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ABSTRACT

While ships evolve constantly, berthing velocity curves developed during the 1970s are still embedded in the design of marine structures.  Associated safety factors for the design of fender systems have not been verified and validated by measurement campaigns. In this study, field observations of modern large seagoing vessels during berthing manoeuvres in Bremerhaven, Rotterdam and Wilhelmshaven were used to evaluate safety factors for berthing energy and berthing impact loads in line with the Eurocode design philosophy. Berthing velocities were examined for several types and categories of vessels at various berths and under different operational conditions, resulting in an increased understanding of the factors influencing berthing energy. Navigation conditions were accounted for by differentiating factors such as vessel characteristics, environmental conditions and berthing policy. The results show that characteristic values of berthing velocity with a return period of 50 years are in line with design recommendations in the relevant literature. Design values of berthing velocity are quite sensitive to the number of berthing operations during the service life of a marine structure. The measured berthing velocities largely depend on the general berthing regulations and local experience of pilots and navigational aids. Due to newly acquired insights, some historically embedded hypotheses will need to be reconsidered. For instance, the assumption that berthing velocities are correlated to the size of large seagoing vessels could not be confirmed based on the measurements for ships larger than 30,000 DWT. The key findings of this study are useful for the design of new berthing facilities and for the assessment of existing marine structures. It is highly recommended to update the PIANC 2002 guideline titled ‘Berthing velocities and fender design’ in the upcoming years.
 
1. INTRODUCTION
[bookmark: _GoBack] Marine structures, such as quay walls, jetties and flexible dolphins, are required all over the world to accommodate ships’ berthing, mooring and loading operations. During the service life of a marine structure, functional requirements may change. These changes often result in uncertainty regarding the actual berthing energy of vessels and structural integrity of marine structures, especially if the size of the design vessels due to modified operational requirements increases at existing berthing facilities [15]. The current design guidelines for assessing berthing energy, such as PIANC [17], British Standards [4], EAU [6] and Spanish ROM [13], propose to use safety factors for abnormal berthing. These recommendations are not based on a semi-probabilistic design method and do not include partial factor analyses of individual parameters. Hence, it is not clear how resultant fender forces derived from such analyses should be applied in accordance with the design philosophy of the Eurocode Standards [10].
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Metzger et al. [9] stated that load demands on berthing structures are not well understood due to a lack of information about berthing parameters. Therefore, there is a strong need to determine corresponding design values for these parameters and partial safety factors by using field observations. Although design guidelines recommend to collect comprehensive berthing records, data are mostly not available. Ueda et al. [19] showed that berthing velocity is the crucial design parameter in defining berthing energy. The port authorities of Bremerhaven [7] and Rotterdam [14] therefore decided to start a measurement campaign on berthing velocity in order to evaluate and validate the performance of existing berthing facilities and the design guidance of EAU and PIANC. The objective of this campaign was to validate the berthing velocity curves given by the  EAU and PIANC, presented in Figure 1, for modern vessels.


[bookmark: _Ref436467031][bookmark: _Toc437955937][bookmark: _Ref467479498]Figure 1: Berthing velocity curves of PIANC 2002 (Brolsma curves [2]) and EAU 2012 as a function of navigation conditions and vessel size [14]

The berthing velocities given by the PIANC and the EAU ‒ EAU values are based on the ROM recommendations ‒ represent berthing velocities with a return period of 30 and 50 years, respectively [1] ,[15]. Since the development of the Brolsma curves in the 1970s, new measurements of berthing velocities have become available [7], [14], [20]. These studies resulted in a better understanding of various factors influencing berthing velocity. The most important conclusion was that the collected data do not confirm the historical assumption that berthing velocities are strongly related to ship dimensions of large seagoing vessels. Where berthing records are available, existing design guidelines do not provide explicit recommendations with regard to the statistical examination of berthing velocities. It is therefore mostly unclear how the results of field observations could be incorporated in the design process. 

This paper aims to provide guidance on the use of field observations in the assessments of marine structures. It should be noted that ship collision impact is not taken into consideration in this study [18]. During the study, recently recorded field observations of berthing velocity in the ports of Bremerhaven, Rotterdam and Wilhelmshaven were used to determine theoretical design berthing velocities and corresponding partial safety factors in accordance with the Eurocode Standard [10].



