





Extreme: These are rare events that are expected to occur with areturn period of more than
300 years. Moderate to extreme damage is expected to occur to the barge and wall, but the
wall should not collapse.

Table 7 shows typical ranges for impact velocities, while Table 8 shows typical ranges for
impact angles that can be used for preliminary analyses.

Information is provided in the report on statistical parameters for key variables that can be
used in the final probabilistic design model.
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Figure8
Data requirements for empirical model
Table7
Typical rangesfor impact velocities used in preliminary analyses

L oad Condition Vox (ft/sec) Voy (ft/sec)
Usual 05-2 0.01- 0.1
Unusua 3-4 04-0.5
Extreme 4-6 05-1

Table8

Typical rangesfor impact angles used in preliminary analyses

Load Condition Approach Angles, degrees
Usua 5-10

Unusual 10-20

Extreme 20-35
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METHODOLOGIES FOR ABSORBING IMPACT ENERGY

Performance-Based Design Philosophy

A performance-based design philosophy is proposed herein. Three performance levels are
considered: low energy, medium energy, and high energy collisions.

Low Energy Collision

In this case, both fender system and barge behave elastically and do not suffer significant
permanent damage. The vessel’s energy is delivered to the fender system, stored as potential
energy in the fender, and then given back to the vessel, forcing the energy to rebound. Some
energy islost due to friction, minor damage to the barge, etc. The elastic behavior of the
fender system may be linear or nonlinear, e.g. in the case of fenders with rubber components.
The forces induced during the impact event are important for investigating the ability of the
fender to withstand the impact event.

A low energy collision is expected to occur frequently during the operating life of the fender.
The fender and barge should not require any repairs after such an event. The velocity for a
Class 1V, standard hopper barge (displacement = 1900 tons) for this performance condition is
assumed to be 1 knot.

Medium Energy Collision

In this case, the fender system behaves elastically and does not suffer permanent damage.
However, the vessel may undergo some limited inelastic deformation. The vessel’ s energy
(in excess of that needed to cause permanent deformation to the vessel) is delivered to the
fender system, stored as potential energy in the fender, and then given back to the vessel,
forcing the energy to rebound. Some additional energy islost due to friction, pile soil
interaction, etc. The elastic behavior of the fender system may be linear or nonlinear, e.g. in
the case of fenders with rubber components. The forces induced during the impact event
should be computed and used for investigating the ability of the fender to withstand the
impact event.

A medium energy collision is expected to occur infrequently during the operating life of the
fender. The fender should not require any repairs after such an event, but the vessel may
require some repairs. The velocity for aClass 1V, standard hopper barge for this performance
condition is assumed to be 3 knots.
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High Energy Collision

Both vessel and fender system will suffer permanent damage during such an event. The
fender system, which will be unable to absorb al the energy of the vessel, will fail, allowing
the vessel to penetrate the protection system and impact the bridge. The deformation and
energy absorbed prior to fender failure determines the energy remaining in the vessel that
will be delivered to and create collision forces on the bridge.

A high energy collision is expected to occur very rarely during the operating life of the
fender. One expects that both the fender and the barge will suffer extensive damage after
such a collision. One can also expect that the barge will not sink and will have such
diminished kinetic energy that it will deliver asignificant force to the bridge pier after
penetrating the protection system. The velocity for aClass 1V, standard hopper barge for this
performance condition is assumed to be 5 knots.
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Demand and Capacity Calculations

The design process is based upon energy balance. The energy balance equation can be
written as:

Ey = Efener T Enip + Eii
where:

E, isthebarge’ skinetic energy; E . iSthe energy stored in the fender components; for a
pile system, E oo = Ejiies + Evaies » Where E s isthe energy stored in the fender piles and
E.ae istheenergy stored in the fender wales. Eg,, isthe energy stored in the colliding
vessel, and E; isthe energy dissipated through soil-pile interaction in pile mounted fender
units, if applicable.

Calculation of E. for Elastic Cantilever Piles

For elastic cantilever piles, the energy stored inthe pilesis:

where:
F istheforcein the pile

L isthe effective pile length

A, isthe deflection of the elastic cantilever pile
El isthe effective flexural stiffness

Theforce, F, resulting from an energy balance computation should be used to ensure that the
assumption of elastic pile behavior has not been violated.

F 2L3
2 3El
all the way up to failure as shown in Figure 9, which shows the load deflection response for
various types of piles. This equation can be modified to include inelastic behavior if
necessary, e.g. in the case of steel piles. The energy dissipated by the piles prior to failure can
be obtained from the load-deflection curves provided by the pile suppliers.

All composite piles exhibit linear behavior up to failure, which renders E ;. = vaid

31



35000 .

30000

25000 +

20000

Load (in}

15000

10000 4

5000 | /’/—7
0 . I FE——

Deflection (in)

Figure9
Test results of varioustypes of composite piles (adapted from the CPAR Report)

Asaloaded pilefails or startsto behave inelastically, it will engage adjacent piles through a
3-D nonlinear geometric action, forcing them to dissipate energy as well. However, the
success of this engagement depends on the strength of the connection between the wales and
piles. In general, oneis on the conservative side if this effect isignored.

Cdculation of Eyaes— Elastic Fender Wales

The energy absorbed by elastic fender walesislikely small and can be neglected in the
energy balance computations.

