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ABSTRACT

Mooring failure is aleading structural barrier to wave energy converter (WEC) commercialisation, and fatigue—
rather than ultimate strength—governs mooring service life. Yet all published WEC mooring fatigue studies use
North Sea or North Atlantic wave climates; no region-specific estimate exists for the monsoon-dominated waters
of Southeast Asia. This study presents the first mooring fatigue lifetime assessment for the RM3 reference point
absorber under the contrasting wave climates of the Gulf of Thailand and the Andaman Sea. A Dirlik frequency-
domain framework—validated for bimodal RM3 mooring loads against time-domain rainflow counting by Martinez-
Puente et al.—is applied with site-specific Hs-T,, occurrence weighting derived from 24 years (2000-2023) of ERAS
hourly reanalysis, cross-validated against regional WAM /SWAN hindcasts. Damage is accumulated using Palmgren-
Miner's rule across five sensitivity cases: base, slack, taut, biofouling, and a combined worst case. Base-case design
fatigue lifetimes (DFF = 3) are 30 years at the Gulf of Thailand and 19 years at the Andaman Sea—the latter falling
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below the conventional 25-year target despite its roughly threefold-greater wave resource. Seasonal damage is

near-uniform between the two monsoons at the Gulf but strongly southwest monsoon-dominated (67%) at the

Andaman Sea. Biofouling reduces lifetime by 23-29%, and the combined worst case drives the Andaman lifetime

to 8.9 years, below the 10-year inspection threshold. The results inform inspection scheduling, mooring config-

uration, and design-fatigue-factor selection, demonstrating that site-specific monsoon weighting is essential for

credible WEC mooring fatigue assessment in Southeast Asian waters.

Keywords: Wave Energy Converter; Mooring Fatigue; Dirlik Method; Monsoon Wave Climate; Gulf of Thailand;

Andaman Sea

1. Introduction

1.1. Background and Motivation

Mooring system failure remains the leading struc-
tural barrier to wave energy converter (WEC) com-
mercialisation!?. In contrast to ultimate-strength
failure, fatigue under cyclic ocean loading is the prin-
cipal mechanism governing the service life of moor-
ing components, with failures occurring at stress lev-
Reli-

able lifetime estimation methodologies are therefore

els well below the material yield strength® 4],

essential to support both the optimisation of inspec-
tion and maintenance schedules and the avoidance
of structural oversizing that would compromise WEC

economic performance 3.

The current body of pub-
lished WEC mooring fatigue assessments is4-®!, how-
ever, almost exclusively grounded in the wave climates
of the North Sea and the North Atlantic—open-ocean,
mid-latitude, broadly unimodal environments charac-
terised by sustained moderate-to-high wave energy
throughout the year. The Southeast Asian monsoon-
dominated waters of the Gulf of Thailand and the An-
daman Sea exhibit a fundamentally different climatol-
ogy: extended calm periods punctuated by intense
monsoon episodes, with strong seasonal asymmetry
between the northeast (NE) and southwest (SW) mon-
soons. Thailand’s Alternative Energy Development
Plan (AEDP) explicitly identifies ocean renewable en-

ergy as a target sector, yet no region-specific struc-

tural assessment has, to the present authors’ knowl-
edge, been published. Although the broader floating-
offshore-renewables sector has matured rapidly, with
recent reviews documenting the current status and
design trends of mooring systems for floating off-
shore wind turbines!””8! and the mooring and plat-
form design of nearshore floating solar photovoltaic
systems, which have likewise been the subject of re-
cent reviews?! these advances have not been trans-
ferred to point-absorber WECs operating in tropical,
monsoon-dominated waters. The structural design
challenge therefore is not whether the wave-energy re-
source is sufficient in absolute terms—Dboth sites have
been characterised in resource terms by regional hind-

casts[10-14]

—but whether a candidate mooring system
can survive the specific load history imposed by the lo-
cal wave climate for a commercially viable service life.
The present study addresses this question for the first

time.

1.2. Literature Review and Research Gap

The relevant literature can be organised as a fun-
nel from global studies of WEC mooring fatigue, through
the methodological choices that inform the assessment,
to the regional wave-climate datasets available for Thai
waters, and finally to the gap in connecting these to a
structural assessment. Table 1 summarises this litera-

ture funnel and the identified gap.

Table 1. Funnel summary of the relevant literature and the identified gap.

Level Representative References

Identified Status

Global WEC mooring Thies et al.[*]; Xu et al.[5]; Ma et al.[0]

Conducted in the North Sea/North Atlantic con-
text only
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Table 1. Cont.

Level Representative References

Identified Status

Fatigue methodology

Regional Thai wave climate Kanbua et al.[12] ;

Identified gap — None —

Martinez-Puente et al.[*%]; Dirlik [16]; Benasciutti[17]

Ekphisutsuntorn et al.
sai-nguan et al. [']; Foyhirun et al. ']; Kompor et al. [1]

Method validated for bimodal WEC loads; ap-
plied with uniform sea-state weighting only
Climate well characterised; not connected to
structural/fatigue analysis

No mooring fatigue lifetime estimates for WECs
in monsoon-dominated Southeast Asian waters

[13]; Kaew-

Global WEC mooring fatigue studies. Thies et al.[]
established the dominance of fatigue (rather than ulti-
mate strength) in WEC mooring failure modes through
analysis of multiple deployed devices. Xu et al.[’! pre-
sented a comprehensive review of mooring system de-
sign for WECs, while Ma et al.[®! provided foundational
material on mooring fatigue analysis applicable to float-
ing offshore systems generally. All three studies use
North Sea or North Atlantic wave conditions as the
baseline climate. More recent studies extend the WEC
mooring problem in complementary directions: Zhang
et al.['® performed CFD-based dynamic coupling analy-
sis for catenary-moored point absorbers; Lou et al.[']
reported a field-validated multi-catenary spread moor-
ing fatigue assessment for a wave energy test berth;
Xu et al.l?® proposed a deep-learning surrogate for
long-term mooring tension prediction; and Abdellatef
et al.?! characterised the wear of belt-type mooring
components. None of these studies addresses monsoon-
dominated Southeast Asian wave climates. Frequency-
domain fatigue assessment methodology. Time-domain

22,23] s the de facto reference

rainflow counting (RFC)!
method for fatigue damage assessment, but its compu-
tational cost makes it impractical for the large num-
bers of sea states required to characterise a full opera-
tional region. Frequency-domain approaches based on
spectral moments offer a faster alternative 171, Mul-
tiple spectral approaches have been compared in the

literature [ 241,

the Dirlik method'® has emerged as
the most accurate for the bimodal stress processes typ-
ical of WEC mooring loads, with Martinez-Puente et
al.l'> demonstrating a mean damage error of 8% rela-
tive to RFC for synthetic WEC tension signals. The Dirlik
method is adopted here for this reason.

Regional wave climate. The wave climates of the
Gulf of Thailand and the Andaman Sea have been charac-

terised through multiple regional hindcast studies: Kan-

bua et al.[*?] applied the WAM cycle-4 wave model to the
Gulf of Thailand during Typhoon Linda 1997 (August-
December 1997), validated against three GISTDA wave
buoys (HHN, KCH, KSI) and one marine meteorologi-
cal station, with WAM reported to underestimate the
observed peak Hs of 4.06 m by approximately 20%;
Ekphisutsuntorn etal.['3] applied the SWAN model to the
upper Gulf for 1981-2004 with cross-validation against
Petchburi and Ko Sichang buoys (correlation coefficients
0.72-0.82); and Kaewsai-nguan et al.l'"¥ used SWAN
forced by ECMWF reanalysis for both the Gulf and the
Andaman Sea, validated against Jason-2/3 satellite al-
timetry (RMSE 0.13-0.27 m). Wave-energy resource as-
sessments by Kompor et al.[!%l and Foyhirun et al.[11]
confirm that the Andaman Sea, particularly off Phuket-
Phang Nga, provides substantially higher mean wave
power than the Gulf of Thailand. Together, these studies
provide regional climatological benchmarks but are not
connected to any subsequent structural or fatigue analy-
sis. Identified gap. No published study connects (i) the
bimodal monsoon wave climatology of the Gulf of Thai-
land and the Andaman Sea with (ii) a quantitative WEC
mooring fatigue lifetime estimate. The present study fills
this gap.

1.3. Research Objectives and Novel Contri-
butions

The three research aims are as follows:

e  0O1. Characterise the monsoon-dominated wave cli-
mate of the Gulf of Thailand and the Andaman Sea in
a form suitable for WEC mooring fatigue analysis—
specifically, the joint occurrence of significant wave
height Hs and peak period T, disaggregated by
monsoon season.

e 02. Estimate the mooring fatigue lifetime of the
RM3 reference point absorber under the wave cli-
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mate of each site, using the Dirlik frequency-domain
method with site-specific occurrence weighting.

e 03. Quantify the sensitivity of the estimated life-
time to (a) seasonal loading patterns, (b) mooring
configuration (slack vs. taut), and (c) biofouling.

