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ABOUT MARINET
The MaRINET2 project is the second iteration of the successful EU funded MaRINET Infrastructures Network, both
of which are coordinated and managed by Irish research centre MaREI in University College Cork and avail of the
Lir National Ocean Test Facilities.
MaRINET2 is a €10.5 million project which includes 39 organisations representing some of the top offshore
renewable energy testing facilities in Europe and globally. The project depends on strong international ties across
Europe and draws on the expertise and participation of 13 countries. Over 80 experts from these distinguished
centres across Europe will be descending on Dublin for the launch and kick-off meeting on the 2nd of February.
The original MaRINET project has been described as a “model of success that demonstrates what the EU can
achieve in terms of collaboration and sharing knowledge transnationally”. Máire Geoghegan-Quinn, European
Commissioner for Research, Innovation and Science, November 2013
MARINET2 expands on the success of its predecessor with an even greater number and variety of testing facilities
across offshore wind, wave, tidal current, electrical and environmental/cross-cutting sectors. The project not only
aims to provide greater access to testing infrastructures across Europe, but also is driven to improve the quality
of testing internationally through standardisation of testing and staff exchange programmes.
The MaRINET2 project will run in parallel to the MaREI, UCC coordinated EU marinerg-i project which aims to
develop a business plan to put this international network of infrastructures on the European Strategy Forum for
Research Infrastructures (ESFRI) roadmap.
The project will include at least 5 trans-national access calls where applicants can submit proposals for testing in
the online portal. Details of and links to the call submission system are available on the project website
www.marinet2.eu

This project has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant
agreement number 731084.
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1 Introduction & Background
1.1 Introduction
CalWave Power Technologies UG (CPT) is developing a submerged pressure-differential wave energy converter
(WEC) capable of precise load management, lowering capital costs and increasing capacity factor.
CPT is currently working towards a scaled ocean demonstration of the WEC technology.
Historically, primary testing at 1:50 scale was completed in January 2016, and limited testing at 1:20 scale was
completed in August 2016 at the U.S. Navy MASK Basin. After significant redesign in 2017, CPT completed
hydrodynamic system identification in Jan. 2018 at the LIR DOB with the support of Marinet2. Testing at DOB
produced over 100 test cases, totaling over 20 hours of recorded data, providing a rich data set for
hydrodynamic WEC characterization and feed-in to detailed PTO and PTO control design. Follow-up tank testing
was conducted in August and November of 2019 with representative PTO/device controls.
CalWave Power Technologies UG (CPT) is interested in utilizing a winch mechanism in its WEC capable of high
cycles and full system loads. Additionally, the belt which carries the tension in this winch mechanism must
withstand rare shock loading events which can represent forces much higher than the long-term average. The
Dynamic Marine Component (DMaC) test facility at the University of Exeter, with support from MARINET2, was
contracted to experimentally test one candidate belt construction under the conditions expected in actual open
water deployment. The test article was a High-Density Polyethylene (HPDE) woven belt, supplied by TTS Inova,
100mm wide, 2mm thick, and approximately 5m long. The goal of the test program was to verify the belt’s quasistatic and dynamic stiffness, the strength of the loop terminations, reliability under shock loading, and fatigue life.

1.2 Development So Far
1.2.1 Stage Gate Progress
Device modelling and scaled tank testing for device has been previously completed and existing data was used
to select belt experimental testing parameters.
Previously completed: 
Planned for this project: 

STAGE GATE CRITERIA
Stage 1 – Concept Validation
Linear monochromatic waves to validate or calibrate numerical models of the system (25 – 100
waves)
Finite monochromatic waves to include higher order effects (25 –100 waves)
Hull(s) sea worthiness in real seas (scaled duration at 3 hours)
Restricted degrees of freedom (DofF) if required by the early mathematical models
Provide the empirical hydrodynamic co-efficient associated with the device (for mathematical
modelling tuning)
Investigate physical process governing device response. May not be well defined theoretically or
numerically solvable
Real seaway productivity (scaled duration at 20-30 minutes)
Initially 2-D (flume) test programme
Short crested seas need only be run at this early stage if the devices anticipated performance
would be significantly affected by them
Evidence of the device seaworthiness
Initial indication of the full system load regimes