Calculation of Esenger in the case of a Grid of Elastic Piles and Wales

If the wales elastically participate with the piles in resisting the applied impact loads, e.g. asa
grid system, then the fender system could be considered as a grid. In this case

+Ewa,$:%F A

grid = grid

E =E

fender pile

where F; isthe force applied to the grid of pilesand wales, and A ;4 istheresulting

deformation. The variables Fy,q and A, can be obtained from asimple stiffness model that

can be constructed using common commercia analysis programs. The model results should
be checked to ensure that the assumption of elastic pile and wale behavior has not been
violated.

Calculation of Esenger — Pile or Pier Mounted Enerqy Dissipating Fenders

32



Energy dissipating fenders can be directly mounted onto a bridge pier to reduce vessel impact
forces. Thisis commonly done for berthing systems, where vessels slowly approach and bear
against awharf or pier. However, such an approach is not commonly used for bridge pier
projection systems, which rely mostly on stand-alone, pile-mounted systems. The difference
between cases is not the amount of energy being dissipated but rather the rate at which the
energy is managed, which is adirect function of impact speed. Unlike low speed collisions,
higher speed impacts are more damaging because they have the potential for introducing
impulsive abrasive and ripping effects that can damage some of the more fragile types of
berthing fenders, such as foam filled rubber fenders. The energy absorbed by an energy
dissipating fender can be obtained through the force vs. deformation response of the fender
as provided by the fender manufacturer. The computed force and deformation levels can be
used to ensure that the fender is within its operating limits, and the applied forces can be used
to check that the pier is not overloaded.

Calculation of Eg;

The energy absorbed by the soil-pile interaction is difficult to compute. One assumesthat it is
small and is neglected in the energy balance computations.

Calculation of Egip

The energy stored in the vessel is obtained from the AASHTO provisions for vessel collision.
Using kip — ft units, the AASHTO provisions are as follows:

% {m ‘1J(10'7RB)

P 4112agRy ag < 0.34 ft
. (1349 + 110ag)Rs  ag = 0.34 ft

where:

ag isthe depth (ft) of barge crush deformation
Rs = Bg/35 (ft)

Bg isthe barge width

Pg isthe crush force

The crush model isillustrated graphically in Figure 10.
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The AASHTO computations described above were developed for barge impact on a bridge

pier. They are assumed valid for barge impact on afender system for the purposes of this
work.

Crush Depth (mm)
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Barge crush model used in AASHTO bridge design specifications
(from: Consolazio and Cowan 2003)
Conseguence of Fender Failure

If the fender system fails and the vessel penetrates then the energy remaining in the vessel is:

Eremaining ~ Ek _(Efender + EShiP + ESO” )max

where the max subscript implies that the computations are conducted at peak fender capacity.
The term E;emaining Can then be used to obtain a new, reduced vessel impact velocity from
which the expected bridge pier impact force can be computed.

Eremainin
V, = [2—08
M

S

The bridge pier must be checked against this force to ensure that it is not overloaded.



Energy Demand Calculations
Assumptions:
Class 1V, standard hopper barge

Speed = 1, 3, or 5 knots (corresponding to low, medium, and high energy collisions)
Displacement = 1900 tons

The kinetic energy of aClass IV barge is determined using the method outlined in “Criteria
for: The Design of Bridge Piers with Respect to Vessel Collision in Louisiana Waterways.”
The kinetic energy of amoving ship can be calculated as

E, =%*(|\/|S+m)*vs2

where

Ex = kinetic energy of the barge

M, = mass of the ship

m = hydrodynamic mass

V, = velocity of the ship
For this case, the mass of the ship is described by the weight of the ship’s displacement
divided by the acceleration due to gravity given by 32.2 ft/s?. From Table 4 of the design
criteria book, the loaded displacement of a Class 1V, standard hopper barge is 1900 tons. The

hydrodynamic mass accounts for the additional hydrodynamic forces of the water moving
with the ship. The most commonly used values for the hydrodynamic mass are

m = (0.05-0.1) *Ms for head-on impact
m = 0.4* M, for sideways impact

Two examples are provided below for determining the kinetic energy of a ship using the
above assumptions for both head-on impact and sideways impact.

Head-on Impact
Ms = 1,900 tons = 3,800 kips
. 2
— S0P _ 11gips (2
32.2 ft

2
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Vs=1, 3, or 5 knots=1.69, 5.06 or 8.44 ft/sec

E, = %* (118+0.05*118)*V?
Ex = 177 k-ft = 2,123 k-in

Ew = 1,583 k-ft = 18,992 k-in
Exs = 4,403 k-ft = 52,841 k-in
Sideways Impact

Ms = 1,900 tons = 3,800 kips

_ 3800kips

30 M
Sec

SZ
— 118kips* (=
P (ﬁ)

2

A commonly accepted assumption is that the impact velocity is one half the head-on impact
velocity, hence:

Vs=0.5, 1.5, or 2.5 knots = 0.844, 2.53 or 4.22 ft/sec
1

Ek = E*

B =59 k-ft = 704 k-in

E, = 528 k-ft = 6,329 k-in

Ewx = 1,467 k-ft = 17,611 k-in

(118+.04*118)*V.?

