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Abstract

:

Piled floating pontoons are public access structures that provide a link between land and sea. Despite floating pontoons being frequented by the public, there is limited data available to coastal or maritime engineers detailing the dynamic motions (acceleration and rotation) of these structures under wave action and the impact of these motions on public comfort and safety to inform their design. This contribution summarises results from a set of laboratory-scale physical model experiments of two varying beam width piled floating pontoons subjected to boat wake conditions. Observed accelerations and roll angles were dependent on beam-to-wavelength ratio (B/L), with the most adverse motion response observed for B/L ~0.5. Internal mass of the pontoon played a secondary role, with larger mass structures experiencing lower accelerations for similar B/L ratios. Importantly, these new experimental results reveal the complex interaction between the piles and pontoon that result in peak accelerations more than six times the nominated operational safe motion limit of 0.1g. Root mean square (RMS) accelerations were more than three times the nominated comfort limit (0.02g) and angles of rotation more than double what would be perceived as safe (6 degrees) for the boat wake conditions tested. The frequency of acceleration also suggests patrons standing on these platforms are likely to experience discomfort and instability. Laboratory results are compared against a series of field-scale experiments of pontoon motion response and patron feedback. The dynamic motion response of pontoons tested in both field-scale and laboratory experiments compared well.
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1. Introduction


Many sheltered, small craft harbours around the world utilize floating pontoons as landing stages for vessel passengers, pedestrians, small cargo, roll-on roll-off (Ro-Ro) berths, and for mooring small boats [1,2]. In Sydney Harbour (Australia) alone, there are more than 137 public access points (wharves, jetties, and pontoons) for boat users frequented by more than 172,000 commuter passengers and tourists per month [3] (Figure 1). Floating pontoons have several advantages over fixed public access structures, including cost, ease of installation, and flexibility in dynamic water level environments [2]. However, little research has been done on floating pontoons to understand their dynamic stability with respect to patron safety. This contrasts with the significant research undertaken by coastal and ocean engineers on the hydrodynamic performance of similar structures, such as floating breakwaters, or on fixed platforms. Floating breakwaters differ from pontoons in that their primary design consideration is the dissipation and reflection of wave energy, rather than providing safe public access [4,5,6,7,8]. Fixed platforms, such as decks that are used for public access do not dynamically move but may be subject to large uplift forces from waves [9,10], and are typically designed based on wave loads (forces) rather than motion response. As such, limited availability of clear design guidelines for floating piled pontoons can result in undesirable dynamic behaviour and reduced usability, incurring costly retrofitting to operators.



To date, there has been limited research on the dynamic motions of floating pontoons secured by piles despite these types of pontoons being actively installed and used worldwide as public access structures (Figure 1). Given the lack of research into floating pontoons, here we summarize recent research relevant to floating breakwaters. The high inspection and maintenance costs associated with flexible mooring systems have resulted in a clear preference for piled restraining systems in sheltered harbours of depths less than 10 m [6]. While several studies have documented the amplitudes (displacement) of motion for heave and surge as well as rotation angles of floating breakwaters under both regular and irregular wave action [5,11,12,13,14] they do not report on the dynamic motions (accelerations) of the structures which is a key design consideration with regard to postural stability and public safety of public access structures [15]. Many numerical studies examining the hydrodynamic problem of floating breakwaters have also been conducted [5,16,17,18]. However, these too have not focussed on the design problem of piled pontoon systems and/or reported on the observed accelerations, despite these being popular coastal infrastructure in sheltered wave environments used for public access.



Related to the new experimental data presented in this paper, Cox et al. [6] conducted a series of scaled physical laboratory experiments to examine the effect of both monochromatic and irregular waves on the dynamic motions of a piled floating pontoon breakwater. They reported peak vertical accelerations ranging from 0.1g up to approximately 2.25g for a prototype wave height of 0.4 m. Although they did not report accelerations for the larger wave heights tested it was observed that both the vertical and roll motions of the piled floating breakwater were of greater magnitude and more violent when subjected to larger waves.



This paper presents laboratory-scale experimental results on the dynamic motions of piled floating pontoons under boat wake conditions and compares them to a set of Safe Motion Limit (SML) criteria determined to ensure postural stability and comfort of patrons. In Section 2, the concepts of postural stability with respect to accelerations and angles of motion are summarised. The SML criteria are then established to ensure postural stability is maintained for able-bodied adults standing on floating structures. Details of the new laboratory experiments are provided in Section 3. Section 4 presents the results of the measured dynamic motions, followed by discussion of the potential impact these dynamic motions could have on a person’s postural stability and a comparison to preliminary field data in Section 5.




2. Postural Stability and Comfort


Postural stability is a person’s ability to maintain the body’s centre of gravity over a base support during quiet standing and movement [19]. However, postural stability is a complex, biomechanical process that involves coordinated actions of the sensory, motor, and central nervous system [20] and it varies with the age of the subject [19,21,22,23]. Young children (<7 years) and the elderly (>65 years) have lower stability limits than those between the ages of 7–65 years [19,21,23,24]. With respect to floating pontoons as public spaces, postural stability is discussed in reference to vertical and lateral accelerations, angular rotation, and the frequencies at which these occur. For a more detailed review on postural stability, the reader is referred to [15]. As piled floating pontoons are commonly used by the public, postural stability and safety should be considered at the design stage. Here, we summarize relevant research and standards related to the dynamic motions of marine structures and human stability.



2.1. Root Mean Square and Peak Acceleration


Based on the general effects of motion on human performance, [25] presented RMS acceleration limits for transit passengers (0.05g) and cruise liners (0.02g). Specific to cruise liners, NORDFORSK [26] separated out the RMS criteria into lateral (0.02g) and vertical (0.03g) limits for passengers to remain comfortable. STANAG 4154 [27] specified a safety and effectiveness limiting criteria of peak vertical and lateral accelerations of 0.2g and 0.1g, relative to the bridge of the naval vessel. For a floating pontoon relative to serviceability, ref. [28] suggested a peak acceleration of 0.1g. de Graaf et al. [29] used a moving treadmill to investigate the limits of acceleration the human body can withstand without losing balance. Their study found that participants were most vulnerable to sideways acceleration and least vulnerable to backwards acceleration. They found that a standing person could endure a maximum forward acceleration of 0.054g, maximum sideward acceleration of 0.045g and a maximum backward acceleration of 0.061g before losing balance. These values are much lower than those proposed by [27,28] with respect to the serviceability of structures.