Status

Stage 2 – Design Validation
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STAGE GATE CRITERIA
Accurately simulated PTO characteristics
Performance in real seaways (long and short crested)
Survival loading and extreme motion behaviour.
Active damping control (may be deferred to Stage 3)
Device design changes and modifications
Mooring arrangements and effects on motion
Data for proposed PTO design and bench testing (Stage 3)
Engineering Design (Prototype), feasibility and costing
Site Review for Stage 3 and Stage 4 deployments
Over topping rates

Status

Stage 3 – Sub-Systems Validation
To investigate physical properties not well scaled & validate performance figures
To employ a realistic/actual PTO and generating system & develop control strategies
To qualify environmental factors (i.e. the device on the environment and vice versa) e.g. marine
growth, corrosion, windage and current drag
To validate electrical supply quality and power electronic requirements.
To quantify survival conditions, mooring behaviour and hull seaworthiness
Manufacturing, deployment, recovery and O&M (component reliability)
Project planning and management, including licensing, certification, insurance etc.
Stage 4 – Solo Device Validation
Hull seaworthiness and survival strategies
Mooring and cable connection issues, including failure modes
PTO performance and reliability
Component and assembly longevity
Electricity supply quality (absorbed/pneumatic power-converted/electrical power)
Application in local wave climate conditions
Project management, manufacturing, deployment, recovery, etc
Service, maintenance and operational experience [O&M]
Accepted EIA
Stage 5 – Multi-Device Demonstration
Economic Feasibility/Profitability
Multiple units performance
Device array interactions
Power supply interaction & quality
Environmental impact issues
Full technical and economic due diligence
Compliance of all operations with existing legal requirements

1.2.2 Plan For This Access
1.2.2.1 To investigate physical properties not well scaled & validate performance figures
Although often used for lifting slings, HDPE belts are not yet commonly used in highly dynamic lifting
applications. The focus of this access was to test the HDPE belt under high-tension “shock loads” to confirm
tensile strength and stiffness. In deployment the belt would experience large variance in load tensions.
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1.2.2.2 To qualify survival conditions, mooring behaviour, and seaworthiness
Shock loading cycles applied in testing were taken directly from 1:20 scale tank testing, performed at the Lir
Deep Ocean Basin with previous MARINET2 support. These worst-case survival condition cases have been used
for other modelling and component design tests.

1.2.2.3 Manufacturing, deployment, recovery and O&M (component reliability)
HDPE belt samples tested are the same material and construction envisioned for the scaled ocean
demonstration. By assessing the shock load performance of an actual belt sample, a better understanding of the
risk associated with this less common use case can be obtained.

2 Outline of Work Carried Out
2.1 Setup
2.1.1 Test Samples
Test samples 1 and 2 were a HDPE belt, 100 mm width and 2 mm thickness, see Figure 2.1. The loop length
was 80 mm and the stitch length of 220 mm. Overall length was approximately 5 m. The Minimum Breaking
Strength (MBS) was reported by the manufacturer (TTS Inova) to be 180 kN.
Test samples 3 and 4 were the same belt material (HDPE, 100 mm width, 2 mm thickness) as samples 1 and 2;
however, the loop stitching was re-stitched due to premature failure of sample 1. The belts were re-stitched by
SBK Sails Ltd, Penryn, UK, and details can be found in Appendix B. Overall length was approximately 3 m.
Sample 3 was constructed from sample 1 and sample 4 was constructed from sample 2, i.e. sample 3 had been
pulled to failure at 78 kN and sample 4 has been bedded in using an MBS of 20 kN.