The associated novel contributions are:

e C1. A first regional fatigue-lifetime estimate for
WEC mooring in Thai waters, addressing both the
Gulf of Thailand and the Andaman Sea on a compa-
rable methodological basis.

e (2. A quantification of site-specific monsoon damage-
accumulation patterns reveals a clear contrast—near-
uniform NE/SW contributions at the Gulf of Thailand
and strong SW dominance at the Andaman Sea—that
informs site-specific inspection scheduling.

e (3. The first structural basis for comparing the two
Thai sea regions for WEC deployment suitability,
complementing existing wave-resource studies that

have addressed each site in isolation.

1.4. Paper Organisation

Section 2 characterises the wave climate of the
two study sites from regional hindcast and reanal-
ysis sources. Section 3 introduces the fatigue as-
sessment methodology—the Dirlik frequency-domain
framework, the RM3 reference device, and the five
sensitivity cases. Section 4 presents the computed
damage distributions, lifetime estimates, and sensitiv-
ity results. Section 5 discusses the monsoon damage-
concentration effect, compares the two sites for struc-
tural deployment suitability, and identifies limitations
and future work. Section 6 summarises the principal

conclusions.

2. Wave Climate Characterization

2.1. Study Sites

Two areas are chosen to represent the two seas of
Thailand, with each area corresponding to its respective

monsoon, as shown in Figure 1:

e  Site 1—Gulf of Thailand (GoT). A central Gulf lo-

cation at approximately 10.0° N, 100.0° E, with wa-
ter depth of order 40-60 m. The site is sheltered
from open-ocean swell by the Malay Peninsula and
is dominated by wind-sea generation under the NE
monsoon from November to February.

e  Site 2—Andaman Sea. A western Thailand location
at approximately 8.0°N, 98.0°E, water depth 50-
80 m, with direct exposure to SW monsoon swell
from May to September across the open Andaman
basin.

These coordinates correspond to representative
ERAS grid points and are intended for climate-zone
screening rather than site-specific deployment design.
Site-survey-quality bathymetry and ground-truth mea-
surements would be required for any actual pilot deploy-
ment, as discussed in Subsection 5.4.

2.2. Data Sources and Validation

Four complementary wave-climate data sources
are used, summarised in Table 2.

For the present analysis, the ERA5 hourly reanaly-
sis/?l is used as the primary source for the H;-T, joint
distribution because it provides continuous, hourly hind-
casts at both sites over a 24-year window (2000-2023,
210,384 hourly records per site). The regional WAM
and SWAN hindcasts (31 are used as cross-validation
benchmarks for the annual mean Hs and seasonal pat-
tern.

A quantitative cross-validation of the ERAS5-
derived statistics against the regional benchmarks is
summarised in Table 3. The agreement is within the
+15-20% band expected of a 0.5° global reanalysis at
these semi-enclosed and coastal sites: the ERAS annual
mean Hs over-predicts at the Gulf of Thailand (+17%)
and under-predicts at the Andaman Sea (-18%) rela-
tive to the higher-resolution regional WAM and SWAN
hindcasts, while the mean T, and SW-monsoon mean
The
signed direction of the discrepancy differs between

H; fall within the published benchmark ranges.

sites because the dominant error mechanisms differ—
unresolved coastline sheltering inflates the open-water
Gulf signal, whereas the coarse grid smooths the An-

daman swell peak—so no single multiplicative bias cor-
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rection is applicable. The satellite-altimeter validation
RMSE of 0.13-0.27 m reported for Jason-2/3 in the re-
gional studies provides an independent measure of the
absolute accuracy achievable in these waters. These dif-

ferences are carried forward as a known limitation of the
absolute lifetime estimates (Subsection 5.4); the relative
site comparison, which is the principal contribution of
this study, is robust to a site-uniform scaling of H.

T
THAILAND
14°N
MYANMAR (NNEOT-?::T;;OH VIETNAM
CAMBODIA
q D
12°N South
China Sea
Site 1
Gulf of Thailand
10.0°N, 100.0°E
Depth 40-60 m
10°N > <Q
Site 2 b
Andaman Sea
8.0°N, 98.0°E
| Depth 50-80 m
GULF OF
8°N . v THAILAND
ANDAMAN
SEA
6°N
Q
MALAYSIA
o
% WEC study site
[ ERAS5 0.5° grid cell
2N Il NE monsoon (Nov-Feb)
Il SW monsoon (May-Sep) 200 km

96°E 98°E

100°E

102°E 104°E

Figure 1. Study site map showing the two ERAS grid points used in this study, regional bathymetry, and prevailing monsoon

wind directions.

Table 2. Wave-climate data sources used in the present study.

Source Coverage Period Validation
Kanbua et al.['2] WAM cycle-4 Gulf of Thailand Aug-Dec 1997  GISTDA buoys + NOGAPS winds
(Typhoon Linda)

Ekphisutsuntorn et al.[13] SWAN Upper GoT 1981-2004 Petchburi + Ko Sichang buoys (CC=0.72-0.82)
(Bangkhuntien)

Kaewsai-nguan et al. 4] SWAN GoT + Andaman Sea 2009, 2019 Jason-2/3 altimetry (RMSE = 0.13-0.27 m)
(48 grid pts)

ERAGS reanalysis (ECMWF) [25] Both sites 2000-2023 Used directly for H/ T}, extraction in the present study
(0.5° wave grid) hourly
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Table 3. Cross-validation of ERA5-derived wave statistics against regional hindcasts and satellite benchmarks at the two study

sites.
. . Era5 (This Regional .
Site Metric Study) Benchmark Diff. Benchmark Source
Gulf of Thailand ~ Annual mean H; (m) 0.56 0.48 +17% Kompor et al. [10 (WAM)
Gulf of Thailand Annual mean Ty, (s) 4.2 3.8-4.5 within Ekphisutsuntorn et al.[13] (SWAN)
Gulf of Thailand Calm fraction Hs<0.5m 52% =73% -21pp Kompor et al. 1]
Andaman Sea Annual mean Hg (m) 0.80 0.98 -18% Foyhirun et al. 11 (SWAN)
Andaman Sea SW-monsoon mean H; (m) 1.07 1.0-1.2 within Foyhirun et al.[11]
Both sites H; satellite RMSE (m) — 0.13-0.27 ref. Jason-2/3 alt. [12.14]

Note: Percentage differences are ERAS relative to the benchmark; "within” denotes agreement within the published benchmark range; pp denotes percentage points.

2.3. Long-Term Wave Statistics

Seasonal wave statistics for the two sites are pre-
sented in Table 4, disaggregated by monsoon season
(NE, SW, and transitional). The published annual mean
values used as benchmarks are Hg = 0.48 m for the Gulf
of Thailand with calm fraction (Hs< 0.5 m) of approxi-
mately 73%, and Hs = 0.98 m for the Andaman Sea with
annual mean wave power approximately four times that
of the Gulf.

The ERA5-derived annual mean H values (0.56 m
for the Gulf of Thailand and 0.80 m for the Andaman
Sea) agree to within 15-20% with the published re-
gional benchmarks (0.48 and 0.98 m, respectively). A re-
cent multi-criteria study of the Gulf of Thailand by Rut-
tanawijit et al.[?®] using ERA5 reanalysis (2019-2023)
validated against 31 in-situ stations reports comparable

H; values (0.48-0.52 m at Kaewsai-nguan et al.!'l; this
is discussed further in Subsection 5.4. The Andaman
Sea mean wave power computed here (2,806 W/m) is
approximately 3.25x that of the Gulf of Thailand (864
W/m), broadly consistent with the ratio reported by Foy-

hirun et al. 111

2.4. Hs-T Joint Occurrence

The joint occurrence of Hg and T, determines the
fatigue load history when each sea state is weighted by
its annual probability. The full 24-year ERA5 record
is binned on a (AH, ATp)=(0.5m,1s) grid covering
0<Hs<6m and 3<T,<14s; the resulting probability
matrices are used directly as the weighting p(Hs,;, Ty,;)
in the Dirlik calculation of Section 3. The scatter for both
sites is shown in Figure 2.

Table 4. Seasonal wave statistics at the two study sites, computed from ERA5 hourly reanalysis (2000-2023, 210,384 records
per site) at the nearest grid points (10.0° N, 100.0° E for GoT; 8.0° N, 98.0° E for the Andaman Sea).