1. GENERAL PRINCIPLES OF BERTHING ENERGY AND IMPACT
The objective of this section is to elucidate the definition of berthing energy E and the associated resulting berthing impact load F. The berthing energy is generally calculated using the following equation:
	
	
	(1) 



in which:
Ekin 	Kinetic energy [kNm] 
	M	Mass of vessel/water displacement [tonnes]
	ν	Total translation velocity of centre of mass at time of first contact [m/s]
	Cm	Virtual mass factor [-]
	Cs	Ship flexibility factor [-]
	Cc	Waterfront structure attenuation factor [-]
CE	Eccentricity factor [-]
 
PIANC berthing velocity curves are widely used by the industry to determine the ‘normal’ berthing energy. Given a normal berthing energy, a berthing impact factor Cab is applied to derive an abnormal berthing energy. An overview of abnormal berthing factors in literature is given in Table 1.
	
	
	(2) 


in which:
Eabnormal 		Abnormal berthing energy [kNm]
Cab 		Abnormal berthing factor [-]
Enormal 		Normal berthing energy [kNm]

[bookmark: _Ref500164322]Table 1: Abnormal berthing factor Cab [-] in literature. 
	Ship type
	Size
	PIANC [17] 
	EAU [6]
	BS 6349-4 [4]
	ROM [13]
	OCDI [16]
	EN 1990 [10]

	Tankers
	Largest-Smallest
	1.25-2.00
	1.25-2.001
	-
	2.00
	-
	-

	Bulkers
	Largest-Smallest
	1.25-2.00
	1.25-2.001
	-
	2.00
	-
	-

	Container
	Largest-Smallest
	1.50-2.00
	1.50-2.001
	-
	2.00
	-
	-

	General Cargo
	-
	1.75
	1.751
	1.502
	2.00
	-
	-

	RoRo, ferries
	-
	≥ 2.00
	≥ 2.001
	-
	2.00
	-
	-

	Tugs, workboats
	-
	2.00
	2.001
	-
	2.00
	-
	-

	LNG, LPG
	-
	-
	-
	2.00
	2.00
	-
	-

	Island berth
	-
	-
	-
	2.00
	2.00
	-
	-


1) Based on PIANC 2002 [17] 
2) Continuous quay handling conventional cargo vessels

The berthing impact load F  to which a marine structure is subjected is a function of the kinetic energy absorbed by the berthing system and of its deformation characteristics δ [13], [15]. Given a certain berthing velocity, the resulting berthing impact load largely depends on the stiffness of the marine structure and the soil conditions [13]. When significant softening occurs between a characteristic berthing impact load (service limit state) and a design berthing impact load (ultimate limit state), a reduction of the partial factor  could be considered, for instance in the design of flexible dolphins equipped with cone fenders. The effect of softening on energy absorption due to linear and non-linear behaviour is illustrated in Figure 2. When the hatched areas below the linear (left) and non-linear (right) load-deflection curve are equal, the design berthing impact load Fd is lower in the case of softening. 


	
	 
	(3) 


in which:
F 	Berthing impact load [kN] 
	δ	Deflection of berthing structure [m]


Fd
Fd 
Ekin;linear
Deflection δ 
Deflection δ 
Berthing impact load F
Berthing impact load F
Ekin;non-linear

[bookmark: _Ref500158848]Figure 2: Linear system (left) and non-linear system with significant softening (right)
 
1. [bookmark: _Toc467410372]MATERIAL & METHODS
3.1	Data collection
Approximately 1950 records of berthing operations were collected in Germany (#1393) [7] and the Netherlands (#555) [14]. Various types of vessels, berths and navigation conditions were represented in the datasets. All berthing records were collected in well-organised port environments, namely Bremerhaven (1235), Rotterdam (555) and Wilhelmshaven (158). An overview of the collected data is given in Table 2. The berths in Bremerhaven were classified as exposed and berthing operations seemed to be influenced by strong tidal currents; the tidal range is typically about 3.8 m with tidal currents of 2.5–3.5 knots. All other berths were classified as sheltered. 

