Physical Risk Analysis of Ship Grounding

S. Lin* H. L. Kite-Powell** N. M. Patrikalakis*

*Massachusetts Institute of Technology Department of Ocean Engineering, Design Laboratory Cambridge, MA 02139-4307, USA

**Marine Policy Center, Woods Hole Oceanographic Institution Woods Hole, Massachusetts, USA

Design Laboratory Memorandum 98-10 December 21, 1998

Copyright (C) 1998, Massachusetts Institute of Technology All rights reserved

Abstract

This study presents an analysis on the factors contributing to groundings when ships transit in and out of ports. The study has been part of a three-year project on �Ship Transit Risk�. By verifying the grounding location database generated during the first two years of the project against the United States Coast Guard�s grounding accident data, an updated database was established in this research. Within the frame of this new database, two factors were analyzed� tide and time of day. The results suggest that tide forecast error (predicted tide water level minus observed tide water level) had no significant effect as a risk factor, and that night navigation was far more risky than day navigation.

I. Introduction

Groundings of commercial ships contribute to one third of all commercial maritime accidents, including some of the worst in the United States’ history. While clearly any efforts to reduce transit risk are important and beneficial to maritime transport, this study presents an analysis of the physical risk component contributing to groundings when ships transit in and out of ports.

More specifically, this study is part of project �Ship Transit Risk� that employs historical casualty data to build models for quantitative assessment of navigational risks entailed by vessels during transits into and out of ports. The previous study by Jebsen and Papakonstantinou[1] summarized a good portion of the work performed over the first two years of the project. The efforts during that period focused on the modeling of grounding risk at the port level, with special emphasis on the contribution of inaccuracies in navigation charts. This study continues to collect, verify, assimilate, evaluate, and analyze historical data on grounding accidents in five U.S. ports between 1981 and 1995, especially focusing on two factors� tide and time of the day.

II. Literature Review

A risk model has been developed by Kite- Powell et al. [3] to help predict the risk of groundings and associated economic damage, such as loss of cargo and environmental resources. This model attempts to estimate the conditional probability of A (A is defined as the event that a transit results in a grounding (G) or a collision (C)) given a specified value x of explanatory variables X: p(A|x) = l(x|A) p / (l(x|A) p + l(x|S) (1-p)), where p is the unconditional probability of A and where l(x|A) and l(x|S) are the likelihoods of x given A and S, respectively. S denotes the event that the transit is completed safely (for a more detailed description, see [3]). This approach has the advantage of permitting the inclusion of a range of potential contributing factors.

Studies done by Prof. M. E. PatØ-Cornell (for a more detailed review, see [1]), and Prof. Martha Gabowski [7] on risk analysis and risk management applied to offshore platforms are helpful for our physical risk factors analysis. Another approach is presented by Amrozowicz et al. [8,9,10]. In these studies by Amrozowicz et al., fault tree analysis has been used to provide a more detailed view of how groundings are caused. In addition, the studies incorporated the method of probabilistic risk assessment (PRA) and utilized the Technique for Human Error Rate Prediction (THERP) as a quantitative method to predict individual human error probabilities (HEPs). The grounding PRA model noted that because individual errors are a subset of human failures, which are a subset of system failures, it is critical that the reduction of individual error rates should be encompassed with a total systems approach. However, this approach requires an extensive quantitative data set, which is beyond what is available in the historical record.

Psaraftis et al. [4] utilized a systematic approach to analyze factors contributing to maritime transportation risk. Some databases such as Lloyds List Casualty Reports were used. Additionally, some extracted physical risk factors such as ship flag, ship type, ship age, ship size, etc. were analyzed. When dealing with the historical accidents database, they encountered the same problem we faced� deficiency of data (e.g., lack of incident causes) and lack of homogeneity in quality of the data. Savenije [5] follows a different approach. He characterized risks associated with navigation hazards by calculating a subset of available accident data and estimating the probability of accident. In addition, sensitivity analysis was used for understanding and analyzing the total process. This approach could also be found in �The Port Needs Study� [2] and Dickins and Krajczar [11].