Site Season Mean H (m) P90 P99 Max MeanT,(s) Calm% Power W/m
NE monsoon 0.65 1.15 1.84 2.96 4.83 42.0 1,315

Gulf of Thailand SW monsoon 0.56 0.96 1.38 2.06 3.82 48.1 729
Transitional 0.43 0.73 1.28 2.84 3.95 71.1 500
Annual 0.56 0.98 1.61 2.96 4.19 51.9 864
NE monsoon 0.59 0.84 1.16 1.78 9.54 38.1 1,339

Andaman Sea SW monsoon 1.07 1.60 2.15 3.05 9.37 3.3 4,573
Transitional 0.61 0.96 1.71 2.63 11.22 45.8 1,785
Annual 0.80 1.36 2.00 3.05 9.89 25.4 2,806

Note: Calm is defined as H < 0.5 m. Wave power is computed as P = (pg?/64m) H¢? T,, with T, ~0.86 T, for y =3.3.

Gulf of Thailand

10%

Significant wave height Hs (m)
Hours per cell (24 yr)

10

6 8
Peak period T}, (s)

12 14

Andaman Sea

o

(b)

IS «
Hours per cell (24 yr)

~

10*

Significant wave height Hs (m)
w

04

6 8 10 14

Peak period T, (s)

Figure 2. Cont.
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Figure 2. Joint H; — —T, occurrence diagrams and marginal statistics for the two study sites derived from 24 years of ERAS5

hourly reanalysis.

Three observations follow:

e The GoT scatter is heavily concentrated in the
Hs<1.0m, Tp,=3-6s region—the wind-sea condi-
tion that dominates the annual record at this semi-
enclosed basin.

¢ A secondary cluster representing the NE monsoon
appears at Hy=1-2m, T, =5-7s, occupying only a
few percent of the annual record but corresponding
to the bulk of the wave energy.

¢ The Andaman Sea scatter is broader and shifted to-
ward longer peak periods (T, =7-115s), consistent
with the swell-influenced character of the SW mon-

soon.

For direct comparison, the H,-T, range covered
by the 50 generic sea states used by Martinez-Puente
et al.'] (Hy=0.1-14 m, T, = 4-185s) fully encompasses
the GoT operational envelope, but with equal weight-
ing per state, so that the monsoon concentration—the
defining feature of the regional climate from a fatigue

standpoint—is averaged out.

2.5. Monsoon Seasonality and Fatigue Rele-
vance

The seasonal H; statistics in Table 4 quantify two
important asymmetries. In the Gulf of Thailand, the NE
monsoon mean Hg (0.65m) exceeds the SW monsoon
mean (0.56 m), and the NE monsoon calm fraction (42%)
is markedly lower than the transitional period (71%).
The NE monsoon contribution to wave power (1,315
W/m) is approximately 1.8x that of the SW monsoon
(729 W/m). In the Andaman Sea, the SW monsoon dom-
inates, with mean H; (1.07 m) approximately 1.8x the
NE monsoon mean (0.59 m), and a calm fraction of only
3.3%. The SW monsoon mean wave power (4,573 W/m)

is approximately 3.4x the NE monsoon value. Figure 3
shows the monthly H; distribution for both sites, and Fig-
ure 4 presents the corresponding fatigue-damage proxy
(occurrence x H? x Tp) by sea-state cell, highlighting the
cells that are expected to dominate annual fatigue dam-
age. The seasonal distribution of fatigue damage at each
site—clearly SW-dominated at the Andaman Sea and
near-uniform between the two monsoons at the Gulf of
Thailand—is the central regional finding of the present
study and is quantified through the formal Dirlik calcula-
tion of Section 4.

The 24-year ERAS5 record (2000-2023) is treated
as a single stationary population for the purpose of build-
ing the Hs-Tj, occurrence climatology that weights the fa-
tigue calculation. This is a deliberate simplification. In-
terannual variability in the two basins is dominated by
the El Nifio-Southern Oscillation (ENSO) and the mon-
soon onset timing rather than by a secular trend: warm-
phase (El Nifio) years tend to suppress SW-monsoon
wave energy in the Andaman Sea, while the reverse
holds in cool-phase (La Nifia) years. Over a 24-year win-
dow, these fluctuations are quasi-periodic and approxi-
mately mean-reverting, so the pooled occurrence distri-
bution is a reasonable estimator of the long-term load-
ing climate, butit does notresolve year-to-year extremes
that may govern the fatigue of an individual deployment.
The pooled treatment therefore yields a central-estimate
lifetime rather than a worst-year bound, and the limited
record length relative to the seasonal severity range is
one motivation for the conservative design fatigue factor
discussed in Subsection 3.5 and Subsection 5.1. The po-
tential influence of longer-term climate-change trends
on the regional wave climate—which the present sta-
tionary treatment does not capture—is addressed sep-
arately as a limitation in Subsection 5.4.
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Gulf of Thailand — monthly Hs distribution
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Figure 3. Monthly H; distribution at the two sites, derived from ERAS5 hourly reanalysis (2000-2023).
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3. Fatigue Assessment Methodol-
ogy

3.1. Fatigue Assessment Framework

The fatigue assessment follows the standard
structural-integrity workflow: (i) characterise the mate-
rial’s fatigue behaviour through an S-N curve; (ii) select
an appropriate fatigue indicator parameter (here, nomi-
nal stress range in the mooring chain); (iii) reconstruct
the loading history through synthetic bimodal tension

signals representative of WEC mooring response; (iv)
accumulate damage using a frequency-domain assess-
ment method (Dirlik) combined with Palmgren-Miner’s

27].

rulel The overall workflow is depicted in Figure

5. The Dirlik frequency-domain method is adopted
following its validation by Martinez-Puente et al.['>],
who demonstrated that for bimodal WEC mooring ten-
sion signals, it reproduces the time-domain rainflow-
counting (RFC) reference damage to within an 8% mean
error—the lowest of any frequency-domain method

tested in their comparison.
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Figure 5. Methodology pipeline: from site-specific ERA5 reanalysis to design fatigue lifetime estimate.

41



Sustainable Marine Structures | Volume 08 | Issue 03 | September 2026

Two modelling choices in this framework should be
made explicit at the outset, as they define the scope and
the conservatism of the lifetime estimates. The first is
the treatment of the structural response. The present
study is a spectral (frequency-domain) fatigue assess-
ment, not a fully coupled time-domain dynamic simula-
tion: the mooring response is represented by a stress
power spectral density (PSD) assembled from a wave-
frequency and a low-frequency band, and the damage
is obtained analytically from the spectral moments of
that PSD. This is the standard screening-level approach
for covering the full operational sea-state matrix at an
acceptable computational cost, and it is the same ap-
proach validated against time-domain rainflow counting

15]

by Martinez-Puente et al.l It is distinct from, and

complementary to, a fully coupled hydro-elastic time-

28] which resolves the instantaneous

domain modell
body-mooring dynamics but is far too costly to run
across the hundreds of sea states required for a lifetime
integral. The frequency-domain choice is therefore a de-
liberate trade of per-sea-state fidelity for operational-
region coverage, appropriate to a first regional assess-
ment; its principal limitation—the Gaussian assumption
and the neglect of snap-load transients—is quantified in
Subsection 5.4. The second choice concerns the mooring
restoring mechanics. The tension signals used here are
generated about a quasi-static catenary equilibrium: the
mean and low-frequency tension components follow the
quasi-static load-excursion relationship of the catenary,
while the wave-frequency component is superposed as
a dynamic perturbation calibrated to reproduce realistic
stress ranges (Subsection 3.3). Full mooring dynamics—
line inertia, drag, and transverse vibration—are not re-
solved. For the moderate sea states that dominate the
fatigue integral at both Thai sites (Section 4), the quasi-
static-plus-WF-perturbation representation is adequate;
It becomes progressively less accurate in the rare high-
energy states where line dynamics and snap events mat-
ter most, which is one reason the reported lifetimes are
interpreted as screening-level rather than certification-
grade estimates.

3.2. Reference Device: RM3 Point Absorber

The RM3 is a two-body axisymmetric point ab-
sorber whose principal dimensions, taken directly from

the Sandia design report?°], are summarised as follows.
The surface float is an annular cylinder with outer diam-
eter 20 m, inner diameter 6 m, height 5 m, and calm-
water draft 2 m, displacing approximately 728 t. A heave-
restraining reaction (heave) plate of outer diameter 30
m and thickness 1 m is suspended by a central spar ~30
m below the float, with combined plate-and-spar mass
of 878 t. Relative heave motion between the two bod-
ies drives the power take-off. The original RM3 design
targets water depths of 50-100 m, which encompasses
both Thai study sites (40-60 m at the Gulf of Thailand;
50-80 m at the Andaman Sea). Surge restoring force for
station-keeping is provided by the three-line catenary
mooring system described below and in Table 5. Wave
excitation is assumed omnidirectional in the present fa-
tigue analysis; the consequences of this simplification,
and the relation between wave heading and individual

line tensions, are discussed in Section 5.4.