[bookmark: _Ref441426390][bookmark: _Toc437955973]Table 2: Overview of field observations of berthing velocity [15]
	Ship type
[-]
	
	n
[-]
	vµ
[cm/s]
	vmax
[cm/s]
	Berth type
[-]
	Berthing aids
[-]
	Wind
[-]
	Waves
[-]
	Current
[-]

	Container
	□
	177
	4.0
	10
	Closed quay 
	None
	High
	Sheltered
	Low

	Tankers
	○
	329
	4.3
	12
	Jetty / dolphin
	PPU/ docking system
	High
	Sheltered
	Low

	Bulkers
	◊
	144
	4.4
	13
	Closed quay
	Portable pilot units
	High
	Sheltered
	Low

	Container
	□
	1235
	6.6
	26
	Closed quay 
	None
	High
	Exposed
	High






3.2	Partial factors
A probabilistic study by Ueda et al. [19] showed that the contribution of berthing velocity to the uncertainty in kinetic berthing energy was approximately 85%, indicating that safety factors should be applied predominantly to berthing velocity. When defining kinetic berthing energy, berthing velocity is assumed to be the only stochastic variable in Equation (1). The partial factors derived in the present research were therefore applied to a characteristic value of berthing velocity. The partial factor γv was defined as the ratio between a design berthing velocity vd and a characteristic berthing velocity vk [15]: 

	
	
	(4) 


in which:
γv 	Partial factor for berthing velocity [-]
vd	Design value of berthing velocity [cm/s]
vk 	Characteristic value of berthing velocity [cm/s]

OCDI [16] and Roubos et al. [14] statistically examined field observations of single berthing velocities. Both studies showed that a distribution fit of the low-probability tail was closer to a Weibull distribution F(x;λ,k) than to a normal or lognormal distribution. In the present study, the characteristic and design values of berthing velocities were therefore described using a Weibull distribution fit on the basis of maximum likelihood estimation. Assuming that the number of berthings per year n and the required target reliability βd during a certain reference period tref are known, characteristic vk and design berthing velocities vd were established by extrapolating the Weibull distribution fit.

	
	
	(5) 

	
	 
	(6) 


in which:
λ	Scale parameter Weibull distribution [cm/s] 
k	Shape parameter Weibull distribution [-] 
TR	Return period [years]
n	Number of berthings per year [-]
αS	Sensitivity factor for dominating load/solicitation [-]
	βd	Target reliability index [-]
	Φ-1	Inverse of standard normal distribution function [-]
tref	Reference period [years]

In the present study, characteristic berthing velocities had a return period of 50 years representing a time-variant berthing velocity with a 2% probability of being exceeded during a reference period of one year. This is in accordance with the recommendations of the ROM [13] and EAU [6], whereas the Brolsema curves [2] in PIANC 2002 [17] and the BS2394 [4] represents a reference period of 30 years. For comparison, the number of berthings was set at approximately 100 berthings of a design vessel per year. This is similar to the underlying assumption of the berthing velocity curves derived by Brolsma et al. [2]. 

A design value for berthing velocity is typically selected such that a marine structure has sufficient reliability (or a sufficiently low probability of failure). Target reliability indices βd and importance factors αS are generally prescribed in design codes, such as Eurocode Standards [10] and ISO 2394 [8]. The target reliability indices for the different Reliability Classes RC1, RC2 and RC3 are 3.3, 3.8 and 4.2, respectively. For non-dominant and dominant loads αS are is typically 0.4 and 0.7, respectively [5], [8].

When establishing extreme berthing velocities from field observations, the size of the datasets was of significant importance, because extreme berthing velocities are influenced by the fit of the low probability tail of an extreme value distribution to field observations. In the present study, three large datasets were developed, namely ‘All tankers’, ‘All sheltered’ and ‘All exposed’. The dataset of all tankers is a subset of the dataset all sheltered and represents the use of berthing aid systems, such as portable pilot units (PPU) and fixed shore-based laser docking systems. The use of berthing aid systems could reduce the probability of extreme/ uncontrolled berthing events. Further, the available data were subdivided into sheltered and exposed navigation conditions. An overview of the datasets is given in Table 3. The reader is referred to the studies of Hein [7] and Roubos et al. [15] for further details. 