Silver et al. [6] presented another risk-based methodology to determine optimum channel depth. The study presented a predicting system for underkeel clearance and the corresponding risk of grounding especially for deep draft vessels transiting shallow entrance channels. The results indicated significant cost reduction on dredging and environmental impacts.

III. Approach

Statistical analysis of existing historical databases of accidents and safe transits was used in this study. Five U.S. ports, including Boston, Houston/Galveston, New York/Battery, Tampa/St. Petersburg, and San Francisco, were the study regions. The study period was between 1981 and 1995. The casualty data was from the United States Coast Guard, the transit data was from U.S. Army Corps of Engineers, and the environmental data was from NOAA.

IV. Data Processing

First, we extract the grounding data sets from historical data such as USCG�s CASMAIN and MINMOD, and from NOAA environmental data. Secondly, for the purpose of accuracy, we verify the database which includes the grounding accidents in open water and dredged channels in five ports established by Jebsen and Papakonstantinou [1] and establish an updated grounding location database. By using this new data set, further research such as tide analysis and time of day/night analysis is performed. Thirdly, we collect tide data from NOAA, verifying the data set, converting the different elevation datum, adjusting time difference, and eliminating the unmatched records between observed and predicted data files. Fourthly, we calculate the probability density function and cumulative distribution function for predicted water height, observed water height, and their difference for each port. Last, we separate time slots to daytime and nighttime from the groundings database, then work on time analysis to see whether it is a potential factor contributing to groundings. In order to conduct the analysis, we planned to compare groundings in day and night with ACE (Army Corps of Engineers) safe transit data in that same time slot, which, unfortunately we are not able to obtain. Hence, we made the assumption that the number of vessel transits during daytime is equal to that of nighttime every day for each port.

V. Results and Discussion

1. Open water versus dredged channels

Table 1 presents the accident numbers in the major grounding locations for each city. Of the total 1116 grounding accidents in the five ports, 908 had a valid location, i.e., clearly reported latitude and longitude. 687 (76%) were in or very close to dredged channels and 75 (8%) in the open water. However, 146 (16%) were in a �Questionable location�, such as land or very shallow areas. Most of the results obtained in this study were precisely the same as the results obtained by Jebsen and

Papakonstantinou [1], while some were slightly different.

Port area: Boston Houston/ Galveston San Francisco

Tampa/ St. Petersburg

New York/ Battery

5 ports Total

Number of accidents in area: 26 615 94 171 210 1116 No location: 6 107 24 18 53 208

Valid accidents: 20 508 70 153 157 908

of which were located in: Dredged channel: 9 362 44 135 137 687 Open water: 9 24 20 14 8 75

Questionable location: 2 122 6 4 12 146 Valid accidents: 20 508 70 153 157 908

Table 1 Summarized Grounding Location Information

Table 2 presents the average wind speed (meters/second), visibility (km) and the accident numbers in dredged channels and open water for each port. The results show no noticeable pattern among the five ports. The average wind speed and visibility in dredged channel groundings was significantly higher than in open water in Houston/Galveston and Tampa. However, the results obtained in New York, Boston and San Francisco showed a different pattern.

Such observations suggest that wind speed and visibility effects are not significantly different for accidents occurring in dredged channels and in open water. In a future study, a more careful analysis of the data for Houston/Galveston, San Francisco, Tampa/St. Petersburg, and New York/Battery is suggested to verify these two risk factors.

Port area:

Boston Houston/ Galveston

San Francisco Tampa/ St. Peters.