2.2. Frequency of Acceleration


Humans are more likely to have unfavourable response to motion within a frequency band of 1–80 Hz [30,31,32]. Nawayseh et al. [31] found loss of balance increased with increasing magnitude of horizontal and rotational oscillation. They found that loss of balance and subjective estimates of the probability of losing balance all peaked at around 0.5 Hz, while fore-and-aft oscillation caused more instability than lateral oscillation. They also found that standing people were more sensitive to low-frequency (0.125–2.0 Hz) acceleration when exposed to translational oscillation but were more sensitive to high frequency (2 Hz) acceleration when exposed to the gravitational acceleration arising from rotation (i.e., pitch or roll).



Motion sickness is another design consideration that occurs for motions between 0.1–0.5 Hz [33,34]. For improving passenger comfort and to reduce the incidence of motion sickness to 10% or less, [34] recommend a maximum RMS acceleration value of 0.007g. Shupak and Gordon [35] identified the greatest incidence of seasickness was found at a frequency of 0.2 Hz, increasing with the acceleration level from a threshold value of 0.01g.




2.3. Angles of Motion


As well as the magnitude and frequency of acceleration, the angles of motion of a dynamic body need to be considered for the comfort and safety of the users. For small craft harbours, [36] nominated a maximum roll angle (longitudinal-axis) of 6° and a maximum angular acceleration of 2°/s2 for floating breakwaters or pontoons. Stevens and Parsons [25] reported a maximum allowable RMS roll of 2.5° and 2.0° for transit passengers and cruise liners, respectively, while [26] limits RMS roll to 2.0°.




2.4. Safe Motion Limit Criteria Adopted for this Study


For this study, the Safe Motion Limits (SML) related to postural stability of a person with respect to dynamic motions of a piled floating pontoon are defined in Table 1. Based on the literature summarized above, dynamic motions exceeding these limits have the potential to result in motion sickness, postural instability, safety, fatigue, and discomfort.





3. Methods


3.1. Experimental Setup


The physical model testing was conducted in the 0.6 m wide wave flume at the Water Research Laboratory at UNSW Sydney. The flume dimensions were 30 m long, 0.6 m wide and 0.7 m deep. Froude similitude is commonly applied in hydraulic structure model scale testing and was applied between prototype and model conditions using a length scale of 10 for these experiments in agreement with previous studies [6,7]. Froude scaling is the most appropriate for these set of experiments for several reasons, including that it emphasizes the inertial and gravity forces, with the tests here focussing on the dynamic motions (accelerations) of the structure. In Froude similitude, accelerations have a scale factor = 1. The models tested were two piled rectangular floating pontoons of varying prototype beam widths subsequently referred to as Narrow (2.83 m beam) and Wide (5.63 m beam). A narrow gap between the side wall of the flume and pontoon ensured that no collisions existed between the flume wall and pontoon [38] and limited any side wall effects [39].



The floating pontoons have six degrees of freedom, here defined as follows: surge (in the direction of wave propagation, xb), sway (perpendicular to the direction of wave propagation, yb) and heave (vertical, zb), as well as the three rotations around the centre of gravity (roll (ϕ), pitch(θ) and yaw (ψ)). Here, roll is taken as the rotation around the longitude (longest) axis (y), pitch is around the shorter pontoon axis (x), and yaw is around the vertical axis (z). Several physical characteristics of the pontoons influence the stability and dynamic motion of floating bodies, including the draft-to-water-depth ratio (D/d), the structure-beam-to-draft ratio (B/D), and the beam-to-wavelength ratio (B/L), the metacentric height (GM), the radius of gyration (K), as well as the wave direction and the degree of mooring restraint [40]. These are summarized in Table 2. The metacentric height is the vertical distance between the centre of gravity (c.g.) and the Metacentre (M) and is calculated as follows:


  G M = K B + B M − K G  



(1)




where   K B   is the vertical distance from keel to centre of buoyancy (c.b.) in metres and is equal to the exact middle of the volume of displaced water.   B M   is the vertical distance from the centre of buoyancy (c.b.) to the metacentre (M), and   K G   is the vertical distance from the keel to the centre of gravity (c.g.). According to [40], the radius of gyration (K) for a floating pontoon is between 0.29 B and 0.35 B, where B is the beam. Here, K in the roll direction is theoretically derived from the inertia of the water plane area (I) and the area of contact (A), where:


  K =    I A    =  B    12     = 0.29 B  



(2)




and represents the lower bound proposed by [40]. As the pontoon is attached by piles on the seaward side, pitch and yaw movements are highly restrained and not included here.



The pontoon models were constructed of grey PVC sheet, with additional PVC sheet used for internal ballast to alter the draft of the pontoon [41]. The pontoons were connected to two, 330 mm diameter (prototype) vertical piles located on the seaward side (Figure 2). Delrin, a highly crystalline engineering thermoplastic specified for high load mechanical applications, was used to construct wear/impact buffers at the pontoon/pile interface. These buffers provided a low friction sliding connection between the restraining piles and the pontoon. The pontoon/pile connections (42 mm clearance at prototype scale between pile and collar) allowed free vertical movement and restrained (but measurable) lateral movement in the absence of waves.



On each pontoon, five Life Performance Research (LPMS-B2) Inertial Measurement Units (IMU) were used to measure triple-axis accelerations and triple-axis angles of each floating pontoon [42]. The IMUs were contained in GoPro housing for waterproofing with double sided tape inside to secure them in place. Each GoPro case was secured to the pontoons using adhesive Velcro located on each corner (Sensors 1–4, Figure 2) as well as the centre top face (Sensor 5, Figure 2).



According to the technical specifications provided by LP-Research, each IMU uses a 3-axis gyroscope (used to measure angular velocity), a 3-axis accelerometer (used to detect the direction of the earth’s gravitational field) and a 3-axis magnetometer (to measure the direction of the earth’s magnetic field). The orientation data recorded by the gyroscope is corrected with information from the accelerometer (roll and pitch directions) and the magnetometer (yaw direction). The accelerations recorded were in units of g (gravity, 9.81 m/s2). The units were able to measure orientation in 360 degrees about all three axes, where z is in the direction of earth’s gravity (vertically down with −1 g), x- in the direction of wave propagation and y- in the cross-tank direction, following a right-handed Cartesian coordinate system.