[bookmark: _Ref467070989][bookmark: _Ref500246360]Table 3: Large datasets
	Large datasets
[-]
	n
[-]
	vµ
[cm/s]
	
[cm/s]
	k
[-]
	Berth type
[-]
	Berthing aids
[-]
	Wind
[-]
	Waves
[-]
	Current
[-]

	All tankers ○1
	392
	4.6
	5.2
	2.69
	Open
	PPU/dock. system
	High
	Sheltered
	Low

	All sheltered ∆
	713
	4.4
	4.9
	2.28
	Mixture
	Mixture
	High
	Sheltered
	Low

	All exposed □
	1235
	7.1
	7.4
	1.61
	Closed 
	None
	High
	Exposed
	High

	All data
	1948
	6.6
	6.4
	1.57
	Mixture
	Mixture
	High
	Mixture
	Mixture


[bookmark: _Ref461693787][bookmark: _Ref461693860][bookmark: _Ref461709357][bookmark: _Ref461709364][bookmark: _Toc467410374]1) Dataset is a subset of all sheltered

1. RESULTS
4.1	Extreme berthing velocities
In this study the characteristic and design berthing velocities were derived by direct interpolation of a Weibull distribution fit to large datasets of Table 3, and hence the associated partial factors were determined. The results are given in Table 4. 
[bookmark: _Ref461443542][bookmark: _Ref467417759][bookmark: _Ref469142191][bookmark: _Ref467417751]Table 4: Extreme berthing velocities individual vessel classes and partial factors in accordance with reliability classes of EN1990 [15]
	
	kDWT
	n1
	max2
	Extreme berthing velocities[ cm/s]
	Partial factors [-]

	Reliability class
	
	
	
	vk
	
	
	
	RC1
	RC2
	RC3
	RC1
	RC2
	RC3

	TR [Years]
	
	
	
	50
	100
	475
	1000
	4750
	12,500
	38,250
	
	
	

	All tankers ○
	60-319
	932
	12
	11.5
	11.8
	12.6
	12.9
	13.5
	13.9
	14.3
	1.17
	1.20
	1.24

	All sheltered ∆
	7-365
	713
	13
	12.6
	13.1
	14.0
	14.4
	15.2
	15.7
	16.3
	1.21
	1.25
	1.29

	All exposed □
	7-195
	1235
	26
	26.4
	27.7
	30.4
	31.6
	34.1
	35.6
	37.2
	1.29
	1.34
	1.41

	All data
	60-319
	1948
	26
	25.0
	26.3
	29.1
	30.4
	32.9
	34.4
	36.2
	1.31
	1.38
	1.44


[bookmark: _Ref437340500][bookmark: _Ref437340477][bookmark: _Toc437955979]1) Number of field observations
2) Maximum measured berthing velocity

Figure 3 shows that the Weibull distribution fits to the datasets of ‘all tankers’ and ‘all sheltered’ navigation conditions slightly underestimate low probability berthing velocities. This was considered acceptable, because the highest measured berthing velocities were caused by fairly conservative measurements, for example small seagoing tankers and large seagoing bulkers [14]. The dataset ‘All exposed’ contains numerous berthing velocities just below 20 cm/s [7], as well as two higher berthing velocities of 25 and 26 cm/s (Figure 3) [15]. 
[image: ]
[bookmark: _Ref467412543]Figure 3: Probability of exceedance plot large datasets [15]

4.2	Sensitivity analysis
When assessing design values for berthing velocity in accordance with equation (6), the effect of alternative target reliability indices, reference periods and berthing frequency could be taken into consideration. In this section the influence of these aspects on the design value for berthing velocity is presented in the next figures. Figure 4 shows the influence of the number of berthings n. When the number of berthings per years is equal to 10 instead of earlier assumed 100 a reduction of 7-12% in the design value was found. In accordance with NEN8700 [11] the assessment of existing structures is generally performed using an alternative reference period and target reliability index. For the reliability level for disapproval in accordance with reliability class RC1 an alternative reference period of 15 years is suggested for variable loads in combination with a target reliability index of 2.5. Figure 5 shows that a change in reference period from 50 to 15 years leads to a 5-7% decrease in the design value for berthing velocity and a change in target reliability index from 3.3 to 2.5 leads to a 4-7% decrease (Figure 6). 
 