New York/ Battery Dredged Open Dredged Open Dredged Open Dredged Open Dredged Open Channel Water Channel Water Channel Water Channel Water Channel Water

Valid accidents: 9 9 362 24 44 20 135 14 137 8

Average Wind(m/s): 6.17 6.41 3.71 3.65 5.11 4.62 3.64 3.28 6.06 6.53

Average Visibility(km): 10.64 9.53 14.05 11.57 17.35 21.84 12.73 10.94 11.41 13.95

(Average wind: meters/sec; Average visibility: kilometer)

Table 2 Average Wind Speed and Visibility

2. Tide analysis-predicted and observed water levels

For the port of Boston, the results are shown in Figures 1 and 2. Figure 3 to 10 present the tide analysis for the other four ports. Figures 1 and 9 show a similar tide pattern between Boston and New York. Figures 2, 4, 6, 8, and 10 illustrate the water level forecasting error. These results confirm that the difference between the predicted records and the observed records is small for all of the five ports. The results also show that predictions tend to underestimate tide level for the past 15 to 18 years, except for Houston/Galveston.

3. Effect of Tide Forecast Error on Groundings

Results of the previous study [1] in this project clearly showed that environmental factors, wind speed and visibility, have an effect on the grounding risk. However, in that study, other important physical waterway characteristics, such as tide, were not discussed. The tide factor was addressed and further studied in this study to determine the significance of this factor to groundings. To understand the effect of tide, the forecast error of tide, i.e. the difference between predicted water level and observed water level, was used.

Our hypothesis was that a larger positive tide forecast error, the difference between predicted water level and observed water level, causes a greater potential risk for grounding. This hypothesis was not confirmed by the findings of this study. It was observed that in dredged channels and open water, there was no significant correlation between large forecast errors and the incidence of groundings.

Results of the effect of the forecast error on the groudings for four ports are presented in Figures 11 to 14. Due to very few data for groundings in Boston, it is not possible to draw accurate conclusions based on the data. The results of Figures 11 to 14 show that there is no significant relationship between positive tide forecast error and grounding accidents. However, in Figure 12, the positive tide forecast error appeared to lead to more grounding accidents in open water in Houston/Galveston.

4. Effect of Time on Groundings

As discussed previously in section 4, grounding times were divided by daytime and nighttime. The daytime was defined from 6:00am to 6:00pm local time, and nighttime was defined from 6:00pm to 6:00am local time. The reason for dividing time slots was that the corresponding time code in pre-MINMOD (1992) accident spreadsheets fell into four ambiguous levels: day time, night time, twilight (morning or evening), and no information -- none of which corresponds with accurate time records. In addition, due to lack of information about distributions of transits by time of day from the Army Corps of Engineers (ACE), this study made the assumption that the number of vessel transits during daytime was equal to that during nighttime every day for each port. Results of the effect of time on the groundings for five ports are presented in Table 3. It demonstrates no consistent pattern among the five ports whether night navigation in dredged channels is safer than in open water or vice versa. However, the results suggest that, consistent with our intuition, night navigation was far more risky than day navigation (although dredged channel navigation in New York port was an exception).

VI. Conclusions

This study presents an analysis of potential factors contributing to groundings when ships transit in and out of ports. Two important results are obtained: first, the results suggest that tide forecast error has no significant effect as a risk factor for groundings in dredged channels and open water; second, the results suggest that night navigation is far more risky than day navigation.

Other products of this study include: An updated grounding location database was established for this research. This data source could be used for more efficient risk modeling in the future. Secondly, the tide analysis showed that the predictions of tide level tended to underestimate actual water levels for the past 15 to 18 years; and the probability density function of tide levels generated for the past two decades is a useful data source that can be applied to future tide-related research. Finally, the results suggest that wind speed and visibility effects are not significantly different for accidents occurring in dredged channels and in open water. In a future study, a more careful analysis of the data is suggested to verify these two risk factors.

For data gathering, Kite-Powell et al. [3] summarized some suggestions to the United States Coast Guard for USCG casualty data collection for future research: first, generally: (a) adopt consistent criteria across ports/reporting units for determining what events merit an entry in the database; (b) each entry should be consistent with each accident, i.e., no two reports coincident with one accident; (c) accuracy and completeness are the key issues, e.g., the location of each accident and its corresponding physical parameters such as wind speed, time, visibility, tide levels, wave conditions, etc. Specifically (a) more vessel-specific parameters such as draft, trim, speed, heading should be collected; (b) more environmental parameters such as current speed and direction should be collected; (c) use/presence of tugs, presence of pilot(s) should be collected.

