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Abstract

Along with the unquestionable temperature rise, ocean thermal expansion and glacier melting lead the average sea level to
rise at an ever-increasing rate. This increase, in conjunction with the occurrence of more severe storm surges and higher
wave heights during extreme weather events, makes the upgrading of existing harbor infrastructure a necessity in order to
extend its service life-time. To this end, a case study is considered herein in order to elucidate possible alternatives of
reinforcing the existing rubble-mound breakwater at Evdilos Port, Ikaria Island, Greece. The performance of the proposed
upgraded structure is investigated under two climate change scenarios, in years 2050 and 2100, which take into
consideration sea level rise and maximum wind speed events. It is observed that the armor and toe stability criteria are met
under the examined climate change scenarios, however the mean wave overtopping discharge significantly exceeds the
tolerable limit in both of them. The finally proposed alternative takes into account the existing structure features, as well
as constructability, landscape aesthetics and spatial planning issues.

Keywords: climate change, harbor works, adaptation strategies, wave overtopping, breakwater upgrade

1. INTRODUCTION

Human activity over the past decades has led to climate change. Large-scale storms, floods, fires, unprecedented
temperature rise, prolonged drought or heat periods and ocean level rise are only few signs that prove the environmental
disturbance and the climate change. Focusing on the impacts of climate change on harbor infrastructure, one can mention
the sea level rise caused by ice melting and ocean thermal expansion, the more frequent occurrence of more severe storm
surges due to lower sea surface pressure and greater wind velocities, as well as higher waves heights.

Port adaptation to climate change has three components [1]. Protection strategies recommend shielding the works against
climate change and include more drastic measures, such as upgrading the breakwaters, protecting the near-water equipment
and facilities with artificial barriers [2], elevating the docks [2] or even the entire port [3]. Accommodation strategies allow
exposure to the more severe wave climate and the sea level rise, providing measures to manage them without interfering
with the design. Such measures include managing the increased rainwater and seawater accumulation in port areas and the
increased sediment flow in the harbor and the approach channel, as well as intensively maintaining the infrastructure and
restoring possible damages. Finally, retreat strategies are followed in cases where the port location no longer permits its
functionality and the satisfaction of the needs it was designed for, and recommend moving the facilities and the operations
to another location on higher ground or farther from water.

Regarding breakwaters, armor and toe stability and wave overtopping are the main challenges to be addressed. In the
present work, the case of a rubble-mound breakwater is examined, in Evdilos Port, Tkaria Island, drawing our attention due
to the serious damage it suffered during the severe storm on January 18, 2018. In particular, its performance is investigated
under the environmental forcing expected by 2050 and 2100, and the proposed upgrading alternatives are also evaluated.

2. METHODOLOGY

2.1. The Impact of Climate Change on the Study Area

When adapting breakwaters to climate change, mainly three parameters should be taken into account: sea level, storm
surges and extreme wave heights. The sea level rise and the more severe storm surges reduce the breakwater’s freeboard,
leading to higher overtopping discharges. The more intense wave action threatens the armor and toe stability, even though
the sea level rise has a positive effect on the latter. In this paper, these parameters are estimated for the 2050 and 2100 time
horizons under IPCC’s most optimistic and most pessimistic CO, emissions scenarios, Representative Concentration
Pathway (hereafter RCP) 2.6 and RCP 8.5.

Global mean sea level rise is given an almost steady median projection of 4.5 mm/y according to RCP 2.6, while according
to RCP 8.5, it is given a linearly increasing trend, from 4 mm/y in 2015 to 12 mm/y in 2100 [4]. In the case of Evdilos, the
sea level change is calculated in relation to the soundings held in the area in 2013.

In the absence of specific data on the storm surge maxima around Evdilos under the scenarios studied, the predictions
deriving from an intermediate scenario established in the Special Report on Emissions Scenarios (hereafter SRES), the so-
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called SRES A1B, are used instead. According to SRES A1B, storm surge maxima in the Central Aegean are expected to
reach 0.55 m by 2050, then decrease to 0.45 m by 2100 [5].

Wind speed time series, on a daily basis, were produced for 10 deep-sea locations around Evdilos to observe the peaks
evolution according to the temperature forcing implied by each of the above scenarios [6-8]. Each time series consists of
two parts, the historical one, 1950-2005, and the synthetic one, 2006-2100, which is hereafter divided into two sections,
2006-2050 and 2051-2100. For each of these three time periods, the frequency of high wind speed and the daily wind speed
maximum were calculated.

Overall, the occurrence of wind force equal to or higher than 8 Beaufort shows a positive trend. According to RCP 2.6, a
mean alteration of +4.9% in occurrence is expected by 2050, compared to the historical period, in contrast with the
alteration of +3.6% foreseen by RCP 8.5. Subsequently, RCP 2.6 predicts a -2.3% reduction by 2100, compared to the
2006-2050 period, while according to RCP 8.5 this alteration is positive and equal to +2.7%.