Unless otherwise stated, all default settings of the IMUs were employed. Calibration of each IMU requires determination of the gyroscope bias, gain, and movement threshold, as well as accelerometer misalignment, offset, gain, and magnetometer interference bias and gain. As the gyroscope sensor has a constant bias that may be influenced by environmental factors, such as temperature, gyroscope bias calibration was undertaken for each round of testing using manual calibration whereby the sensors were placed in a motionless state and firmware command used to trigger gyroscope calibration.



The internal sampling and filtering of the IMU is 400 Hz. Bluetooth connection between the IMUs and the log computer was used to allow for immediate data recording of accelerations and rotations of the floating pontoons as the motions took place. Data was recorded at a rate of 50 Hz. Data recording at a rate above this caused Bluetooth connection errors. This rate was considered sufficient to capture the relevant frequencies as described above. All IMUs were synchronised to record at the same time.



From the IMUs output files, the following indices were used for the reported results: Surge Accelerations: LinAccX(g); Sway Accelerations: LinAccY(g); Heave Accelerations: LinAccZ(g); and Roll Angles: EulerY(degrees). At the beginning of each experiment after the IMUs were attached to the pontoon, turned on and synced, the initial ~20 s of the output file was used to confirm each sensor was working properly and the mean of the accelerometers was adjusted so that it was (x,y,z) = (0,0,0) during post-processing.




3.2. Natural Periods of Motion


The response of floating bodies to waves is highly dependent on wave period and wavelength, with the maximum response likely to occur when the wave period coincides with the natural frequency of motion of the structure or when the wavelength coincides with twice the structure’s length [2]. Decay tests of the piled pontoons were carried out in still water and motions recorded using the five IMU positioned centrally and on the corners of the pontoons (Figure 2). The decay tests were undertaken in heave by pushing the pontoons down so there was no freeboard and releasing. This was done three times for each pontoon and results analysed to determine the natural period. The same was done for roll by inclining the pontoons approximately 20° and releasing while the IMU recorded the motions. The time between adjacent crests/troughs was determined for the natural roll period.




3.3. Wave Environment


Waves were generated by a piston-type wave paddle situated at one end of the flume. A mild-slope (1 V:10 H) dissipative beach fitted with high-density reticulated foam was installed at the other end of the wave flume to minimise wave reflection. Three wave probes were set up between the wave paddle and the tested pontoon. A fourth probe was positioned in the lee of the pontoon to measure the transmitted wave. The wave heights and periods used for the test program were representative of boat wake conditions in Sydney Harbour [43], where there are over 100 public access points such as wharves, jetties, and pontoons [3]. Test conditions are summarized in Table 3. All dimensions and times given are prototype values unless otherwise specified. Triplicate runs, of a duration of 189 s, were conducted for each of the wave periods to ensure similarity between tests. All tests were completed in a water depth (d) of 3.6 m and both pontoons had a draft (D) of 0.45 m, (D/d = 0.125). Standard three probe array reflection analysis [44] did not provide robust results due to the short record length imposed by the time interval taken by reflected waves to reach the wave paddle. Therefore, a multi-step process of signal analysis was developed to determine the incident and reflected wave heights from the recorded timeseries.



First, a Savitzky-Golay filter third-order polynomial was applied to eliminate any high frequency noise. Then, the incident wave timeseries was determined from the first portion of the recorded timeseries prior to wave reflections off the pontoon structure at each of the three probes. This comprised approximately 4–14 waves depending on the wave period being analysed. Wave height and period were first estimated using the zero-crossing method. An exhaustive search was done around the estimated wave to generate the optimum incident wave signal based on cross-correlation analysis of the measured and generated free surface in the time domain. This was done to determine the best fit wave period. The reflected wave free surface (ηr) was then determined using the relationship η = ηi + ηr from the latter portion of the raw wave probe time series comprising approximately 5–19 waves depending on the wave period. This was completed for each of the three trials for each wave period and each probe (i.e., single probe analysis). A representative time slice of the incident waves for each of the four wave periods tested is provided in Figure 3.





4. Results


Results are presented for both the Narrow and Wide Pontoons relative to beam-to-wavelength ratios determined from Table 3. The natural periods of heave and roll were calculated as the mean of the three plunge tests and summarized in Table 4. The natural periods are between 2 and 3 s (prototype) and do not directly coincide with any of the tested incident wave periods and therefore should not cause adverse dynamic motions.



4.1. Operational Criteria: Reflection and Transmission Coefficients


As noted in Section 3.1, dynamic motions of floating bodies are highly dependent on the relative draft-to-depth ratio (D/d), the structure beam-to-draft ratio (B/D), and the beam-to-wavelength ratio (B/L), as well as the wave direction and the degree of mooring restraint [40]. Transmission (   K t  =    H t     H i     ) and reflection (   K r  =    H r     H i     ) coefficients, where    H t    is the transmitted wave height,    H i    is the incident wave height and    H r    is the reflected wave height are summarized in Table 5 and Figure 4. Figure 4a shows wave transmission relative to wave period and includes comparative results from similar studies [6,7]. Their tests were of similar beam width (2.4 m and 4.8 m), however had much larger draft (1.7 m compared with 0.45 m used in the present study) and larger waves (0.2–1.2 m), with similar wave periods (2–5 s) and water depth (4.2 m).



While the results are presented as a function of B/L in Figure 4, there is a clear dependency on wave period indicated by the lateral shift in the Narrow and Wide results. The highest reflection (Kr = 0.60 and 0.58) occurred during the 2 s period wave (Figure 4a) with both pontoons experiencing strong interaction with the incoming waves and the fixed piles that resulted in shock accelerations as they were pushed against the pile. For longer wave periods (lower B/L values) the pontoons rode over the waves and reflection coefficients were <0.2. As shown in Figure 4b, at 2 s both pontoons tested observed effective attenuation performance with slightly better attenuation for the wider pontoon. Transmission was strongly dependent on wave period with performance being significantly reduced for wave periods greater than 2 s. For wave periods of 3 s or above, beam had minimal effect on Kt for the new tests presented here compared to previous work. Larger drafts as used in the Cox 2006 and 2007 papers resulted in more effective attenuation (smaller Kt values) of waves for similar B/L.