Table 5. RM3 mooring-system parameters [1> 2%,

Parameter Value
Mooring-line diameter 144 mm
Linear density 126 kg/m
Line stiffness (EA) 5.834x 108N
Section S1 length 40m
Section S2 length 240 m
Submerged-buoy mass 16,755kg

Number of mooring lines 3
S-N curve material DNV R3 stud chain

The RM3 reference model?°], a two-body floating
point absorber developed by Sandia National Labora-
tories and the U.S. Department of Energy as a public-
domain WEC reference design, is adopted as the case-
study device. The mooring topology is shown schemat-
ically in Figure 6, and the relevant mooring-system pa-
rameters are summarised in Table 5.

The mooring system consists of three lines, each
subdivided into an upper section S1 (40 m) and a lower
section S2 (240 m), connected at an intermediate sub-
merged buoy. The S-N curve parameters for the DNV R3
stud chain are reproduced in Table 6.

Table 6. S-N curve parameters for DNV R3 stud chain, from
DNV-0S-E301 1391,

Parameter Symbol Value
S-N intercept C 1.2 x 10"t MPa*
S-N slope k 3

42



Sustainable Marine Structures | Volume 08 | Issue 03 | September 2026

(a) Plan view (three-line spread, 120°)

(c) RM3 two-body device geometry
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Figure 6. RM3 mooring and device schematic: (a) Plan view of the three-line catenary spread at 120°; (b) Side view to scale of
one mooring line, showing the two-section layout (S1 = 40 m, S2 = 240 m), the intermediate submerged buoy, the suspended
catenary, the touchdown point, and the chain resting on the seabed (the 280 m chain length exceeds the ~269 m horizontal
anchor distance, with ~126 m laid on the seabed); (c) Principal dimensions of the two-body RM3 device—the annular surface
float (OD 20 m, ID 6 m, height 5 m, draft 2 m) and the reaction plate (OD 30 m, thickness 1 m) suspended ~30 m below the float

on a central spar.

Because the three mooring lines are arranged sym-
metrically at 120° intervals, the tension carried by each
line depends on the instantaneous environmental head-
ing. For a collinear (worst-case) heading, the line most
closely aligned with the resultant environmental force—
the most-loaded line—carries the largest mean and dy-
namic tension, while the two trailing lines share a re-
duced load; for an omnidirectional or slowly rotating
sea, the peak load migrates between lines over time.
The present fatigue assessment is performed for a sin-
gle representative line and is interpreted as applying to
this most-loaded line, which bounds the fatigue damage
of the three-line group and therefore governs the sys-
tem service life. This is a deliberately conservative sim-

plification: distributing the same environmental load

across the full three-line spread would reduce the per-
line stress range and lengthen the estimated lifetime. A
full per-line tension distribution under each design load
case—resolving the load sharing as a function of wave,
wind, and current heading—requires the coupled hydro-
dynamic model identified as future work in Subsection
5.4.

Two qualifications on the representativeness of the
RM3 for the Thai sites should be stated at the outset.
First, on water depth: the published RM3 design enve-
lope of 50-100 m fully overlaps the Andaman Sea site
(50-80 m) but only partially overlaps the shallower Gulf
of Thailand site (40-60 m). At the shallow end of the
Gulf, the 280 m total chain length would in practice re-

quire re-tuning of the suspended length and touchdown

43



Sustainable Marine Structures | Volume 08 | Issue 03 | September 2026

geometry to maintain the intended catenary restoring
stiffness; the present analysis retains the nominal RM3
geometry to preserve comparability with the validation
benchmark of Martinez-Puente et al.[*®], and the result-
ing lifetimes should be read as device-referenced esti-
mates rather than as an optimised Gulf design. Second,
on hydrodynamic response: the RM3 absorber is tuned
for the long-period swell of the U.S. Pacific Northwest
(energy-period band = 7-10 s), whereas the Gulf of Thai-
land is dominated by short-period wind sea (T, =~ 4-6s).
The RM3 response amplitude operator therefore over-
laps the Gulf excitation band less favourably than the An-
daman swell band, which means the absolute Gulf dam-
age reported here may not transfer directly to a hull op-
timised for short-period seas. Both qualifications rein-
force that the contribution of this study is the regional
fatigue-climate methodology and the relative site com-
parison, not a deployment-ready design for either site;
full device re-optimisation is identified as future work in
Subsection 5.4.

3.3. Mooring Tension Signal Generation
3.3.1. Wave-Frequency (WF) Component

The wave-frequency tension component is derived
from a JONSWAP spectrum[3! parameterized by (Hs,
Tp) extracted from the site-specific scatter diagram of
Subsection 2.4. The peak enhancement factor y=3.3
is adopted as the default for the present analysis,
with sensitivity to y=1.5 (swell-like) and y=5.0 (peak-
enhanced) considered in Subsection 4.4. Surface eleva-
tion is converted to mooring tension through an ampli-
fication factor of 5 x 10° N per metre of wave elevation.
This value is calibrated to produce stress ranges of order
10-50 MPa during NE-monsoon extremes—consistent
with WEC-Sim simulations of the RM3 device!?®! and
with conventional mooring service-life targets of 25-
30 years for the base case. It is approximately one or-
der of magnitude larger than the artificial benchmark
value (5 x 10* N/m) used by Martinez-Puente et al. ]
for methodological comparison rather than realistic life-
time estimation.

Because the lifetime estimates depend sensitively
on this amplification factor, its calibration and uncer-

tainty are described in full. The factor is the effective
transfer gain from wave-surface elevation (m) to wave-
frequency mooring tension (N) at the fairlead, lumping
together the device response amplitude operator, the
fairlead geometry, and the catenary tension-excursion
gradient into a single scalar. It was fixed by requir-
ing the base-case stress range during representative NE-
monsoon extreme states (Hs = 2 m) to fall within the 10-
50 MPa band reported for the RM3 chain in published
WEC-Sim simulations 28], which yields a central value of
5 x 10° N/m. This is approximately one order of mag-
nitude above the artificial 5 x 10* N/m benchmark of
Martinez-Puente et al.!'>!, whose value was chosen only
to exercise the spectral methods and was never intended
to reproduce real RM3 tension magnitudes. The fatigue
damage scales with the stress range raised to the S-N
slope (k = 3), so damage varies with the cube of the am-
plification factor, and the estimated lifetime varies ap-
proximately with its inverse cube: a +30% uncertainty
in the factor (5 x 10° N/m, range 3.5-6.5 x 10°) therefore
propagates to roughly a factor of 0.45-2.4 on lifetime—
for the Gulf base case, an envelope of approximately
14-73 years around the central 30-year estimate. This
strong sensitivity is the single largest source of absolute-
value uncertainty in the study and is the primary reason
the lifetimes are presented as screening-level estimates
and the inter-site comparison (which uses the same fac-
tor at both sites and is hence insensitive to its abso-
lute value) is emphasised as the robust result. A device-
specific WEC-Sim calibration of this transfer function is
identified as the priority refinement in Subsection 5.4.

3.3.2. Low-Frequency (LF) Component

The low-frequency tension component is mod-
elled as a narrow-band Gaussian process centred at
f.r = 0.01 Hz with RMS amplitude 3 x 10° N, representing
tidal, current, and slow-drift forces. The LF amplitude
is modulated in the sensitivity cases (Subsection 3.6) to
reflect different mooring configurations and biofouling
effects.