Figure 2.1: TTS Inova belt sample (#1 & 2)

2.1.2 Experimental Setup
The experiment was performed in the Dynamic Marine Component (DMaC) test facility, part of the University of
Exeter. The DMaC test rig was designed to replicate operational and fatigue loads on marine components. The
tailstock provides linear motion comparable to heave and the headstock generates bending moments similar to
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pitch, roll and yaw, see Figure 2.2. In addition, the test samples can be fully submerged in fresh water during
testing.

Figure 2.2: The DMAC Test Setup

The experimental setup connected the belt samples to the DMaC test rig using shackles at either end, see Figure
2.3 to Figure 2.5. The shackles were 16t Green Pin Wide Mouth Shackles from Van Beest. The 16t shackle
provided an inside width of 106 mm to accommodate the 100mm wide belt. The pin diameter was 42 mm.
The tensile load was measured by a DSCC pancake load cell manufactured by Applied Measurement Ltd, UK
(serial number 50317); full-scale linearity of ±0.039%. Piston displacement was measured using a LM10 linear
encoder manufactured by RLS Merilna tehnika d.o.o., Slovenia; resolution of 0.05 mm. The measurements were
recorded using a National Instruments (NI) compact Reprogrammable Input Output (cRIO) 9022 at a sample
rate of 50 Hz. Load measurements utilised a NI 9237 C-Series module and displacement measurements used a
NI 9205 C-Series module for the cRIO.
A WS12 draw-wire transducer manufactured by Applied Measurements was used to measure the sample
elongation. ISO 19336 requires the transducer be connected at least three rope diameters from the last splice
tuck; however, the transducer connection would affect the belt cross-section. Thus, the transducer was clamped
to the shackle, see Figure 2.6. The draw-wire was loosely stitched on to the belt using Kevlar thread. The drawwire transducer was recorded using the NI cRIO 9022 and NI 9205 C-series module at a sample rate of 50 Hz.
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Figure 2.3: Experimental setup of the belt in the DMac test rig.

Figure 2.4 Tailstock connection of the belt sample with draw wire potentiometer.

Figure 2.5: Headstock connection of the belt sample.
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2.1.3

Calibration

The tailstock load cell was calibrated using an external load cell and voltmeter. The external, calibration load cell
was a 10t DBB S-beam load cell by Applied Measurement ltd (serial number 50137). The 10t load cell was
calibrated on 06/09/2018 by the original manufacturer with traceability to National Physic Laboratory. The
excitation and signal voltage from the load cell were recorded by a Keysight Technologies DMM 34465a
voltmeter. The voltmeter was calibrated on 06/10/2017 by the original manufacturer to ISO 17025:2005. The
draw-wire transducer was calibrated against a steel ruler.
The PID settings of the DMaC test-rig control-system were tuned until the replicated motions were within 1% of
the requested motions. The final PID settings were P = 0.0004, I = 0.015 and D = 0.

2.2 Tests
The method followed the procedures of ISO 19336:2015 (Fibre ropes for offshore station keeping –
Polyarylate). The ISO 19336:2015 procedure involves three stages: i) bedding in (B.3.1), ii) quasistatic (B.3.5.2) and dynamic stiffness (B.3.5.3.A) and iii) breaking strength (B.3.1), see Figure 2.6.

Figure 2.6: Quasi-static stiffness, dynamic stiffness and breaking test sequence, B.3, sample A; see
ISO19336:2015(E).

The Minimum Breaking Strength (MBS) of sample 1 was assumed to be 180 kN, as per received specification.
After the premature failure of sample 1, the MBS was set to 20 kN for sample 2. The MBS of samples 3 and 4
was reset to 180 kN.
The reliability of the belt after shock loading was tested by repeatedly shock loading the test sample after the
bedding in process (B.3.1), before continuing ISO 19336 procedure with quasi-static (B.3.5.2) and dynamic
stiffness (B.3.5.3.A) and break strength (B.3.1). Shock loads were extracted from scale-model testing of the
prototype device supplied by CalWave, see Figure 2.7.
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Figure 2.7: Shock Load Cycles.