4.2. Operational Criteria: Peak Vertical and Lateral Acceleration


Considering patron safety and stability of floating pontoons, peak accelerations are a key operational criterion as large and short duration spikes are likely to cause loss of balance. As anticipated, the dynamic motions of the piled pontoons varied with wave period and pontoon width. There was significant wave-structure interaction (and high energy losses) that produced higher accelerations frequently exceeding the operational SML of 0.1g for the Narrow Pontoon (Figure 5a,b) compared to the Wide Pontoon (Figure 5c,d). In agreement with the Kr and Kt values presented in Figure 4, for longer wave periods (lower B/L), both pontoons acted slightly more like a floating vessel, riding over the waves, experiencing less wave-structure interaction and smaller spikes in both vertical and lateral acceleration (Figure 5).



Short duration spikes in heave and surge acceleration occurred at both the crest and trough of the wave for shorter waves, particularly when combined with the lower B/D ratio of the Narrow pontoon (Figure 5a,b vs. Figure 5c,d). To further understand the cause of these spikes, a 5 s time slice is presented in Figure 6. At the crest of the wave, the pontoon is visibly pushed against the piles creating impact acceleration spikes in surge (Figure 6a,e). In some instances, the pontoon is observed to hang briefly on the pile due to the high roll angles (Figure 6d), leading to both high heave and surge accelerations when the pontoon subsequently falls and impacts the piles at the base of the wave (Figure 6c,e). Comparison of these observations to field cases are discussed in Section 5.1.



Considering the full time period of each experimental run (approximately 189 s), peak heave (z-axis) and surge (x-axis) accelerations (0.58g and 0.65g, respectively), were as high as six times the peak SML (0.1g) while sway (y-axis) peak accelerations reached three times the SML (0.32g) for the Narrow pontoon (Figure 7). All peak accelerations exceeded the safe motion limits, with the highest accelerations recorded for the 2 s period wave (B/L ~ 0.45, Narrow, Figure 7a and B/L ~ 0.90, Wide, Figure 7b). For similar B/L, lower B/D ratios resulted in higher peak accelerations. Additionally, peak accelerations showed a stronger dependence on B/L for the Narrow Pontoon compared to the Wide Pontoon (Figure 7a vs. Figure 7b). The results presented here are in agreement with previous studies [6].



While peak accelerations shown in Figure 7 exceed the SML adopted for this study, examining the cumulative distribution functions provides further insight into the probability that a person standing on a floating pontoon would experience accelerations that exceed the safe motion limit criteria. In general, less than 5% of the data in surge or heave exceeded the peak SML = 0.1g (Figure 8). This suggests that the peaks in acceleration (Figure 7) resulted from infrequent, short duration impacts due to the pontoon/pile interaction (Figure 5 and Figure 6) rather than the interaction with the incoming wave that was observed to be minimal when examining the reflection and transmission coefficients (Figure 4). When considering the linear vector accelerations of all three axes combined (Figure 8c), the mean probability of exceeding the peak SML = 0.1g was as high as 12% for the 3 s wave on the Wide pontoon (B/L = 0.43).




4.3. Comfort Criteria: Root Mean Square (RMS) Acceleration


While peak accelerations are important to understand with respect to patron safety on floating pontoon structures, engineers must also consider the overall general movement and a person’s comfort (Table 1). The RMS acceleration of the piled-pontoon represents overall variability in motion compared to the short duration peak accelerations reported in Section 4.2.



Table 6 summarizes the mean RMS accelerations calculated for each of the axes (x-, y-, z-) based on the triplicate runs. For both pontoons, the highest RMS acceleration in both surge and heave was recorded when the beam was almost half the wavelength (B/L = 0.43 and 0.45). Similar to the observed peak accelerations (Figure 7), the RMS acceleration for surge exceeded the comfort SML (0.03g) for all tests and was as high as 0.09g. Heave RMS accelerations exceeded the SML (0.02g) for all tests apart from the 7 s period waves for both pontoons (B/L = 0.07 and 0.14). The RMS sway (y-axis) acceleration did not exceed the SML (0.03g) criteria for any of the scenarios tested. These results indicate that accelerations exceeding the SML in the direction of wave propagation (surge) and vertically (heave) for the cases tested here are primarily due to the pile-pontoon interaction rather than the wave itself (Figure 5) and are consistently large enough to cause discomfort for passengers using floating pontoons exposed to relatively small monochromatic boat wake.




4.4. Frequency of Acceleration


For public access floating pontoons it is also important to assess the frequency of acceleration as humans are more likely to have an unfavourable response to motions within a frequency band of 1–80 Hz [30,31,32]. Frequency domain filtering of the raw acceleration time series of the pontoons indicate that as the cut off frequency is increased the maximum observed peak acceleration increases. For the Narrow pontoon, accelerations exceeded the SML (0.1g) with frequencies above 1 Hz for all wave periods (2 to 7 s). For the Wide pontoon, the 3 s period wave exceeded the SML at a frequency of 1 Hz, while the other wave periods tested did not exceed the SML until a frequency of approximately 2 Hz. Additionally, [31,45] identified that there was a peak in postural instability at approximately 0.5 Hz. Maximum peak acceleration at a frequency of 0.5 Hz also exceeded the SML in the Narrow pontoon for B/L = 0.22 (0.12g in surge and 0.11g in heave) and for the Wide pontoon for B/L = 0.43 (0.10g in surge and 0.11g in heave).




4.5. Angles of Motions


Angles of rotation about the horizontal axes of floating pontoons are also an important design aspect that should be considered. Both the peak angle limit (operational SML = 6°), which may induce tipping, and the RMS angle limit (comfort criteria SML = 2° RMS), which refers to overall variability are considered here. Given the unidirectionality of the wave in the 2D flume and the piles constraining angular motion, roll (about the y-axis) was the primary angle of motion of the pontoons. Roll may be affected by a combination of natural period of roll (Table 4), wave steepness (H/L), beam-to-wavelength (B/L), beam-to-draft (B/D) (Table 2) and pontoon-wave interaction.



Analysis of the results identified roll rotations above the recommended operational SML 6° (Peak) and comfort SML 2° (RMS) limit (Figure 9a,b). For the Narrow pontoon (Figure 9a) both peak and RMS SML criteria were only exceeded after B/L exceeded 0.2 (wave period less than 5 s). For the Wide pontoon (Figure 9b) both peak and RMS SML criteria were exceeded for all tests other than the 2 s wave period (B/L = 0.9). For both pontoons, the highest roll angles observed corresponded to when the pontoon was observed to hang on the piles as the crest of the wave pushed up the front face of the pontoon (e.g., Figure 6). Comparing these results to the natural periods in heave and roll (Table 4) for both the Narrow and Wide pontoons, the roll response is not expected to have been excited adversely by the incident waves. Instead, both pontoons had the largest observed roll when B/L ~0.45.



