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CHAPTER 1 - PROJECT DESCRIPTION AND OBJECTIVES 
 
This research project evaluated the structural and performance characteristics of two cylindrical 
rubber fenders under simulated marine vessel loading. The purpose of this research effort is to 
establish design and performance criteria for floating rubber fenders that can be applied to the 
specific needs of the Alaska Marine Highway System (AMHS) ferry vessels. 
 
Ferry terminal facilities are an important component of the Alaska transportation system. In 
general, these facilities consist of offshore mooring structures that allow vessels to safely moor 
while transferring vehicles and pedestrians to shore. Offshore mooring structures have 
traditionally consisted of fixed fender faces that have limited ability to allow extended periods of 
unattended berthing due to the large variations in mooring line lengths caused by tidal 
fluctuations. Over the past few years, DOT&PF has designed and constructed several major ferry 
terminal improvement projects in support of the new fast ferry vessels and the existing fleet. At 
several terminal locations, all-tide moorage of the fast ferry vessel is desired without the need for 
line handling by ship-based personnel. Floating rubber fenders offer a convenient method for 
allowing the vessel to move with the tidal elevation differences without adjustment of mooring 
lines. An additional benefit of the rubber fender is the relatively soft berthing surface. 
 
Floating rubber fenders were originally developed as a solid cylindrical shaped unit that was 
floated in the horizontal position and commonly utilized as a spacer or floating camel between 
the ship hull and the fender or wharf face. These fenders generally consist of a closed cell, 
polyethylene foam core covered by a reinforced rubber skin. For our application, the fenders 
have been modified by adding an inner steel pipe sleeve and floated vertically as indicated on 
Figure 1.  The cylindrical fender is placed over a vertical steel pile and floats up and down with 
the tide level. This allows the fender to move with the vessel and the mooring lines from the 
fender to the vessel are maintained at a constant length regardless of tide level.  
 
The introduction of the inner pipe sleeve reduces the overall thickness of the fender section that 
is available for absorbing berthing energy. The AMHS ferry vessels are also equipped with a 
narrow rubstrip or sponson that berths against the fender surface. The sponson imparts a load 
over a small area of the fender. Energy absorption due to ship impact is provided by the 
compression of the vessel sponson into the fender surface and lateral movement of the fender 
due to bending of the steel restraint pile. The entire fender surface does not necessarily come in 
contact with the vessel, nor does the entire fender surface compress during loading. These 
loading conditions therefore change the performance characteristics that have been previously 
established by the various fender manufacturers for camel type fenders. Consequently, there is 
no load or deflection data presently available for the type of loading imposed by the AMHS 
vessels on a vertical cylindrical shaped floating fender. 
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Figure 1. Drawing. Typical Floating Fender Structure 
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CHAPTER 2 - FENDER FABRICATION 
 
This research project involved the fabrication of two foam filled, rubber skinned, cylindrical 
fenders. The test fenders were 6-feet in diameter by 6-feet long comprised of a 30-inch diameter 
by 1/2-inch wall steel pipe sleeve wrapped with closed cell polyethylene foam and encapsulated 
with a 1.25-inch thick skin of rubber reinforced with fiberglass filaments. One fender contained a 
foam density of 4 pcf. The other fender had a foam density of 6 pcf. The size of these test fenders 
closely approximate the actual diameter utilized in practice; however, the length is much shorter 
due to the cost and other complexities in manufacturing a longer fender for test purposes. Actual 
fenders used on several recent installations are on the order of 15-22 feet in length depending on 
location and vessel use. The fenders were manufactured by Urethane Products Corporation 
located in Bellflower, CA (Los Angeles area). Fabrication drawings and a summary of pertinent 
fender specifications and material descriptions that were incorporated into the test fenders are 
contained in Appendix A. 
 