Impact Energy Absorption Alternatives

The viability of variousimpact energy absorption alternatives is examined in this section.
Head-on collision is assumed in the following calculations. For aClass 1V, standard hopper
barge

Bg = 35ft

Rg = 35/35 =1 ft

For low energy collision:
Ex = 177 k-ft = 2,123 k-in
ag=0.16 ft

Pg = 657 kips
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For medium energy collision:
Ex, = 1,583 k-ft = 18,992 k-in
ag=1.34ft

Pg = 1496 kips

For high energy collision:

Exs = 4,403 k-ft = 52,841 k-in
ag = 3.39ft

Pg = 1722 kips

For any collision level, the impact force, F, isrelated to the dissipated energy through the
following expression:

F2
Eqip = 0.5——k-i i
ship 313 k-in for F < 1400 kips
F? 1|(F-1400 F —1400
Egi, =05—+=|| ——=——+1400 |+1400 || ——— | k-i -
ship 343 ZK 877 j }( 8.77 j k-in for F > 1400 kips

Ignoring Ewales and Eif, the energy balance equation simplifies down to:

E, = Ejie + Eqip

The objective of the following exercisesis to apply this equation to compute the force and
deformation levels on various types of fender systems.

For sideways impact, one assumes that impact force is related to dissipated energy through
the same equations used for head-on impact. This approximation is made because of alack of
information about the sideways impact response of barges and should be modified once more
information becomes available.

Pier Mounted Aluminum Foam Fender

Aluminum foams such as Duocel (http://www.ergaerospace.conm/literature/energy.htm) are
marketed as having much potential for energy absorption during impact events. Duocel isan
open-cell foam material that exhibits controlled energy absorption properties that the
manufacturer claims can be tailored to meet specific performance requirements in acoustic,
blast, high velocity impact, and low strain rate impact energy absorption applications.
Aluminum foams have the properties of the base metal from which they were made, such as
corrosion resistance, electrical and thermal conductivity, and intrinsic strength. On the other
hand, they have all of the advantages of afoam structure: a high strength to weight ratio, low
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density, high porosity, and an extremely large surface area. Aluminum foams can be cut,
turned, milled, ground, lapped, drilled, rolled, and finished with special machine-shop
eguipment to normal tolerances. Through forming, aluminum foams can also easily conform
to complex shapes. Any bonding technique that can be used for the parent metal can be used
for aluminum foam, which also accepts colors, finishes, and coatings just as the parent metal
does.

Figure 11 shows the stress strain relationship for Duocel foams with various relative
densities. Assuming 10% relative density, the strain energy density can be modeled by the
expression 0.5¢% ksi up to astrain of 0.5, where ¢ isthe strain. At 0.5 strain, the peak capacity
of thefoam is 0.5 ksi.

Assume that atypical foam fender strip is 3ft x 6ft with athickness of 2 ft. These strips could
be placed 10 ft center to center, such that a 35 ft wide barge would fully engage 3 of these
fenders.

For alow energy collision:
Ex = 177 k-ft = 2,123 k-in

Applying the energy balance equation, the force level is: 840 kip.

The ship remains elastic, but the fenders suffer a 2.6 in deformation.

For a medium energy collision:
Ew = 1,583 k-ft = 18,992 k-in

Applying the energy balance equation, the force level is: 1478 kip.

The ship deforms inelastically, and the fenders suffer a 4.6 in deformation.

For a high energy collision:
Exs = 4,403 k-ft = 52,841 k-in

Applying the energy balance equation, the force level is. 1675 kip.
The ship deformsinelastically, and the fenders suffer a’5.2 in deformation.

The cost of Duocel foam isin the range of $3 - $7 per cubic inch. Thisimplies that the cost
of fendering strips would be prohibitive.
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Conclusion: Clearly, the use of aluminum foam for this particular application is not feasible
because of cost. Another problem is that the foam would transfer impact forces to the bridge
and, at the same time, suffer permanent damage during low, medium, and high energy
collisions, and requires maintenance and periodic panel replacement.

Duocel Aluminum Foam Mechanical Properties - Compression
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Pier Mounted Hidro-Cushion Camel

Derucker and Heins discuss the use of the Hidro-Cushion Camel developed at Treasure
Island Naval Station in San Francisco, Californiain 1967. The Hidro-Cushion Camel consists
of eighty-four; three foot water filled cells, grouped into four clusters, sandwiched between
two timber rubbing faces and held in place by cables. The water filled cylinders maintain
constant pressure during compression upon impacting forces by forcing water out through
small orificesin the tops of the cylinders. High energy absorption results from the
compression of the cylinders and the resulting fluid dynamics action, bending of the timber
faces, and crushing of the timber elements. Synthetic (e.g. kevlar) cables are more
advantageous to use. Figure 12 shows a schematic of the system.

Conclusion: Since the possibility of snagging on the smooth face of the fender is small, this
system may be a viable pier mounted fender system. However, aweb search did not yield
any manufacturers for such a system, and therefore, it does not appear to be commercially
available at thistime.
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Figure 12
Hidro cushion camel

I ndependently Supported Seawar d Seapiles— Cantilevered Piles (2-pile clusters)
Seaward Seapiles are manufactured from 100% recycled plastic reinforced with fiberglass
reinforcing bars. Assuming that the piles are used in 15 ft deep water and that the piles can be
assumed fixed 5 ft below the mudline, then the cantilever pile lengthis 20 ft. Choosing a 16-
1.375 product with El = 3.21e6 kip-in? and assuming that wales do not contribute to energy
absorption, then for head on collision (for n piles):

1 F?3
pile = 5 N
2 3El

Thisequation isvalid aslong as the piles are able to support the applied force, i.e. they do
not fail.