This intensification in storminess during the whole future period compared to the historical one is in accordance with the
clearly positive trend in wind speed maxima. During the historical period, wind force does not exceed 10.27 Beaufort in
the study area. Assuming full wave development [9,10] and taking into account the wave transformation from deep-sea to
the breakwater area (shoaling, refraction, diffraction, wave breaking etc.), this wind force corresponds to a maximum wave
height of 5.45 m at the breakwater area. During the 2006-2050 period, the maximum wind force is found to be equal to
10.4 Bf according to RCP 2.6, whereas it reaches 10.5 Bf according to RCP 8.5. The wave height maxima are 5.57 m and
5.66 m, respectively. Hence, RCP 2.6 and RCP 8.5 give a +2.2% and +3.9% alteration respectively, in wave height maxima
by 2050. During the period of 2051-2100, the wind force maxima according to RCP 2.6 and RCP 8.5 are equal to 10.6 Bf
and 10.8 Bf respectively, while the corresponding wave heights reach 5.75 m and 5.94 m. This means that RCP 2.6 and
RCP 8.5 give a +5.5% and +9% alteration in wave height maxima by 2100, compared to the maximum wave height
corresponding to the historical period, respectively.

The above parameters, which have a direct impact on the breakwater of the study area, are summarized in Table 1.

Table 1 Summary of the climate change parameters having an impact on the breakwater

2050 Time Horizon 2100 Time Horizon

Parameter RCP2.6 RCP85 RCP2.6 RCP85

Sea Level Rise (m) 0.17m 021 m 0.39m 0.70 m
Storm Surge (m) 0.55m 0.55m 0.45m 0.45m
Maximum Wind Force (Bf) 10.40 10.50 10.60 10.80
Maximum Wave Height (m) 5.57 5.66 5.75m 5.94

2.2. Breakwater Performance Criteria
Pertaining to rubble-mound breakwaters, hydraulic and structural response is of major interest and particularly armor and
toe stability and wave overtopping are the performance criteria that need to be tested.

Hudson’s stability coefficient Kp [11] is determined according to the damage rate considered acceptable for the armor
layer. Accropodes, constituting a widely adopted armor option, have been used in the breakwater of the present case study.
They are designed for a stability coefficient of 15 accounting for non-breaking waves or 11 for breaking waves. In the case
of the breakwater under study, as long as Kp does not exceed the value of 15, the performance of the armor is satisfactory
[12].

A toe berm supports the main armor layer and protects the structure against scour. Toe berm instability could lead to main
armor instability, and thus the toe should be examined in all cases. The number of damage, No4, corresponding to the
number of units displaced out of the armor layer within a strip width of one nominal diameter, is the parameter calculated
herein. A long as this parameter does not exceed the value of 2, the performance of the toe berm is satisfactory [13].

Wave overtopping occurs when the water level in front of the dike and the waves are high enough, that after the latter break
on the outer slope, the wave run up exceeds the crest level. Two quantities related to wave overtopping are to be measured:
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the mean overtopping discharge, qmean, and the maximum overtopping volume, V.« For rubble-mound breakwaters, the
maximum tolerable limits are 5-10 1/s/m and 10000-20000 1/m, respectively [14].

Given that the perpendicular to the structure wave incidence is the most unfavorable case for both structural and hydraulic
response, and bearing in mind the orientation of the windward breakwater of Evdilos Port on the one hand, and that the
prevailing wind in the study area comes from the North on the other hand, the analysis was carried out for northern waves.

2.3. Rubble-mound Breakwater Upgrade Alternatives

Upgrading alternatives applicable specifically for rubble-mound breakwaters, include adding an armor layer or a berm,
making the seaward slope milder, increasing the crown width and/or the crown wall height, or constructing a submerged
breakwater on the foreshore.

However, not all of the above alternatives are applicable to the breakwater of Evdilos Port. For instance, adding an armor
layer is not an option, since Accropodes have been designed for a single layer. The placement of the units is thorough and
their interlocking is critical to the operation of the layer. Adding a berm is also not considered, since it is subject to the
same constraints and has the additional risk of causing armor units instability due to the transition from double to single
layer in the middle of the slope. Furthermore, despite the fact that making the seaward slope milder results to reduced
overtopping volumes, in single armor layers, gravity plays a significant role in the interlocking of the units and the stability
of'the layer. Slopes milder than 1:1.5, which is the case here, are unfavorable to stability and thus not recommended [12,15].

Consequently, the upgrading alternatives to be further assessed herein are narrowed down to increasing the crown width
and/or the crown wall height, and constructing a submerged breakwater on the foreshore.

3. RESULTS AND DISCUSSION
The results of investigating the existing breakwater performance over the aforementioned criteria are given in Table 2.
Cells highlighted with bold indicate that the corresponding quantities exceed the tolerable limit.