Fabrication of the test fenders consisted of standard techniques used in the manufacture of full 
size fenders. The steel pipe sleeve is wrapped with the polyethylene foam that is provided in 
sheets of about ½-inch in thickness. Each layer of foam is heat bonded to the previous layer 
using hot-air techniques. After the desired diameter is reached by wrapping successive layers of 
foam sheets, the exterior surface of the foam was shaped on a mechanical lathe to the specified 
outside diameter and the ends were formed into tapered shoulders as noted on the fabrication 
drawing contained in Appendix A. The fender skin was then applied to the exterior of the foam 
surface utilizing spray-on application methods. The fender is continuously rotated and 1-2 mills 
of polyurethane is sprayed onto the fender surface with each rotation. As the fender rotates and is 
being sprayed with rubber, a loom type device spools fiberglass filaments into the rubber coating 
in successive layers. The filaments are wrapped using a continuous helix pattern. The result is a 
very durable and flexible reinforced rubber skin. The following photographs illustrate the various 
phases of the fender fabrication process. 
 
The fabrication methods and materials for the test fenders were observed and inspected by 
DOT&PF personnel on 1/20/04. 
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Figure 2. Photo. UPC Production Facility. 

. 

Figure 3. Photo. Applying first layer of foam to test 
fender. 

 

 

Figure 4. Photo. Partially wrapped test fender. 
Figure 5. Photo. Typical foam heat bonding process. 

 

Figure 6. Photo. Other fenders under production. Figure 7. Photo. Spray application of fender skin to 
test fender. 
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Figure 8. Photo. Fender skin reinforcement 
filaments. 

Figure 9. Photo. Fender skin application. 

Figure 10. Photo. Finished test fender. Figure 11. Photo. Finished test fender. 
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CHAPTER 3 - FENDER TESTING  
 
Fender testing consisted of the fabrication and placement of structural steel supports and a load 
application beam that was intended to simulate the AMHS vessel sponson loads. Load testing 
was performed by Coordinated Equipment Company, Wilmington, CA on 2/25/04 and 2/26/04. 
The following photographs show the fender testing equipment that was utilized. The fender body 
was suitably supported through the internal steel pipe sleeve with a 16-inch diameter by 4-inch 
thick wall steel pipe supported on the ends with concrete blocks. The load application was 
distributed over a 1-foot wide contact area within the center of the fender body utilizing a wide 
flange steel beam. The load application and related fender support members closely resemble the 
loading conditions that the fenders are intended to be subjected to under vessel service 
conditions. Load and deflection tests were performed utilizing a calibrated hydraulic press and 
deflection sensors attached to string-pot lines affixed to both ends of the steel beam. Continuous 
load, deflection and time data resulting from fender deformation under load was recorded on a 
data logger connected to a lap-top computer. 
 

Figure 12. Photo. Fender setup prior to testing. Figure 13. Photo. Fender setup prior to testing. 

Figure 14. Photo. Hydraulic pump and pressure 
gage. 

 

Figure 15. Photo. Test on 6 pcf fender in progress. 
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Figure 16. Photo. Full deflection on 6 pcf fender. Figure 17. Photo. Full deflection on 4 pcf fender. 

Figure 18. Photo. Full deflection on 4 pcf fender. Figure 19. Photo. Fender rebound directly after test 
on 4 pcf fender. 

Figure 20. Photo. Fender rebound after 12 hours on 6 
pcf fender. 

Figure 21. Photo. Sample cut from 6 pcf fender 
following testing. 

 
Testing was generally performed as outlined below: 
 
1. Apply gradually increasing external loads (hydraulic pressure) sufficient to achieve a total 

deflection of about 60 percent of the thickness of the fender body while acquiring 
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corresponding deflection and load values. Hydraulic pressure, deflection and time were 
recorded at one-second intervals. The fender was then rotated 120 degrees and a new load 
test was performed. A total of three load-deflection tests were performed on each fender. 
Loads were determined by measuring fluid pressure on the ram of the hydraulic cylinder. The 
cylinder was previously tested to determine the cross sectional area of the ram. The fluid 
pressure multiplied by the area of the ram determines the force applied to the fender. A copy 
of the hydraulic cylinder test data is contained in Appendix B. 