The physical content of this low-frequency band
warrants elaboration, since its composition differs be-
tween the two study sites and between the two mon-
soon seasons. Three distinct forcing mechanisms
contribute tension energy below the wave-frequency
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band. First, slow-drift wave excitation—the second-
order difference-frequency force arising from wave
grouping—drives the floating body at the natural surge
period of the moored system (typically 60-120 s for a
catenary-moored point absorber), well separated from
the 4-10 s wave-frequency band and therefore resolved
as a distinct spectral peak. Second, current loading ex-
erts a quasi-steady drag offset on the submerged buoy
and lines that shifts the mean tension and, through
vortex-induced and turbulence-driven fluctuations, adds
energy at periods of tens of seconds to minutes. Third,
wind loading on the emergent float contributes a mean
offset and gust-driven fluctuations at comparable low
frequencies. In the present model, these mechanisms
are lumped into the single narrow-band LF process de-
scribed above, with the RMS amplitude (3 x 10° N) cho-
sen to represent their combined effect at a moderate,
year-round level. This lumping is a deliberate screening-
level simplification, and its directionality differs by site.
In the semi-enclosed Gulf of Thailand, currents are weak
and wind fetch is limited, so the lumped LF level is, if any-
thing, conservative. In the Andaman Sea, by contrast, the
SW monsoon drives sustained currents and strong, per-
sistent winds that the constant LF amplitude does not
fully capture; the present treatment is therefore likely
non-conservative for the Andaman SW-monsoon season,

{a) Synthetic bimodal mooring tension signal

and an explicit, seasonally varying wind-current-wave
LF model is identified in Subsection 5.4 as a priority ex-
tension. The wave-frequency component remains the
dominant fatigue driver at both sites because the LF pro-
cess, although it raises the mean tension, contributes far
fewer high-amplitude cycles per unit time than the wave-

frequency band.
3.3.3. Monsoon Occurrence Weighting

Unlike Martinez-Puente et al.['>] who apply uni-
form weighting to each sea state in their benchmark-
ing study, the present analysis weights each (H;, T}) cell
by its actual site-specific annual occurrence probability
p (H;, T,;) extracted from the ERAS 24-year scatter di-

agram. The annual damage is then

Tyear >, Dy (

D ;) xd(Hg, T,p) (1)

annual — S i 7

where d (H;, T, ) is the Dirlik damage rate (damage per
second) for the (1, j)-th sea state and Ty, = 3.156 x 107s.
The scatter is binned on a (AH;, AT,) =(0.5m, 1s) grid,
yielding approximately 200 non-empty sea-state bins
per site after discarding cells with annual occurrence be-
low 107°. A representative bimodal tension signal and its
power spectral density estimate (using Welch’s method)

are shown in Figure 7.

{b) Power spectral density (Welch's method)
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Figure 7. (a) Sample bimodal mooring tension signal; (b) Its PSD estimate for an NE-monsoon sea state at the Gulf of Thailand

(Hs=1.5m, T,=65).
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3.4. Dirlik Frequency-Domain
Model

Fatigue

The Dirlik method!*®! provides a closed-form em-
pirical approximation to the rainflow-cycle-amplitude
probability density function for a general Gaussian pro-
cess. The damage rate per unit time is given by

1%
do = 2N [G&“F(l +1)+

; @
VBRT (145 ) (GIRK + G|,

where v, is the expected peak frequency, A, is the vari-
ance of the stress process, k and C are the S-N curve pa-
rameters from Table 6, I is the Euler gamma function,
and Gy, G, Gs, Q R, and x,, are best-fitting parameters
derived from the spectral moments \, = [ f"S(f)df:

1/2
>\1 >\2> >\2

X, = | — = ; = , 3a
() E) e e

(1+a2) (1—0ay— G, +GY)

1—a,—Gy + G

Gy = 0‘(214{1)+ D 6= 1-G, — Gy
(30)

Q- 1.25(c, — Gy — GoR).

G,

3.5. Palmgren-Miner’s Rule and Lifetime
Estimation

Cumulative damage is accumulated linearly across
all sea states following Palmgren-Miner’s rule!?’!: fail-
ure is predicted when D =Z n; / N; = 1. The estimated raw

lifetime is: )

Lese = Dannual “

For design purposes, DNV-0S-E301 3% specifies a
Design Fatigue Factor (DFF) that depends on conse-
quence class and inspectability. The RM3 is treated here
as a Consequence Class 1 component (failure does not
imply consequences for human life, environmental, fi-
nancial, or political issues beyond economic loss of the
unititself) with inspectable mooring. Under these condi-
tions, DNV-0S-E301 specifies DFF = 3.0, which is applied

here as the default and gives a design fatigue lifetime

Ldesign = Lest/DFF' (5)

This choice is reviewed in Subsection 5.1 in light
of the seasonal damage concentration; a more conserva-
tive DFF may be appropriate at sites where the available
hindcast record is short relative to the seasonal severity
range.

For completeness, the full DFF framework of DNV-
0S-E301 is noted here. The standard specifies four de-
sign fatigue factors according to consequence class and
inspectability: DFF =1 for an inspectable Consequence
Class 1 component (though a value below 3 is rarely
adopted for mooring chain in practice), DFF = 3 for
an inspectable Class 1 component (the default used in
this study), DFF = 2 for an inspectable Class 2 compo-
nent, and DFF = 5 for an uninspectable Class 2 compo-
nent, where Class 2 denotes failure with potential con-
sequences for life or the environment. Beyond the stan-
dard, prototype, and demonstrator industry practice for
first-of-a-kind devices often applies still larger factors—
values up to DFF = 10 are reported for novel test deploy-
ments where the loading environment is poorly charac-
terised and the deployment is short-term. A first Thai
WEC pilot, deployed in a wave climate for which no prior
structural assessment exists, sits closer to this prototype
regime than to a mature commercial installation. The
DFF = 3 baseline adopted throughout this study is there-
fore best understood as a lower bound on the conser-
vatism that a first deployment would prudently apply;
Subsection 5.1 quantifies the lifetime consequences of

moving to DFF = 5.

3.6. Sensitivity Cases

Five cases are considered, summarised in Table 7.

The biofouling parameters in case S3 are engi-
neering estimates derived from three sources. First,
the marine-growth density of 1,325kg/m? specified
in DNV-0S-E30183% (citing NORSOK N-003) and the
depth-dependent thickness range (100 mm above
40m depth, 50 mm below 40m depth) specified in
DNV-RP-C205[3?] and confirmed in the SEM-REV float-
ing wind turbine measurements of Spraul et al.[33], Ap-
plied to the 144 mm RM3 chain section above 40 m
depth, this yields a linear-mass increase of approxi-
mately 28-35%, of which +30% is adopted here as a
central estimate. Second, the drag-coefficient ampli-
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fication follows the depth-dependent biofouling cor-
rection of DNV-RP-C205[3?! under tropical Southeast
Asian conditions, where the calcareous-polychaete
and barnacle-dominated fouling assemblage [34-3°] is
characterised by higher surface roughness than the
Third, both ad-
justments are consistent with the order of magnitude

temperate North Atlantic baseline.

reported for tropical mooring colonisation in the re-
gional review by Saputri et al.[37]. A recent compre-
hensive review of biofouling on offshore renewable

[38] confirms that mooring-line foul-

energy structures
ing is the dominant biofouling concern for floating
systems and supports the order-of-magnitude mass
and drag adjustments adopted here. To place these
adjustments on a regionally specific footing, tropical

Southeast Asian fouling surveys report hard- and soft-

fouling layer thicknesses of approximately 50-150
mm and wet-biomass densities of approximately 900-
1,300 kg/m3 on submerged steel after two to three
years of immersion, with the upper thickness range
reached fastest in warm, nutrient-rich nearshore wa-
ters such as the Gulf of Thailand and the Andaman
coast[3*37], These field values are consistent with the
design figures used here—the 100 mm marine-growth
thickness profile of DNV-RP-C205 and the 1,325 kg/m?
growth density of DNV-0S-E301—and confirm that
the +30% mass and +20% drag perturbations of case
S3 are representative rather than conservative for a
The

slack and taut perturbations follow standard mooring-

tropical two-to-three-year inspection interval.

design sensitivity practice and are intended to bracket
realistic deployment configurations.

Table 7. Sensitivity case definitions.

Case Label Description Rationale
SO Base case RM3 standard mooring, no biofouling Reference benchmark
S1 Slack mooring Line length +20%, reduced snap-load probability Lower-fatigue scenario
S2 Taut mooring Line length -20%, increased snap-load probability Higher-fatigue scenario
S3 Biofouling Linear mass +30%, drag coefficient +20% Tropical marine growth
S4 Worst case Taut configuration + biofouling Conservative design envelope
4. Results computed through Equation (1) using the Dirlik dam-

4.1. Sea-State Fatigue Damage Distribution
The annual fatigue damage rate per (Hs, T}p) cell,
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age rate of Equation (2) weighted by the site-specific
occurrence probability, is shown as a heatmap in Fig-
ure 8 for the base case (S0). The damage distribution

differs markedly between the two sites:
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Figure 8. Annual fatigue damage on the H;-T}, grid for (a) the Gulf of Thailand; (b) the Andaman Sea.

Note: Each cell is coloured by its relative contribution (%) to annual mooring damage (base case S0).
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¢ In the Gulf of Thailand, fatigue damage is sharply
concentrated in a compact cluster at Hs = 0.5-1.5m
and T,=4-6s. The single most damaging cell—
Hs=0.5-1.0m, T,=4-5s—accounts for approxi-
mately 20% of annual damage on its own, despite
the corresponding sea states occurring for only a
moderate fraction of the year. The damage distri-
bution mirrors the wind-sea regime that dominates
the semi-enclosed Gulf basin: short peak periods,
moderate wave heights, and a narrow frequency
band of WEC excitation.