2-Pile Clusters. A 35 ft x 195 ft barge will engage 6 clusters of 2 piles each (clusters placed
6 ft apart), i.e. atotal of 12 piles, during ahead on collision. The same barge will engage 32
clusters during a sideways collision. One assumes that the barge engages al clusters
simultaneously in both scenarios.

For a 16-1.375 Seapile product, the permissible stressis 7.899 ksi and | = 3217 in*. The
moment capacity is therefore 3176 k-in. Assuming afactor of safety of 1.5 for low to
medium energy collisions, the force that can be applied to the tip of a cantilever is
3176/20/12/1.5 = 8.82 k.
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For high energy collision, the factor of safety is removed (since failure is permissible at this
stage), and so the force per pileis 13.23 kips.

Head on low energy collision:
Eq =177 k-ft = 2,123 k-in
Applying the energy balance equation, the force level is: 15.6 kips/pile.

This situation cannot be sustained. The fender will fail, and the ship will penetrate the
protection system. At failure, the energy absorbed by the fender system is (no factor of safety
isapplied in this case):

1 FL®

E. _=-—n = -i
pie = 5 M3, 1511 k-in

Assuming that the energy absorbed by the ship is small, the remaining energy inthe ship is:
Eereining = B — ( Eie T Esip + Eai )max =612 kip-in

The new, reduced vessel impact velocity, that is used to obtain the bridge pier impact force,
is:

Eremainin . . . .
V, = ZM—g = 0.93 ft/sec, i.e. with a45% reduction in speed.

S

Sideways low energy collision:
Ex =59 k-ft = 704 k-in

Applying the energy balance equation, the force level is: 3.75 kips/pile.
Both ship and fendersremain elastic.

Head-on medium energy collision:
Exo = 1,583 k-ft = 18,992 k-in
This situation cannot be sustained. The fender will fail, and the ship will penetrate the
protection system. At failure, the energy absorbed by the fender system is (no factor of safety
isapplied in this case):

2L3

Epile =;N
2 3El

=1511 k-in
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Assuming that the energy absorbed by the ship is small, the remaining energy inthe ship is:
E:eraiing = E = (Epte + Eaip + Ea ), = 17481 kip-in.

The new, reduced vessel impact velocity from which the expected bridge pier impact force
is:

Eremainin . . .
V, = ZM—g = 4.96 ft/sec, i.e. dmost no reduction in speed.

S

Sideways medium energy collision:

Ew, = 528 k-ft = 6,329 k-in

The applied load is 11.09 kips/pile.

The fender will not fail; however, the factor of safety of 1.5 will be violated.

Head-on high energy collision:
Exs = 4,403 k-ft = 52,841 k-in

This situation cannot be sustained. The fender will fail, and the ship will penetrate the
protection system.

Sideways high energy collision:
Ew = 1,467 k-ft = 17,611 k-in
The applied load is 18.4 kips/pile.

This situation cannot be sustained. The fender will fail, and the ship will penetrate the
protection system.

Conclusion: 2-pile clusters of cantilevered pileswill not provide protection for any head-on
collision level. For a sideways collision, energy balance computations show that the pile
system will successfully withstand alow energy collision and likely a medium energy
collision (factor of safety will be violated) but not a high energy collision. These
computations assume that the barge will engage all pile clusters simultaneously. During
oblique collisions, the barge may engage only afew piles, progressively failing them until the
fender system is breached. This situation should be checked using a simulation model.

I ndependently Supported Seawar d Seapiles— Cantilevered Piles (3-pile clusters)

A 35 ft wide barge could engage 6 clusters of 3 piles each (clusters placed 6 ft apart), i.e. a
total of 18 piles.

Head-on low energy collision:
Ew = 177 k-ft = 2,123 k-in
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This situation may be sustained. The demand is 12.8 kips/pile, which isjust below the
capacity of apile. The factor of safety isonly 1.04.

Head-on medium energy collision:
Ew = 1,583 k-ft = 18,992 k-in

This situation cannot be sustained. The fender will fail, and the ship will penetrate the
protection system with essentially no reduction in speed.

Head-on high energy collision:
Exs = 4,403 k-ft = 52,841 k-in

This situation cannot be sustained. The fender will fail, and the ship will penetrate the
protection system with essentially no reduction in speed.

Conclusion: 3-pile clusters of cantilevered piles may provide some protection for alow
energy head on collision; however, the factor of safety istoo low to assurereliable
protection. This configuration cannot provide protection for medium and high energy head
on collisions.

Independently Supported Seaward Seapiles— Battered Pile System

The piles can be arranged in atruss-like configuration, as shown in Figure 13. A batter angle
of 1:2 is commonly used.

The axial capacity based on material strength (7.899 ksi) is 1588 kips.

Assuming that the batter pileis effectively fixed at the embedded end and pinned at the other
end, its effective buckling length is 0.7 x 22.4-ft = 15.7-ft.

The buckling capacity of the batter pileistherefore:
=892 kips < 1588 kips. The buckling capacity of the batter pile controls.

If the applied force at collision is F, then the compressive force in the battered pile is 2.24F
and the tensile force on the vertical pileis 2F.

Again assuming that the trusses are placed 6-ft apart, atotal of 6 trusses will be able to resist
ahead-on collision.