In the near future, a larger-scale model of risk is expected to incorporate results of the port-level analysis and investigate more local factors, such as specifics of channel design, navigational aids configuration, currents, etc. Meanwhile, an advanced model of economic risk providing estimates of economic loss associated with the physical risk of grounding for a given region is an important topic for further study.

Acknowledgements

Work on this study was supported by the funding provided by the MIT Sea Grant College Program under grant NA46RG0434 from the National Sea Grant College Program, NOAA, Department of Commerce; the U.S. Coast Guard; the U.S. Army Corps of Engineers; the Marine Policy Center of the Woods Hole Oceanographic Institution; and the Department of Ocean Engineering, MIT.

References

[1] Johan Jarl Jebsen, Vassilis Constantine Papakonstantinou, Evaluation of the Physical Risk of Ship Grounding, M.S. Thesis, MIT, 1997.

[2] United States Coast Guard (USCG), Port Needs Study (Vessel Traffic Services Benefits), DOT- CG-N-01-91, National Technical Information Service, document PB92-107697, 1991.

[3] H. L. Kite-Powell, D. Jin, N. Patrikalakis, J.

Jebsen, and V. Papakonstantinou. Investigation of potential risk factors for groundings of commercial vessels in U.S. ports. IJOPE (accepted), 1998.

[4] Harilaos N. Psaraftis, George Panagakos, Nicholas Desypris and Nicholas Ventikos. An Analysis of Maritime Transportation Risk Factors. Proceedings of the 8th International

Offshore and Polar Engineering (ISOPE) Conference, Montreal, Canada, Vol. IV, pp. 477 - 483, May 1998.

[5] R. Ph. A. C. Savenije. Safety Criteria for Approach Channels. Proceedings of the 8th International Offshore and Polar Engineering Conference, Montreal, Canada, Vol. IV, pp. 484 - 491, May 1998.

[6] Andrew L. Silver and John F. Dalzell. Risk Based Decisions for Entrance Channel Operation and Design, International Journal of Offshore and Polar Engineering, May 1998. (To appear).

[7] M. Grabowski, Evaluating and monitoring maritime risk: Analysis and literature review. Prepared for State of Washington, Office of Marine Safety, 1993, p. 34.

[8] M. D. Amrozowicz, The Need for a Probabilistic Risk Assessment of the Oil Tanker Industry and a Qualitative Assessment of Oil Tanker Groundings, Master of Engineering Thesis, Department of Ocean Engineering, Massachusetts Institute of Technology, June 1996.

[9] M. D. Amrozowicz, The Quantitative Risk of Oil Tanker Groundings, Master Thesis, Massachusetts Institute of Technology, 1996.

[10] M. D. Amrozowicz, A. Brown, and M. Golay, A Probabilistic Analysis of Tanker Groundings, Proceedings of the 7th ISOPE Conference, 1997.

[11] D. Dickins and K. Krajczar, Review of tanker/barge safety, Report prepared for the British Columbia Oil Spill Task Force. DF Dickins Associates Ltd., Vancouver, British Columbia, 1990.

Table 3 Summarized Grounding Ratio Information

Boston Area:

Accidents of which were Day Time Night Time Evening or Question- Total Total located in: Morning able Time Accidents

Dredged channel: 0.22 0.56 0.00 0.22 1.00 9 Open water: 0.67 0.33 0.00 0.00 1.00 9 Questionable location: 0.00 1.00 0.00 0.00 1.00 2 No location: 0.33 0.50 0.00 0.17 1.00 6 Total 0.38 0.50 0.00 0.12 1.00 26

New York Area: Accidents of which were Day Time Night Time Evening or Question- Total Total located in: Morning able Time Accidents Dredged channel: 0.49 0.37 0.08 0.06 1.00 137 Open water: 0.38 0.50 0.13 0.00 1.00 8 Questionable location: 0.50 0.50 0.00 0.00 1.00 12 No location: 0.55 0.38 0.04 0.04 1.00 53 Total 0.50 0.39 0.07 0.05 1.00 210