The test sequence of all four samples is summarized in Table 1, along with the selected MBS.
Sample
1 - TTS
2 - TTS
3 - SKB
4 - SKB

Test Sequence
B.3.1 – Sample Failure
Bedding in – Sample Failure
B.3.1 – B.3.5.2 – B.3.5.3.A
Bedding in – Quasi-static stiffness – Dynamic stiffness
B.3.1 – B.3.5.2 – B.3.5.3.A – B.3.1
Bedding in – Quasi-static stiffness – Dynamic stiffness - Break
B.3.1 – Shock loading – B.3.5.2 – B.3.5.3.A – B.3.1
Bedding in – Shock loading - Quasi-static stiffness – Dynamic stiffness - Break

MBS
180 kN
20 kN
180 kN
180 kN

Table 1: Summary of Test Sequence

2.3 Results
2.3.1
Sample 1
Sample 1 was tested on 18/01/2019. The MBS was assumed to be 180 kN according to the
manufacturer. The length measurements of sample 1 are summarized in Table 2. The load on the test
sample was increased from 2% MBS (3.6 kN) to 50% MBS (90 kN) over 5 minutes, as recommended
by ISO 19336:2015 B.3.1; however, the test sample failed much earlier than expected. The time
history of the tensile load shows the belt failed completely at 78.0 kN load, see Figure 2.8. Although
the stitching on the belt loop started to fail as low as 21.9 kN, indicated by the small negative peaks in
the time history. Observations of the loop failures showed that both ends suffered the same tearing of
the stitching, see Figure 2.9 and Figure 2.10, which suggests the cause of failure is present at both
ends.
Measurement
Overall Length (outer edge to outer edge)
Overall Length (outer edge to outer edge)
Draw wire potentiometer length

Load
No load (0 N)
2% MBS (3.6 kN)
2% MBS (3.6kN)

Length
4961mm
5051mm
1688mm

Table 1: Length measurements of sample 1.
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Figure 2.8: Time history of tensile load on sample 1.

Figure 2.9: Belt loop after failure at tailstock end.

Figure 2.10: Belt loop after failure at headstock end.
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2.3.2
Sample 2
Sample 2 was tested on 23/01/2019. The MBS was set at 20 kN, based on the 1st stitch failure of
sample 1. The length measurements of sample 2 are summarized in Table 3. ISO 19336 procedure
was successfully completed, except the final break test.
Measurement
Overall Length (outer edge to outer edge)
Overall Length (outer edge to outer edge)
Draw wire potentiometer length
Draw wire potentiometer length (end)

Load
No load (0 N)
2% MBS (3.6 kN)
2% MBS (3.6kN)
2% MBS (3.6kN)

Length
4962mm
4965mm
1714mm
1775mm

Table 3: Length measurements for Sample 2.

The load versus total elongation (stoke) measurements from bedding in (B.3.1), quasi-static stiffness
test (B.3.5.2) and dynamic stiffness test (B.3.5.3.A) of belt sample 2 are shown in Figure 2.12 to
Figure 2.15 according to ISO 193360 B.3.3.a.

Figure 2.12: Load vs total elongation of ISO19336:2015 B.3.1 steps 5 to 7 of sample 2.

Figure 2.13: Load vs total elongation of ISO19336:2015 B.3.1 step 8 of sample 2.
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Figure 2.14: Load vs total elongation of ISO19336:2015 B.3.1 step 9 (quasi-static) of sample 2.

Figure 2.15: Load vs total elongation of ISO19336:2015 B.3.1 step 9 (dynamic) of sample 2.

The load versus gauge elongation (draw-wire transducer) measurements from bedding in (B.3.1), quasi-static
stiffness test (B.3.5.2) and dynamic stiffness test (B.3.5.3.A) of sample 2 are shown in Figure 2.16 to Figure
2.19 according to ISO 193360 B.3.3.b and B.3.3.c. The draw-wire transducer data is plotted using a 0.2s rolling
average to reduce noise.
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Figure 2.16: Load vs gauge elongation of ISO19336:2015 B.3.1 steps 5 to 7 of sample 2.