Furthermore, it will be assumed that all energy will be lost in the colliding barge and not the
truss system, which is very stiff.
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Figure 13
Battered pile configuration

Head-on medium energy collision:
Ex, = 1,583 k-ft = 18,992 k-in
Using energy balance calculations, the collision force will be 1498 kips.

The compressive force in the battered pilesis 559-kips per pile, which is below the pile
capacity of 892/1.5 = 595 kips (where 1.5 is afactor of safety).

Thetensile force is 499 kips per pile. The embedment must be computed to support this
demand.

Head-on high energy collision:
Exs = 4,403 k-ft = 52,841 k-in
Using energy balance calculations, the collision force will be 1705 kips.

The compressive force in the battered pilesis 636 kips per pile, which is less than the 892
kips capacity of the piles. However, the factor of safety is 1.4, which is now less than 1.5.

The tensile force is 568 kips per pile. The embedment must be computed to support this
demand.

Conclusion: It is possible to achieve protection for medium and high energy head on
collisions using pilesin a battered configuration. The success of the configuration depends on
the ability of the vertical pile to develop the necessary tensile force.



Independently Supported Seaward Seapiles— Minidolphin Configuration

A new system, termed minidolphin, has been proposed. In this system, asmall cap is
attached to the top of independently installed piles to force them into a frame-like action that
more efficiently utilizes their capacity. A cantilever pile loaded at itstip is most heavily
stressed at its base and essentially understressed, and therefore underutilized, elsewhere. In
the new system, the cap of the minidolphin forces a pile to deform in double bending, as
shown in Figure 14, mobilizing more of the pile, making it more efficient. In addition to the
structural advantages, minidolphins do not need battered piles. The main disadvantage of the
system is that the piles are subjected to additional compressive and tensile forces, the effect
of which must be evaluated.

-

Figure 14
Minidolphins

To evaluate this system, assume that a pile cap mobilizes two piles each, i.e. each
minidolphin is comprised of a cap that covers two piles. Assuming that the piles are used in
15 ft deep water and that the piles can be assumed fixed 5 ft below the mudline, then the pile
length is 20 ft. Choosing a 16-1.375 product with El = 3.21e6 kip-in® and assuming that
wales do not contribute to energy absorption, then for head on collision (for n piles):
1 FL®

e = 5 1oE]
A 35 ft x 195 ft barge will engage 6 minidolphins (placed 6 ft apart), i.e. atotal of 12 piles,
during a head-on collision.

For a 16-1.375 Seapile product, the permissible stressis 7.899 ksi and | = 3217 in*. The
moment capacity is therefore 3176 k-in. Assuming afactor of safety of 1.5 for low to
medium energy collisions, the force that can be applied to the tip of apilein aminidolphinis
2x3176/20/12/1.5 = 17.64 k.

45



For high energy collision, the factor of safety is removed (since failure is permissible at this
stage), and so the force per pileis 26.46 kips.

Head-on low energy collision:
Ew = 177 k-ft = 2,123 k-in

Applying the energy balance equation, the force level is: 35.8 kipg/pile.

This situation cannot be sustained. The fender will fail, and the ship will penetrate the
protection system.

Head-on medium energy collision:
Ex = 1,583 k-ft = 18,992 k-in
This situation cannot be sustained. The fender will fail, and the ship will penetrate the
protection system. At failure, the energy absorbed by the fender system is (no factor of safety
isapplied in this case):

1 F?L°

E. . =—n = -i
pie = 51758, 1507 k-in

When the piles reach their capacity, the ship will have absorbed 146 kip-in; the remaining
energy in the ship istherefore:

Eremaining ~E, - ( Epile + Eship +Eqi )max = 17339 kip-in

The new, reduced vessel impact velocity from which the expected bridge pier impact force
is:

Eremainin . . .
V, = ZM—g = 4.94 ft/sec, i.e. dmost no reduction in speed.
S

Head-on high energy collision:

Exs = 4,403 k-ft = 52,841 k-in

This situation cannot be sustained. The fender will fail, and the ship will penetrate the
protection system with essentially no reduction in speed.

Conclusion: A minidolphin system essentially doubles the force capacity of aregular
cantilever pile and forces the piles to behave in a more efficient manner. However, the piles
are subjected to additional compressive and tensile forces whose effect must be evaluated.
Moreover, the system does not provide protection for all head-on collision levels. However,
it could prove effective for shallower depths.
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Independently Supported Seaward Seapiles— End Dolphins

Dolphins supported on piles are a viable alternative for protecting against a head-on collision.
If the pile cap were sufficiently strong, the piles could be engaged in double bending.
Assume a 20-ft pile length, asin previous examples. The proposed dolphin configuration is
as shown in Figure 15.

End dolphin

Pier

Cantilevered pile clusters <:> Waterway

Figure 15
End dolphin configuration

Head-on low energy collision:
For low energy collisions, a 16-1.375 Seapile product will resist 17.64 kips, assuming a

factor of safety of 1.5.
Ex =177 k-ft = 2,123 k-in
Energy balance computations show that 31 piles will be required.

Head-on medium energy collision:
For medium energy collisions, a 16-1.375 Seapile product will resist 17.64 kips, assuming a

factor of safety of 1.5.

Ew = 1,583 k-ft = 18,992 k-in
Energy balance computations show that 84 piles will be required.