Examining the cumulative distribution functions of roll angles (Figure 9c) there is a clear dependency in roll exceedance on B/L, with B/L approaching half a wavelength resulting in significantly higher exceedance of the SML = 6 degrees (36.27%, B/L = 0.45 Narrow and 23.22%, B/L = 0.43 Wide pontoon).





5. Discussion


5.1. Comparison to Field Measurements


The focus of these experiments was on the dynamic response of a floating piled pontoon under idealized boat wake conditions. While a Froude similitude with a length scale of 10 was chosen, scale effects should be considered. Freeman et al. [46] present preliminary findings from field testing of four pontoons around Sydney and the Shoalhaven, NSW, Australia. Orient Point pontoon, located in the Shoalhaven, most closely resembles the scaled laboratory results presented here for incident wave conditions (H = 0.3 m and T = 2 s). Orient Point is larger than the laboratory pontoons with a displacement of 18 tonnes, Beam-to-draft (B/D) ratio of 7.2, and Beam-to-wavelength (B/L) = 0.33. Dimensions of the pontoon-pile connection also differ. For comparison, laboratory scale tests B1 and B2 (Table 3) are the most similar to the field conditions of Orient Point. As with the laboratory tests presented above, field tests also exceeded the prescribed SML. Overall magnitudes of peak accelerations agree between field (~0.2–0.5g) and lab (~0.2–0.55g), however the field data showed maximum accelerations in the lateral direction rather than heave. RMS accelerations were also comparable between field (0.01–0.09g) and lab (0.02–0.09g), with both showing maximum in the surge axis. In general, the agreement between field and lab data suggests the laboratory results presented here are reasonable in terms of expected magnitudes of accelerations that would be observed in the field. Several factors may contribute to the differences in the axes of maximum acceleration including pontoon draft, dimensions, and pontoon-pile connection. Both lab and field results indicated that the peaks in lateral acceleration were resultant from the pontoon being pushed against the pile, while peaks in the vertical accelerations in the lab were linked to the pontoon hanging after the wave passes and then falling. The pontoon-pile connection—specifically the gap space between the pontoon collar and pile was not a focus of either the lab or field testing but these results suggest they should be considered in future work.




5.2. Safe Motion Limit Criteria


Floating pontoons as shown in Figure 1 are public access structures and as such, the comfort and stability of patrons should be considered during the design phase. Preliminary patron surveys undertaken during the field testing of pontoons in Sydney Harbour indicate users experience both motion sickness and discomfort [46]. Notably, field conditions presented in [46] were for predominately milder (less steep) waves and much larger pontoons than those presented here, yet patrons still experienced motions they deemed uncomfortable. In field-based situations waves can be multi-directional and a result of multiple coinciding boat wakes, as well as wind-generated waves producing far more complex seas and resultant dynamic motions. Therefore, the laboratory results of 2D dynamic motions presented here resulting from monochromatic, uni-directional waves are idealized, with patrons likely to be more adversely affected in field-based situations by complex wave environments. Additionally, the safe motion limits adopted for this study were based on literature describing able-bodied adults. Young children (<7 years) and the elderly (>65 years) also frequent public wharves and have significantly lower stability limits [24]. Considering that floating pontoons are public access structures, we advocate that the safe motion limit criteria presented here should be considered as a guideline for upper limits in design.




5.3. Beam-to-Wavelength Ratios (B/L)


Beam (B) to wavelength (L) is an important parameter that is considered by coastal engineers when designing marine structures such as floating pontoons. For small B/L, the structure will ride on the incident wave, resulting in accelerations related to the incoming wave, very little reflection, and nearly 100% transmission (Figure 4). Gaythwaite [40] identified that at a beam-to-wavelength ratio of 0.2 or less, a floating breakwater essentially follows the wave contour with little or no wave attenuation. This agrees with the laboratory data presented here, where lower values of B/L between 0.07 and 0.22 (wave periods between 5 and 7 s) saw nearly 100% transmission (Figure 4b). In contrast, large B/L (shorter waves) resulted in high reflection, low transmission (Figure 4a,b) and accelerations related to the interaction between the structure and the wave (Figure 7). Results indicate the most adverse motion response was observed when the beam approached half the wavelength (B/L = 0.43 and 0.45). The results presented here suggest that for optimizing patron comfort and safety, B/L is an important design consideration and ratios approaching 0.5 should be avoided to limit adverse accelerations and roll angles.





6. Conclusions


Floating pontoons are commonly used as public access structures in small craft harbours and as such, the comfort and safety of patrons must be considered during the design phase by coastal or maritime engineers. Here, a new set of physical laboratory experiments were presented that specifically examined the dynamic motions of two different piled box-type floating pontoons of varying beam width under monochromatic boat wake conditions with periods ranging from 2 to 7 s. The dynamic motions (accelerations and roll angles) were compared to safe motion limit criteria as defined in the literature for personal safety and comfort. The most energetic behaviour occurred for beam-to-wavelength (B/L) ratios between 0.4 and 0.5, where there was visible wave-pontoon and pontoon-pile interaction. Notably, the most adverse conditions recorded in acceleration and roll were due to pile-pontoon interaction as the pontoon was pushed against the piles or ‘hung’ off the piles as each wave passed. These consistent, but short-lived high accelerations resulted in peak accelerations in heave and surge more than six times the peak acceleration SML (0.1g) and up to 6 times the limit in RMS accelerations. Roll rotation above the 6° SML was also observed for both pontoons. Encouragingly, despite the high peaks in acceleration observed, both pontoons had only a 5% occurrence of exceeding the nominated peak safe motion limit SML of 0.1g in heave and surge, indicating that these spikes in acceleration were short-lived.



Laboratory results compared well with preliminary field testing at a single sheltered small craft pontoon exposed to boat wake with respect to the peak and RMS accelerations observed. In more diverse field situations, where multiple boat wakes may interact with each other forming complex 3D seas, as well as the presence of wind generated waves, pontoon motions are expected to be more complex. The results presented here highlight the need for more detailed understanding of the dynamic motions of public access structures, such as piled floating pontoons in order to fully consider public comfort and safety.