[bookmark: _Ref500244008]Figure 4: Influence of number of berthing’s per year n compared to n=100, tref=50 years and βd=3.3


[bookmark: _Ref500244742]Figure 5: Influence alternative reference periods tref compared to n=100, tref=50 years and βd=3.3


[bookmark: _Ref500244839]Figure 6: Influence alternative target reliability indices βd compared to n=100, tref=50 years and βd=3.3

Example: Suppose that the original design of a marine structure in sheltered navigation conditions is based on a berthing frequency of n=100, a reference period tref=50 years and a target reliability index of βd=3.3. During the service life the actual berthing frequency of the design vessels appeared to be n=10. If a reference period of 15 years is considered in combination with a reliability index of 2.5, the design value for the berthing velocity is approximately 20% lower compared to the original design (tref=50 years and βd=3.3). In case of exposed navigation conditions the same analysis leads to a decrease of approximately 30%. 
 
 
1. DISCUSSION
5.1	How to use berthing velocity records and partial factors in the design
This section discusses how to implement field observations of berthing velocity and partial factors in structural assessments of marine structures subject to berthing impact loads. The process to derive a design berthing impact load is illustrated in Figure 7. On the left side the partial factor γv is applied to the characteristic berthing velocity vk and on the right side to characteristic berthing impact load using the suggested partial factor γQ  by design codes and standards, such as EN 1990. The flowchart starts with the determination of a characteristic berthing velocity vk by using field observations. 





Determine design berthing impact load FS= γSd Fv




Determine characteristic berthing velocity vk based on berthing velocity records
Determine design berthing velocity vd = γv vk 
Determine characteristic berthing impact load Fk
Determine design berthing impact load FQ= γQ Fk 
Determine associated berthing impact load Fv
Assess characteristic berthing energy Ekin;k
Assess design berthing energy Ekin;d
Assess governing design berthing impact load Fd with maximum effect on marine structure 


[bookmark: _Ref467329738]Figure 7: Global flowchart assessing berthing impact on a marine structure [15]

The derivation of partial factor γv was based on a statistical examination of comprehensive datasets of representative field observations. However, γv does not take uncertainty in modelling the effects of loads into account, while γQ complies with design codes and standards - such as EN 1990 [10], ROM [12] or BS2394 [3] - and already includes model uncertainty. In analogy with the Eurocode Standard, equation 6.2 of EN1990, an additional partial factor γSd ≈ 1.05 for berthing impact load Fv needs to be applied. It should be noted that the governing berthing impact load Fd depends on the type of berthing structure [15] and the values of partial factors γv, γSd and γQ. Typical values for γQ  are 1.35, 1.5 and 1.65 for RC1, RC2 and RC3, respectively. 
[bookmark: _Ref469142130][bookmark: _Ref469143167]Table 5 presents generalised partial factors for berthing velocities γv as concluded in this study for large seagoing vessels. It should be noted that γv is proportional to. For the dataset of sheltered navigation conditions, lower partial factors were found compared to the dataset of exposed navigation conditions (strong tidal currents). The use of berthing aid systems resulted in even lower design velocities and lower partial factors. 

[bookmark: _Ref469166441]


Table 5: Partial factor v for berthing velocity (vk) and abnormal berthing factor Cab for berthing energy (Ek) given well-organised navigation conditions
	Navigation conditions
	Pilot assistance
	Symbol
	Reliability class EN 1990

	
	
	
	RC1
	RC2
	RC3

	
	
	
	

	Sheltered and monitored1
	Yes
	v
	1.15
	1.20
	1.25

	
	
	Cab
	1.35
	1.45
	1.55

	
	
	
	
	
	

	Sheltered
	Yes
	v
	1.20
	1.25
	1.30

	
	
	Cab
	1.45
	1.55
	1.70

	
	
	
	
	
	

	Exposed2
	Yes
	v
	1.30
	1.35
	1.40

	
	
	Cab
	1.70
	1.80
	2.00


1) Pilots are aware of the allowable berthing velocity and use berthing aid systems, such as portable pilot units. 
2) Strong tidal currents. 