Head-on high energy collision:
For high energy collision, the factor of safety is removed (since failure is permissible at this

stage), and so the force per pileis 26.46 kips.
Exs = 4,403 k-ft = 52,841 k-in
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Energy balance computations show that 63 piles will be required. Thisislessthan the 84
required for a medium energy collision because of the factor of safety (1.5) used for the
medium energy case.

Conclusion: A dolphin system will require alarge number of pilesin order to be ableto
completely protect a bridge against a head-on collision.

Simple Spring Fender s as Crash Cushions

It is possible to place simple elastic springs as pier mounted fenders. The system would
operate as an existing elastic vehicle crash cushion that would absorb the impact energy in an
elastic manner. An example of such a system isthe QUADGUARD® ELITE CRASH
CUSHION SY STEM by Energy Absorption Systems, Inc*. The system could be arranged as
shown in Figure 16.

i:i:.4— Elastic crash cushion
b

it Bt S (for head on collision)

Elastic fender system
(for sideway collision)

Figure 16
Schematic configuration showing elastic crash cushions attached to pier

A parametric study is conducted to investigate the effect of using simple spring buffers as
2

F
SR where F is the applied force and K

isthe stiffness of the spring. The relationship between the total energy expended and stored
during a head-on collision and the applied force versus spring stiffnessis shown in Figure 17.

fenders. The energy stored in the spring is Eqying =

! http://www.energyabsorption.com/products/permanent/quad_guard_elite crash_cushions.htm
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Relationship between various parametersin a collision

Figure 17 shows that the head-on impact force decreases as the spring constant decreases.
For ahigh energy collision, the impact force is 1020 kips when K=10 kips/in, which implies
that the spring must be able to deform 102 inches. In spite of such alarge deformation, the
impact force is still substantial.

Based on the observations made, the use of elastic spring fendersis not practical for high
energy head-on impact. Soft springs (with low stiffness) must be used to reduce the impact
force. However, using such soft springs necessitates a large deformation that is difficult to
accommodate in practice. For the least stiff spring considered for a high energy collision, the
impact force is still high (1020 kips), in addition to the need to accommodate the large

deformation.

The advantage of elastic springsis best for medium and low energy collisions. For example,
for amedium energy head-on collision, the impact force is reduced from 1400 kips to 600
kips by reducing K from 100 to 10 kips/in. In this situation, the spring must accommodate a
displacement of 60 inches, which is still substantial.

Conclusions. Elastic spring fenders appear to be somewhat impractical for high energy head-
on collisions. They do not adequately shield the supporting system (bridge or dolphin) from
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high forces, and at the same time; they must accommodate large deformations. They appear
to be somewhat more feasible for medium energy head-on collisions, where the impact forces
could be reduced to relatively low values, but they still need to accommodate relatively large
deformations.

Plastic Ener gy Absorbing Fenders as Crash Cushions

Aswith elastic fenders, inelastic energy absorbing fenders could be used as pier mounted
crash cushions. Again, such a system would be similar to existing vehicle crash cushions that
absorb the impact energy through inelastic deformation. Many examples of such systems are
commercialy available. The inelastic cushions could be arranged as shown in Figure 18, in
modular panels that would be easily replaceable after a collision.

Modular panels that can be replaced
Pier after a collision

T
i:iz:4—  Crash cushion
(for head on collision)

Plastic energy absorbing fender system
(for sideway collision)

Figure 18
Schematic configuration showing plastic ener gy absor bing crash cushions attached to pier

The advantage of using inelastic energy absorbing fenders over purely elastic fendersis that
the level of force can be more easily controlled. The disadvantage, of course, isthat the
panels will be damaged during collision and must therefore be replaced after an accident.
However, inelastic crash cushions could be designed to be undamaged for low energy
collisions and fully damaged and in need of immediate replacement after a high energy
collision. For medium energy collisions, the panels could be repaired or replaced, although
not immediately. Such a design philosophy will ensure the economy of the energy absorbing
panels.

Ignoring the elastic component, the total energy stored in aplastic spring is approximated as
1
Eqpring = > FA  where Fisthe applied force, and A is the spring deformation. The

relationship between the total energy stored in the fender and ship during a head-on collision
and the force versus fender deformation is shown in Figure 19. The figure suggests that the
head-on impact force decreases as the plastic deformation increases. For a high energy
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collision, the impact force is 550 kips when A=200 in. Figure 20 shows a concept based on a
vehicle crash cushion system, as shown in Figure 21.

Conclusion: Plastic-energy absorbing fenders appear to be more practical than elastic
fenders. The force on the pier can be controlled more readily than with elastic fenders.
However, the system still requires a large deformation to dissipate the required energy with a
reasonably low impact force.

=200in =150 in =100 in
60000 - A n- 4a=2oul A=1001
High Energy Collision
50000 -
40000
<
S
=
= 30000
(@2}
@
c
- 20000 - Medium Energy Collision
10000 ~
Low Energy Collision
O T T 1
0 500 1000 1500
Force (kip)
Figure 19

Relationship between various parametersin a collision

Pier
Replaceable crash cushion Pile or pile clusters
(for head on collision protection) (for sideways collision protection)
° o © e O e o [ J [ J e o e O o o
[ J

Figure 20
Crash cushion for head on collision protection and cantilever pilesfor sideway protection
This system is analogousto the vehicle crash cushion system in Figure 21.
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(b) The boxesinside the system are filled with sand or water

Figure21
Typical vehicle crash cushion



SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Project Objectivesand Summary

The objective of this project was to identify existing protective systems and propose new
systems that could be used to mitigate the effects of bridge/vessel collisions. A
comprehensive literature review was conducted as afirst step of the research program. The
survey identified existing systems in other states and countries and categorized them into six
main types. A historical survey of various vessel/bridge collisions was also compiled. Based
on the results of the survey conducted, a number of alternative fender systems was identified.
A new performance-based design philosophy was proposed to evaluate their protective
ability.