Author Contributions


Conceptualization, E.L.F., K.D.S., R.J.C.; methodology, E.L.F., K.D.S., R.J.C.; formal analysis, E.L.F.; writing—original draft preparation, E.L.F., K.D.S.; writing—review and editing, K.D.S., R.J.C., F.F.; visualization, E.L.F.; supervision, K.D.S., R.J.C., F.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Patron surveys were collected under UNSW ETHICS HC20003.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data may be made available upon request to the corresponding author.




Acknowledgments


This research was completed in fulfillment of a MPhil degree by E.F. and she was funded by the Australian Research Training Program. The work present here is included within her full thesis. A portion of this work has also been included in the 2022 First Place Paper in the PIANC De Paepe-Willems Award for Young Professionals submitted by E.F.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Niepert, R. Civil War Pontoon Bridges. 2018, pp. 1–8. Available online: http://www.wadehamptoncamp.org/pontoon.html (accessed on 25 August 2022).

	



BSi BS6349-6; Maritime Structures—Part 6: Design of Inshore Moorings and Floating Structures. BSI: London, UK, 2000.

	



Transport NSW. Regional Boating Plan Sydney Harbour Region; 2014. Available online: https://maritimemanagement.transport.nsw.gov.au/documents/sydney-harbour-regional-boating-plan.pdf (accessed on 25 August 2022).

	



Zidan, A.R.; Rageh, O.S.; Sarhan, T.H.E.; El-Sharabasy, M.M. Wave interaction with single and twin pontoons. In Proceedings of the Sixteenth International Water Technology Conference, IWTC 1, Istanbul, Turkey, 7–10 May 2012; pp. 1–21. [Google Scholar]

	



Williams, A.N.; Lee, H.S.; Huang, Z. Floating Pontoon Breakwaters. Ocean Eng. 2000, 27, 221–240. [Google Scholar] [CrossRef]

	



Cox, R.; Coghlan, I.; Kerry, C. Floating breakwater performance in irregular waves with particular emphasis on wave transmission and reflection, energy dissipation, motion and restraining forces. In Proceedings of the International Conference on Coastal Structures, Venice, Italy, 2–4 July 2007; Volume 1, pp. 351–362. [Google Scholar]

	



Cox, R.; Beach, D. Floating breakwater performance—Wave transmission and reflection, energy dissipation, motions and restraining forces. In Proceedings of the 1st International Conference on Application of Physical Modelling to Port and Coastal Protection, Porto, Portugal, 8–10 May 2006; pp. 1–10. [Google Scholar]

	



Freeman, E.; Splinter, K.; Cox, R. Floating breakwaters as public platforms—Impact on postural stability. In Proceedings of the International Coastal Engineering Conference, Baltimore, MD, USA, 30 July–3 August 2018; Volume 36. [Google Scholar]

	



Xiang, T.; Istrati, D. Assessment of Extreme Wave Impact on Coastal Decks with Different Geometries via the Arbitrary Lagrangian-Eulerian Method. J. Mar. Sci. Eng. 2021, 9, 1342. [Google Scholar] [CrossRef]

	



Istrati, D.; Buckle, I.; Lomonaco, P.; Yim, S. Deciphering the Tsunami Wave Impact and Associated Connection Forces in Open-Girder Coastal Bridges. J. Mar. Sci. Eng. 2018, 6, 148. [Google Scholar] [CrossRef]

	



Huang, Z.; He, F.; Zhang, W. A Floating Box-Type Breakwater with Slotted Barriers. J. Hydraul. Res. 2014, 52, 720–727. [Google Scholar] [CrossRef]

	



Cheng, Y.; Ji, C.; Zhai, G.; Oleg, G. Dual Inclined Perforated Anti-Motion Plates for Mitigating Hydroelastic Response of a VLFS under Wave Action. Ocean Eng. 2016, 121, 572–591. [Google Scholar] [CrossRef]

	



Ji, C.Y.; Chen, X.; Cui, J.; Gaidai, O.; Incecik, A. Experimental Study on Configuration Optimization of Floating Breakwaters. Ocean Eng. 2016, 117, 302–310. [Google Scholar] [CrossRef]

	



Ji, C.; Xiang, C.; Jie, C.; Zhi-Ming, Y.; Atilla, I. Experimental Study of a New Type of Floating Breakwater. Ocean Eng. 2015, 105, 295–303. [Google Scholar] [CrossRef]

	



Freeman, E.L.; Cox, R.J.; Splinter, K.D. Suitable Criteria for Safe Motion Limits of a Floating Pontoon Relative to the Postural Stability of a Stationary Standing Person. In Proceedings of the Coasts and Ports Conference, Cairns, Australia, 21–23 June 2017; pp. 21–23. [Google Scholar]

	



Isaacson, M.; ASCE, M.; Byres, R. Floating breakwater response to wave action. In Proceedings of the 21st Conference on Coastal Engineering, Malaga, Spain, 20–25 June 1988; pp. 2189–2200. [Google Scholar] [CrossRef]

	



Sannasiraj, S.A.; Sundar, V.; Sundaravadivelu, R. Mooring Forces and Motion Responses of Pontoon-Type Floating Breakwaters. Ocean Eng. 1998, 25, 27–28. [Google Scholar] [CrossRef]

	



Koutandos, E.; Prinos, P.; Gironella, X. Floating Breakwaters under Regular and Irregular Wave Forcing: Reflection and Transmission Characteristics. J. Hydraul. Res. 2005, 43, 174–188. [Google Scholar] [CrossRef]

	



Hageman, P.A.; Leibowitz, J.M.; Blanke, D. Age and Gender Effects on Postural Control Measures. Arch. Phys. Med. Rehabil. 1995, 76, 961–965. [Google Scholar] [CrossRef]

	



Forssberg, H.; Nashner, L.M. Ontogenetic Development of Postural Control in Man: Adaptation to Altered Support and Visual Conditions during Stance. J. Neurosci. 1982, 2, 545–552. [Google Scholar] [CrossRef]

	



Riach, C.; Starkes, J. Stability Limits of Quiet Standing Postural Control in Children and Adults. Gait Posture 1993, 1, 105–111. [Google Scholar] [CrossRef]

	



MacRae, P.G.; Lacourse, M.; Moldavon, R. Physical Performance Measures That Predict Faller Status in Community-Dwelling Older Adults. J. Orthop. Sports Phys. Ther. 1992, 16, 123–128. [Google Scholar] [CrossRef]

	