Figure 2.17: Load vs gauge elongation of ISO19336:2015 B.3.1 step 8 (last 3 cycles) of sample 2.
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Figure 2.18: Load vs gauge elongation of ISO19336:2015 B.3.1 step 9 (quasi-static) of sample 2.

Figure 2.19: Load vs gauge elongation of ISO19336:2015 B.3.1 step 9 (dynamic, last 3 cycles) of sample 2.

The following stiffness values of belt sample 2 were calculated according to ISO19336:2015 B.3.6.2;
dynamic stiffness at end of bedding-in, dynamic stiffness and quasi-static stiffness.
ISO 19336:2015

Name

B.3.6.2
B.3.6.3
B.3.6.4

Dynamic stiffness (end of bedding in) [Krb]
Dynamic stiffness [Krd]
Quasi-static stiffness [Krs]

Stiffness
(kN/m)
6.401
12.42
6.397

Table 4: Summary of sample 2 stiffness.

2.3.3
Sample 3
Sample 3 was tested on 30/01/2019. The MBS was set at 180 kN and the full ISO 19336 procedure
was successfully completed. The length measurements of sample 3 are summarized in Table 5.
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Measurement
Overall Length (outer edge to outer edge - start)
Overall Length (outer edge to outer edge - start)
Draw wire potentiometer length (start)
Draw wire potentiometer length (end)
Overall Length (outer edge to outer edge - end)

Load
No load (0 N)
2% MBS (3.6 kN)
2% MBS (3.6kN)
2% MBS (3.6kN)
2% MBS (3.6kN)

Length
2975mm
3041mm
1707mm
1777mm
3140mm

Table 5: Length measurements of sample 3.

The load versus total elongation (stoke) measurements from bedding in (B.3.1), quasi-static stiffness
test (B.3.5.2) and dynamic stiffness test (B.3.5.3.A) of belt sample 3 are shown in Figure 2.20 to
Figure 2.23 according to ISO 193360 B.3.3.a.

Figure 2.20: Load vs total elongation of ISO19336:2015 B.3.1 steps 5 to 7 of sample 3.

Figure 2.21: Load vs total elongation of ISO19336:2015 B.3.1 step 8 of sample 3.
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Figure 2.22: Load vs total elongation of ISO19336:2015 B.3.1 step 9 (quasi-static) of sample 3.

Figure 4.23: Load vs total elongation of ISO19336:2015 B.3.1 step 9 (dynamic) of sample 3.

The load versus gauge elongation (draw-wire transducer) measurements from bedding in (B.3.1), quasi-static
stiffness test (B.3.5.2) and dynamic stiffness test (B.3.5.3.A) of sample 3 are shown in Figure 2.24 to Figure
2.27 according to ISO 193360 B.3.3.b and B.3.3.c. The draw-wire transducer data is plotted using a 0.2s rolling
average to reduce noise.
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Figure 2.24: Load vs gauge elongation of ISO19336:2015 B.3.1 steps 5 to 7 of sample 3.

Figure 2.25: Load vs gauge elongation of ISO19336:2015 B.3.1 step 8 (last 3 cycles) of sample 3.

Figure 2.26: Load vs gauge elongation of ISO19336:2015 B.3.1 step 9 (quasi-static) of sample 3.
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Figure 2.27 Load vs gauge elongation of ISO19336:2015 B.3.1 step 9 (dynamic, last 3 cycles) of sample 3.

The following stiffness values of belt sample 3 were calculated according to ISO19336:2015 B.3.6.2;
dynamic stiffness at end of bedding-in, dynamic stiffness and quasi-static stiffness.
ISO 19336:2015

Name

B.3.6.2
B.3.6.3
B.3.6.4

Dynamic stiffness (end of bedding in) [Krb]
Dynamic stiffness [Krd]
Quasi-static stiffness [Krs]

Stiffness
(kN/m)
6.401
12.42
6.397

Table 6: Summary of sample 3 stiffness.