Assuming aClass |V, standard hopper barge as the specified design vessdl, three
performance levels were considered in the devel oped design methodology: low energy,
medium energy, and high energy collisions. In the first performance level, both fender
system and barge are expected to behave elastically during impact. A low energy collisonis
expected to occur frequently during the operating life of the fender. The fender and barge
should not require any repairs after such an event. The velocity for the design barge for this
performance condition is specified to be 1 knot. In the second performance level, the fender
system is expected to behave elastically and does not suffer permanent damage. However,
the vessel may undergo some limited inelastic deformation. A medium energy collisionis
expected to occur infrequently during the operating life of the fender. The fender should not
require any repairs after such an event, but the vessel may require some repairs. The velocity
for the design barge for this performance condition is specified to be 3 knots. In the third and
most severe performance level, both fender and barge will suffer extensive damage after such
acollision. It is also expected that the barge will not sink and will have such diminished
kinetic energy that it will not deliver a significant impact force to the bridge pier after
penetrating the protection system. A high energy collision is expected to occur rarely during
the operating life of the fender. The velocity for the design barge for this performance
condition is specified to be 5 knots.

Using the developed performance-based framework, fiber reinforced polymer (FRP) piles
arranged in clusters of two piles were shown to provide adequate sideways protection for the
low and medium energy performance levels. However, they cannot provide protection for
head- on collisions for any of the performance levels. For such an application, pier-mounted,
energy-absorbing plastic fenders were shown to be suitable for absorbing crash energy and
reducing impact forces to acceptable levels. As with vehicle crash cushions that are
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commercially available, the proposed fender systems can be tailored to achieve awide range
of applicability. Additional analytical and experimental research is needed to develop
optimized designs that can be installed in the field.

Conclusions
The following conclusions can be drawn from the research results obtained in this project:

e Clusters of two or more FRP piles are capable of providing adequate sideways protection
for the low and medium energy performance levels. However, they cannot provide
protection for head-on collisions for any of the performance levels.

e Pier mounted elastic spring fenders are not practical for high energy head-on impact.
Springs with low enough stiffness must be used to reduce the impact force to acceptable
levels. However, using such soft springs necessitates large deformations that are difficult
to accommodate in practice. Therefore, the advantage of elastic spring fendersis best for
medium and low energy collisions.

e |nelastic energy absorbing fenders are well suited for use as pier mounted crash cushions.
Such fenders would be similar to existing vehicle crash cushions that absorb vehicular
impact energy through inelastic deformations. The advantage of using inelastic energy
absorbing fenders over purely elastic fendersis that the level of force can be more easily
controlled. The disadvantage, of course, is that the panels will be damaged during
collision and must therefore be replaced after an accident. However, inelastic crash
cushions could be designed to be undamaged for low energy collisions and fully damaged
and in need of immediate replacement after a high energy collision. For medium energy
collisions, the panels could be repaired or replaced, although not immediately. Such a
multi-tiered design philosophy will ensure the economy of the energy absorbing panels.
Additional research is needed to devel op suitable inelastic fender systems.

Recommendations and Benefits of |mplementation

Fiber-reinforced polymer (FRP) composites for sideways protection combined with metal
crash cushions for head-on protection are a cost effective aternative to traditional timber
piles. A successful implementation of this project will have far reaching safety benefitsto the
state of Louisiana and other states. In particular, the use of high performance FRP piles and
metallic crash cushions will reduce the hazard associated with vessel collision with bridge
piers and therefore improve the safety of bridges that cross navigable waterways.



FUTURE RESEARCH OPPORTUNITIES

The research conducted in this project has shown that pier mounted, inelastic crash cushions
are well suited for protecting bridge piers against barge traffic in shallow waterways.
Additional research is needed to provide proof-of-concept and to engineer aviable and
marketable product. One envisionsthat both experimental and computational research
will be needed to develop and optimize a system that could be widely adopted in the
state of L ouisiana and acr ossthe country.
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APPENDI X

PROPERTIESOF COMMERCIALLY AVAILABLE HEAVY DUTY SHEET PILES

Al.1l: Superloc Composite Sheet Piles

Superloc sheet piles are commercially available sheet piles that can be used as fenders

(http://www.leecomposites.convsheetpile.html). Figures A-1 through A-3 show the geometric

characteristics of the system. They are constructed with fiberglass reinforced polymers with

the propertiesin Table A-1.
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Figure 22 Superloc sheet pile geometry

59



Physical Properties

Drepth of Sheet (in} 10.00
Width of Shaet (in) 2400
Typical Thickness {in} 0,30
Whaight (psf) 5.45
Section Maodulus (n/t) 1841
Moment of Inertia (in®/f) 101,25
Area of the web (intft.of wall) A00
Webs par foot of wall 1.00
Angle of the web ( degrees ) 20.00
Cross-Saectional Area of the shoet (in°) 1345