 
2. Apply repetitive loads sufficient to achieve approximately 60 percent deflection of the fender 

body at the remaining undisturbed fender body location. About 20 load applications were 
applied and the fender was visually examined for evidence of permanent deformation and/or 
damage characteristics of rubber skin and foam body as a result of cyclic loads. 

3. After testing, cross-sectional samples were cut from the fender surface at the location of the 
cyclic test load application in order to determine if there was any visible evidence of material 
deformation or damage. 

 
The testing methods were structured to provide estimates of allowable loads and related 
absorption energy that the fender may be capable of while in service. All testing on this project 
was monitored in the presence of DOT&PF personnel. Load and deflection testing will allow 
designers to estimate allowable berthing energy and associated impact loads for the design of 
future fender installations. The cyclic load tests provide an indication of suitability of fender 
materials to withstand damage from repeated vessel contact.  
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CHAPTER 4 - TEST OBSERVATIONS AND DATA 
 
The testing company had numerous startup problems upon arriving at the test site on February 
25, 2004 including set up of the test and getting the computer data logging equipment to 
function. The contractor was eventually directed to perform one test on the 6 pcf fender and 
record the data by hand. Hand recorded data methods proved to be cumbersome and it was 
difficult to record sufficient data points. It was eventually determined that the contractor would 
continue to work on the automated data recording equipment and the tests would be resumed on 
the next day. This initial test did prove to be of value in determining how the test should be 
carried out. This initial test revealed the highly elastic nature of the rubber fender resulting in a 
decreasing load over time at constant deflection. A load-holding period of 10 minutes at full 
deflection was established for subsequent tests to determine the load relaxation characteristics 
over time. 
 
By the morning of February 26, the contractor had fixed the recording system and testing was 
resumed. Both the 4 pcf and 6 pcf foam fenders were tested on February 26. The fender 
deformation was also measured at the test location performed the previous day. The fender 
surface had rebounded to nearly the original diameter.  
 
The testing contractor submitted the test results in an Excel spreadsheet format. The data 
contains test values for the load in pounds, ram position/fender deflection in inches and time at 
one-second intervals. Appendix C contains an electronic copy of the test data in Excel 
spreadsheet format. The test data is labeled as Tests 1.2 and 1.3 for the 6 pcf foam fender and 
Tests 2.1, 2.2 and 2.3 for the 4 pcf fender. For unknown reasons only two data sets were 
ultimately submitted for the 6 pcf foam. Subsequent efforts to obtain the data set for Test 1.1 
were unsuccessful. It is not known whether the contractor did not properly record this data or 
otherwise subsequently lost the data. 
 
Figures 22 through 32 show plots of the load versus deflection and load versus time data for the 
various tests. Each test shows that the load gradually increases over time to a maximum value at 
initial full deflection. The load deflection data, up to the initial full deflection, exhibits a nearly 
linear, or elastic relationship i.e. F=kx where F is the applied load, k is the slope of the line and x 
is deflection. The load/deflection relationship for each test was then determined by a line of best 
fit using linear regression analysis (method of least squares). The line of best fit and resulting 
equation of the load versus deflection line is indicated on each of the plots using a Y intercept of 
zero. 
Once full deflection was obtained, the load values rapidly decrease and eventually stabilize over 
time. The load reduction is a result of the deformation within the foam fender body. After a time 
period of about 5 minutes, the load stabilizes and the decrease in load continues at a much slower 
rate. All tests were ended after approximately 10 minutes once the load value stabilized. 
 
It should be noted that the data set for Test 1.2 contained information or data points that were not 
consistent with field observations (reference Figure 22). After reaching full deflection of about 
14.5-inches, the data file indicates the load increasing another 30,000 lbs over a time period of 
about 4-minutes. This was not observed in the record of field notes. As such, the load data 
beyond the initial 101,414 lbs is attributed to a data collection error and as such was ignored for 
calculation purposes. The tests for the 6 pcf foam fender (1.2 and 1.3) also do not have as close 
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of correlation as the tests for the 4 pcf foam fender. The data inconsistencies in test 1.2 and the 
lack of data for test 1.1 may have something to do with this; however, based on field 
observations, the data that was obtained for tests 1.2 and 1.3 is considered acceptable for 
purposes of this project. 
 