Test sample 3 was pulled to failure according to ISO19336:2015 B.3.1 step 10 at a rate of 36%
MBS/min (calculated using measured break strength of sample 3), see Figure 28. The breaking
strength of sample 3 was 144.9 kN. Sample 3 failed at the loop stitch on the tailstock end, see Figure
2.28. Observations of the headstock end of sample 3 showed no signs of damage.

Figure 2.28: Load vs total elongation of ISO19336:2015 B.3.1 step 10 (break) of sample 3.
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Figure 2.29: Failure of sample 3.

2.3.4
Sample 4
Sample 4 was tested on 7/02/2019 and 11/02/2019. The MBS was set at 180 kN and the full ISO
19336 procedure was successfully completed along with shock loading. The shock load script (Figure
2.7) was repeated 2858 times, resulting in 8574 shock loads. The test sample was left under 1170 N in
between the two test days. The length measurements of sample 4 are summarized in Table 7.
Measurement
Overall Length (outer edge to outer edge - start)
Overall Length (outer edge to outer edge - start)
Draw wire potentiometer length (start)
Overall Length (outer edge to outer edge - end)

Load
No load (0 N)
2% MBS (3.6 kN)
2% MBS (3.6kN)
2% MBS (3.6kN)

Length
2977mm
3068mm
1835mm
3140mm

Table 7: Length measurements of sample 4.

The load versus total elongation (stoke) measurements from bedding in (B.3.1), quasi-static stiffness
test (B.3.5.2) and dynamic stiffness test (B.3.5.3.A) of test sample 4 are shown in Figure 2.30 to
Figure 2.33 according to ISO 193360 B.3.3.a.
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Figure 2.30: Load vs total elongation of ISO19336:2015 B.3.1 steps 5 to 7 of sample 4.

Figure 2.31: Load vs total elongation of ISO19336:2015 B.3.1 step 8 of sample 4.

Figure 2.325: Load vs total elongation of ISO19336:2015 B.3.1 step 9 (quasi-static) of sample 4.
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Figure 2.33: Load vs total elongation of ISO19336:2015 B.3.1 step 9 (dynamic) of sample 4.

The load versus gauge elongation (draw-wire transducer) measurements from bedding in (B.3.1),
quasi-static stiffness test (B.3.5.2) and dynamic stiffness test (B.3.5.3.A) of sample 4 are shown in
Figure 2.34 to Figure 2.37 according to ISO 193360 B.3.3.b and B.3.3.c. The draw-wire transducer
data is plotted using a 0.2s rolling average to reduce noise.

Figure 2.34: Load vs gauge elongation of ISO19336:2015 B.3.1 steps 5 to 7 of sample 4.
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Figure 2.35: Load vs gauge elongation of ISO19336:2015 B.3.1 step 8 (last 3 cycles) of sample 4.

Figure 2.36: Load vs gauge elongation of ISO19336:2015 B.3.1 step 9 (quasi-static) of sample 4.
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Figure 2.37: Load vs gauge elongation of ISO19336:2015 B.3.1 step 9 (dynamic, last 3 cycles) of sample 4.

The following stiffness values of belt sample 4 were calculated according to ISO19336:2015 B.3.6.2;
dynamic stiffness at end of bedding-in, dynamic stiffness and quasi-static stiffness.
ISO 19336:2015

Name

B.3.6.2
B.3.6.3
B.3.6.4

Dynamic stiffness (end of bedding in) [Krb]
Dynamic stiffness [Krd]
Quasi-static stiffness [Krs]

Stiffness
(kN/mm)
0.976
1.254
0.578

Table 7: Summary of sample 4 stiffness.

The load versus (total and gauge) elongation measurements of the first three and last three shock
loads are shown in Figure 2.38 to Figure 2.41.

Figure 2.38: Load vs total elongation of first three cycles of shock loads.
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Figure 2.39: Load vs total elongation of last three cycles of shock loads.

Figure 2.40: Load vs gauge elongation of first three cycles of shock loads.
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Figure 2.41: Load vs gauge elongation of last three cycles of shock loads.