Molte. Values are not faclored, an appropriate safely factor must be apphed

Figure 23 Physical properties of Superloc system

8z

} Flange
110°

24.0 I

Figure 24 Geometric properties of 1610 Superloc system
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M echanical properties of the Superloc system

Table9

Full Secton Moduius of Elasticity (psi) e Calctialed JBE+06
Shear Modulus {psi) e Caiciiated 500000
Shear Capacity (ibs.M of wall) Calcwiated 15,000
Web Buckiing Capacify from Wale Force (Ihs./f of wall)? - Calcriated 12,400
Mament Capacity (Ths.-ft. At of wall) Calctiated 45,900

| Average Stress at Failpre o Caletieaied 30000
Minimum Ultimate Values

Specific Gravity ASTM D.792 17
1200 Impact LW (fi. Ib./in, notch) ASTM D256 ]
1200 Impact CW (it Ibfin. notch) ASTM D256 7
Tensile Strength Flange LW (psi) ASTM D-638 40,000
Tensile Strength Flange CW (psi) ASTM D38 10,000
Tensile Modulus Flange LW (psi) ASTM  D&38 38E+06
Tensile Modulus Flange CW (psi) ASTM DE&3g 20E+06
Compression Modulus Flange LW (psi) ASTM  DESS JBE+DG
Compression Modulus Flange CW (psi) ASTM  DEgs 2 2E406
Compression Modulus Web CW (psi) ASTM DG 2 ZE+06
Compression Strength of Flangs LW (psi) ASTM D6os 35,000
Compression Strength of Flange CW {psi} ASTM  DE85 25,000
Compression Strength of web CW (psi) ASTM D605 25,000
Bearing Strength LW (psi) ASTM  DE53 30,000
In-Plane Shear of Web LW (psi) ASTM  Mod D2 5,000
CTE LW (106 infin'F} ASTM D&o6 55

CTE CW (106 infin'F) ASTM DEo6 105

CW = Crosswise LW = Lengthwise

1. Follow ASTM D2344, but rotate the coupon 30 degrees (out section of coupan length faces up)

2. Wahmes are published as ultmale. Appropriate Safety Factors must be applied.
1. Based on 6-8" wide wale sections
Refer to the SuperLoc™ Design/lnstallation Manual for Comprahensive Information

See Back For Detailed Drawing
& Recommended Safety Factors

Al.2: PZ — 27 Steel Sheet Pile

Properties of steel sheet piles are shown in Figure A-4 and Table A-2. They can also be
found at (http://mwwww.hme-us.convhmesp/spile.html). The yield strength, Y oung’s modulus,
and Poisson’ s ratio can be assumed to be 50 ksi, 29,000 ksi, and 0.3, respectively.

Figure 25
Geometric properties of PZ-27 steel sheet piles
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Table 10
Properties of steel sheet piles
SHEET PILING TECHNICAL DATA

— WEIGHT (MASS) ——  pnmapnt oF —— SECTION MODULUS —— —— SURFACE AREA —
Section r— AREA ——— WIDTH —r— HEIGHT ——PER SINGLE——PER WALL— — INERTIA —  Per Single Per Wall Total Ares  Nominal Area*
Designation  in? cm? n mm in mm IR kmt BR kgm? it om* it om® it em¥m B 'm0 mim
PI22 119 | 766 | 22.0 | 559 | 9.0 |228.6( 40.3 | 601 | 220 | 107 | 151 | 6301 | 325 | 532 | 17.7 | 952 | 4.92 | 1.50 | 448 | 1.37
PZ27 121 | 782 | 18.0 | 457 | 120 | 3048 405 | 61.3 | 275 | 134 | 282 |11734| 453 | 742 | 30.2 | 1622 | 4.93 | 1.50 | 448 | 1.37
P5275 134 | 866 [ 197 | 500 | — [ — [4510 [ 679 | 276 | 136 | 502 | 209 | 319 | 522 | 1.94 | 104 | 458 | 1.40 | 388 | 1.18
P531 152 | 982 | 197 | 500 | — | — |[50.0 | 770 | 31.5 | 154 | 5.51 | 229 | 3.35 | 65.0 | 204 | 170 | 458 | 1.40 | 387 | 1.18

“Note: Nominal coating area exciudes sockel inferior and ball of inferkck.

FDOT FENDER DETAILS

Heavy duty fender system: Comprised of plastic lumber (Appendix 11, Figure All.1), this
fender system has an energy capacity of 295 kip-ft and can resist two loaded jumbo hopper
barges and a push boat approaching at 15° and moving at 4.0 knots. Alternatively, it can
resist two empty jumbo hopper barges and a push boat approaching at 15° and moving at 9.8
knots.

Medium duty fender system: Comprised of plastic lumber (Appendix I, Figure All.2), this
fender system has an energy capacity of 132 kip-ft and can resist one loaded jumbo hopper
barge and a push boat approaching at 15° and moving at 3.6 knots. Alternatively, it can resist
one empty jumbo hopper barge and a push boat approaching at 15° and moving at 7.8 knots.

Light duty fender system: Comprised of concrete piles and a plastic wale system (Appendix
I1, Figure All.3), thisfender system has an energy capacity of 38 kip-ft and can resist one
empty jumbo hopper barge and a push boat approaching at 15° and moving at 3.6 knots.
Alternatively, it can resist a push boat approaching at 15° and moving at 5.6 knots.
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Figure 28 Typical intermediate pilesfor FDOT light duty fender system
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