It should be noted that Table 5 assumes the berthing impact load to be a dominate design variable (αs=0.7), and hence can be used in the design of quay walls, jetties and flexible dolphins. However, if berthing loads are not dominant a lower importance factor (αs=0.4) could be taken into consideration or for instance combinations factors in case of multiple design loads.
Another finding is that higher extreme berthing velocities were observed for manoeuvres subject to high tidal currents. However the associated berthing angels at the moment of impact were very low [7], and hence the amount of energy transferred was lower compared to the original design.

5.2	Evaluation of partial factors
Although existing design guidelines do not differentiate between sheltered and exposed navigation conditions, the partial factors listed in Table 5 are in the range of the recommended values in literature (see Table 6). BS 6394-4 [4] recommends using Cab=1.5 for situations with a low risk profile, such as berths facilitating general cargo vessels, and Cab=2.0 for situations with a high risk profile, such as marine structures for LNG, LPG and ferry terminals. 

PIANC [17] and EAU 2012 [6] recommend applying lower abnormal berthing factors, approximately Cab=1.25, for large seagoing tankers and bulkers. In this study, higher abnormal berthing factors were found. PIANC seems to be aware of this fairly low reliability level and recommends using a higher confidence level for normal berthing (section 4.2.8.4 of PIANC 2002 [17] ) for berths with very low approach velocities. The higher abnormal berthing factors could be explained by an increase in target reliability index, a longer reference period and the use of shore-based docking systems in all the measurement data used by Brolsma [2]. However, the results of this study show that one should be very careful using Cab<1.5 for flexible dolphins equipped with buckling fender systems, because almost all berthing manoeuvres result in the maximum reaction force. 

PIANC 2002 and EAU 2012 suggest that there is a correlation between vessel size and abnormal safety factor Cab. Although berthing policy (e.g. use of berthing aid systems, pilot and tug assistance) was to some extent related to vessel size, in this study no correlation between type and size of vessel and partial factor γv was found.

BS 6349 [4] also recommends applying an additional partial factor to the resulting berthing impact load. The partial factors representing normal (characteristic) and design situations given in the code are 1.35 for persistent and 1.2 for transient situations. The values found were quite similar to the partial factor of exposed and sheltered navigation conditions. Although without accounting for non-linear softening, a design following BS 6349 could result in a conservative design.


1. CONCLUSION
This paper provided guidance on the use of field observations and partial factors for berthing velocity and loads on marine structures. However, it should be noted that the results of this study are based on observations at different ports having typical navigation conditions, i.e. Rotterdam being fully sheltered from waves and currents and Bremerhaven exposed to strong currents and slightly by waves. Fully exposed berths ‒ high swells, strong currents and winds ‒ have not been considered. The results of the research were used to evaluate existing design guidance for similar navigation conditions. The most important conclusions are:
· Partial factors for berthing velocity are not fixed values, as they are influenced by the prescribed probability of failure during a reference period and variation of the berthing velocity. 
· The partial factors found did not show a correlation with vessel size. Higher partial factors were found for exposed navigation conditions (strong tidal currents) and lower partial factors when berthing aids were applied. 
· The existing design guidelines were considered to be safe for most situations. Applying the British Standards [4] could result in a conservative design. When using the recommendations of PIANC [17] and EAU [6], applying an abnormal berthing factor Cab lower than 1.5 should be done with great care. 

The presented methods for deriving characteristic and design values for berthing velocity are easy to apply and could be beneficial for assessing new and existing marine structures. It is recommended to use a characteristic value of berthing velocity with a return period of 50 years. This return period in combination with a berthing frequency of 100 berthings of the design vessel per year resulted in a close correlation with existing recommendations for the design of new marine structures. However, when assessing existing marine structures, the effect of lower target reliabilities, alternative reference periods and berthing frequency could be taken into consideration. This will generally result in lower design berthing velocities up to 10%-30%.