Blaszczyk, J.; Lowe, D.; Hansen, P. Ranges of Postural Stability and Their Changes in the Elderly. Gait Posture 1994, 2, 11–17. [Google Scholar] [CrossRef]

	



Assaiante, C. Development of Locomotor Balance Control in Healthy Children. Neurosci. Biobehav. Rev. 1998, 22, 527–532. [Google Scholar] [CrossRef]

	



Stevens, S.C.; Parsons, M.G. Effects of Motion at Sea on Crew Performance: A Survey. Mar. Technol. Sname News 2002, 39, 29–47. [Google Scholar] [CrossRef]

	



Nordforsk. Assessment of Ship Performance in a Seaway: The Nordic Co-Operative Project: “Seakeeping Performance of Ships”; Nordforsk: Oslo, Norway, 1987; ISBN 978-8-79826-371-5. [Google Scholar]

	



NATO STANAG 4154; Edition 3 Common Procedures for Seakeeping in the Ship Design Process. NATO: Washington, DC, USA, 2000.

	



NSW Maritime. NSW Maritime Engineering Standards and Guidelines for Maritime Structures; NSW Maritime: Sydney, NSW, Australia, 2005.

	



de Graaf, B.; van Weperen, W. The Retention of Balance: An Exploratory Study into the Limits of Acceleration the Human Body Can Withstand without Losing Equilibrium. Hum. Factors J. Hum. Factors Ergon. Soc. 1997, 39, 111–118. [Google Scholar] [CrossRef]

	



Brown, L.A.; Jensen, J.L.; Korff, T.; Woollacott, M.H. The Translating Platform Paradigm: Perturbation Displacement Waveform Alters the Postural Response. Gait Posture 2001, 14, 256–263. [Google Scholar] [CrossRef]

	



Nawayseh, N.; Griffin, M.J. Effect of Frequency, Magnitude and Direction of Translational and Rotational Oscillation on the Postural Stability of Standing People. J. Sound Vib. 2006, 298, 725–754. [Google Scholar] [CrossRef]

	



Baker, W.D.R.; Mansfield, N.J. Effects of Horizontal Whole-Body Vibration and Standing Posture on Activity Interference. Ergonomics 2010, 53, 365–374. [Google Scholar] [CrossRef]

	



Matsangas, P.; McCauley, M.E.; Gehl, G.; Kiser, J.; Bandstra, A.; Blankenship, J.; Pierce, E. Motion-Induced Interruptions and Postural Equilibrium in Linear Lateral Accelerations. Ergonomics 2014, 57, 679–692. [Google Scholar] [CrossRef] [PubMed]

	



American Bureau of Shipping. ABS Guide for Passenger Comfort on Ships; American Bureau of Shipping: Houston, TX, USA, 2014. [Google Scholar]

	



Shupak, A.; Gordon, C.R. Motion Sickness: Advances in Pathogenesis, Prediction, Prevention, and Treatment. Aviat. Space Environ. Med. 2006, 77, 1213–1223. [Google Scholar] [PubMed]

	



Rosen, D.S.; Kit, E. A Simulation method for small craft harbour models. In Proceedings of the 19th International Conference on Coastal Engineering, Houston, TX, USA, 3–7 September 1984; pp. 2985–3000. [Google Scholar]

	



Powell, J.P.; Palacín, R. Passenger Stability Within Moving Railway Vehicles: Limits on Maximum Longitudinal Acceleration. Urban Rail Transit 2015, 1, 95–103. [Google Scholar] [CrossRef]

	



Zhao, X.L.; Ning, D.Z.; Liang, D.F. Experimental Investigation on Hydrodynamic Performance of a Breakwater-Integrated WEC System. Ocean Eng. 2019, 171, 25–32. [Google Scholar] [CrossRef]

	



Christensen, E.D.; Bingham, H.B.; Skou Friis, A.P.; Larsen, A.K.; Jensen, K.L. An Experimental and Numerical Study of Floating Breakwaters. Coast. Eng. 2018, 137, 43–58. [Google Scholar] [CrossRef]

	



Gaythwaite, J. Design of Marine Facilities Chapter 9 Floating Port Structures; ASCE: Reston, VA, USA, 2016; pp. 473–524. [Google Scholar] [CrossRef]

	



Tabatabaei, S.M.R.; Zeraatgar, H. Performance Comparison of Two Similar Pontoons as Floating Breakwater Using a Spectral Approach Based on an Experiment in Regular Waves. J. Hydraul. Res. 2019, 58, 888–898. [Google Scholar] [CrossRef]

	



LP-Research LPMS-B2 Reference Manual 2016. Available online: https://lp-research.com/wp-content/uploads/2020/03/20200310LpmsB2HardwareManual.pdf (accessed on 25 August 2022).

	



Patterson Britton and Partners Sydney Metro Fore-and-Aft Moorings Study. 1987.

	



Mansard, E.P.D.; Funk, E.R. The measurement of incident and reflected spectra using a least squares method. In Proceedings of the 17th International Conference on Coastal Engineering, Sydney, Australia, 23–28 March 1980; American Society of Civil Engineers: Reston, VA, USA, 1980; pp. 154–172. [Google Scholar]

	



Sari, M.; Griffin, M. Effect of hand support on discomfort or difficulty when walking and perturbed by lateral oscillation. In Proceedings of the Conference on Human Responses to Vibration, Iowa City, IA, USA, 1–4 June 2010; pp. 6–8. [Google Scholar]

	



Freeman, E.L.; Splinter, K.D.; Cox, R.J. Dynamic motions of piled floating pontoons in the field and the influence on postural stability. In Proceedings of the Coasts and Ports 2021 Conference, Christchurch, New Zealand, 30 November–3 December 2021. [Google Scholar]








[image: Jmse 10 01633 g001 550] 





Figure 1. A ferry commuter floating pontoon located at McMahons Point in Sydney Harbour, Australia. 
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Figure 2. Photo of Narrow Pontoon Showing Seaward Face, Pile Mooring System and Positioning of Five IMU. The 6-degrees of freedom are also shown. 
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Figure 3. Example incident band water surface elevation timeseries, ηi, for each of the four wave periods tested. Prototype scale. 
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Figure 4. Variation of (a) Reflection and (b) Transmission Coefficients versus Beam-to-wavelength (B/L) for the Narrow and Wide Pontoon based on monochromatic boat wake (H = 0.3 m) for a draft of 0.455 m. Repeat tests are included as dots with lines representing the average. For comparison, available Kt and Kr values for similar studies [6,7] are included, noting that the draft in [6,7] was 1.7 m and this affects the movement of the structure. 
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Figure 5. Twenty-second time slice of raw acceleration versus time: (a) Narrow Pontoon Heave Acceleration; (b) Narrow Pontoon Surge Acceleration; (c) Wide Pontoon Heave Acceleration; and (d) Wide Pontoon Surge Acceleration. The horizontal red dashed line indicates the Safe Motion Limit of 0.1 g. 