Test sample 4 was pulled to failure according to ISO19336:2015 B.3.1 step 10 at a rate of 23.8%
MBS/min (calculated using measured break strength of sample 4), see Figure 2.42. The breaking
strength of sample 4 was 205.9 kN. Sample 4 failed at the loop stitch on the headstock end, see
Figure 2.43. Two failure mechanisms were observed; failure of the stitch and a transverse tear across
the belt. There were no signs of damage at the tailstock end.

Figure 2.42: Load vs total elongation of ISO19336:2015 B.3.1 step 10 (break) of sample 4.
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Figure 2.43: Failure mechanism of sample 4.

2.4 Analysis & Conclusions
The woven HDPE belt concept can be a strong component, capable of tensile loads over 200kN. The “weak link”
in a HPDE belt is the post-construction stitching, in this case of loop terminations. When a pin or shackle is fit
through the loop, forces not aligned with the tension (i.e., not along the belt’s strongest vector) can rip at the
stitching and cause the belt to fail. This can be mitigated by increasing the loop length, thus decreasing the
angle subtended by the two loop sides when wrapped around a pin or shackle.

Future work should focus on long-term fatigue testing, especially in the presence of UV light and salt water, as
these may weaken either the woven fibers or the additional stitching. Another interesting experiment would be
to bring the belt to a high tension, such as 90% of MBS, then return to lower tensions for long-term fatigue
cycling and stiffness analysis. This work more closely mimic actual sea conditions, when the device would need
to return of energy generation after a storm passes.

3 Main Learning Outcomes
3.1 Progress Made
3.1.1.1 To investigate physical properties not well scaled & validate performance figures
The importance of quality stitching in the loop terminations was discovered as key engineering criterion.

3.1.1.2 To qualify survival conditions, mooring behaviour, and seaworthiness
The mooring belts were shown to be sufficient beyond the maximum survival worst-case expected tensions.

3.1.1.3 Manufacturing, deployment, recovery and O&M (component reliability)
Given the weakness of the original loop stitching, CalWave will work with the supplier to insist on more robust
loop terminations in future belts.
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3.1.2 Progress Made: For This User-Group or Technology
With proper loop stitching, the belt tested will be sufficient for the shock loads expected in an open-water test.
Other MARINET2-supported testing of the same belt, however, suggests a possible design iteration, after which
shock-loading may be required again.

3.1.3 Progress Made: For Marine Renewable Energy Industry
These experiments demonstrate the feasibility of woven HDPE belts for at least some aspects of marine energy
mooring systems.

3.2 Key Lessons Learned





Woven HDPE belts can be a strong component in at least some applications for marine energy
devices.
HDPE belts are relatively stiff, but become slightly less stiff after the “bedding in” period.
The weak point of woven HDPE belts is the after-market stitching.
Some hysteresis exists within the belt itself.

4 Further Information
4.1 Scientific Publications
List of any scientific publications made (already or planned) as a result of this work:


Thies, P. R., Halswell, P., Lehmann, M. and Johanning, L. “Integrity and Reliability Testing of a HDPE Taut
Mooring Belt.” In Proceedings of the European Wave and Tidal Energy Conference, EWTEC, 2019.

4.2 Website & Social Media
Website: calwave.energy
YouTube Link(s):
LinkedIn/Twitter/Facebook Links: Twitter - https://twitter.com/calwaveberkeley
Online Photographs Link:

5 References
6 Appendices
6.1 Stage Development Summary Table
The table following offers an overview of the test programmes recommended by IEA-OES for each Technology
Readiness Level. This is only offered as a guide and is in no way extensive of the full test programme that
should be committed to at each TRL.
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NASA Technology Readiness Levels1

1

https://www.nasa.gov/directorates/heo/scan/engineering/technology/txt_accordion1.html
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NASA TRL Definition Hardware Description Software Description Exit Criteria
TRL Definition
Hardware Description
Software Description
1
Basic principles
Scientific knowledge generated
Scientific knowledge generated
observed and
underpinning hardware technology
underpinning basic properties of software
reported.
concepts/applications.
architecture and mathematical
formulation.
2
Technology
Invention begins, practical application is
Practical application is identified but is
concept and/or
identified but is speculative, no
speculative, no experimental proof or
application
experimental proof or detailed analysis is detailed analysis is available to support the
formulated.
available to support the conjecture.
conjecture. Basic properties of algorithms,
representations and concepts defined.
Basic principles coded. Experiments
performed with synthetic data.