Houston/Galveston Area: Accidents of which were Day Time Night Time Evening or Question- Total Total located in: Morning able Time Accidents Dredged channel: 0.08 0.44 0.43 0.05 1.00 362 Open water: 0.08 0.13 0.63 0.17 1.00 24 Questionable location: 0.03 0.42 0.51 0.04 1.00 122 No location: 0.07 0.51 0.40 0.01 1.00 107 Total 0.07 0.44 0.45 0.05 1.00 615

Tampa/St. Petersburg Area: Accidents of which were Day Time Night Time Evening or Question- Total Total located in: Morning able Time Accidents Dredged channel: 0.05 0.50 0.37 0.08 1.00 135 Open water: 0.00 0.29 0.50 0.21 1.00 14 Questionable location: 0.00 0.25 0.50 0.25 1.00 4 No location: 0.00 0.33 0.61 0.06 1.00 18 Total 0.04 0.46 0.41 0.09 1.00 171

San Francisco Area: Accidents of which were Day Time Night Time Evening or Question- Total Total located in: Morning able Time Accidents Dredged channel: 0.00 0.41 0.48 0.11 1.00 44 Open water: 0.00 0.60 0.35 0.05 1.00 20 Questionable location: 0.20 0.40 0.20 0.20 1.00 5 No location: 0.08 0.50 0.33 0.08 1.00 24 Total 0.03 0.47 0.40 0.10 1.00 93

Total Area: Accidents of which were Day Time Night Time Evening or Question- Total Total located in: Morning able Time Accidents Dredged channel: 0.15 0.44 0.35 0.07 1.00 687 Open water 0.15 0.35 0.40 0.11 1.00 75 Questionable location: 0.08 0.43 0.45 0.05 1.00 145 No location: 0.20 0.46 0.31 0.03 1.00 208 Total 0.15 0.43 0.36 0.06 1.00 1115

Figure 1 � Probability Density Function of Predicted and Observed Water Level, Boston

Figure 2 � Probability Density Function of Difference between Predicted and Observed Water Level

Figure 3 � Probability Density Function of Predicted and Observed Water Level, Houston-Galveston

Figure 4 � Probability Density Function of Difference between Predicted and Observed Water Level, Houston- Galveston

Figure 5 � Probability Density Function of Predicted and Observed Water Level, San Francisco

Figure 6� Probability Density Function of Difference between Predicted and Observed Water Level, San Francisco

Probability Density Function of Predicted (01/01/81- 12/31/95) and Observed (01/01/81-01/31/97) Water Level

0.00

0.01

0.01

0.02

0.02

0.03

0.03

0.04

0.04

-7 0 -3 0 10 50 90 13 0 17 0 21 0 25 0 29 0 3 0 37 0

Water Level (above MLLW, mm)

P ro b ab il it y D en si ty

Predicted records Observed records

Probability Density Function Mean=-22.8535, Standard Deviation=141.5291

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

-8 40 -7 20 -6 0 -4 80 -3 60 -2 40 -1 20 0 120 240 360 480 60

Difference between Predicted and Observed Water Level (mm)

P ro b ab il it y D en si ty

Probability Density Function of Predicted (01/01/81- 12/31/98) and Observed (01/01/81-01/31/98) Water Level

0.00

0.04

0.08

0.12

0.16

0.20

0.24

0.28

-1 40 0 -1 0 0 -6 0 -2 0 20 60 10 0 14 0 18 0 Water Level (above MLLW, mm)

P ro b ab il it y D en si ty

Predicted records Observed records

Probability Density Function Mean=30.2455, Standard Deviation=157.2148

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

-5 5 0 -4 5 0 -3 5 0 -2 5 0 -1 5 0 -5 0 5 0 1 5 0 2 5 0 3 5 0 4 5 0 5 5 0 6 5 0 Difference between Predicted and Observed Water Level (mm)

P ro b ab il it y D en si ty

Probability Density Function of Predicted (01/01/81- 12/31/98) and Observed (01/01/81-01/31/98) Water Level