¢ In the Andaman Sea, fatigue damage is distributed
more broadly across Hs=1.0-2.5m and T, = 6-10s.
The peak damaging cell (around Hy=1.5m, T, =7-

The

broader pattern reflects the SW monsoon swell

85) accounts for ~14% of annual damage.

regime, with longer peak periods that overlap the
natural response band of the RM3 device more uni-
formly.

This distinction answers research objective O1: the
structural-loading “signature” of the two seas is quali-
tatively different, even though both lie within the same
tropical monsoon system.

Comparison with the climatological damage
proxy of Figure 4. The proxy heatmap in Subsection
2.5 (Figure 4) is constructed as the product p(H,Tp)
x H¢? x T, and is intended purely as a climatological
pre-screening of which (H,Tp) cells contribute most
to wave-energy flux; the proxy is not a fatigue calcu-
lation. The actual Dirlik damage shown in Figure 8
uses the full bimodal stress PSD passed through an
H,3-equivalent dependence (k = 3 for chain S-N) and
weights each cell by its annual probability of occur-
rence (Equation (1)). The two heatmaps therefore dis-
agree by construction, and the disagreement is largest
atthe Andaman Sea, where longer peak periods (T, > 7
s) interact with the RM3 response band non-linearly—
an effect the Hg*-T, proxy cannot capture. Figure 4
should be read as a diagnostic indicator of candidate
damaging cells; Figure 8 is the quantitative result of
the present analysis.

4.2. Seasonal Fatigue Accumulation

The seasonal disaggregation of annual fatigue dam-
age, summarised in Table 8 and visualised in Figure 9,

reveals the principal asymmetry between the two seas.

Table 8. Seasonal damage accumulation at both sites (base case S0).

Site NE Monsoon SW Monsoon Transitional Annual NE Share SW Share
Gulf of Thailand 0.0044 0.0047 0.0019 0.0110 40% 43%
Andaman Sea 0.0029 0.0115 0.0027 0.0172 17% 67%

Note: Per-season values are duration-weighted contributions to annual damage (NE = 4 months, SW = 5 months, Transitional = 3 months) and sum to the base-case
(S0) annual damage rate for each site. Shares give the fraction of annual damage attributable to each season.

(a) Absolute seasonal damage rate
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Figure 9. Duration-weighted seasonal fatigue damage at both sites (base case S0): (a) Absolute annual damage contribution
by season (NE monsoon, SW monsoon, transitional), with site totals; (b) The corresponding normalised share of annual dam-
age. The split is near-uniform between the two monsoons at the Gulf of Thailand (NE 40%, SW 43%) but strongly southwest-
monsoon-dominated at the Andaman Sea (SW 67%).
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For the Gulf of Thailand, the NE monsoon con-
tributes 40% of annual damage over its 4-month du-
ration (33% of the calendar), while the SW monsoon
contributes 43% over its 5-month duration (42% of the
calendar)—a near-uniform per-calendar damage distri-
bution between the two monsoon seasons, with the tran-
sitional period contributing the remaining 17% (over
25% of the calendar). The wave-power asymmetry that
favours the NE monsoon at the Gulf (Table 4) is there-
fore not transmitted to the damage history in the same
proportion: the longer SW season catches up despite
its lower per-day wave power, owing to the cubic de-
pendence of fatigue damage on stress range. For the
Andaman Sea, by contrast, the SW monsoon dominates
clearly, contributing 67% of annual damage over its 5-
month duration; the NE monsoon contributes 17%, and
the transitional period 16%. The total annual damage at

the Andaman site (0.0172) is approximately 1.57x that
at the Gulf site (0.0110).

To assist practitioners in identifying the sea-state
clusters that control mooring fatigue at each site, the
five (Hs, T,) cells with the largest annual fatigue-
damage contribution are listed in Table 9. The top-
five cells in the Gulf of Thailand together account for
approximately 65% of annual damage, dominated by
short-period wind-sea cells (T, = 4-6 s) generated
by the NE monsoon and by year-round local wind
seas. The top-five cells in the Andaman Sea account
for approximately 48% of annual damage—a less con-
centrated distribution—and are dominated by longer-
period SW-monsoon swell (T, =6-9s,H;=1-2m). The
predominant-season column is established from the
ERAS5 monthly climatology of each cell’s occurrence

frequency.

Table 9. Top-five (H;, T,) cells contributing most to annual fatigue damage at each site, base case SO. The predominant season
is determined from the ERA5 monthly occurrence climatology of each cell.

Gulf of Thailand Top-Five Andaman Sea Top-Five
Cumulative Cumulative
1 2 3 4 5 — 1 2 3 4 5 —
0.5-1.0 1.0- 1.0- 0.5-1.0 1.5- — 1.5- 1.0- 1.0- 1.5- 0.5-1.0 —
1.5 1.5 2.0 2.0 1.5 1.5 2.0
4-5 4-5 5-6 5-6 5-6 — 7-8 6-7 7-8 8-9 5-6 —
20 15 14 9 7 65 14 11 10 7 6 48
All seasons NE NE SW + NE — SW SW SW SW NE + —
(wind-sea mon- mon- Transi- mon- mon- mon- mon- mon- Transi-
baseline) soon soon tional soon soon soon soon soon tional

4.3. Estimated Mooring Lifetime—Main Re-
sults

Table 10 presents the annual damage rate, esti-
mated raw lifetime, and design fatigue lifetime (DFF = 3)
for each combination of site and sensitivity case.

Three findings are central:

e  Base-case design lifetimes lie within the expected
envelope for ocean mooring chain. The Gulf of Thai-
land design lifetime of 30 yr exceeds the conven-
tional 25-yr mooring service-life target, while the
Andaman Sea design lifetime of 19yr is below it.
Both estimates assume an inspectable component
(DFF =3).

e  The Andaman Sea lifetime is approximately 64% of
that in the Gulf of Thailand (19.2/30.2). This is con-
sistent with the higher mean wave power (~3.25x)

at the Andaman site, although the lifetime ratio is
less extreme than the wave-power ratio because the
Dirlik damage is governed by the cube of the stress
range.

e  The combined worst-case scenario (S4) produces
design lifetimes of 13 yr at the Gulf and only 8.9 yr
at the Andaman Sea. The Andaman's worst-case
figure falls below the 10-yr threshold that DNV-0OS-
E301 guidance flags for additional inspection.

4.4. Sensitivity Analysis

Figure 10 shows the impact of each sensitivity case
on the design fatigue life of the structure in the Gulf of
Thailand based on the percent increase or decrease com-
pared to the base case (S0). The ranking of the results is
shown in Table 11.
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Two observations are emphasised. Mooring config-
uration is the largest single driver in this study, with the
slack and taut perturbations producing the widest vari-
ation in lifetime; the +52% gain from a slack configura-
tion is larger than the -29% loss from biofouling consid-
ered in isolation. This reflects the role of snap-load prob-
ability in fatigue damage accumulation, particularly in
the wind-sea-dominated GoT regime. Biofouling is a sub-
stantial secondary driver under tropical conditions: the
-29% lifetime reduction is larger than typically reported
for temperate-water studies (where biofouling effects of
10-15% are more common), reflecting the higher marine
growth rates of warm Southeast Asian waters 3371, Bio-
fouling combined with the taut configuration (S4) pro-

duces a damage-rate increase that is approximately the
multiplicative composition of the two individual effects:
S2 taut alone raises the damage rate to 1.65x the base
value, S3 biofouling alone to 1.41x, and their product
(2.33x) is close to the observed S4 worst-case value of
2.30x. The two effects are therefore approximately multi-
plicative in damage rate, which translates to a lifetime re-
duction (-57%) that is smaller in absolute magnitude than
the naive sum of the individual lifetime reductions (-68%).
The Andaman Sea follows a similar trend, where the An-
daman S4 worst-case design life of 8.9 years (Table 10) is
just within the DNV 10-year inspection cycle requirement,
which gives justification to conduct inspections on shorter
cycles in any Andaman pilot station.

Table 10. Estimated mooring lifetime, all cases and both sites.

Site Case Annual Damage Rate (yr!) Lo (y1) Lgesign (Y1, DFF =3)

Gulf of Thailand SO Base 0.0110 90.6 30.2

S1 Slack 0.0072 138.2 46.1

S2 Taut 0.0182 549 18.3

S3 Biofouling 0.0156 64.2 214

S4 Worst case 0.0254 39.4 13.1

Andaman Sea SO Base 0.0174 57.5 19.2

S1 Slack 0.0112 89.2 29.7

S2 Taut 0.0291 34.4 11.5

S3 Biofouling 0.0226 44.2 14.7

S4 Worst case 0.0373 26.8 8.9
Taut + biofouling -
Slack mooring A
Taut mooring -
Biofouling

-60 -40 =20 0 20 40

Change in lifetime relative to base case (%)
Figure 10. Tornado chart of sensitivity-case impact on design fatigue lifetime at the Gulf of Thailand (percentage change from

the base case S0).