Exit Criteria
Peer reviewed publication
of research underlying the
proposed
concept/application.
Documented description
of the application/concept
that addresses feasibility
and benefit.

3

Analytical and
experimental
critical function
and/or
characteristic
proof of concept.

Analytical studies place the technology
in an appropriate context and laboratory
demonstrations, modelling and
simulation validate analytical prediction.

Development of limited functionality to
validate critical properties and predictions
using non-integrated software
components.

Documented
analytical/experimental
results validating
predictions of key
parameters.

4

Component
and/or
breadboard
validation in
laboratory
environment.

A low fidelity system/component
breadboard is built and operated to
demonstrate basic functionality and
critical test environments, and
associated performance predictions are
defined relative to the final operating
environment.

Key, functionally critical, software
components are integrated, and
functionally validated, to establish
interoperability and begin architecture
development.
Relevant Environments defined and
performance in this environment
predicted.

Documented test
Performance
demonstrating agreement
with analytical predictions.
Documented definition of
relevant environment.

5

Component
and/or
breadboard
validation in
relevant
environment.

A medium fidelity system/component
brassboard is built and operated to
demonstrate overall performance in a
simulated operational environment with
realistic support elements that
demonstrates overall performance in
critical areas. Performance predictions
are made for subsequent development
phases.

End-to-end software elements
implemented and interfaced with existing
systems/simulations conforming to target
environment. End-to-end software system,
tested in relevant environment, meeting
predicted performance. Operational
environment performance predicted.
Prototype implementations developed.

Documented test
performance
demonstrating agreement
with analytical predictions.
Documented definition of
scaling requirements.

6

System/subsystem model or
prototype
demonstration in
an operational
environment.

A high fidelity system/component
prototype that adequately addresses all
critical scaling issues is built and
operated in a relevant environment to
demonstrate operations under critical
environmental conditions.

Prototype implementations of the software
demonstrated on full-scale realistic
problems. Partially integrate with existing
hardware/software systems. Limited
documentation available. Engineering
feasibility fully demonstrated.

Documented test
performance
demonstrating agreement
with analytical predictions.

7

System
prototype
demonstration in
an operational
environment.

A high fidelity engineering unit that
adequately addresses all critical scaling
issues is built and operated in a relevant
environment to demonstrate
performance in the actual operational
environment and platform (ground,
airborne, or space).

Prototype software exists having all key
functionality available for demonstration
and test. Well integrated with operational
hardware/software systems demonstrating
operational feasibility. Most software bugs
removed. Limited documentation available.

Documented test
Performance
demonstrating agreement
with analytical predictions.

8

Actual system
completed and
"flight qualified"
through test and
demonstration.

The final product in its final
configuration
is successfully demonstrated through
test
and analysis for its intended operational
environment and platform (ground,
airborne, or space).

All software has been thoroughly
debugged and fully integrated with all
operational hardware and software
systems. All user documentation, training
documentation, and maintenance
documentation completed. All functionality
successfully demonstrated in simulated
operational scenarios. Verification and
Validation (V&V) completed.

Documented test
performance verifying
analytical predictions.

9

Actual system
flight proven
through
successful
mission
operations.

The final product is successfully
operated in an actual mission.

All software has been thoroughly
debugged and fully integrated with all
operational hardware/software systems.
All documentation has been completed.
Sustaining software engineering support is
in place. System has been successfully
operated in the operational environment.

Documented mission
operational results
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6.2 Appendix A: Shackle Specification
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Marinet2 – [Deliverable Title]

6.3

Appendix B: Belt Re-Stitching Pattern
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