It is highly recommended to further study the risk of the fairly high berthing velocities found for navigation conditions subject to strong tidal currents. In particular, the effect of a second berthing impact could reduce the amount of energy transferred if berthing angles are quite low. Sophisticated datasets and partial factors for berthing velocity of inland barges and smaller seagoing coasters are still lacking. It is recommended to collect field observations of smaller vessels in order to better account for the human influence, which is believed to be stronger when berthings are not assisted by well-trained pilots.
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PIANC (2002) Good, sheltered	1000	2000	3000	4000	5000	10000	20000	30000	40000	50000	100000	200000	300000	400000	500000	17.899999999999999	15.1	13.6	12.5	11.7	9.4	7.4	6.4	5.7	5.2	3.9	2.8	2.2000000000000002	1.9	1.7	PIANC (2002) Difficult, sheltered	1000	2000	3000	4000	5000	10000	20000	30000	40000	50000	100000	200000	300000	400000	500000	34.299999999999997	29.6	26.9	25	23.6	19.2	15.3	13.3	11.9	11	8.3000000000000007	6.2	5.2	4.5	4.0999999999999996	PIANC (2002) Easy, exposed	1000	2000	3000	4000	5000	10000	20000	30000	40000	50000	100000	200000	300000	400000	500000	51.7	44.5	40.4	37.4	35.200000000000003	28.7	22.8	19.8	17.8	16.399999999999999	12.6	9.5	8	7.1	6.4	PIANC (2002) Good, exposed	1000	2000	3000	4000	5000	10000	20000	30000	40000	50000	100000	200000	300000	400000	500000	66.900000000000006	57.7	52.4	48.7	45.9	37.700000000000003	30.3	26.4	23.9	22.1	17.100000000000001	13.1	11.1	9.9	9	PIANC (2002) Difficult, exposed	1000	2000	3000	4000	5000	10000	20000	30000	40000	50000	100000	200000	300000	400000	500000	86.5	72.599999999999994	64.900000000000006	59.7	55.8	44.8	35.5	30.8	27.9	25.8	20.100000000000001	15.8	13.7	12.4	11.5	EAU (2012) Favourable	2000	4000	8000	10000	12000	16000	20000	30000	40000	50000	60000	70000	80000	90000	100000	200000	300000	400000	500000	20	18	16	15	14	12	10.5	8.75	8.15	8	8	8	8	8	8	8	8	8	8	EAU (2012) Normal 	2000	4000	8000	10000	12000	16000	20000	30000	40000	50000	60000	70000	80000	90000	100000	200000	300000	400000	500000	45	41	34	31	28	23	20	16.75	15.25	15	15	15	15	15	15	15	15	15	15	EAU (2012) Unfavourable	2000	4000	8000	10000	12000	16000	20000	30000	40000	50000	60000	70000	80000	90000	100000	200000	300000	400000	500000	60	56	47	43.5	40.25	34	30.5	26	23.5	21.5	20.25	20	20	20	20	20	20	20	20	Deadweight tonnage [x 1000 tonnes]

Berthing velocity [cm/s]


all tankers	1	2	3	4	5	10	20	30	40	50	100	200	300	400	500	600	700	800	900	1000	1000	1000	1000	0.85092739034547926	0.87618107340474138	0.89040041744136511	0.90026105277837365	0.90778569778075413	0.93051243379972148	0.95233786769068851	0.96472249491101536	0.97334917244738484	0.97995261847635162	1	1.0193902278017577	1.0304496336800031	1.0381763777580604	1.0441034476372237	1.0489043436978969	1.0529346636328178	1.0564049316018038	1.0594500127356159	1.0621614521968672	1.0621614521968672	1.0621614521968672	1.0621614521968672	all sheltered	1	2	3	4	5	10	20	30	40	50	100	200	300	400	500	600	700	800	900	1000	1000	1000	1000	0.82658106700589484	0.85560011657682045	0.87200618133103536	0.88341097572413674	0.89212910471281781	0.91853912673010873	0.94401123705840828	0.9585120448452098	0.9686326003992517	0.9763904762839124	1	1.0229167417522664	1.0360227740130661	1.0451944477859179	1.0522382306470481	1.0579489335928556	1.0627466617146846	1.0668803462674086	1.0705095725725449	1.0737427332249627	1.0737427332249627	1.0737427332249627	1.0737427332249627	all exposed	1	2	3	4	5	10	20	30	40	50	100	200	300	400	500	600	700	800	900	1000	1000	1000	1000	0.76359639956766012	0.80183573290600929	0.82369576913873765	0.83899328763070036	0.85074272666559969	0.88662666079657859	0.92164555751928612	0.94175822640536522	0.95587080301899285	0.9667304056776479	1	1.0326075895473499	1.0513933433358948	1.0645987375378034	1.0747732018760465	1.0830429242963593	1.0900049370908129	1.0960138526232617	1.101297458761755	1.1060107363119962	1.1060107363119962	1.1060107363119962	1.1060107363119962	Number of berhtings n [-]

