dominant axis of rotation considering all three simultaneous
rotations around the x,y, and z axes. Also upward and downward motions can be then separated using
the sign convention of the resulting angular data.

8.1.3. Corrections of the sensor
For the current study the sensor was not corrected for the cross axis effects and the misalignment
error. Future researches can be done after accounting these corrections and applying advance filtering
techniques.

8.1.4. Minimizing the slowing down of the sensor
During the current research it was identified the random slowing downs can be minimized by using
a class V30 sd card. Also further improvements can be achieved by using a processor with higher
memory capacity (eg:Tinyzero), so that with the higher buffer limit more data can be collected and
written to the sd card at once.

8.1.5. Improving the method of integration of accelerometer data
The method adopted during this study to integrate the accelerometer data resulted in higher impact
velocities. Hence, the method can be further improved to get more accurate value for the impact
velocity calculation.

8.1.6. Distance between point of rotation and location of impact
To calculate the impact velocity from gyroscope data distance between point of rotation and location of
impact was assumed as half of the unit height. But further researches should be performed to validate
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or update this.

8.2. Use of the proposed technique
8.2.1. Impact velocity of single layer armour units
In this research the main objective was determine the order of magnitude of the impact velocities
while showing the effectiveness of the technique to detect the rocking motion. Hence, some changes
were implemented during the testings in order to obtain the sufficient rocking motion with fairly large
Xbloc units. Therefore, calculated impact velocities for some tests may represent the extreme end.
Therefore, future research can be performed to determine the impact velocity, number of collisions,
and its spacial and stochastic variation under the correct design conditions and without disturbing the
natural interlocking pattern.

8.2.2. Synchronize the wave data with the measurements
The current research was performed without synchronizing the wave data with rocking measurements.
Future research can be done after synchronizing the wave data with the rocking measurements to
identify the exact wave conditions that causes the motions.

8.2.3. Translation and settlement
In this study no pure translation were observed. But further researches are recommended to verify the
conclusion. Also the proposed technique can be effectively use in determining the amount of settlement
and impact velocity caused by the settlement events in the future studies.



A
Input and output wave conditions

Table A.1: Test conditions for unit 1-Day 1

Test number
Day 1-Unit 1

Hs /(cm)
input

Hs/(cm)
output

Tp/(s)
input

mean Tp/(s)
output Stability number Unit Position

S1:1 T1 11.5 10.63 1.30 1.35 2.03 Water level
S1:1 T2 13.0 12.15 1.39 1.42 2.32 Water level
S1:1 T3 13.8 12.72 1.43 1.49 2.43 Water level
S1:2 T4 14.4 13.24 1.46 1.49 2.53 Water level
S1:2 T5 15.5 14.35 1.51 1.58 3.15 Water level

The different series (S1:1 and S1:2 ) refers to the situations before and after increasing the space
around the unit.

Table A.2: Test conditions for unit 2-Day 1

Test number
Day 1-Unit 2

Hs /(cm)
input

Hs/(cm)
output

Tp/(s)
input

mean Tp/(s)
output Stability number Unit Position

S1:1 T1 11.5 10.63 1.30 1.35 2.03 Water level
S1:1 T2 13.0 12.15 1.39 1.42 2.32 Water level
S1:1 T3 13.8 12.72 1.43 1.49 2.43 Water level
S1:2 T4 14.4 13.24 1.46 1.49 2.53 Water level
S1:2 T5 15.5 14.35 1.51 1.58 2.74 Water level

Table A.3: Test conditions for unit 1-Day 2

Test number
Day 2-Unit 1

Hs /(cm)
input

Hs/(cm)
output

Tp/(s)
input

mean Tp/(s)
output Stability number Unit Position

S2:1 T1 15.5 14.35 1.51 1.58 2.74 Water level
S2:1 T2 16.5 15.25 1.63 1.62 2.91 Water level
S2:1 T3 17.5 16.12 1.67 1.72 3.07 Water level
S2:2 T4 18.0 16.54 1.70 1.72 3.15 Water level
S2:3 T5 18.0 16.54 1.70 1.72 3.15 under the Water level
S2:3 T6 19.0 17.13 1.74 1.78 3.27 under the Water level
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66 A. Input and output wave conditions

Table A.4: Test conditions for unit 2-Day 2

Test number
Day 2-Unit 1

Hs /(cm)
input

Hs/(cm)
output

Tp/(s)
input

mean Tp/(s)
output Stability number Unit Position

S2:1 T1 15.5 14.35 1.51 1.58 2.74 Water level
S2:2 T2 16.5 15.25 1.63 1.62 2.91 above the Water level
S2:2 T3 17.5 16.12 1.67 1.72 3.07 above the Water level
S2:3 T4 18.0 16.54 1.70 1.72 3.15 above the Water level
S2:3 T5 18.0 16.54 1.70 1.72 3.15 above the Water level
S2:3 T6 19.0 17.13 1.74 1.78 3.27 above the Water level



B
Photos taken during the model

testing

Figure B.1: Top view before and after the test / . - series 1:1
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68 B. Photos taken during the model testing

Figure B.2: Top view before and after the test / . - series 1:1

Figure B.3: Top view before and after the test / . - series 1:1
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Figure B.4: Top view before and after the test / . - series 1:2

Figure B.5: Top view before and after the test / . - series 1:2



70 B. Photos taken during the model testing

Figure B.6: Top view before and after the test / . - series 2:1

Figure B.7: Top view before and after the test / . - series 2:1/2
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Figure B.8: Top view before and after the test / . - series 2:1/2

Figure B.9: Top view before and after the test / . - series 2:2/3



72 B. Photos taken during the model testing

Figure B.10: Top view before and after the test / . - series 2:3

Figure B.11: Top view before and after the test / . - series 2:3
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Analyzing the data during the impact
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Figure C.1: Behaviour of motion during the impact 3-unit 1- / . - series 2:3
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74 C. Analyzing the data during the impact
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Figure C.2: Behaviour of motion during the impact 2-unit 1- / . - series 2:3
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Figure C.3: Behaviour of motion during the impact 1-unit 1- / . - series 2:3
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Figure C.4: Behaviour of motion during the impact 1-unit 1- / . - series 2:3
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Probability of exceedance of impact

velocities before collision
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Figure D.1: Exceedance probability in upward movement at waterline for Unit 1- series 2:1
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78 D. Probability of exceedance of impact velocities before collision
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Figure D.2: Exceedance probability in upward movement at waterline for Unit 1- series 2:2
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Figure D.3: Exceedance probability in upward movement under the waterline for Unit 1- series 2:3
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Figure D.4: Exceedance probability in upward movement at waterline for Unit 2- series 1:2
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Figure D.5: Exceedance probability in upward movement above the waterline for Unit 2- series 2:3
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80 D. Probability of exceedance of impact velocities before collision
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Figure D.6: Exceedance probability in downward movement at waterline for Unit 1- series 2:1
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Figure D.8: Exceedance probability in downward movement under the waterline for Unit 1- series 2:3
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82 D. Probability of exceedance of impact velocities before collision
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Figure D.10: Exceedance probability in downward movement above the waterline for Unit 2- series 2:3
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