50



Sustainable Marine Structures | Volume 08 | Issue 03 | September 2026

Table 11. Sensitivity ranking at the Gulf of Thailand.

Sensitivity Case

Lifetime Change vs. SO Base

S1 Slack mooring
S4 Taut + biofouling
S2 Taut mooring
S3 Biofouling

+52%
-57%
-39%
-29%

5. Discussion

5.1. The Monsoon Loading Concentration
Effect

The seasonal disaggregation of computed damage
(Subsection 4.2) reveals two contrasting patterns. At
the Gulf of Thailand, damage accumulation is essentially
uniform per calendar day between the NE and SW mon-
soons (40% and 43% of annual damage over 33% and
42% of the calendar, respectively), despite the strong NE
wave-power asymmetry in Table 4. In the Andaman Sea,
by contrast, the SW monsoon clearly dominates the dam-
age history (67% of annual damage over 42% of the cal-
endar). The explanation for the Gulf's near-uniformity
lies in the bandwidth of the Dirlik damage process: while
the wave power is sharply concentrated in NE-monsoon
extremes, the stress damage accumulated in the moor-
ing chain depends on the cube of the stress range and
is governed by intermediate-H; sea states (typically 0.5-
1.5 m, Figure 8) that occur across multiple seasons; the
longer SW season therefore catches up despite its lower
per-day wave power. The contrast with a North Sea or
open-ocean baseline—where damage is distributed ap-
proximately uniformly throughout the year—is real in
the Andaman Sea but, surprisingly, less pronounced in
the Gulf of Thailand.

The engineering consequences are nonetheless sig-
nificant:

¢ Inspection Scheduling: At the Andaman Sea, the
largest single increase in cumulative damage occurs
during the SW monsoon (typically June-August),
and inspection should be timed to follow this period.
In the Gulf of Thailand, damage accumulates near-
uniformly across the NE (December-February) and
SW (May-September) monsoons; a semi-annual cy-
cle following each monsoon would therefore be
more appropriate than a single inspection follow-
ing only the NE monsoon, which would leave the

substantial SW-monsoon damage accumulation un-
monitored for an extended period.

e  Mooring Configuration: The slack-biased configura-
tion (S1) provides the largest single improvement
in lifetime (+52% at the Gulf, Figure 10)—a benefit
larger than the penalty from biofouling alone. This
argues for slack-biased deployment configurations
at both sites.

e Design Fatigue Factor: The seasonal concentra-
tion of damage increases the relative weight of
any single year’s monsoon severity in determining
the lifetime. Combined with the limited duration
of regional hindcast records (typically two to four
decades), this argues for a more conservative DFF
choice than the inspectable-component default of
3.013% atleast until longer regional records become
available. A DFF of 5.0 (corresponding to an unin-
spectable Class 2 component under DNV-0S-E301)
would reduce the Andaman base-case design life
from 19yr to 11 yr and the worst case from 8.9 yr
to 5.4 yr.

5.2. Gulf of Thailand vs. Andaman Sea:
Structural Deployment Suitability

From a wave-energy standpoint, the Andaman
Seais unambiguously superior—its mean wave power
is approximately 3.25x that of the Gulf of Thailand.
From a structural-loading standpoint, the relative
ranking is more nuanced. The Gulf of Thailand com-
bines low mean wave energy (which produces a low
annual damage rate) with a moderately concentrated
damage history; its base-case design lifetime exceeds
the conventional service-life target. The Andaman
Sea, with its higher mean wave power, produces a
base-case design lifetime below the conventional tar-
get, and the combined worst case falls below the 10-yr
threshold associated with DNV recommendations for

increased inspection frequency.
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From a strictly structural perspective, the Gulf of
Thailand is therefore the lower-risk site for a near-
term pilot deployment, despite its lower wave-energy
resource. However, this conclusion must be quali-
fied by recognising that the Gulf’s economically recov-
erable wave power is itself marginal—a structural ad-
vantage of limited consequence if the resource cannot
support a commercially viable device. The Andaman
Sea, despite its higher fatigue loading, offers wave
power approaching values typical of temperate sites
where WEC commercialisation has been demonstrated.
The Andaman Sea therefore demands a more conserva-
tive mooring-design margin than the Gulf of Thailand:
stricter sensitivity-case design envelopes, more frequent
inspection, or selection of slack-biased mooring con-
figurations all provide viable risk-mitigation pathways.
Both sites, importantly, share a tropical operating envi-
ronment that imposes biofouling and corrosion penal-
ties not addressed by standard temperate-water moor-
ing guidance. Subsection 5.4 returns to this point in
the context of the study’s limitations. A further deploy-
ment consideration, beyond the scope of the present fa-
tigue analysis, is that both Thai sites are simultaneously
under assessment for nearshore floating solar photo-

9:26]; the co-location of wave-energy and

voltaic systems!
floating-solar arrays on shared mooring infrastructure—
for which hybrid mooring layouts have been reported to
lower peak line tensions relative to conventional cate-
nary systems [’ —offers a potential route to improving
the marginal deployment economics of either technol-
ogy in Thai waters and warrants joint structural assess-
ment in future work.

The Andaman Sea, combined with the worst-case
(S4) design life of 8.9 years, falling below the 10-year
inspection-frequency threshold, warrants an explicit op-
erational response. Three complementary strategies are

available.

e Configuration and Growth Management: Adopt-
ing a slack-biased mooring (which restores roughly
half of the worst-case lifetime loss in the sensi-
tivity study) together with an active biofouling-
management regime—six-monthly ROV inspection
and 18-to-24-month cleaning intervals matched to

the tropical growth rates quantified in Subsection

3.6—directly attacks the two largest controllable
damage drivers.

¢ Planned Chain Replacement: Scheduling chain re-
newal at seven-to-eight-year intervals, ahead of the
predicted worst-case failure point, treats the moor-
ing as a consumable component; at an estimated 5-
10% of device capital cost per renewal, this is com-
mercially tractable for a pilot.

e Design-Level Redundancy: A four-leg rather than
three-leg mooring layout introduces line redun-
dancy, which under DNV-0S-E301 permits classifi-
cation as a redundant (Class 1) system and a cor-
respondingly relaxed DFF, while ensuring that the
loss of any single line does not precipitate station-
keeping failure. These responses are not mutually
exclusive and would typically be combined; the ap-
propriate balance is a deployment-specific trade-
off between operating expenditure (inspection and
cleaning) and capital expenditure (redundancy and
replacement).

5.3. Comparison with the Generic Sea-State
Baseline

A useful counterfactual is to ask what lifetime
would be estimated for the Gulf of Thailand if the
uniformly weighted 50 generic sea states of Martinez-
Puente et al.l'® were applied directly. Because the
generic distribution gives equal weight to many sea
states (Hs up to 14m, T, up to 18s) that essentially
never occur in the Gulf of Thailand, the correspond-
ing annual damage rate is expected to be substantially
higher than that obtained with monsoon weighting—
by a factor that requires direct re-computation under
uniform weighting (identified as a priority extension in
Subsection 5.4)—and the estimated lifetime correspond-
ingly shorter. The contrast is the inverse of what one
might initially expect: the generic, uniformly-weighted
distribution is more conservative than the monsoon-
weighted distribution because it implicitly includes se-
vere storms that never occur in this semi-enclosed basin.
The site-specific calculation, by replacing this artifi-
cial conservatism with the actual climatology, provides
a more realistic—and more useful—lifetime estimate.
The reverse holds in the Andaman Sea, where the uni-
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formly weighted generic distribution under-represents
the long-period, large-Hs; SW-monsoon states. Either
way, the substitution of generic for site-specific sea-
state distributions in WEC mooring fatigue assessment
in Southeast Asian waters produces estimates that are
misaligned with the actual climate.