After the three load/deflection tests were performed, the fender was rotated 90 degrees to the 
remaining undisturbed surface and cyclic loads were applied. The cyclic loads consisted of about 
20 repetitions of load application to a deflection of 13 to 14-inches over a time span of about 20-
25 minutes. The fenders were then visually inspected for wear or other signs of external damage. 
No damage or other visible evidence of distress were noted following the cyclic tests. A sample 
of the fender skin and foam core was also cut and examined. The cut samples also exhibited no 
signs of damage or other material failure. It was very difficult to cut samples from the fender. In 
general, the fenders appear to be very resilient and hard-wearing. 
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Figure 22.Graph. 6 pcf Foam Fender - Test 1.2 - Load vs Deflection (All Data to Time of Load Removal). 
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Figure 23. Graph. 6 pcf Foam Fender - Test 1.2 Load vs Deflection - (Data to Initial Max Deflection of 14.5"). 
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Figure 24. Graph. 6 pcf Foam Fender - Test 1.2 - Load vs Time - (Data to Time of Load Removal). 
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Figure 25.  Graph. 6 pcf Foam Fender - Test 1.3 - Load vs Deflection - (Data to Initial Max Deflection of 
13.5"). 
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Figure 26.Graph. Test 1.3 - 6 pcf Foam Fender - Load vs Time.  
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Figure 27.Graph. Test 2.1 - 4 pcf Foam - Load vs Deflection - (Data to Initial Max Deflection of 12.7"). 
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Figure 29.Graph. Test 2.2 - 4 pcf Foam - Load vs Deflection - (Data to Initial Max Deflection of 12.7". 
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Figure 30.Graph. Test 2.2 - 4 pcf Foam - Load vs Time. 
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Figure 31. Graph. Test 2.3 - 4 pcf Foam - Load vs Deflection - (Data to Initial Max Deflection of 13.7"). 
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Figure 32. Graph. Test 2.3 - 4 pcf Fender - Load vs Time. 
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CHAPTER 5 - DETERMINATION OF FENDER CAPACITY  
 
The primary goals of this fender research project were to determine load versus deflection curves 
and an estimate of the kinetic energy absorption capacity of the test fenders under simulated 
vessel loads. Fendering systems are essentially designed to withstand, or otherwise absorb the 
kinetic energy that results from a moving load as a result of ship impact. A short review of 
fendering principles and determination of kinetic energy design parameters is provided below in 
order to establish the basis for determining the kinetic energy capability of the test fenders. 
 
The theoretical kinetic energy (KE) of a moving object is represented as: 
 
 KE = ½ MV2 = WVn

2/2g 
 
Where W is the loaded displacement weight of the vessel and Vn is the berthing velocity in a 
direction normal to the structure. Vn is determined by engineering judgement and other factors. It 
depends on the forward speed of the vessel and the assumed berthing angle to the fender 
structure at impact. In practice, there are several other factors in the above energy equation and 
the design vessel berthing energy is often determined by utilizing a berthing coefficient (Cb). 
 
A full explanation of the various berthing coefficients is beyond the scope of this project; 
however, the energy equation is most commonly expressed as: 
 
 KE = Cb WVn

2/2g 
 
The berthing coefficient takes into account various factors such as the shape and type of vessel, 
dock structure and fendering system. Cb is generally on the order of 0.5 to 1.0. The general 
concept for the design of impact forces is that the fender system should absorb the berthing 
energy of the moving vessel without damage to the vessel and the dock or mooring structure. 
Fender absorption elements are thus selected to absorb the estimated berthing energy of the 
design vessel. Another important design parameter is the reaction load imparted to the fender 
support structure as a result of the energy absorption of the fender. 
 