Figure 5. Twenty-second time slice of raw acceleration versus time: (a) Narrow Pontoon Heave Acceleration; (b) Narrow Pontoon Surge Acceleration; (c) Wide Pontoon Heave Acceleration; and (d) Wide Pontoon Surge Acceleration. The horizontal red dashed line indicates the Safe Motion Limit of 0.1 g.
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Figure 6. Time slice of Narrow Pontoon during the 2 s wave test. (a–d) Snap shots of pontoon motion and Sensor 1 heave and surge accelerations. 
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Figure 7. Peak in Single (Surge, Heave and Sway) Axis of Acceleration Plotted Against Beam-to-wavelength Ratio and Compared Against the Safe Motion Limit of 0.1g. (a) Narrow Pontoon and (b) Wide Pontoon. Range between 5 sensors and 3 test repetitions shown by vertical lines and solid symbol being the average of the 15 results. 
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Figure 8. Cumulative probability distributions of measured accelerations of all 5 sensors for (a) surge; (b) heave; and (c) vector. 






Figure 8. Cumulative probability distributions of measured accelerations of all 5 sensors for (a) surge; (b) heave; and (c) vector.



[image: Jmse 10 01633 g008]







[image: Jmse 10 01633 g009 550] 





Figure 9. Peak and RMS Roll Plotted Against Beam-to-wavelength for: (a) Narrow Pontoon and (b) Wide Pontoon. Upper red dashed lines show peak SML and lower green dashed line RMS SML. Range between 5 sensors and 3 test repetitions shown by vertical lines and solid symbol being the average of the 15 results. (c) Presents the CDF of the Peak Roll for all sensors and tests. 
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[image: Jmse 10 01633 g009]







[image: Table] 





Table 1. Safe Motion Limits (SML) adopted for this study as relevant for older children and adults (ages 7–65 years).
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	Criteria
	Limit
	Reference





	Operation (Peak values)
	
	



	Peak Vertical Acceleration
	0.1g
	[28]



	Peak Lateral Acceleration
	0.1g
	[27,28,37]



	Peak Angle of Tilt
	6 degrees
	[36]



	Comfort (RMS values)
	
	



	RMS Vertical Acceleration
	0.02g
	[25,26]



	RMS Lateral Acceleration
	0.03g
	[26]



	RMS Roll
	2°
	[25,26]
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Table 2. Physical characteristics of the two pontoons tested. All values provided in prototype.
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	Pontoon Measurements
	Narrow Pontoon
	Wide Pontoon





	Beam [m]
	2.83
	5.63



	Length [m]
	5.59
	5.59



	Draft [m]
	0.455
	0.455



	Metacentric Height (GM) [m]
	1.23 m
	5.58 m



	Radius of Gyration, roll (K) [m]
	0.83
	1.63



	Displacement [Tonnes of water displaced]
	7.41 tonnes
	14.75 tonnes
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Table 3. Monochromatic Wave Testing Parameters (Prototype Scale).
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	Test ID
	Wave Period

T (s)
	Wave Height

H (mm)
	Beam

B(m)
	Draft

D(m)
	Depth

d(m)





	B1
	2
	300
	2.83
	0.45
	3.6



	B2
	3
	310
	2.83
	0.45
	3.6



	B3
	5
	290
	2.83
	0.45
	3.6



	B4
	7
	320
	2.83
	0.45
	3.6



	B5
	2
	300
	5.63
	0.45
	3.6



	B6
	3
	310
	5.63
	0.45
	3.6



	B7
	5
	290
	5.63
	0.45
	3.6



	B8
	7
	320
	5.63
	0.45
	3.6
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Table 4. Summary of Experimental Natural Period (prototype) in Heave and Roll for Both the Narrow and Wide Pontoons Constrained by Piles.
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	Natural Period (s)
	Narrow
	Wide





	TN—heave
	2.44
	2.61



	TN—roll
	2.91
	2.64
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Table 5. Monochromatic Wave Testing Results Including Transmission and Reflection Coefficients (Prototype Scale).
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	Test ID
	Wavelength

L (m)
	Wave Steepness

H/L
	Water Depth to Wavelength d/L
	Beam-to-Wavelength B/L
	Transmission

Kt = Ht/Hi
	Reflection

Kr = Hr/Hi





	B1
	6.23
	0.048
	0.58
	0.45
	0.38
	0.57



	B2
	13.17
	0.024
	0.27
	0.22
	0.94
	0.10



	B3
	26.85
	0.011
	0.13
	0.11
	0.93
	0.15



	B4
	39.59
	0.008
	0.09
	0.07
	0.94
	0.20



	B5
	6.23
	0.048
	0.58
	0.90
	0.26
	0.58



	B6
	13.17
	0.024
	0.27
	0.43
	0.96
	0.13



	B7
	26.85
	0.011
	0.13
	0.21
	0.93
	0.17



	B8
	39.59
	0.008
	0.09
	0.14
	0.99
	0.21
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Table 6. Root Mean Square (RMS) Acceleration in x-, y-. and z-axis for each of the tested wave periods for Narrow and Wide Pontoons. All values given in g. Bold indicates exceedance of SML.
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Axis and Test ID

	
SML Acceleration Criteria (g)

	
B/L




	
0.07

	
0.11

	
0.14

	
0.21

	
0.22

	
0.43

	
0.45

	
0.90




	
Test ID

	

	
B4

	
B3

	
B8

	
B7

	
B2

	
B6

	
B1

	
B5






	
ax surge

	
0.03

	
0.04

	
0.04

	
0.04

	
0.06

	
0.05

	
0.07

	
0.09

	
0.05




	
ay sway

	
0.03

	
0.01

	
0.02

	
0.01

	
0.01

	
0.02

	
0.02

	
0.03

	
0.02




	
az heave

	
0.02

	
0.02

	
0.06

	
0.02

	
0.03

	
0.06

	
0.04

	
0.06

	
0.03
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