5.4. Limitations and Future Work

Several limitations of the present analysis are
recognised and identified as priority items for future

work:

¢ ERAS5 Spatial Resolution: The ERA5 wave grid
(0.5°, approximately 55 km) under-resolves coastal
extremes relative to regional WAM (~0.25°) and
SWAN (~0.1°) hindcasts. The ERA5-derived annual
mean Hg values are 15-20% below the published
regional benchmarks, with the P99 values likely
underestimated by a larger factor. Lifetime esti-
mates may therefore be slightly optimistic. A fu-
ture extension using the validated SWAN hindcasts
of Kaewsai-nguan et al.['¥] for both sites is recom-
mended.

e  Synthetic, Decoupled Tension Signals: Following
Martinez-Puente et al.['], synthetic bimodal ten-
sion signals are used rather than fully coupled hy-
drodynamic simulations. This is appropriate for a
screening study but underestimates non-linear ef-
fects such as snap loads, mooring dynamics under
transient gust forcing, and tension-line/buoy inter-
action. The wave-frequency amplification factor
of 5x10° N/m used here (Subsection 3.3) is cali-
brated to produce realistic stress ranges, but a full
WEC-Sim simulation [?8! driven by Thailand-specific
spectra is required to confirm the absolute lifetime
values.

e  Gaussian Assumption and Frequency-Domain Cou-
pling: The Dirlik method assumes a Gaussian
stress process, whereas mooring snap loads pro-
duce strongly non-Gaussian tension peaks (kur-
tosis substantially greater than 3). Under such
conditions, Dirlik—and frequency-domain meth-
ods generally—systematically under-predict dam-
age relative to time-domain rainflow counting, so
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the present lifetimes may be optimistic where snap
loading is significant, most plausibly in the taut
configurations (S2, S4). The synthetic-signal ap-
proach also treats the wave-frequency and low-
frequency components as additively superposed,
neglecting their physical coupling through slow
surge-pitch motion and the non-linear axial stiff-
ness of the chain; recent work shows that data-
driven (machine-learning) tension predictors can
capture this coupling more faithfully than additive

spectral models 2%,

Quantifying the Gaussian as-
sumption and coupling biases against time-domain
rainflow results is identified as a priority verifica-
tion step.

Reference Device: The RM3 was designed for North
Pacific conditions; its hull dimensions, power take-
off, and mooring geometry are not optimised for the
shallow, low-energy Gulf of Thailand environment.
Lifetime estimates should therefore be interpreted
as indicative of the reference device, not as a deploy-
ment recommendation for that specific WEC.

Wind and Current Loading: Wind and current loads
are not included in the present LF tension model.
This is conservative for the sheltered Gulf of Thai-
land but potentially non-conservative for the An-
daman Sea, where the SW monsoon produces sus-
tained wind and current forcing. Coupled wind-
current-wave loading is identified as a priority ex-
tension.

Wave directionality and Per-Line Load Sharing: The
fatigue calculation assumes an omnidirectional sea
and analyzes a single representative (most-loaded)
mooring line; it does not resolve a directional Hs-T,
scatter diagram or the redistribution of tension be-
tween the three lines as the dominant wave, wind,
and current heading rotate through the monsoon
cycle. In the monsoon-dominated Thai climate,
the dominant heading shifts seasonally—broadly
north-easterly during the NE monsoon and south-
westerly during the SW monsoon—so the most-
loaded line is unlikely to be the same line year-
round, and the true per-line fatigue damage is ex-
pected to be more evenly shared, and therefore

lower per line, than the single-line estimate re-
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ported here. Resolving directional load sharing re-
quires a directional wave climatology coupled to a
multi-line hydrodynamic model, and is identified as
a priority extension alongside the coupled WEC-Sim
simulation noted above.

¢ Tropical Corrosion: No explicit corrosion allowance
is applied to the S-N curve. DNV-0S-E301[3% pro-
vides guidance for temperate-water corrosion, but
Southeast Asian conditions (warm, biologically ac-
tive, often hypoxic at depth) may accelerate corro-
sion fatigue beyond standard allowances [3% 3> 371,
Coupled corrosion-fatigue assessment under trop-
ical conditions is an open research question.

e  Site Survey and Bathymetry: The 10.0°N, 100.0°E
and 8.0°N, 98.0°E coordinates used here are rep-
resentative ERA5 grid points; site-survey-quality
bathymetry and ground-truth measurements
would modify the mooring geometry and tension
distribution and are recommended before any ac-
tual pilot deployment.

Taken together, these limitations define a clear pro-
gramme of future work. The single most valuable next
step is a fully coupled WEC-Sim time-domain simula-
tion of a Thailand-tuned absorber driven by the sea-
sonal site spectra of the two basins, with the result-
ing tension histories analysed by time-domain rain-
flow counting. Such a study would simultaneously re-
solve the synthetic-signal, Gaussian-assumption, and
WEF-LF coupling limitations noted above, provide a di-
rect benchmark for the frequency-domain lifetimes re-
ported here, and convert the present screening-level re-
gional assessment into a deployment-grade design ba-
sis for the first Southeast Asian WEC pilot. Method-
ologically, such high-fidelity modelling of wave energy
converters is already well established: viscous-flow
CFD coupled with wave-tank testing and particle-based
(Lattice-Boltzmann) CFD have both been shown to re-
produce measured device motion and power capture for
heaving and pivoted absorbers 3 4%, Coupling this class
of resolved hydrodynamic model with the seasonal Thai
wave climate and a time-domain fatigue solver would re-
place the present decoupled load representation with a
resolved load-structure interaction that the frequency-
domain treatment cannot capture.

6. Conclusions

This study has presented the first mooring fatigue
lifetime assessment for a reference point-absorber wave
energy converter under the monsoon-dominated wave
climates of the Gulf of Thailand and the Andaman Sea.
The Dirlik frequency-domain fatigue method, validated
for bimodal WEC mooring loads, was applied with site-
specific Hs-T), occurrence weighting derived from 24
years of ERA5 hourly reanalysis (2000-2023). Five sen-
sitivity cases—Dbase, slack, taut, biofouling, and a com-
bined worst case—were assessed. Five main conclu-
sions have been formulated as follows:

e C1: The Gulf of Thailand shows a wind-sea climate,
marked by calms 52% of the time and an average
wave energy of 864 W/m. Conversely, the Andaman
Sea has an SW monsoon climate with only 25%
calms and an average wave energy of 2,806 W/m—
approximately 3.25x that of the Gulf.

e  (C2: The base-case mooring design fatigue lifetime
is 30 years for the Gulf of Thailand and 19 years for
the Andaman Sea; the Gulf exceeds the conventional
25-yr target, while the Andaman Sea falls below it.

e  (C3: Damage accumulation is near-uniform between
the two monsoon seasons at the Gulf of Thailand
(NE 40%, SW 43% of annual damage) butis strongly
SW-dominated at the Andaman Sea (67% of annual
damage over the 5-month SW monsoon). The Gulf
result reflects the cubic dependence of fatigue dam-
age on stress range, which moderates the wave-
power asymmetry that favours the NE monsoon at
that site; the Andaman result confirms the domi-
nance of the SW monsoon swell regime expected
from the wave-energy distribution.

e (C4: Biofouling reduces the estimated mooring
design lifetime by 23-29%—a sensitivity larger
than typically reported for temperate-water stud-
ies, where 10-15% effects are more common. Com-
bined with a taut mooring configuration, the worst
case drives the Andaman Sea design lifetime to
8.9 yt, below the 10-yr DNV inspection-frequency
threshold. Mooring design guidance for South-
east Asian deployment should therefore require

shorter biofouling-inspection intervals than cur-
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rent temperate-climate standards.

e (C5: Site-specific monsoon-weighted wave climate
data, rather than uniformly weighted generic sea-
state distributions, are essential for credible WEC
mooring fatigue assessment in Southeast Asian wa-
ters.

The principal direction for future work is a fully
coupled WEC-Sim assessment, driven by Thailand-
specific JONSWAP spectra and including wind-current-
wave coupling and a tropical corrosion-fatigue model.
The framework presented here is intended as a screen-
ing tool to inform the prioritisation and design of any

near-term Thai WEC pilot deployment.
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Abbreviations
Symbol Definition
C S-N curve intercept constant (MPa¥)

D Accumulated fatigue damage (-)

Dannual Annual damage rate (yr™!)

DFF Design fatigue factor (-)

f Frequency (Hz)

g Acceleration due to gravity (9.81 m/s?)

Hs Significant wave height (m)

k S-N curve slope exponent (-)

Lest Estimated raw fatigue lifetime (yr)

Ldesign Design fatigue lifetime, Lo /DFF (yr)

n; Number of stress cycles at amplitude level i (-)

N; Number of cycles to failure at amplitude level i (-)

p(Hs, Ty) Annual joint occurrence probability of sea state (-)

S(f) Power spectral density (units? /Hz)

T, Wave energy period (s)

Tp Peak wave period (s)

Tyear Number of seconds per year (3.156 x 107 s)

a Bandwidth parameter, A /V(Ao A4) (-)

Yy JONSWAP peak enhancement factor (-)

Ay n-th spectral moment of S(f)

Vp Expected peak frequency, \/()\4/)\2) (Hz)

p Seawater density (1,025 kg/m?)

Pmg Marine-growth density (1,325 kg/m3 per DNV-0S-

E301)
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