AMHS vessels vary greatly in length and displacement weight. Table 1 illustrates various design 
berthing energies that are commonly used on DOT&PF mooring and fender structures. As noted 
in Table 1, the berthing energy can vary widely depending on the vessel, the selected berthing 
velocity and whether the ship is impacting along the side of the ship or on the end or stern of the 
ship. 
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Cb, End Fenders = 0.63  
Cb, Side Fenders = 0.90  

 End Fenders Side Fenders End Fenders Side Fenders 
 LOA Beam Ship Weight Ship Weight Berthing Velocity Berthing Velocity Berthing Energy Berthing Energy

Vessel (ft) (ft) (Long Tons) (kips) Vn (ft/sec) Vn (ft/sec) (ft-kips) (ft-kips) 

MV Kennicott 382 85 7,503 16,507 1.50 1.00 519 161
MV Mat / Mal 408 74 5,553 12,217 1.50 1.00 384 120 
MV Columbia 418 85 7,683 16,903 1.50 1.00 531 165 
MV Taku 352 74 4,284 9,425 1.50 1.00 296 92 
MV Aurora/Leconte 235 57 2,150 4,730 2.00 1.50 264 104 
MV Fairweather (FVF) 235 59 779 1,714 2.50 2.00 150 67 
MV Lituya 180  713 1,569 2.00 1.50 88 35 
MV Prince of Wales (IFA) 200 53 1,934 4,255 2.00 1.50 238 94 
MV Oral Freeman 116  318 700 2.50 2.00 61 27 

Table 1. AMHS Vessels and Representative Berthing Energies. 

  

 
 



The kinetic energy capacity of a fender absorption element can be found by determining the area 
under the load versus deflection curve. If the load versus deflection curve is linear, or elastic, the 
following relationship can be used to determine the available kinetic energy of a fender: 
 
 KE = ∫ k(x)dx 
 
 
Integrating from 0 to x, the energy equation can be written as: 
 
 KE = kx2/2 
 
and noting that: 
 
 F = kx (force moved over distance x) 
 F = load or force imparted to fender 
 k = spring constant or slope of load versus deflection line 
 x = deflection of fender 
 
Substituting k=F/x, the kinetic energy can be determined as shown below: 
 
 KE = Fx/2 
 
The above assumptions and derivation assumes that the fender behaves in an elastic manner and 
has a reaction force of F = kx. The data obtained from the load versus deflection testing 
performed under this project is essentially linear up to the time of initial maximum deflection as 
evidenced by the plots presented in Figures 22 through 32. After the initial maximum deflection, 
the curve becomes non-linear as a result of load relaxation over time. However, the  
 
designer is not particularly concerned with the non-linear portion of the curve since the fender 
would be designed to absorb the kinetic energy of the vessel up to the time of the maximum 
allowable deflection or within the linear portion of the load/deflection curve. 
 
Figures 33 and 34 show combined plots and the associated equations for the line for load and 
kinetic energy versus deflection. The load versus deflection line is the average of the lines of best 
fit obtained for the individual tests (the slope of each line for the individual 4 pcf and 6 pcf 
fender tests were averaged together). The average kinetic energy of the fenders was then 
determined by the formula derived above, KE = Fx/2. The curves are also extrapolated to a total 
deflection of 16-inches or approximately 67 percent of the net cylindrical fender thickness. It 
should be noted that most elastomeric fender materials are designed for a maximum deflection of 
50-70 percent of the original thickness. 
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Figure 33. Graph.  6 pcf Foam Fender - Average KE & Load vs Deflection 
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Figure 34. Graph. 4 pcf Foam - Average KE & Load vs Deflection. 
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CHAPTER 6 - SUMMARY AND CONCLUSIONS 
 