Table 2 Performance of the existing cross-section

Criterion Acceptable 2050 Time Horizon 2100 Time Horizon

Range RCP2.6 RCP85 RCP2.6 RCPS8S

Hudson’s Armor Stability Coefficient, Kp <15 10.67 11.19 11.73 12.94
Number of Toe Damage, Nog <2 1.26 1.38 1.48 1.6
Mean Overtopping Discharge, qmean (1/s/m) 5+10 3537 42.19 52.01 89.88

Maximum Overtopping Volume, Vmax (I/m) 10000+20000 1540.44 1724.23 1960.15 2712.76

In the light of the above results, it can be observed that the armor and toe stability meet the required criteria, and the
maximum overtopping volume remains lower than the tolerable limit. However, the mean overtopping discharge
significantly exceeds the acceptable limit in both time horizons and under both scenarios, which means that the breakwater
is vulnerable to wave overtopping in the cases examined.

This observation implies that the existing structure must be enhanced. The upgrading alternatives studied are increasing
the crown width [14] and/or the crown wall height [16], and constructing a submerged breakwater on the foreshore
[13,17,18]. Each upgrading alternative takes into consideration the critical criterion, namely the mean overtopping
discharge, not exceeding 7.5 1/s/m. The proposed changes in the cross-section envisaged by each alternative are given in
Table 3. The corresponding preliminary cost was calculated for the 155.6 m long main part of the breakwater, where the
damage was identified, taking into account the harbor works descriptive invoice [19].
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Table 3 Changes to the cross-section envisaged by each upgrading alternative and corresponding costs

2050 Time Horizon 2100 Time Horizon
No  Upgrade Alternative RCP 2.6 RCP 8.5 RCP 2.6 RCP 8.5 Cost Estimation
(m) (m) (m) (m)
1 Increasing the crest 6.05 6.84 7.80 10.30 957,428.58 €
width

2 Increasing the crown 1.75 1.90 2.06 2.40 37,344 €
wall height

3 Increasing the crest 1.62&1.10 1.84& 123 210& 140 2.80&1.90 1,041,807.35 €

width and the crown respectively respectively respectively  respectively

wall height

4 Constructing a 2.86 2.90 2.92 3.00 731,251.54 €

submerged breakwater freeboard freeboard freeboard freeboard

on the foreshore

Following the original cross-section, depicted in Figure 1, the modified cross-sections for each alternative under the most
unfavorable conditions, namely the 2100-time horizon and the RCP 8.5 scenario, are illustrated in Figures 2-5. The
alterations in the crest width can be identified by following the corresponding dimension, while the proposed crown wall
reinforcement and the submerged breakwater are depicted with hatching.
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Fig. 1 The original cross-section
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Fig. 2 Alternative No 1: Increasing the crest width
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Fig. 3 Alternative No 2: Increasing the crown wall height

Fig. 4 Alternative No 3: Increasing both the crest width and the crown wall height
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Fig. 5 Alternative No 4: Constructing a submerged breakwater on the foreshore

Among the aforementioned alternatives, the finally chosen one herein is to increase both the crest width and the crown
wall height. Increasing the crest width or constructing a submerged breakwater on the foreshore both require the occupation
of a large sea area. Additionally, increasing the crest width by 10 m would have a significant impact on the aesthetics of
the landscape, whereas the submerged breakwater could possibly cause problems to navigation. Finally, increasing the
crown wall height by 2.4 m could lead to significant wave forcing loads on the wall, thereby threatening the stability of the
structure. Thus, despite the fact that increasing both the crest width and the crown wall height is the most expensive
solution, it is the only one that complies with safety in navigation, preservation of landscape aesthetics, and stability
requirements.

4. CONCLUSIONS

Sea level rise in conjunction with the more severe wave climate directly threaten port infrastructure, which is not initially
designed for such environmental conditions. The present work aims to examining whether the existing infrastructure can
adapt to future possible extreme conditions foreseen by climate change scenarios. Investigating the existing works
performance under such conditions is of utmost importance to identify any reinforcement and/or upgrade needed.

As a first step of the current research, the effects of climate change in the vicinity of Evdilos Port in Ikaria Island, Greece,
were investigated. A careful analysis of the evolution of maximum wind velocities and frequencies of occurrence, yielded
a positive trend in both quantities for the years to come, and specifically for the period 2006-2100, in comparison to the
past time period 1950-2005. This intensification in storminess implies that higher waves are to be expected in the study
area.

Inspection of the existing breakwater performance under sea level rise and more severe wave action pointed out that armor
and toe stability were not affected, whereas hydraulic response and particularly wave overtopping was affected. More
specifically, the mean wave overtopping discharge remarkably exceeded the tolerable limits in both IPCC’s scenarios.

In order to upgrade the said breakwater, various alternatives were examined, such as adding an armor layer, making the
seaward slope milder, increasing the crest width and/or the crown wall height and constructing a submerged breakwater on
the foreshore. The optimal solution turned out to be the increase of both the crest width and the crown wall height.
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