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

-7 0 -3 0 10 50 90 13 0 17 0 21 0 25 0 29 0 Water Level (above MLLW, mm)

P ro b ab il it y D en si ty

Predicted records Observed records

Probability Density Function Mean=-63.2012, Standard Deviation=104.2677

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

-8 0 0 -7 0 0 -6 0 0 -5 0 0 -4 0 0 -3 0 0 -2 0 0 -1 0 0 0 1 0 0 2 0 0 3 0 0 Difference between Predicted and Observed Water Level (mm)

P ro b ab il it y D en si ty

Figure 7 � Probability Density Function of Predicted and Observed Water Level, Tampa/St. Petersburg

Figure 8 � Probability Density Function of Difference between Predicted and Observed Water Level, Tampa/St. Petersburg

Figure 9 � Probability Density Function of Predicted and Observed Water Level, New York/Battery

Figure 10 � Probability Density Function of Difference between Predicted and Observed Water Level, New York/Battery

Figure 11 � Forecast Error of Water Level during Groundings, Houston-Galveston

Figure 12 � Forecast Error of Water Level during Groundings, San Francisco

Probability Density Function of Predicted (01/01/81- 12/31/98) and Observed (01/01/81-01/31/98) Water Level

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

-6 50 -4 50 -2 50 -50 150 350 50 750 950 1 50 13 50 15 50 17 50 19 50 Water Level (above MLLW, mm)

P ro b ab il it y D en si ty

Predicted records Observed records

Probability Density Function of Predicted (01/01/81- 12/31/95) and Observed (01/01/81-12/31/97) Water Level

0.00

0.01

0.01

0.02

0.02

0.03

0.03

0.04

0.04

-6 50 -4 50 -2 50 -50 150 350 50 750 950 1 50 13 50 15 50 17 50 19 50 21 50 Water Level (above MLLW, mm)

P ro b ab il it y D en si ty

Predicted records Observed records

Probability Density Function Mean=-37.2611, Standard Deviation=174.6212

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

0.13

-1 12 0 -9 20 -7 60 -6 0 -4 40 -2 80 -1 20 40 20 360 520 680

Difference between Predicted and Observed Water Level (mm)

P ro b ab ili ty D en si ty

Probability Density Function of Groundings with Accurate Water Level (1981-1998)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

-8 0 -7 0 -6 0 -5 0 -4 0 -3 0 -2 0 -1 0 0 10 20 30

Difference between Predicted and Observed Water Level (mm)

P ro b ab ili ty D en si ty

Total area PDF of difference between water levels

Probability Density Function of Groundings with Accurate Water Level (1981-1998)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

-5 0 -4 0 -3 0 -2 0 -1 0 0 10 20 30 40 50 60 70

Difference between Predicted and Observed Water Level (mm)

P ro b ab ili ty D en si ty

Total area PDF of difference between water levels

Probability Density Function Mean=-58.2126, Standard Deviation=126.4024

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

- 70 0 - 60 0 - 50 0 - 40 0 - 30 0 - 20 0 - 10 0 0 10 0 20 0 30 0 40 0 50 0 Difference between Predicted and Observed Water Level (mm)

Pr ob ab ilit y De ns ity

Figure 13 � Forecast Error of Water Level during Groundings, Tampa/St. Petersburg

Figure 14 � Forecast Error of Water Level during Groundings, New York/Battery

Probability Density Function of Groundings with Accurate Water Level (1981-1998)

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

-5 0 -2 50 0 250 50 750 10 0 12 50 15 0 17 50 Difference between Predicted and Observed Water Level (mm)

P ro b ab ili ty D en si ty

Total area PDF of difference between water levels

Probability Density Function of Groundings with Accurate Water Level (1981-1995)

0.00

0.10

0.20

0.30

0.40

0.50

0.60

-1 10 0 -9 0 -7 0 -5 0 -3 0 -1 0 10 30 50 70

Difference between Predicted and Observed Water Level (mm)

P ro b ab ili ty D en si ty

Total area PDF of diffience between water levels