As evidenced by the average load and energy curves shown on Figures 33 and 34, the 6 pcf foam 
density fender has an estimated maximum kinetic energy of 90 ft-kips and reaction force of 135 
kips. The 4 pcf foam density fender has an estimated maximum kinetic energy of about 65 ft-
kips and associated reaction force of 98 kips. The averaged curves can be directly used for 
design purposes. The formulas for each of the curves are shown on Figures 33 and 34 for direct 
computation purposes. The designer should note that the estimated kinetic energy capacities of 
these fenders presented on Figures 33 and 34 are based on deflection of the fender body only. 
The tests were performed with the fender body rigidly supported through the internal steel pipe 
sleeve. In practice, the floating fenders presently being utilized also have the ability to move by 
bending and deflection of the internal steel pile thus resulting in additional energy absorption 
capabilities. 
 
While the individual test values do not closely correlate and the test data is somewhat limited, 
the averaged test data is considered to provide a good indication of the capacity of these type of 
fenders under conditions similar to what will be experienced from impact or contact by AMHS 
vessels. Additional testing would be needed to more closely correlate results or to determine 
other statistical deviations. 
 
The effect of the density of the foam is not entirely conclusive; however, from examination of 
the average energy and deflection curves, the 6 pcf foam density fender has roughly a 35 percent 
greater capacity in both load and kinetic energy than the 4 pcf foam density fender. This gives 
the designer some indication of the relative stiffness or energy capacity provided by the different 
foam densities. The foam body materials for these fenders can be provided in densities ranging 
from about 2 pcf to 10 pcf. 
 
The relative importance or affect of fender diameter and length is also not established as a result 
of this testing effort. A larger diameter fender would likely provide similar test results up to the 
deflection distances tested under this project; however, the larger diameter fender would allow 
further deformation in the elastic range and thus higher energy and reaction loads. It should also 
be noted that the vessel sponson only extends past the hull of the ship approximately 12-16 
inches. Further load compression into the fender beyond the depth of the sponson structure 
would allow contact of the fender surface with the ship hull. In which case, the capacity of the 
fender and resulting reaction load would likely be much greater. For fender design purposes, the 
maximum deflection of this type of fender can be roughly taken as the depth of the sponson. The 
fender length may also have an effect on the test data. The fenders tested under this project were 
only 6-feet in length. Actual floating fenders are on the order of 15-22 feet in length. The 
relatively short fenders tested under this project did exhibit evidence of extensive bulging or 
pressure at the hemispherical ends as noted in the test photographs. The containment of the 
energy absorbing foam, provided by the rubber skin at the fender ends, may have resulted in 
somewhat higher loads and resulting energy capacity than would be provided by a longer fender. 
 
The test data suggests that the individual fenders are limited to relatively light berthing loads as 
evidenced by the various vessel berthing energies presented in Table 1. However, the fender 
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structures that have been presently designed allow further energy absorption through deflection 
of the driven steel support pile. The fender backup structures also provide additional energy or 
load reserves since the floating fender can also be compressed onto the steel piles that are placed 
behind the fender. (Reference Figure 1). A soft fender is actually preferred for berthing of the 
new fast ferry vessels since these vessels are of aluminum construction. Service observations for 
recently completed floating fender installations at Ketchikan, Metlakatla, Auke Bay and 
Cordova, and the test data obtained under this project, suggests that the vertical floating 
cylindrical fender appears to be well suited for the smaller AMHS vessels and the fast ferries. 
 
In summary, the averaged data presented on Figures 33 and 34 can be used to estimate the initial 
load and kinetic energy capacity of the fender body for deflection values up to the depth of the 
vessel sponson. If additional energy capacity is required, the designer must incorporate other 
measures of load absorption such as allowing the fender body to contact the ship hull, 
examination of the bending of the internal steel fender restraint pile and other structural factors
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APPENDIX A 

 
RUBBER FENDER FABRICATION DRAWINGS &  

MATERIAL SPECIFICATIONS 
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APPENDIX B 
 

FENDER TESTING INFORMATION 
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APPENDIX C 
 

ELECTRONIC FILE DATA OF TEST RESULTS 
(See Attached Disk) 
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