Correction factor γn [-]
 

all tankers	1	2	3	4	5	10	20	30	40	50	100	200	300	400	500	600	700	800	900	1000	1000	1000	0.87636377521262443	0.90034657731164525	0.91391088400468867	0.92333831650371267	0.93054277278990483	0.95235083491965411	0.9733538593239428	0.98529477270650889	0.99362142455473268	1	1.0193887828331931	1.0381742761635053	1.0489020488087937	1.0564025508091253	1.0621590257676019	1.066823578763223	1.0707406879668524	1.074114376920891	1.0770753898790626	1.0797124998751433	1.0797124998751433	1.0797124998751433	all sheltered	1	2	3	4	5	10	20	30	40	50	100	200	300	400	500	600	700	800	900	1000	1000	1000	0.8558106133230684	0.88350999190791146	0.89923541248481342	0.91018964369431954	0.91857446093373107	0.94402640236708912	0.96863810329840527	0.98267344379076338	0.99247872359522793	1	1.0229150310454047	1.0451919515119965	1.0579462026798065	1.066877509496803	1.073739839250591	1.0793053910954988	1.083982506236228	1.0880132329159187	1.0915527901510147	1.0947066315589999	1.0947066315589999	1.0947066315589999	all exposed	1	2	3	4	5	10	20	30	40	50	100	200	300	400	500	600	700	800	900	1000	1000	1000	0.80211511023410387	0.83912646210119091	0.86035534340140463	0.8752349742953367	0.88667496121359224	0.92166652510597702	0.9558784932812936	0.97555177504094048	0.9893654449551601	1	1.0326051439810378	1.0645951368136857	1.0830389651863028	1.0960097256345844	1.1060065148536018	1.1141337625003023	1.1209771496551653	1.1268846322976334	1.1320797678538121	1.1367146850153007	1.1367146850153007	1.1367146850153007	Reference period tref [year]

Correction factor γt [-]
 

all tankers	0	0.25	0.5	0.75	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	3.25	3.5	3.75	4	4.25	4.5	4.75	5	0.86645113272138763	0.87388023202204868	0.88168660146340627	0.88989174424572814	0.89851660070192541	0.9075809311450791	0.91710262004533438	0.92709693975567153	0.93757582908160764	0.94854725469144785	0.96001472692456058	0.97197703228998245	0.98442822212943226	0.99735786396967085	1.0107515261722935	1.0245914362947617	1.0388572361778023	1.053526755092586	1.0685767344252046	1.0839834579878489	1.0997232647661723	all sheltered	0	0.25	0.5	0.75	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	3.25	3.5	3.75	4	4.25	4.5	4.75	5	0.84440136987643188	0.85294991777141138	0.86194667458737462	0.87141846442595394	0.88139170246887277	0.89189168750611758	0.902941794446246	0.91456260877062767	0.926771065308159	0.93957966956065442	0.95299588549054703	0.96702176467095136	0.98165386677257982	0.99688348408946481	1.012697141215898	1.0290773051260014	1.0460032192135555	1.0634517711237976	1.0813983166874066	1.0998174050360014	1.118683375766512	all exposed	0	0.25	0.5	0.75	1	1.25	1.5	1.75	2	2.25	2.5	2.75	3	3.25	3.5	3.75	4	4.25	4.5	4.75	5	0.78701377624228352	0.79832076121570916	0.81027161727643826	0.82290969499996802	0.83627876751923091	0.85042212361644431	0.86538149526038599	0.88119586679651729	0.89790024245293598	0.91552447405924264	0.93409226409445345	0.95362045344963342	0.97411867560796972	0.99558941261492351	1.0180284329532572	1.0414255405526189	1.0657655297791102	1.0910292299388988	1.11719453378748	1.144237330940131	1.1721322995785028	Target reliability index βd [-]

Correction factor γβ [-]
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